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Abstract

The Casimir operator of a Lie algebra £ is C* = 3 ¢¥ X; X, and
the action of the Casimir operator is usually taken to be C?Y =
S g¥ X;X;Y, with ordinary matrix multiplication. With this defini-
tion, the eigenvalues of the Casimir operator depend upon the repre-
sentation showing that the action of the Casimir operator is not well
defined. We prove that the action of the Casimir operator should
be interpreted as C?Y = 3" ¢%[X;, [X;,Y]]. This intrinsic definition
does not depend upon the representation. Similar results hold for the
higher order Casimir operators. We construct higher order Casimir
operators which do not exist in the standard theory including a new
type of Casimir operator which defines a complex structure and third
order intrinsic Casimir operators for so(3) and so(3,1). These opera-
tors are not multiples of the identity. The standard theory of Casimir
operators predicts neither the correct operators nor the correct num-
ber of invariant operators. The quantum theory of angular momentum
and spin, Wigner’s classification of elementary particles as represen-
tations of the Poincaré Group and quark theory are based on faulty
mathematics. The “no-go theorems” are shown to be invalid.
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1 Introduction

Lie groups and Lie algebras play a fundamental role in classical mechan-
ics, electrodynamics, quantum mechanics, relativity, and elementary particle
physics. Many hope that the Lie group/algebra setting will provide an ap-
propriate framework for the unification of quantum theory, general relativ-
ity and particle physics. Within the unification via group theory program,
the so-called Casimir operators or invariant operators play a pivotal role.
In quantum mechanics, the quadratic Casimir operator of so(3) is either
L?, the total angular momentum or J?, the total spin. In the program of
dynamical groups or spectrum generating algebras, the eigenvalues of the
Casimir operators can be interpreted as mass, energy, momentum, or other
dynamical quantities. H. Schwartz [28] emphasized the role of the Casimir
operator in Relativity, while W. Greiner and B. Muller [7] emphasized the
role of the Casimir operator in quantum mechanics. Thus it seems likely
that the Casimir operators of some Lie algebra will play a major role in the
unification of the two theories. The author [17] suggested that u(3,2) is the
unique Lie algebra capable of such a unification. A Theory of Matter based
on the geometry of u(3,2) was developed in Love [18, 19, 20]. In this pro-
gram, the field equations arise as eigenvalue equations involving the Casimir
operators of u(3,2), with the conserved quantities as the eigenvalues. Thus
identification of the proper operators is essential to progress in the Theory
Of Matter.

A Casimir operator, C, of a Lie Algebra L is an operator constructed as
a polynomial in the elements of £ which commutes with every element of L.
With an abuse of notation, this is written as

(C, X] =0 VX € L.

This is an abuse of notation because the bracket is use to denote the operation
defined on the Lie algebra so writing [A, B] = 0 implies that both A and B
are in the Lie algebra. The Casimir operator is not in the Lie algebra itself,
rather the Casimir operator is in the Enveloping algebra of the Lie algebra.
So
C, X]=0

really means that CXY = XCY, but this equation makes no sense in a Lie
algebra since the product XY is not defined, only the bracket is defined.
Putting brackets in, we have: [CX,Y] = [X, CY], or should it be C[X,Y] =
[X,CY]? We need to examine this issue.
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We begin with Schur’s lemma as phrased in Proposition 2 of Chevalley
3]:

Let P be an irreducible representation of a group G in an
algebraically closed field K. The only matrices which commute
simultaneously with all matrices P(0), 0 € G are the scalar mul-
tiples of the unit matrix. (page 183)

In many treatments of the Casimir operator, an appeal is made to Schur’s
Lemma to show that the Casimir operator (and every generalized Casimir
operator) is a multiple of the identity matrix. As we will show, this statement
as it stands is not true. In the context of representation by differential
operators, the phrase doesn’t even make sense. We will show that Schur’s
Lemma is not true for differential operator representations of Lie algebras.

Suppose that each element of a Lie algebra is an eigenvector of the Casimir
operator C' of the Lie algebra £, thus:

CX =aX VX el (1)

Now let p be an isomorphism of the Lie Algebra £ and apply p to both
sides of (1) to obtain:

p(CX) = p(aX) (2)
Commutivity of the diagram:
L < ¢
pl pl
p(L) "9 p(L)

requires that:
p(CX) = p(C)p(X)
In the representation space we have:

p(C)p(X) = ap(X).

In order to be a scalar, & must be the same in all representations (that is the
definition of scalar). In the standard approach, with

C= Zgl]Xsz



and 3

for Y € L for consistency we must have:
p(C*)p(Y) = g7 p(Xi)p(X;)p(Y)

But this is not the case, as the examples considered by Schiff [26] show. Schiff
asserts (p. 199): “Direct substitution from the matrices (27.11) shows that

S§?=524+8+52

is equal to 2% times the unit matrix”. This is indeed true, if we just multiply
the matrices (recall that physicists put in a factor of i to make the matrix
hermitean):

00 0
S,=ihi[ 0 0 -1
01 0
0 0 1
S,=ih| 0 0 0
~1.0 0
0 10
S.=ih| =1 0 0
0 00

Then we have:
S?A = S2A + SZA + S2A = 2hA
A € s0(3)

This calculation also ‘proves’ that S?A = 2hA for any three by three
matrix, and in particular for A € su(3). Consequently, if this proof were
valid, S? would be a Casimir operator for su(3),sl(3) and any other Lie
algebra of 3 by 3 matrices which contains so(3). It is not. Thus, the ‘proof’

is not valid.
Switching representations, Schiff contends on page 203 that

h(o 1
%_2<10>
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Summing, we obtain:

3.,(1 0
2 _ 712 2 2 _ Y32
S =T Ty = h (o 1)

Schiff continues with two more representations and finds:

100
JP=hm>1 010
001
or

1000
1 0100

2 _ 132
J_Qh 0010
0001

Now we ask the question “What is J?A for A € s0(3)?.” And the stan-
dard answer is: “That depends on which representation you are in”. In the
standard approach, the eigenvalue of the Casimir operator changes with each
representation, thus it is a “varying invariant”, the ultimate oxymoron. If
the eigenvalue of an operator changes from representation to representation,
the operator cannot be an invariant of the Lie algebra. From the viewpoint of
differential geometry, a representation is essentially a coordinate system. Ex-
ponentiate a representation of the Lie algebra and you have a local coordinate
system for the manifold underlying the Lie group. Differential Geometry re-
quires that in order to be well defined, “geometric objects” be independent of
the coordinate system. Thus the dependence of the eigenvalue of the Casimir
operator on the representation shows that with the standard definition the
Casimir operator is not well defined as a geometric object. In the parlance
of classical Differential geometry, it does not transform properly. The reason
for this is clear: in the standard approach, the Casimir operator is defined in
terms of matrix multiplication and a Lie algebra isomorphism does not pre-
serve matrix multiplication. Fulton and Harris [6] (page 108) observe ‘. .. that
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the “composition” X oY of elements of a Lie algebra is not well defined.’
In order to be well defined within the category of Lie algebras, the action of
the Casimir operator cannot be defined in terms of matrix multiplication, it
must be defined in terms of the Lie bracket.

Consequently, although the standard results about the Casimir operator
follow from direct calculation, those calculations are meaningless from a ge-
ometric (or a categorical) viewpoint. Our immediate goal must be to find
a way of defining the Casimir operator in a way which is geometrically and
categorically satisfactory.

We begin by looking at the geometric origin of the Lie bracket. Let
F(t) be the flow of the vector field X and F* the pullback map under the
diffeomorphism induced by that flow, then the Lie derivative of a tensor field
K with respect to the vector field X is defined by

LxK(p) = lim(K(p) — F*(t)K(p))/t
It is a standard exercise in differential geometry to prove that the Lie
derivative of a vector field Y with respect to another vector field X is given
by:
LxY =[X,)Y]=XY -YX

(Kobayashi and Nomizu [14],p.29).

Within differential geometry, the commutator is then a secondary tool
used to compute the Lie brackets. Any computations using a matrix repre-
sentation of a Lie algebra which comes from a Lie group must be consistant
with the geometric origin of the Lie derivative, matrix multiplication is not.
The reader interested in more detail should read the entire discussion of the
matter in Fulton and Harris [6].

In the standard approach, the Casimir operator for a Lie algebra L | is

C? =3 9" XX, (3)
and the action of the Casimir operator is

with ordinary matrix multiplication. However, matrix multiplication is not
defined in a Lie algebra, only the Lie bracket, addition and scalar multi-
plication are defined. Since a Lie Algebra with the bracket operation is
nonassociative, this expression is meaningless. Since the action (4) is not
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well defined, we look for other ways to interpret the symbols. In another
standard treatment, the Casimir operator is taken to be an element of the
Enveloping Algebra in which case

C’Y =) ¢"X, 0 X;®Y

with the tensor product as the multiplication. We will look at this treatment
after discussing yet another way to interpret the symbols.

Since the Casimir operator is defined in terms of the generators of the
Lie algebra and the generators are defined in terms of the Lie derivative, it
seems appropriate to have the Casimir operators defined in terms of the Lie
derivative.

Kobayashi and Nomizu [15](p.128) prove that a vector field X is an in-
finitesimal automorphism of an almost complex structure .J iff

JIX,Y] = [X, JY]

Phrased another way, this condition insures the almost complex structure
J is invariant under the flow generated by the vector field X. This theorem is
relevant since we will construct a Casimir operator which defines a complex
structure. We can use their proof verbatim, replacing J by C' to prove:

Theorem:

Given a Lie Algebra L | if C' :— L is a linear operator, then C'is invariant
under the flow generated by the vector field X, iff

C[X,Y] = [X,CY] = [CX,Y] (5)

forall XY € L .

Proof:

Consider the Lie algebra as the tangent space of M, the manifold under-
lying the Lie group. Then the Casimir operator is a mapping

C:TM — TM.
Let X and Y be any vector fields on M. Then
(X, CY]=Lx(CY)=(LxC)Y +CLx(Y)=(LxC)Y +C[X,Y]

Hence, LxC = 0 iff
(X, CY]=ClX,Y].
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The condition that the Lie derivative of C' with respect to X is zero, LxC =0
is the definition of invariant.
Then we also have

C[X7Y] = _C[K X] = _[K CX] = [CXa Y]

The standard approach requires that C X = X', or putting in another
element Y for these operators to act on, the standard approach requires that
C commutes with X under the operation of matrix multiplication:

CXY = XCY (6)

In the approach taken here, we require that C' interacts with X under the
operation of the Lie algebra, the Lie bracket and thus:

C[X,Y] = [X,CY] (7)

Again, the standard approach cannot be correct simply because matrix
multiplication is not defined in a Lie Algebra. This is a different interpre-
tation of the phrase “commutes with X” than the standard theory and is
justified because it is local invariance under the action of the Lie algebra
which leads to global invariance under the action of the Lie Group.

Theorem

In any representation, the action of the Casimir operator C' is given by

CY =3 ¢"[X:, [X;,Y]] (8)
Proof:

In the standard treatment of the Casimir operator, C' ,
(]
In the adjoint representation, we have the Casimir operator acting on an
element of the Lie algebra:

CA=> g"ad(X;)ad(X;)A
ij
then, by definition of the adjoint representation,

(adC)(adA) =" g7 [adX;, [adX;, adA]]

ij



Now, let p be a representation of the Lie algebra, and note that any
representation can be factored through the adjoint representation:

L o hom(L)
P\ Y
hom(V)
Then
p=pad.
We have the corresponding diagram for C"
C ad ad(C)
P\ Y
p(C)

Then commutivity of the diagram requires that

p(C) = p(adC)

p(CA) = p(C)p(A) = p'(adC)p' (adA) = p' Y _ g”]adX;, [adX;, ad A])

]

= Zg” (adX;), [p'(adX;), p'(adA)]]

=2_9"[p(X), [p(X;), p(A)]

This last equality holds because a Lie algebra isomorphism preserves the
bracket. Thus proving that the Casimir operator must be interpreted as an
intrinsic Casimir operator.

In the expansion of the intrinsic Casimir operator, C, define the coeffi-
cients ¢g¥ by:

Xi = Zgij[Xiv [Xj7XkH
ij

In the standard treatment of the Casimir operator the matrix g% is the
inverse of the Killing form:

gi; = Tr(adX;)(adX;) Z CirCt .



However, with the reinterpretation of the Casimir operator, this relation-
ship is not valid. As a direct calculation with the normalized intrinsic Casimir
operator shows:

Xi =Y g"[X:, [X;, Xi]
(]
= Zgzj le Z k;Xl

=3 g[X; C’le]
ijl
=Y g7C X, X))

ijl

o Z gmcl

ijlm

Denote the inverse of g by hji, then the relation between a matrix and
its inverse is given by

97 hjk =3},
and is summed over the index j only. Since the expression

> 97 CHCH X (9)
ijlm
is summed over both i and j, the relation between ¢ and C},Cj" is not that
between a matrix and its inverse.
O’Raifeartaigh [24] claimed that the Casimir operator could be written
as

CXy = 3 Tr(adX;)(adX;)[X:, [X;, X4

ij

However, this expression cannot be correct since Tr(adX;)(adX;) is the
Killing form and according to the standard formula, it is the inverse of the
Killing form which defines the coefficients of the Casimir operator. But (9)
shows that this doesn’t work. Instead of taking the inverse of the matrix, we
need to take the inverse of each term individually and define:
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CXy, =Y (Tr(adX;)(adX;) )" [Xi, [X;, Xll. (10)
]
(The sum is over nonzero traces)
O’Raifeartaigh’s calculations work out because he only considers cases
where Tr(adX;)(adX;) is 1 or -1.
Note that (adX;)(adX;) = [X;, [Xj, ; so we could write:

CXy =) (Tr[Xi, [X;,) 7[XG, [X, Xa] (11)
ij

(The sum is over nonzero traces)

We will call the operator defined in (10) the normalized intrinsic Casimir
operator. With a slight change of notation, this agrees with the definition
of the Casimir operator given by Knapp [13]. This operator is scale invari-
ant, that is, if each X; is multiplied by a scalar a, the normalized intrinsic
Casimir operator is unchanged (in the standard picture, this is only true for
an orthogonal basis). Such rescalings will be necessary to properly scale field
strengths [31].

The intrinsic Casimir operator is one of the invariants of the Lie algebra.
When we speak of invariants in differential geometry, we mean a differential
operator which is invariant under the action of the Lie Group. This imme-
diately leads to the criteria that in the representation of the Lie algebra as
differential operators the invariant operator commutes with elements of the
Lie algebra as in Theorem 5. But here arises the main point of confusion
when we work with a matrix representation. If we want an operator which
commutes with every element of the Lie algebra, does that mean that the op-
erator commutes with the matrices in some representation under the action
of ordinary matrix multiplication or that the operator commutes with the ac-
tion of that matrix as an element of the Lie algebra? The standard approach
takes the first route and requires that the operator commutes with every
matrix in the representation. Then, supposedly Schur’s lemma requires that
these “invariant operators” are just multiples of the unit matrix. But then
the “invariants” are a different multiple of the identity for each representa-
tion and can hardly be called “invariant”. Noting that matrix multiplication
is not defined in a Lie algebra, we take the second tack and require that
the operator commute with the action of the matrices as elements of the Lie
algebra, as required by Theorem 5. The eigenvalue of these operators does
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not change with the representation and they are truly invariant. We will
also show that the invocation of Schur’s lemma is not justified since these
operators are not representable by matrix operators.

Since this approach is such a break with tradition, perhaps further dis-
cussion is warranted. If A is an element of the Lie algebra of a Lie group,
then A is the infinitesimal generator of a one parameter subgroup with the
group action on B € L given by: exp(tA)Bexp(—tA)

In order to prove the invariance of an operator C' we need to show that:

Cexp(tA)Bexp(—tA) = exp(tA)(CB)exp(—tA)

Using the Baker-Campbell-Hausdorff identity, we can expand the group
action in terms of the Lie algebra action:

exp(tA)Bexp(—tA) = (B + t[A, B] + ;2![147 [A, B]] + 231[14’ [A,[A, B]l] + ...
Then
exp(tA)(CB)exp(—tA) = (CB+t[A, C’B]Jrg[A, [A, C’B]]Jrg[A, (A, [A, CBJ]]+. ..
= (CB+ Ct[A, B] + O;[A, [A, B]] + O?[A, [A A, B[ + ...

2 3

= C(B+HA, B+ S[A 14, B + LA, 1A, [A, B+ )
= Cexp(tA)Bexp(—tA)

An invariant operator is one whose action commutes with that of the
Lie Group. The above calculation shows that in order for an operator to
commute with the action of the Lie group, it must commute with the action
of the Lie algebra in the sense of 5.

2 The Lie Algebra of Vectors and The Intrin-
sic Casimir Operator of so(3)

Consider the Lie Algebra of vector fields on R3 with bracket defined by cross
product:

ixi=0 jqxﬁz—/; ExZ:j
fxf:k ;'xfzﬁ kx]:—;
ixk=—j jxk=i kxk=0



It follows immediately from the cross product that:

— - -, - - —

ix(1xj)=1x j

Thus Tr(i x (ix) = —2.
Likewise, Tr(j x (jx) = =2 and Tr(k x (kx) = —2
On the space of 3 dimensional vectors, define the operator C' by

CA=ix(ixA) +]x(FxA)+kx(kxA) (12)

- —
Y

Clearly, C' is linear, so it suffices to compute C' on the basis i, j k:
Cl=ix(xi)+ix(GxD)+kx(kxi)=04]x(—k)+kxj=—i—i=—2i

Likewise, Cj = —2f and Ck = —2k. Thus, CA = —2A for any A € R3.
At some point,we must confront some of the misunderstandings which

abound in the physics literature. Let’s begin with a comment by Sudarshan
[30](page 170):

...notions such as “the square z2”

of an element x, -and, more
generally, any power, polynomial or power series in one or more
elements, - are not defined in a Lie-algebra. In fact, if the existing
definition of a product is used,-i.e., the Lie-bracket [z, y]- , z* etc.

would be identically zero!

We confront the same problem addressed by Dirac in his treatment of
Bras and Kets, [x,y] represents the operator [z, acting on the vector y| Thus
“the square 227 is not defined by [z, z], rather “the square x?” is [z, [, and
it is not necessarily zero. We work towards an example.

The Adjoint representation is:



0 -1 0
AdK)=]1 0 0 |=x;
0 0 0

Thus the adjoint representation of the cross product algebra is
SO(?)) == {Xl, XQ, Xg}
The Adjoint representation, applied to 12, yields for A € so(3):

CA = [X1, [ X1, Al + [Xo, [Xo, A + [Xs, [X5, 4] = =24 (13)

for any A € so(3). The placement of brackets in 13 is dictated by the
isomorphism between 12 and 13. The operator C'is clearly a multiple of the

intrinsic Casimir operator since it is quadratic in the generators of so(3) and
C' commutes with all X € so(3):

[X,CY] = [X,Y] = C[X,Y]

Since the trace of each term is -2, the normalized intrinsic Casimir oper-
ator is:

_12a4 _ _12([)(1, (X1, Al + [Xa, [Xa, A]] + [Xs, [Xs, A]]) = A

Suppose C” is an intrinsic Casimir operator of so(3), then C” is a linear
operator on so(3) and there are coefficients satisfying:

C"X1 = a1 X1 + a12Xo + a13X;3
C"Xy = a9 X1 + a2 Xs + a3 X3
C"X3 = a1 X1 + azXs + a3 Xs

Determining the possible coefficients will allow us to determine which
eigenvalues are possible although it will not allow us to determine which
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brackets actually yield those eigenvalues. We can greatly simplify our calcu-
lations once we note a few limitations on the possible images of any intrinsic
Casimir operator.

The first limitation on the image of the intrinsic Casimir operator is:

(CX,X]=C[X,X]=0 (14)

Thus, CX commutes with X.

The second and third go together:

Theorem

If D is an element of the Cartan subalgebra, so is C'D.

Proof:

Let D; be a maximal commuting subalgebra (the Cartan subalgebra),
then C[Dy, D;| = [D;,CD;] = 0 Thus CD; commutes with all the D; and
is thus in the Cartan subalgebra.

Theorem

If X is not in the Cartan subalgebra, neither is C'X.

Proof: If X is not in the Cartan subalgebra, then there is a D € the Cartan
Subalgebra such that [D, X] =Y # 0 Then C[D, X| =[D,CX]|=CY #0

then: C'[D, X] = aCX

C[D,X|=[CD,X]=[D,CX]|=aCX

From [D,CX] = aCX we conclude that C'X is not in the Cartan subal-
gebra since such operators commute. Furthermore, C'X is an eigenvector of
D with the same eigenvalue as X.

From the first limitation, [CX, X] = C'[X, X]| = 0, we see that we can
easily find the possible coefficients of an intrinsic Casimir operator of so(3):

C"X; =aX; (15)
C//XQ == (ZXQ
C”Xg = Cng

This calculation would make it appear that the operator C” is merely a
multiple of the identity matrix. We have the operator C, so we must ask if
C is merely a multiple of the identity matrix as is often claimed and as the
above would indicate? To answer this question, let us compute CM where
M is a generic 3 X 3 matrix.
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00 0 mi1 Mz MMi3
[ Xy, M] = 0 0 =1 |, ma1r maa mos
01 0 m3p M3z M33
0 0 0 0 mi3 —1N12
—Mgy —Mm3a —m3z | — | 0 moz —ma
Mo1 Moy Mo3 0 mg3 —mg
0 —mis3 mio

—Mmg1 —Ma3 — M3z Moz — 133
Mo Mog — M3z  Mag + M32

Then
00 0 0 —MmM3 mi2
[XI; [Xh M]] = 0 0 —1 y —TN31 —Mo3 — 1TN3y Mg — 1133
01 O Moy Moo — M3z Moz + Ma32
0 —mi2 —mas3
= | —ma1 —2magy +2m33 —2maz — 2mag
—Mm31 —2Mao3 — 2m3a  2mMaoy — 2myg3
Likewise:
2mgs — 2m —myiz —2myz — 2ms;
[Xs, [Xo, M]] = —Ma1 0 —Ma3
—2mg1 — 2my3  —mgy  —2ma3 + 2my;
—2my1 + 2may —2myy — 2mo;  —my3
(X5, [ X5, M]] = | —2ma2 —2mao1 2myp — 2mey —Mog
—Mma31 —M32 0
Summing, we obtain:
—4m11 + 2m22 -+ 2m33 —4m12 — 277’1,21 —4m13 — 2m31
CM = —4m12 - 2m12 2m11 — 4m22 + 2m33 —4m23 — 2m32
—4ms; — 2my3 —2maz — 4mgs 2may + 2mogy — 4mss
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Thus C'is not a multiple of the identity matrix, but the operator C' has an
eigenvalue of -2 which we need to investigate. Requiring that CM = —2M,
we have for the off diagonal terms:

2myg + mar = myg

Therefore,
Mg = —M2

2mas + ma; = my3

Therefore,
mi3 = —Ms1

2mag + Mgy = Ma3
It follows that
Mmo3 = —MM32

For the diagonal terms:
2myy — Moy — M3z = My

—mq1 + 2Mgg — M3z = Moy
—Mmy1 — Mag + 2mg3 = Mms3

This system has only the solution my; = moy = m33 =0
Thus CM = —2M iff M is skew-symmetric, i.e. iff M € so(3)! Hence, in
the defining representation, the intrinsic Casimir operator of so(3) charac-
terizes the Lie algebra. This also happens to be the adjoint representation,
so it is not clear which is important.
Writing
O = (X1 + () + ([Xs)?

Then it is clear that
C = ([X1)™ + ([X2)™ + ([X3)™

is also a Casimir operator for any n. Similiar remarks hold for every Casimir
operator we will construct.
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3 Third Order Intrinsic Casimir Operators
for so(3)

In this section we construct third order intrinsic Casimir operators for so(3),
contrary to the standard wisdom in which so(3) has no third order Casimir
operators. Once again, we begin with the Lie Algebra of vectors on R? with
the cross product as bracket.

ix(Gx(kxi)=0 (16)
kx (ix(f %)

=k x (i x (—Fk))
—kxj=—i

Ix(kx(@xi)=

i x (j x (k% j)) (17)

X
=
Il

I
-l
X
X
—~
Q.l =Tl
I
|
.

(18)

Define for A € R3,
CPA=ix (Gx(kxA)+kx@x(xA)+]x(kxGxA))

It follows immediately that
C3A=—A
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Now reverse the order of ;,j, and k:

kx (Fx(ixi)=0

Define for A € R3

C3A=kx (Fx (@xA)+ix(kx(fxA)+]x@x(kxA))

(19)

(21)

(22)

It follows immediately that C’if_f = A Furthermore, note that the same
calculations show that the three terms of this operator are the projection

operators, if A=A+ Asj + Ask then



Passing to the adjoint representation, we have for A € so(3)

CEA = [X17 [X27 [X37 A]H + [X37 [Xla [X27 AH] + [X27 [X?H [X17 AH] =—A
and
CiA = [X37 [X27 [Xla Am + [Xla [X37 [X27 Am + [XQa [le [X37 A]H =A

Thus C? and C? are third order intrinsic Casimir operators of eigenvalue
type for so(3). But according to the standard treatment of higher order
Casimir elements, so(3) should not have any third order Casimir operators
which are not multiples of the second order operator. Thus the standard
treatment of higher order Casimir operators is fundamentally flawed.

The discovery of these third order operators was accomplished by what
appears to be a systematic way to construct candidate third order invariants
for any Lie algebra, beginning with the second order invariant:

L2Y = [Xl, [Xl, Y]] + [XQ, [XQ,Y]] + [Xg, [X3, Y]]

In the term [Xi,[Xy,Y]], for the first X;, use the substitution: X; =
[X27X3}
Thus
(X0, [Xq, Y]] = [[Xo, Xs], [X0, Y]]

Now when we ask how this term could have arisen from the Jacobi identity
in a third order operation we are led to consider the operator:

[X27 [X37 [X17 Y]H
In the term [Xy, [X5, Y]], for the first| X, use the substitution:
X2 - [X37 Xl]

Thus
[X27 [X2>Y]] - HX3?X1]7 [X27 Y“

This term could have arisen from the Jacobi identity in a third order
operation:

(X3, [X1, [ X, Y]] = [[ X3, Xu], [Xo, Y]] + [X1, [ X5, [Xe, Y]]
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= [X27 [XQa YH + [le [X?n [XQa YH]
In the term [X3, [X3, Y]], for the first [ X3, use the substitution:
Xz = [X1, Xo]

Thus
(X3, [X3, Y]] = [[X3, Xo, [ X3, Y]]

This term could have arisen from the Jacobi identity from an expansion
of the operator:

(X1, [Xo, [X5, Y]] = [ X0, Xo], [X3, Y]] + [ X, [X0, [X5, Y]]
= [X5, [ X5, Y]] + [Xo, [ X, [ X3, Y]]]
Now we sum the three operators:
(X1, [Xo, [X3, Y]] + [Xo, [Xs, [X0, Y]] + [ X, [ X0, [Xo, Y]]
Which we recognize as the operator:
C2Y = [X0, [Xo, [X5, Y]] + [X5, (X0, [Xa, Y]] + [Xo, [XG, [X0, Y]]

which we have already shown is an invariant. We could also use this method
to arrive at:

C—?-Y = [X37 [XQ’ [Xb Ym + [XQv [Xb [X37 Ym + [Xb [X37 [XQ’ Ym
We compute the action on a generic three by three matrix:
Ci))rM = [X?n [XQv [Xh Mm + [XQJ [le [X?n Mm + [Xh [X37 [XQv Mm

by calculating each term separately.
For the first term, we first calculate

[X27 [Xla M“
0 0 1 0 —MmM13 mi2
= 0 0 0 [,]| —m31 —meg—m3zz Moy — M33
-1 0 0 Moy Moy — M3z Mag + M3z
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Mol + Mig Moy — M3z Moz + M3o

Mo — M33 0 ms;
Moz + M3 mi3 —Ma1 — M2
Then
[X3> [X27 [Xh MH]
0 -1 0 Moy + Ma1 Moy — M3z Moz + M3z
= L 0 0|, ma—ms3 0 mai1
0 0 0 Moz + M3 mi3 —Ma1 — M2
—2mag + 2mg3 Moy + Mo —mq3
= Moy + M2 2moy — 2ms3 Moz + Mg
—Mm13 Ma3 + Mi32 0

The second and third terms are calculated in the same manner:

[Xh [X37 [XQJ MH]
0 —May mi3 + ma1
= —Mi1a 2myy —2mg3 Moz + Mm32
miz +ms1 Moz +mgy  —2mqy + 2mgs3
[X27 [X17 [X37 MH]
2my1 — 2moy Mo + Mz Myz +msp
= Mo1 + M12 0 —ms32
my3 + M3y —Mo3 —2myq + 2mgy

Summing the three terms we obtain:

2myy — 4may + 2mgs 2myg + myy 2ma3 + ma;
CiM = 2mo1 + M2 2may + 2mag — 4mgs 2mo3 + m3a
miz + 2ms; Ma3 + 2msa —4maq + 2moy + 2ms3

First we note that although C?A = A, VA € s0(3),C% is not just a
multiple of the identity matrix.
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If it were, we would have C3 M = M as an identity. Also, note that C M
is not a multiple of C'M as calculated in section II. To solve the eigenvalue
equation C? M = M we have 9 equations.

For the diagonal terms:

2myy — 4mog + 2ms3 = mq

2may + 2mog — 4mss = Mmoo
—4myy + 2may + 2mas3z = ms3

which has the unique solution mj; = mags = mgz = 0.

For the off diagonal terms, the equations are the same as C'(M) from
above. Thus C3 M = M iff M € so(3) .

By the Jacobi identity:

[(Xy, [Xo, [X3, Y]] = [[X1, Xo, [ X3, Y]] + [ Xy, [Xy, [X5, Y]]

= [X3> [X?n Y” + [XQ’ [Xb [X?n Ym

Likewise,
[Xo, [X3, [ X1, Y]] = [ X2, X3], [X1, Y]] + [ X3, [Xo, [X0, Y]]

= [Xb [le Y“ + [X?n [X27 [le Ym

and
(X, [ X1, [Xo]]] = [Xo, [Xo, Y]] + [ Xy, [ X3, [Xo, Y]]

Summing the three terms we obtain:

Y =C* + 3 (23)

The calculations above show that C% and C? are each intrinsic Casimir
operators, contrary to the standard claim (e.g. Wybourne [34]) that any
Casimir operator is a multiple of C?.

The general eigenvalue equation C? M = —M again holds iff M € so(3) .
Wybourne (p. 141) calculates the third order Casimir element of so(3) and
claims that C? is proportional to C?. The expression Wybourne calculates
is our Cf’; + C3%. While it is true that, when operating on elements of the
Lie algebra, the eigenvalues of the operators are multiples of each other,
when we apply these results to differential geometry, we will be dealing with
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representations by differential operators where C% and C? will be third order
differential operators and C? will be a second order differential operator.
Now (C% +C?)A = 0 for all A € so(3), while for an arbitrary matrix M:

(C3+C3 )M =
—6m22 + 6m33 0 0
0 6m11 - 6m33 0
0 0 —6my; + 6oz

The equation (C’i + C%)M = 0 has the solution my; = moy = mg33z =
arbitrary constant, while the other entries of M are arbitrary. Thus C_?; and
C? each independently characterize the Lie algebra so(3) but the standard
Casimir operator C% + C? does not.

4 Higher Powers and the Theory of Angular
Momentum

Revisiting the cross product algebra, we will look at higher powers of the
operators. Let’s start with one multiplication:

kxi=7j
Now, let’s remultiply by ke
Ex(kxi)=kxj=—i
Ex (kx(kxi))=k
Ex (kx (kx(kx1))=kx (kx(
We need a short hand:
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(kx)*(7) + (Ex)*(j) = 0
(k)" (k) + (kx)*(k) = 0
This defines a second Casimir operator, with eigenvalue zero. Although
a third order equation exists, we go to the fourth power. The motivation for
going to the fourth power will be obvious momentarily.

The passage from Lie Algebra to Lie Group requires the exponential func-
tion. Having calculated the powers of kX, we can exponentiate it:

= - 0 ”)/kxn—)
exp(vkx)i = Z( ,) j
n—0 n.
2 3 4 5 6 7 8
e =, g Yo, Y Y Y v
:Z+7(J)+§(—Z)+*,(— )+J<Z>+§( )+7(—@)+ﬁ(—J)+§(l)
2 4 6 8 3 5 7
e P ? Y
AT TR TR AT TR
— cos(7)i + sin(y)J

Thus, exponentiating k yields a circle in the same way that exponentiating
the square root of -1 via de Moivre’s formula:

exp(i6) = cos @ + isin 6

Thus, the group action can be calculated without a matrix representation.
Now, define x as the coefficient of ¢ and y as the coefficient of j:

T = Ccos7y
Yy = sin-y
By the chain rule, we obtain:

9 o o
oy  Oyoxr Ovoy

= —sin g—kcos 2—— 2+x2
B Tox 7ay_ Y ou dy

We can repeat the calculation for ix
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ixj=k
ix(ixj)=ixk=—j
(ix)%) =1x (=) = =k
(ix)% =i x (=k) =
(ix)°)=ixj=k
(%)) =ixk=—j
(X)) =i x (—j) = —k
()% =7 x (~F) = ]

Then we see that multiplication by ix satisfies an algebraic equation.
(13)"(2) + (1)*(7) = 0
@)1() + (%)) = 0
()" (k) + (%)*(k) = 0

This defines a third Casimir operator, with eigenvalue zero.
Exponentiating 7 x:

exp(aix)j = > (cix) j
— nl
e N S BN N - T
= T+ (D) 2 () 2 )+ )+ (<) + 2R+ L
- a2 ot af ol - o b A’

—

= cos(a)] + sin(a)k

Let y = cos(av), the coefficient of j and z = sin(a). By the chain rule, we
obtain:

0 or 0 8y2

da ~ daoz | daoy
0 0

= —sina— +cosa=— = —2— —l—yaf
z

dy 0z dy

Finally, we repeat the calculation for j’x
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(7>)"(@) + (7%

(7)) + (1) ()

(73)*(B) + (7%)* (k)
This defines a fourth Casimir operator, with eigenvalue zero.

Now to exponentiate jx:

exp(B7x)k =Y (5];'()71]_5
n=0 ’
o . 2 3 4 5 6 7 8
= B+ R4 S+ S B @+ D B T+ L6
g s )

e gt g B -

2!
= cos(B)k + sin(3)i

Let z = cos(), the coefficient of k and x = sin(f). Again using the chain

rule, we obtain:
9 _0:0 000
o3  0B0z 0B0x
0

. 0
= —smﬁa —1—6085%



We can write the quadratic Casimir as:
(IX)2A+ (x)?A+ (kx)?A = —24
It is easy to prove that:
()" A+ ()" A + (kx)"A = (—1)"24

Beginning with the cross product, we wound up with three partial deriva-
tives:

0o = —20, + Y0,

aﬁ = —20, + 20,

0y = —y0, + x0,

These operators generate rotations in three dimensions.

The Lie bracket for these operators is

[0a; 05]f = (0005 — 00a) f = 0aOpf — Og0af
= (=20, + y0,)(—20, + 20,) f — (—x0, + 20,)(—20, + y0,) f
— (=20, + y0.)(—20.f + 20,f) — (=D, + 20,) (20, f + yo.f)
— —20,(~20.) + yd.(—20. f) — 20,(20.f) + yO. (20, )
+00.(—20,f) — 20u(—20, f) + 20, (yO. f) — 20, (0. )
= 220,0.f — 2y’ f — 2°0,0uf + yOuf + y20.0.f
—20,f — 120,0,f — 20,0, f + 2y f) — y20,0.f
= —20,f +yO0,f = =0,
In the differential operator formalism, the quadratic Casimir operator
becomes a second order differential operator:

=00+ 05+ 02

The eigenvalue of this differential operator acting on either elements of
the Lie algebra or on functions is a conserved quantity.
Likewise, the equations for 4,7 and k become differential operators:

ot + 02
05+ 03
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4 2
a5+ 05

These are Casimir operators of so(3). The eigenvalue of each of these dif-

ferential operators acting on either elements of the Lie algebra or on functions

is a conserved quantity:.
In the standard theory of angular momentum [35] one goes on to

... construct states [jm > that are simultaneously eigenfunctions
of 52 and any one component of j, say, j.. ..

This procedure is not acceptable considering the arbitrariness of picking
one component when classically all three components of angular momentum
are conserved. The new formalism introduced here allows for a new theory of
angular momentum. The three operators 97, d5 and 92 mutually commute.
Thus a theory of angular momentum based on these operators would allow
for the conservation of angular momentum in three directions.

The fourth order differential operators are constructed from these second
order mutually commuting operators. They are also invariant operators and
a theory of angular momentum built on three invariant operators would have
to be better than the current theory of angular momentum which is built on
one invariant operator plus a noninvariant operator. Obviously putting in
the details of such a theory is a long term project and is not attempted here.

5 The Intrinsic Casimir Operators of so(2,1)

All of the constructions for so(3) can also be done for so(2,1). A basis for
s0(2,1) is:

0 10
Y= -1 00
0 00
0 01
Y, = 0 0
1 00
0 00
Ys=|[ 0 0 1
01
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The commutation relations for so(2,1) are:

[Y1,Y5] = —Y3
Y1, Y3] = Y2
Y2, V3] =Y

Computing the traces:
Y1, [Y1,Yo]] = [V1, =Y3] = =Y

Y1, V1, Ys]] = [V1, Yo = Y5
Thus, tr([Y;,[Y1,) = —2

[Ya, [Yo, V1] = [¥2,Y3] = 13

[Ya, [Yo, V5] = [Y2, V1] = Vs
Thus, tr([Ys, [Ys,) =2

[Ys, [Ys, V1] = [V3, =Y2] = V3

Vs, [Ys, Yal] = [¥s, V1] = V2

Thus, tr([Vs, [Ys,) = 2
The normalized intrinsic Casimir operator for so(2,1) is then:

20%A = —[V1, V1, A]] + [Yo, Yo, A]] + 3, V3, A]]

We will work with 2C? instead of C? because the lack of fractions makes
the calculations easier to follow:

2C7Y) = ([Ya, [Ya, V1] + [V5, [Y3, Y4]))
= ([Yz, V3] + [Y3, —Y3])
= Y1+ 1) =27
2C°Y, = (—[V1, V1, Ya] + V3, [Y3, Vo))

= (=[V1, =Y3] + [Y3, -V1]) = 2V3
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QCQYZ’) = (_[le’ [}/17}/;3“ + D/Qa [}/-273/23]])

= (—[Y1,-Yo] + [Yo, V1]) = 2V

Thus, the eigenvalue of C? is 1.
Acting on the generic 3 x 3 matrix, M we leave it to the reader to verify
that

20%M =
dmyy — 2mge — 2mgs3 dmig + 2mg dmyz — 2ma;
4m21 + 2mq9 —2mq1 + 4m22 — 2ms3 4dmas — 2m3o
4m13 — 2m31 —2m23 + 4m32 —2m11 — 2m22 + 4m33

There are three things to note about this calculation. Acting on generic
matrices, the intrinsic Casimir operators of so(3) and so(2, 1) give different
results. The actions of C' and C? on matrices are not representable by matrix
multiplication as 3 x 3 matrices. Also, if 202M = 2M, we can solve the
resulting equations just as we did for so(3) .

The equations for the diagonal terms of 2C?M = 2M are identical to
those for CM = —2M, thus the diagonal terms are zero. The off diagonal
equations lead to

mq9o + mo1 = 0

miz —mgz; = 0
Ma3 — M3z = 0

Thus C*(M) = M iff M € so(2,1).

Hence, as was the case for so(3), in the defining representation, the in-
trinsic Casimir operator of so(2, 1) characterizes the Lie algebra. Again, this
also happens to be the adjoint representation, so it is not clear which is
important.

Our next goal is to generalize the construction of the third order intrinsic
Casimir operators for so(3) to so(2,1). We would like for an identity like 23
to hold. Again, we calculate using the Jacobi identity:

Y1, [V, [Ys, Al]] = [[Y1, 2], [Ys, A]] + [V, [Y1, [Y3, All]

= —[Vs, [Ys, A]] + [Ya, [V, [Ys, A]]]
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Likewise
[Ya, [Ys, Y1, A]]] = [[Ya, Y3, [V1, A]] + [Y3, [Ya, [V1, A]]]

= Y1, [V1, Al + [¥, [Ya, [Y1, A]]]

and
[Y3, Y1, [Yo, All] = [[Y5, Ya], [Ya, A]] + [Y3, [Y3, [Ya, A]]

= Yy, [Ya, A]] + [V, [Ya, [Ya, AJ]
Recall that

20%A = —[V1, V1, A]] + [Ya, [Ya, A]] + [Y3, [Va, A]]
If we define for A € so(2,1):
CYA = [V, [V, [Ya, AJ] + [Ya, [V, [Ya, AJJ] + [Ya, [Ya, [Y1, AT]
and
CYA = [Ya, [Yo, Vi, All] + (Y3, [Ya, [Yo, AJl] + [Ya, [V3, [Ya, Al
Then adding the three above terms we have
C¥A=—20,A+C% A
And we calculate:
C¥Yy = V3, [Ya, [V, Vall] + Y3, Y0, [Y2, YAl + [Y2, (Y3, (Y2, VA)]
=0+ [¥3,[¥1,¥5]] + 0
= [V3, V3] = -V
C¥Yy = [V, [Ya, [Ys, Yall] + [3, [V3, [Ya, Vall] + [Ya, (Y, [V3, Y]]
(Y3, [Va, V3] + 0 40

- [Ylu }/23] - }/2

CYs = V1, [Ya, [Ya, Ya|] + [Ya, V1, [Ya, Yall] + Y2, [Ya, [V, Y]]
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We have C¥' A = — A for all A € s0(2,1).

C3Y; = [Ys, [Ya, [Ya, Vil]) + 3, [Y3, [Ya, VA]]] + [Ya, [¥3, [¥3, Yi])]

= [Y3, [, V2]
= [V, Y3] =Y

C3Y, = [Ys, [Ya, [V, Yal]] + [V3, [Ys, [Ya, Yal]] + [Ya, [Y3, [Y3, Yal]

= V3, [Ya, =¥5]] = [¥3, V3] = V>

C3Ys = [Ys, [Ya, [Ya, Yal]] + 3, [Va, [Ya, Ya]]] + [Ya, [Y4, [Ya, Y3])]

=M, Ve, Y]] = V1, =Y5] = V5

We have C¥ A = A for all A € s0(2,1).

Thus C¥*A = A and C’f’rl are verified as third order intrinsic Casimir
operators of eigenvalue type for so(2,1). But according to the standard
treatment of higher order Casimir elements, so(2,1) should not have any
third order Casimir operators which are not a multiple of the second order
Casimir operator. Thus, again, the standard treatment of Casimir operators
is fundamentally flawed. The construction of higher order intrinsic operators
follows the pattern of so(3) and is left to the reader.

6 The Intrinsic Casimir Operators of si(2, R)

A basis for the Lie Algebra sl(2, R) consists of the matrices:
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()

The commutation relations are then

[H, X1 =2Xx*
[H, X" ] =—-2X"
X*, X |=H

Lang [16] (p. 194) defines the Casimir operator for si(2, R) as
Q=H*4+2(XTX +X X"
Which we interpret as:
QA =[H, [H Al +2[X", [ X, A]] +2[X ", [X T, 4]]
Calculating via our method we have
QX' =[H,[H, X ||+ 2[X", [ X7, X"

= [H,2X ]+ 2[X", —H] =4X*+ +4X+ =8X*

OX~ = [H,[H X )] +2[X",[X", X

=4X" +4X" =8X"

QH =2[X* [X,H|] +2[X,[X", H]|

= 2[X*t,2X ] +2[X ", —2X '] =8H

Thus the eigenvalue of this Intrinsic Casimir operator is 8.
Humphreys [10](pp. 27-28) defines the Casimir operator of sl(2, R) as

"=5
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and claims that:

i O

3
2
0

-(13)

which is clearly not correct since our calculation shows that the eigenvalue
of ¢ is 4, not % Also, the intrinsic Casimir operator is not merely a multiple
of the identity matrix.

Actually, none of the above calculations gives the intrinsic Casimir oper-
ator, i.e. the normalized intrinsic Casimir operator. From the commutation
relations, we obtain:

[H,[H,X")] = [H,2X"] =4X"
[H,[H,X || =[H,-2X"]=4X"
Trace([H,[H,) =8
(X[ X, H]]=[X",2X"]|=2H
[X+7[X77X+]] = [XJr?_H]
=2X"
Thus Trace([XT,[X~,) =4
[Xiv[XJr’XiH = [X", H]
=2X"[X,[XT, H]
= [X~,—2X*] = 2H

And so, Trace([ X, [XT,) =4
Thus the normalized intrinsic Casimir operator of sl(2, R) is:

CW = LH, [ W) + S [X* (X~ W]+ 21X (x4 W) = W

and the normalized intrinsic Casimir operator of sl(2, R) acting on an element
of sl(2, R) is the identity operator.
After another calculation, the reader can show that acting on an arbitrary

2 by 2 matrix
M= < mi1 Mmio )
Moy Moo
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QM — < dmyy — 4mago 8mya )

8m21 4m22 — 4m11

Setting QM = 8M, we obtain
4m11 — 4m22 = 8m11

8m12 = 8m12
8m21 = 8m21
4m22 — 4m11 = 8m22

These equations require that mqo and mo; be arbitrary while mos = —my;.

Thus QM = 8M implies M € sl(2,R) . And again, at least in this
representation, the intrinsic Casimir operator characterizes the Lie Algebra.
Within the standard representation, sl(2, R) is the eigenspace of the intrinsic
Casimir operator.

Now we will investigate the existence of a third order intrinsic Casimir
Operator for sl(2, R). We make the same type of substitution into the second
order intrinsic Casimir operator of sl(2, R) as we did for so(3).

OA = [H, [H, Al + 2[X., [X_, A]] + 2[X_, [Xs, A]]

= HX-HX—]? [H7 AH + HH> X+]7 [X—7AH + [[X—’ H]7 [X-I—’AH

Then we note that these terms appear in the expansion of

C(3"4 - [X-H [X—v [H7 Am + HH7 [X-i—v [X—7 Am + [X—v [Ha [X-l-? Am

And we check to see if we have indeed constructed an intrinsic Casimir
operator:

CsH = [ Xy, [Xo, [H, H]I| + [[H, [Xy, [X-, H]] + [X_, [H, [X, H]]

— [H,[X;, 2X_]) + [X_, [H, 2X,]
= 2[H, H] + —2[X_,2X,] = 4H

CaX = [Xy, (X, [H, X))+ [[H, [Xy, (X X))+ X [H (X X
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= [X+7 [X—7 _2X—H + [X—v [Hv HH =0
C3X+ = [X+7 [va [H7 X+]]] + [[Hv [X+7 [X*7X+m + [va [Hv [X+> X+m
= [XJrv [X*7 2X+]] + HH7 [X+7 _H]]
== 2[X+, —H] + [H, 2X+] — 4:X+
Since Cj is not an intrinsic Casimir operator for sl(2, R), the procedure

is not universally applicable. Suppose we experiment with a new basis:

J=X,+X_

K=X,-X_
We obtain the new Lie brackets from the old:

H,J] =2K

[H, K] =2J
[(JK]=[X;+X_, X, — X_]
= [Xo XL - [ XX ] =—2H

The construction of the intrinsic Casimir operator requires the trace of
each quadratic term:

[H,[H,J] = [H,2K] = 4J
[H,[H, K] = [H,2J]] = 4K
tr([H,[H,) = 8.

[J,[J, H] = [J, —2K] = 4H
[J,[J, K] = [J, —2H] = 4K
tr([J,[J,) = 8.

K, [K,H]|] = [K,—2J] = —4H
[K,[K, J]) = [K,2H] = —4J
tr([K, [K,) = 8.
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Since the absolute value of the traces is the same, we will not include
it, but we need to have a negative sign with the [K,[K, term. The intrinsic
Casimir operator in the new basis is:

CA=H,[H A]l+ [/ [/ A]] - [K,[K, Al
And we calculate:

[J,[J,H] = [J,—2K] = 4H

_[K,[K, H]) = —[K,—2J] = 4H
CH =8H
[H,[H, J|| = [H,2K] = 4]
—[K,[K,J]) = —[K,2H] = 47
CJ=8J

[H,[H, K] = [H,2J] = 4K
17,1, K]] = [J, —2H] = 4K
CK =8K

Thus, we do have an intrinsic Casimir operator. Note that after dividing
by 8, the normalized intrinsic Casimir operator has eigenvalue 1.

In order to avoid fractions, we will apply the transition to third order
trick to a multiple of the intrinsic Casimir operator:

20A = [2H,[H, A]| + [2J, ], A]] — 2K, [K, A]]
Substituting 2H = [K, J], 2J = [H, K] and —2K = [J, K], we obtain
20A = 2H,[H, Al + [2J,[], A]] — 2K, K, A]]

= [[K, J], [H, Al + [[H, K, [], Al + [, H], [, A]]

This arises in the expansion of:
C3A = [K, [J, [H, Al]| + [H, [K, [J, Al + [, [H, [K, AJ]
The candidate third order intrinsic Casimir operator checks out:

CYH = (K, [J,[H H]] + [H, [K,[J H]] + [J.[H, [K, H]|
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=0+ |H, K, —2K]| + [J, [H, —2J]]]
= —2[J,2K| = 8H
CJ =K, [J.[H, J]]] + [H, [K,[J, J]] + [, [H, [K, J]]
= [K,[J,2K]|+ 0+ [J,[H,2H]]]
=2[K,—2H| =8J
CIK =K, [J,[H, K| + [H,[K,[J, K]]] + [, [H, [K, K]]
= [K,[J,2J]| + [H, [K,-2H]]

= —2[H,-2J] =8K

As with the third order intrinsic Casimir operator of so(3) we try reversing
the order of the operators and define:

C2A = [H,[J,[K, Al + [, [K, [H, Al + K, [H, [J, A]]

C2H = [H,[J,[K, H]]] + [J, [K, [H, H]|| + [K, [H,[J, H]]
=[H,[J,-2J]] + 0+ K, [H, —2K]]
= —2[K,2J] = —8H

C2J = [H,[J.[K, ]| + [, [K, [H, J]] + [K, [H, ]/, J]]

— [H,[J,2H]] + [J, K, 2K]]] + 0
= 2[H, —2K] = -8J
C2K = [H,[J.[K, K] + [J.[K, [H, K] + [K, [H,[], K]]
= [J,[K,2J]] + [K, [H,—2H]]
= 2[J,2H] = —8K

This shows that C? is another third order intrinsic Casimir operator.
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7 The Intrinsic Casimir Operators for so(3,1)

The standard theory of Casimir operators predicts that the Lorentz Lie al-
gebra, so(3,1) possesses two, both of order 2. In this section, we construct
several intrinsic Casimir operators of order 2, providing even more evidence
that the standard theory is fatally flawed. A standard basis for so(3, 1) con-
sists of the six matrices

00 0 0
00 —1 0
X = 01 0 0
00 0 0
0 010
0 000
X2 = -10 00
0 000
0 -1 0 0
1 0 00
Xs = 0 0 0 0
0 0 0 0
000 1
0000
M = 0000
1000
0000
0001
Ny = 0000
0100
0000
0000
Ns = 0001
0010

The X; generate so(3) and are compact, while the V; are the noncompact
generators. The brackets of so(3,1) are given in Table I.

40



TABLE I The commutators for so(3, 1)

(X1, Xo] = X3 [Xo, X5 = X1 [X5, X1] = X5
(X1, Ni] =0 [Xo, V] =—N; [X3, Ni] =N,

(X1, N3] = =Ny [Xo,N3]=N;  [X3 N3] =0

[N1, No] = =X5 [N3, ] = —=Xo  [Na, N3] = =X,

The standard Casimir operators of so(3,1) are (a scalar multiple of):
C?* =X+ X+ X2~ N}~ N;—N;

and
C, = X1N1 + X2N2 -+ X3N3

To construct the normalized intrinsic Casimir operator, we first need to cal-
culate the traces:

(X1, (X1, Xo]] = [ X1, X5] = =X,
(X1, [ X0, X5]] = [ Xy, —Xo] = — X3
(X1, [X1, No]] = [ X3, N3] = — N,
(X1, [ X1, N3] = [ X3, —=No] = —NV3
TT([Xl, [Xl,) = —4

Likewise:
Tr([ Xy, [Xe,) =—4
Tr([Xs,[Xs5,) = —4
[N1, [N1, Xa]] = [V, N3] = X5
[N1, [Ny, X3]] = [N1, =Na] = X3
[N1, [N1, NaJ] = [Ny, = X5] = o
[N, [Ny, N3] = [Ny, Xo] = N3
Tr([Ny,[Ny,) =4
Likewise:
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Tr([Ng, [Ny, ) =4

Tr([Ns,[N3,) =4

Thus the normalized intrinsic Casimir operator is:

€2V = L [X0 X0, Y]]~ (X (X, Y]] — S (X0, V] + L8 [, Y]
+1[N2, Ny, Y] + i[z\rg, Ny, Y]]

However, for typographical reasons we will work with
C?Y = [Xy, [ X1, Y]] + [Xo, [Xo, Y]] + [ X3, [ X3, Y]]

—[N1, [N1, Y]] = [N, [No, Y]] =[N3, [N3, Y]]

We will see, by direct computation, that C? is actually the sum of two
simpler intrinsic Casimir operators while C” is a different type of Casimir
operator than those encountered so far.

Just as we did for so(3), we look for the possible coefficients of an intrinsic
Casimir operator on so(3,1):

CX;, =anXy + a1nXs + a13Xs + a14N1 + a15N2 + a16Ns

CXy = a1 X1 + anXs + ag X3 + agaN1 + azs Ny + az N3
CX3 = a3 X1 + azXo + a3z X3 + azaN1 + azgs Ny + aze N3
CNy = an Xy + aseXo + a43X3 + asga N1 + ag5 Ny + as6 N3
CNy = a51.X1 + a52Xo + a53X3 + asa N1 + ass Ny + ase N3
CN3 = ag1 X1 + ag2Xa + a3 X3 + aga N1 + agsNa + age N3
The intrinsic Casimir operator must satisfy the first limitation on intrinsic
Casimir operators:

CXl = CLHXl + a14N1

CXQ = a22X2 + a25N2
CXs3 = ag3 X3 + aszsN3
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CNi = aun X1 + aulN,

CNy = a53X3 + as5 N2

CN3 = ag3 X3 + agsN3
Starting with the first relation:

CX, = anXy +auN;
We bracket each term on the right with Xo:
C[Xy, Xo| = an[X1, Xo] + a1a[Ny, Xo]
obtaining:
CX3 = a1 X3+ aialN3

thus we conclude that: as3 = a1 and a4 = asg
Again, we bracket the first relationship on the left with Xj:

O X3, Xq] = an1[ X5, Xi] + a14[X3, V4]
obtaining:
CXy = anXs+ aiuNy

Thus we have shown that asy = a1; and a4 = ags.
Beginning again with the first relation, we bracket each term
with N,:

C[X1, No| = an1[Xq, Na| 4+ a14[N1, No|

ONg = a11X3 + CL14N3

From which we conclude that

ags = aj; and a4 = age.

Applying the same technique again, we bracket the first relationship with
C[X1, N3] = a11[X1, N3] + a14[N1, N3]

obtaining:
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CNy = a1 Ny + a14X5
This final relationship we bracket with Xj:
C[N3, X3] = a11[N2, X3] + a14[ X2, X3]
obtaining:
CNy = an Ny + a1a Xy

The rest of the coeflicients are zero.
Let
a4 = 11 = Q22 = Q33 = (44 = A55 = Uee

and
b=ayy =asxs = a3 = —ag = —az2 = —Qx1

We are left with:

CX; =aX;+bN, (24)
CX5 =aXs+ bN,

CX3=aX5+bN;

CNy = —-bX; +alN

CNy = —bX5 + aNy

CN3 = —bX3+ alN3

There are then two independent possibilities for the image of C:

Cle = CLX1 (25)
ClXQ = CLXQ
Cng = CLX3
ClNl = CLNl
ClNQ = CLNQ
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ClNg = CLN3

and:
CQXl - le (26)
Cy X9 = DN,
C2X3 == bN3
CQNl - —bX1
CyNy = —bX5
CyNs = —bX3

The limitations on intrinsic Casimir operators are necessary, but not suf-
ficient. We have not yet constructed an operator like Cy, but assuming that
one exists we now show that (' satisfies the conditions of 5.

CQ[leXZ] = [X1702X2] = [C2X17X2]

CQXg - [Xl,bNQ] - [le,XQ]
bNg - bN3 - bN3

A similar calculation may be done for each entry in Table I.

Thus, we have proven that C5 commutes with the action of the Lie alge-
bra. This new type of intrinsic Casimir operator, Cy, is not “a multiple of
the identity”, but we still need to construct operators from the generators of
so(3,1) with this type of action.

Define:

LY = [Xla [Xh YH + [X27 [XQvYH + [X?n [X37 YH

If X7 is an element of the so(3) subalgebra of so(3,1) , it follows from
previous work that

L’X; = —2X;
Let us compute the action of L? on the non-compact generators:
L*Ny = [Xy, [ X1, M]] + [Xa, [Xo, Ni]] + [ X, [X3, N1 ]]
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= [Xy, — N3] + [X3, Ny] = =Ny — Ny = —2N,;
L*Ny = [ X1, [ X1, NoJ] + [Xa, [Xa, No]] + [Xa, [X3, Vo]
= [X1, N3] + [ X5, —Ni] = =Ny — Ny = —2N,
L2Ny = [Xy, [ X1, Nof) 4 [X, [Xa, Nof) 4 [X, [ X, Ny
= [X1, —Ny] + [X2, Ni] = —N3 — N3 = —2N;

Thus LY = -2V VY € so(3,1). Hence, surprisingly, L? is an
intrinsic Casimir operator for so(3,1). This was unexpected because the
operator L? is only half of the standard Casimir operator of so(3,1). This
result is physically interesting because it shows that angular momentum is
conserved even under the action of so(3,1). What can we say about the other
half of the standard Casimir operator? To this end, we define:

N?Y = [Nb [NDY]] + [N27 [NZaYH + [N?n [N37Y”
We calculate:
N2X1 = [Nb [NlﬁXl]] + [N27 [NQ?Xl]] + [Ni’n [N3’X1H

=[N3, —N3| + [N5, +No| = 2.X;

N?Xy = [Ny, [N1, X + [N, [Na, Xo]| + [Nz, [N3, Xs]]
= [Ny, N3] + [N3, —N1] = 2X,

N2X3 = [Ny, [Ny, X3]] + [Na, [Na, X3]] + [Ns, [N3, X3]]
= [Ny, —No| + [Na, N1| = 2X;

NNy = [Ny, [Ny, N]] + [Ng, [N, NiJ] + [N3, [N3, N ]]
= [Ny, X3] + [N3, — X = 21V

N2Ny = [Ny, [Ni, NoJ| + [Na, [Na, NoJ] + [Ns, [N3, No]
= [Ny, —X3] + [NV3, X1] = 2N,

N?Nz = [Ny, [Ny, Ny]] + [No, [Na, N3] + [N3, [N3, N3]
= [Ny, Xo] + [Na, —X4] = 2N;

Thus N?Y = 2Y for all Y € so0(3,1) Hence, N? is an intrinsic Casimir
operator for so(3,1). We have seen that L? and N? are both intrinsic Casimir
operators for so(3,1) while the standard approach admits only L? — N? .
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Neither L? nor N2, considered as in the standard approach, is a multiple
of the identity. Hence having a polynomial of matrices which sum to the
identity is not necessary to construct an intrinsic Casimir operator.

Acting on an arbitrary 4 by 4 matrix M, neither L? nor N? is the identity
operator. Requiring

L*M = —2M

does not M to be in so(3,1). Requiring
N*M =2M

does not force M to be in so(3,1). However, requiring both
L*M = —2M

and
N2M =2M

does force M € so(3,1). Or, alternatively, requiring that
(L* = N* )M = —4M

forces M € so(3,1). These calculations are so similar to those done for other
algebras that we leave the details to the interested reader.
Define

Con = ([X0)™" + ([X2)™" + ([X3)™ = ([N)*" = ([N2)™" = ([N5)™"

Another routine calculation shows that we have an infinite number of intrinsic
Casimir operators for so(3,1).
The second Casimir operator of so(3,1) in the standard approach trans-
lates to
C/Y - [Xl, [Nl, Y“ + [XQ, [Ng, Y“ + [Xg, [Ng,Y]]

We calculate:
C'Xy = [ Xy, [Ny, Xi]] + [Xo, [Na, Xu]] + [ X5, [N3, X4]]

= [Xo, = N3] + [X3, Vo] = =Ny — Ny = =2,

Likewise,
C'Xy = —2N,
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C'X3 = —2N3

C'N, = 2X,

C'N, = 2X,

C'N3 = 2X3
In short, C’ satisfies:

C'X; = —2N;

C'N; =2X;

And (' is the second sort of intrinsic Casimir operator, i.e. in 26, we have
b = -2. Thus, C’ satisfies the conditions of 5 for each entry in Table I.
Note that:
C'(X;+iN;) = 2i(X; +iNy)

C'(X; — iNy) = —2i(X; — iNy)

showing that we can put C’ in eigenvalue form, if we leave the Lie algebra
for its complexification. However, there are then two different eigenvalues.
Thus, although C’ commutes with the action of the Lie algebra, it is not in
any sense “a multiple of the identity.”

Since X; and Nj are not eigenvectors of C’ | C’ is not a Casimir operator
of the form we are used to seeing. If CY = oY for all Y in a Lie algebra, we
will call C' an intrinsic Casimir operator of eigenvalue type. The standard ap-
proach does recognize a difference and calls C" a “pseudoscalar.” The above
calculations show there are other types of intrinsic Casimir operators. We
will call C” an intrinsic Casimir operator of complex structure type because

if we define J = %C/ then:

JX; = —N;
JN; = X;
SO
JX;=-X;
J*N; = —N;

Thus J is a complex structure, and we have:
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J(X; —iNp) = —i(X; — iNp)

This construction works simply because so(3, 1) is isomorphic to the com-
plexification of so(3): so(3) + iso(3). Clearly, analogous complex structures
can be constructed on the complexification of any simple real Lie algebra.

Using this observation about the complexification allows us to construct
three more new Casimir operators for so(3,1). We will show that (no sum):

(X7, [ X, Y]]+ [N, [N, Y]] =0

for I =1,2,3 forall Y € s0(3,1).
The proof is by direct calculation:

(X1, [X0, Xa]] + [N, [N, Xq]] = 0

[X1, [ X, Xo]] + [Ny, [Ny, Xo]

— [X1, Xa] + [N, Na] = —Xo + Xo = 0
[X1, [ X, X5]] + [Ny, [Ny, X))

= [Xl, —Xg] + [Nl,Ng] =X;3—X3=0

[le [X1>N1H + [N1> [vaNl]] =0

[X1, [X1, NoJ] + [Ny, [Ny, No]

= [Xl,Ng] + [Nl, —Xg] =—Ny+ Ny =0
(X1, [X1, N3]] + [Ny, [Ny, N3]

= [Xl,NQ] + [Nl,XQ] — N3 - N3 — 0

[Xa, [ X2, Xa]] + [Na, [ N2, Xi]]
= [Xo, = X3] + [NVo, = N3] = = X7+ X; =0
[Xo, [ X2, Xo]] + [Na, [Na, X5]] =0
[Xa, [X2, X5]] + [Na, [N2, X;]]
= [Xo, Xq] + [No, V1] = = X3+ X3=0
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[Xa, [Xa, N1]] + [Na, [N2, Ni]]

= [Xo, —N3] + [N2, X5] = —N1 + N; =0

[Xa, [X2, No]] + [Ng, [N, Nof] = 0
[Xa, [ X2, N3] + [Na, [N2, N3]

= [Xo, N1] + [N, = Xi] = —N3 + N3 =0

(X5, [ X3, Xa]] + [ N3, [N3, Xi]]
= (X5, Xo] + [N3, Vo] = = X1+ X; =0
(X5, [ X3, Xo]| + [ N3, [N3, Xa]|
= [X;5, —Xi] + [N3, =N = —Xo + X5 =0
(X5, [ X3, X5]] + [N3, [N3, X3]] =0
(X5, [ X3, N1]] + [N3, [N3, V1]

= [X3, N3] + [N3, —Xo] = —N; + N; =0

(X5, [ X3, No]] + [N3, [N3, Vo]

= [X3, =N+ [N3, Xi] = —No + Ny =0

[X3, [X3, Ns]] + [N3, [Ns, Ns]] = 0

This yields three intrinsic Casimir operators of degree two for so(3, 1) which
do not exist in the standard approach:

[Xla [Xla_l_[Nla [va

[X27 [X27+[N27 [N27
[X37 [X37+[N37 [N37

To these add the previously confirmed intrinsic Casimir operators of degree

two:

L? = [ X1, [X1, +[ X, [Xo, +[ X5, [Xs,
= ([X1,)*" + ([X2,)*" + ([ X5, )™
N? = [Ny, [Ny, +[Ny, [Ny, +[Ns, [N3,
= ([N1,)?" + ([N2,)*" + ([ N3, )"
C' = [X1, [Ny, +[Xs, [Ny, +[ X3, [N,
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The standard theory predicts that the Lorentz Lie algebra, so(3,1) has only
two Casimir operators, both of order 2. In this section, we constructed six
intrinsic Casimir operators for so(3,1) of order 2.

Now things explode, we use the above second order operators to construct
families of intrinsic Casimir operators:

2n

L = ([X1,)™" +
N = ([Ny, )*" +
C), = ([X1, [Ny,)" + ([ X2, [Na, )" + ([X5, [N3,)"

We will do one representative calculation for n = 2:
Cé = ([X17 [va )2 + ([X27 [N27 )2 + ([X?n [N?n )2

CéY = [Xh [Nla [Xh [Nla Y]]]]+[X27 [N27 [X27 [N27Y]]H+[X3a [N37 [X3, [N?n Ym]

We calculate
Cy X1 = [ X1, [Ny, [Xy, [Ny, Xa]]]l+-[ X, [ N2, [Xao, [Ny, Xa])]]+[X3, [N3, [X3, [N3, Xi]]]]

= [ Xy, [Na, =IN1]] + [ X3, [N3, —Nq]|
=-X; - X =-2X;
CoXo = [ X1, [N, [X1, [N1, Xo]|]]+[Xo, [Na, [Xa, [No, Xo]]]-+[ X5, [N3, [Xs, [N3, Xo]]]]
= [ X1, [N1, =No]] + [ X5, [N3, = N2 ]
= [X1, Xs] + [ X35, =X
=Xy — Xy =—-2X,
Co Xy = [Xu, [Ny, [Xo, [Ny, X5]][1+[Xo, [No, [Xo, [No, X5]]]]+[XG, [Ns, [X, [N3, X3]]]
= [ X1, [N1, =N3]] + [ X, [Na, = N3]
= [X1, —Xo] + [Xo, X4]
= —2X;
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CyNy = [ X, [Ny, [ Xy, [Ny, Nyl (X, [Na, [Xa, [Na, NiJlll+[Xs, [N, [ X3, [N3, Ni]]]
— [X27 [N2,X1H + [X57 [N37X1]]
= _Nl — N1 = _2N1

CyNa = [ X1, [Ny, [X1, [Ny, NoJJ]]+[ X2, [Ny, [X2, [N2, NoJ|]|+[X3, [N3, [X3, [N3, NoJ]]]

= [X1, [Ny, Xo]] + [ X5, [N3, Xa]
— Ny — Ny = —2N,

CyN3 = [X1, [Ny, [ X1, [Ny, N3JJ]+[X2, [Na, [Xo, [N2, N3]|]]4+-[Xs, [ N3, [X3, [N3, N3]]]]

= [ X1, [Ny, X3]] + [Xo[Na, X;]]
= —2N;

These calculations show that CY = —2Y VY € s0(3,1). Thus C} is
confirmed as a Casimir Operator of so(3,1) of eigenvalue type. The Jacobi
identity is of no use in reducing this operator, so it is not clear if it is inde-
pendent of the others.

8 Third Order intrinsic Casimir Operators
for so(3,1)

In this section, we construct several intrinsic Casimir operators of order 3,
providing even more confirmation that the standard theory is defective.
One third order intrinsic Casimir Operator for so(3) is:

CPY = [X1, [ Xy, [ X5, Y]] + [ X, [Xq, [Xo, V]| + [ X, [X3, [ X1, Y]]

Thus, as we calculated before:

X, =-X;
C3 Xy =—X,
CEXg - —X3
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And we now calculate the action of C? on the noncompact generators of
so(3,1):

CP Ny = [ Xy, [ X, [ X5, M]]] + [ X, [X3, [Xo, Ni]]] + [Xa, [X5, [ X1, M]]]

= [ Xy, [Xo, NoJ] + [ X3, [X1, — N3]
= [X5,No] = -V
C? Ny = [X1, [ X, [ X5, No|] + [ X, [X1, [Xo, No]]] + [Xo, [ X5, [ X1, No]]]
= [X17 [XQ, —Nl]] = [Xl,Ns] = —N,
C? N3 = [ X1, [Xa, [ X5, Na|| + [ X, [X3, [Xo, Ns]]] + [Xa, [X5, [ X1, N3]
= [ X, [X3, —No]] = [Xo, Ni] = — N3

Thus C3Y = =Y for all Y € so(3,1) and C? is confirmed as an intrinsic
Casimir operator of so(3,1) of eigenvalue type. Again, it is surprising that
an intrinsic Casimir operator of a subalgebra is an intrinsic Casimir operator
of the entire algebra. This does not happen in the standard approach. Since
we will need to discuss this situation in more detail, we need a term for
the situation. If the Casimir operator of a subalgebra is also a Casimir
operator for the entire Lie algebra, we will say that the subalgebra is a
replete subalgebra. Thus, so(3) is a replete subalgebra of so(3,1). Clearly,
any real Lie algebra is a replete subalgebra of its complexification.

Now we begin a search for other intrinsic Casimir operators of so(3,1). If
an operator is to be an intrinsic Casimir operator of the eigenvalue type for
s0(3,1), there must be an even number of N; as factors. If in C?, we replace 2
of the X by the corresponding N;, we might obtain another intrinsic Casimir
operator for so(3,1). To this end we define A3 by:

AgY - [NI’ [X2> [N?n Ym + [N?n [X1> [N2> Y]” + [N2> [X3? [Nb Ym
We calculate:
APXy = [Ny, [ X, [N3, Xo]]

= [Ny, [Xa, =Ni]] = [Ny, N3] = X,
A*X| =[N3, [ X1, [No, X1]]] = [N3, [X1, —Ns]] = [N3, No] = X3
A3X3 = [NQ, [Xg, [N17X3]]] == [NQ, [X3, —Ng]] == [NQ,Nl] == X3
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ASNl = [Ng, [X17 [N2a Nlm

[N3, [ X1, X5]] =[N3, —Xs] = Ny
A’Ny = [Ny, [ Xy, [N3, Nol]] = [Ny, [ X, Xi]] = [Ny, —X3] = N,
APNy = [Ny, [X3, [N1, N3]]] = [No, [ X3, Xo]] = [Ny, —X1] = N3

Thus A*Y =Y for all Y € s0(3,1) and A? is confirmed as yet another
intrinsic Casimir operator of so(3,1) of eigenvalue type. When we have
several operators, we have to look for relations between them. Again applying
the Jacobi identity:

APY = [Ny, [Xa, [N3, Y]] + [N3, [X1, [N2, Y]]] + [ N2, [ X, [Ny, Y]]]

= [[N1, Xo], [N3, Y]|4[Xo, [N, [N3, V][]+[[N5, Xu], [N2, Y]]-+[X1, [N3, [Na, Y]]]
+([[Na, Xs], [N1, Y]] 4 [ X5, [N2, [Ny, Y]]
=[N3, [N3, Y]] + [Xo, [V1, [N?n Y]]+ [Na2, [N2, Y] + [ X1, [ N3, [Na, Y]]
+[Ny, [N, Y]] + [ X5, [N, [V, Y]]]
= C'Y + [Xo, [Ny, [N3, Y]] + [ X1, [N3, [Na, Y]] + [X3, [N2, [N1, Y]]]

If in A3, we replace each of the X; by the corresponding N;, we might
obtain another intrinsic Casimir operator for so(3,1) .To this end we define
F3 by:

F?Y = [Ny, [Na, [N3, Y]] + [N3, [Ny, [Ng, Y]] + [Nz, [N3, [Ny, Y]]

We calculate:

F3Ny = [Ny, [Ny, [N3, No|] = [Ny, [N2, X1]] = [N1, —Ns] = =X,
F3N3 = [Ny, [Ns, [Ny, N3]|] = [Na, [Ns, X3]] = [Na, —N1] = — X
F3X, =[N3, [Ny, [Na, X1]]] = [Ns, [N1, —Ns]] = [N3, —Xs] = Ny
F3X5 = [Ny, [Na, [Ns, X5]]] = [Ny, [Na, —N1]] = [N, —X3] = N,
F3X5 = [Ny, [Ns, [Ny, X3]]] = [N, [N3, —Ny]] = [Ny, —X1] = N3
Thus
F3X; = N;
F3N; = -X;



and:
F3(X; +iN;) = —i(X; +iNy)

F*(X; —iNy) =i(X; —iNy)

So,F? is confirmed as another intrinsic Casimir operator of complex struc-
ture type of so(3,1). For F3, in 26, we take b = -1 and thus I satisfies the
conditions of Theorem 5.

Now we have two operators whose action on a basis is the same, are we
to conclude that these two intrinsic Casimir operators are identical? Acting
on elements of the Lie algebra, the two operators are the same, but in a
representation by differential operators, their actions on functions will be
different, so we conclude that they are not identical operators. Physically,
we hope they will lead to different conserved quantities.

If we expand

F?Y = [Ny, [Ny, [N3, Y]]} + [Na, [Ny, [Na, Y]] + [Na, [N3, [N, Y]]]
using the Jacobi identity, term by term:
[N1, [N, [N3, Y]] = [Ny, [Na, N3], Y]] + [Ny, [N3, [No, Y]]
= [Ny, [= X0, Y]] + [Ny, [N5, [N, Y]]
= —[Ny, [ X1, Y]] + [N1, [ N5, [No, Y]] + [N2, [N3, [N, Y]]]
= [No, [N3, Mi], Y]] 4 [N, [N1, [N3, Y]]]
= [No, [~ X2, Y]] + [ N2, [N, [N3, Y]]]
= —[Na, [Xo, Y]] 4 [N2, [Ny, [N3, Y]] + [Ns, [N1, [Na, Y]]]
=[N3, [[N1, Na, Y]] + [Ns, [Na, [Ny, Y]]
= [Ns, [ X5, Y]] + [N3, [Na, [Ny, Y]]]
= —[N3, [X5, Y]] + [N, [Na, [N, Y]]]

Summing, we obtain the identity
FY = _[Nh [ley]] + [Nb [N3> [NQaYm - [N27 [XQ’YH
+[Na, [N1, [N3, Y]] = [N3, [ X5, Y]] + [N3, [N2, [V1, Y]]
= —C"Y 4 [Ny, [Ns, [Na, Y]] + [Na, [Ny, [N3, Y]] + [N3, [Na, [N, Y]]
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9 Replete Subalgebras of so(3,1)

As we showed in section II, the second order intrinsic Casimir Operator for
so(3) is:

L2Y = [Xy, [X0, Y]] + [Xo, [Xo, Y]] + [X5, [X5, Y]] = 2V

In section I1I, we showed that the third order intrinsic Casimir Operators for
so(3) are:

C*Y = [Xy, [ Xy, [X3, Y]] + [ X3, [ X1, [ X2, Y]]] + [Xo, [ X3, [X1, Y]] = -V

CLY = [Xs, [Xo, [X0, Y]] + [X0, [, [0, V)] + [Xo, [X0, [X5, Y]] =V
The three intrinsic Casimir operators are related by:
C’Y =LY + CY

These relations clearly hold for all Y € so(3). Somewhat surprisingly,
we showed that these relations also hold for all Y € so(3,1). Hence these
intrinsic Casimir operators for the subalgebra so(3) are also intrinsic Casimir
operators for the entire algebra so(3,1), in this situation, we called so(3) a
replete subalgebra of so(3,1).

It was unanticipated that the intrinsic Casimir operator for a subalgebra
would be an intrinsic Casimir operator for the entire algebra. In this section
we will investigate other subalgebras to see if their intrinsic Casimir operators
are also intrinsic Casimir operators for the entire algebra. Are there other
replete subalgebras of so(3,1) or was so(3) a fluke?

The first subalgebra we investigated was that generated by

{Xla X2a X3a }

which is isomorphic to so(3).
The next subalgebra to be investigated will be denoted subalgebra 2 and
is generated by: {X;, Na, N3}. We demonstrate closure:

[XlaNZ] = N3
[X1, N3] = =N
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[N, N3] = —X;

Subalgebra 2 is isomorphic to so(2,1) and its second order intrinsic Casimir
operator is:

LyY = [Xy, [X1, Y]] — [No, [No, Y]] = [N3, [N3, Y]]
We demonstrate that this is an intrinsic Casimir operator of the entire so(3,1):
LgXl = [Xla [XlaXl]] - [N27 [N27X1]] - [N37 [N37X1]]

=[N3, N3] — [N3, No| = —2X,;

Likewise, as similar calculations show, L3Y = —2Y for all Y € so(3,1).
One of the third order intrinsic Casimir operators of this so(2, 1) subal-
gebra is:

C3.Y = [Xy, [Ny, [N, Y]] + [N3, [ X1, [Na, Y]] + [Na, [N3, [X3, Y]]]

ForallY € s0(3,1),C3.Y =Y and so C3, is an intrinsic Casimir operator
of the entire so(3,1). We will do just one representative calculation:

C5, Ny = [X1, [Ny, [N3, N]J] + [Ns, [ X1, [Ng, Ni]J] + [Na, [N, [X1, M]]]

= [N37 [X1,X3H = [N:s, —Xz]] =N

Expanding via the Jacobi identity we obtain:
023+Y = [X17 [N2> [N?n Ym + [N?H [X17 [N2> Y]H + [N2> [N3’ [leYm

= [[X1, No, [N3, Y]] + [[N3, Xu], [N, Y]] + [[N2, N3], [X1, Y]]
+[No, [X1, [N3, Y]] + [ X1, [N3, [Na, Y]] + [N3, [N, [ X1, Y]]
= —[X1, [X0, Y]] + [N2, [Na, Y]] + [N3, [N3, Y]] + [Na, [ X3, [N5, Y]]]
+[X4, [N3, [N2, Y]] + [N3, [Na, [ X1, Y]]]
=LY +C5Y

From the complement of subalgebra 2, we can construct a third order
operator which is the difference between the third order intrinsic Casimir
operator of the subalgebra and that of the whole Lie algebra.
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H3,Y = [Ny, [Xo, [X3, Y]] + [X3, [Ny, [Xo, Y]]] + [Xa, [Xs, [N, Y]]
We calculate its action:
H3, Xy = [Ny, [ X, [ X5, Xu]]] 4 [Xs, [N, [X2, X3]]] + [Xa, [ X5, [N, X4]]]

= [X?n [Nl, —Xs]] = [X:s,Nz] =-N;

H3, Xy = [Ny, [Xa, [ X5, Xo]]] 4 [Xa, [N, [X2, Xo]]] + [Xa, [ X5, [N1, Xo]]]

= [Nl, [X2> —Xl]] = [N17X3] =—N,

H3, X3 = [Ny, [ X, [ X5, Xs]]] + [Xs, [Ny, [Xo, Xa]]] + [Xa, [Xs, [N1, X;]]]

= [Xo, [X3, —No] = [Xo, V1] = — N3

H3, Ny = [Ny, [Xy, [X3, Ni]]] + [X3, [Ny, [Xa, Ni]]] + [Xa, [Xs, [Ny, Np]]]

= [Xs, [N1, =N3]] = [X3, = Xo] = X4

H3 Ny = [Ny, [Xa, [ X5, NoJ]] + [Xs, [N1, [Xa, NoJ]] + [ X, [Xs, [Ny, No]]]

= [Nh [X27 —Nl]] = [Nl,Ns] =Xy

H3, N3 = [Ny, [ X, [ X3, Ns]] + [Xs, [N1, [Xa, Ns]]] + [Xa, [X3, [N1, Ns]]]

= [X27 [X37X2] = [X27 _Xl] = X3

For Hy _ take b = —1 in 26, thus Hj, satisfies the conditions of Theorem 5
and is an intrinsic Casimir operator of complex structure type.

Since the subalgebra is the tangent space of the corresponding homoge-
neous space, we have constructed an invariant operator on the homogeneous
space so(3,1)/s0(2,1).

Subalgebra 3 of so(3,1) is generated by Ni, X3, N3. We demonstrate

closure:
(X5, Ni] = — N3
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[Xo, N3| = N
[N?))Nl] = _X2

Again, this subalgebra is isomorphic to so(2,1) and its second order in-
trinsic Casimir operator is:

LgY = [X2, [X27YH - [Nl, [NhYH - [N:s; [N?),Ym

which is easily confirmed as an intrinsic Casimir operator for the entire
so(3,1):

L3X1 = [Xo, [Xs, Xu]] — [Ny, [Ny, Xu]] — [Ns, [Ns, X1]]]

= [X27 _XB] - [N37N2] = _2X1

The other calculations are left to the interested reader.
One of the third order intrinsic Casimir operators of subalgebra 3 is:

C§+Y - [Nla [X27 [N37 Y]H + [N37 [NIJ [X27Y]H + [X27 [N37 [Nl?Y]]]
which we confirm is an intrinsic Casimir operator of the entire algebra:
C3. X1 = [N1, [Xa, [Na, Xu]]] + [N3, [Ny, [Xo, Xi]]] + [Xa, [N3, [Ny, Xi]]]

= [N37 [Nh —X3]] = [N3,N2] =X

The other five calculations are again left to the reader.
Expanding, using the Jacobi identity, we obtain:

C3,Y = [Ny, [ X, [Ns, Y]|] + [N, [Ny, [Xa, Y]] + [Xa, [Ns, [Ny, Y]]

= [[N1, Xo, [N3, Y]] + [[N3, N1, [Xo, Y]] + [[ X2, N3], [N1, Y]]
+[Xo, [Ny, [N3, Y]] + [N1, [N3, [ X2, Y]] + [N3, [ X2, [N1, Y]]
=[N3, [N3, Y]] = [Xo, [Xo, Y]] + [N1, [N1, Y]] + [Xo, [N, [N5, Y]]
+[N, [Ns, [Xo, Y]] + [N3, [Xo, [N, Y]]]
= —L3Y + [ Xy, [Ny, [N3, Y]] + [Ny, [Ns, [0, Y]] + [N5, [Xa, [Ny, Y]]

From the complement of Subalgebra 3, we construct:
H§+Y = [le [NQ’ [X?H Ym + [X3’ [le [NQv Ym + [NQ’ [X3> [Xl’ Ym
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Which we confirm is an intrinsic Casimir operator for the entire subalge-
bra:

H3, Xy = [X1, [Na, [ X5, X1]]] + [X3, [Xq, [Na, Xa]J] + [Na, [ X3, [ X1, X3]]]

= [Xs, [X0, —=IN3]] = [ X3, Vo] = —IVy
Hy Ny = [X4, [Na, [Xa, NiJ] + (X5, [X0, [No, Ni]] + [Ne, [X, [X0, V1]
= [X5, [X01, X5]] = [X5, =X = X
Just like H3 i H3 3, is then an intrinsic Casimir operator of Complex structure
type. We expand using the Jacobi identity:
H3\ Y = [ X1, [Ng, [Xa, V|| + [Xa, [X, [No, V]J] + [Na, [Xa, [X3, Y]]

= [[X1, No|, [ X5, Y]]+ [[X5, X1], [No, Y]4[[No, Xs], [ X1, Y]]+ [No, [ X7, [X3, Y]]
+[ X0, [Xa, [N2, Y]] + [Xs, [Na, [X3, Y]]
=[N3, [X3, Y]] + [Xo, [No, Y]] + [Ny, [X31, Y]] + [No, [ X3, [X5, Y]]
+[ X1, [ X, [N2, Y]] + [X3, [Na, [X3, Y]]
= C"Y + [No, [ X1, [ X, Y]] + [ X3, [ X3, [No, Y]] 4 [ X3, [Ny, [ X3, Y]]

Subalgebra 4 of so(3, 1) is generated by Ny, Ny, and X3. We demonstrate
closure:

[X37N1] - N2
[Ny, No) = — X3
[X?)aNQ] = _Nl

Again, this subalgebra is isomorphic to so(2,1) and its second order in-
trinsic Casimir operator is:

LYY = [X3,[X5, Y]] = [N1, [N1, Y]] = [No, [N2, Y]]

which is easily confirmed as an intrinsic Casimir operator for the entire

so(3,1):

LiXy = [Xs, [ X5, Xu]] — [N, [N1, X1]] = [Na, [N2, Xi]]
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= [X3, Xo] — [Na, = N3] = —2X;

The others are left to the reader.
One of the third order intrinsic Casimir operators of the subalgebra is:

C3Y = [Ny, [Na, [ X5, Y]]] + [X3, [N, [Na, Y]] 4 [Na, [ X3, [Ny, Y]]]

We confirm that C7, is an intrinsic Casimir operator for the entire Lie
algebra:

C3 X1 = [Ny, [Ny, [ X3, X1]]] + [Xs, [N1, [Na, Xi]]] + [Na, [ X, [N, X4]]]

= [Xs, [N1, = N3] = [X3, —Xo] = X4

Thus C%, is confirmed as another intrinsic Casimir operator of eigenvalue
type. We expand:

CiY = [Ny, [Ng, [ X3, Y]] + [X5, [Ny, [N2, Y]] + [No, [X, [V1, Y]]
= [[N1, No], [ X5, Y]] + [ X5, N[, [No, Y]]] 4 [[N2, X5], [N1, Y]]]
+[Na, [Ny, [X3, Y]] + [N1, [X3, [Na, V]I + [X5, [Na, [V1, Y]]

—[[X5, [X3, Y]] + [No, [No, Y] + [Ny, [N1, Y]] + [No, [ N3, [ X5, Y]]]
+[Ny, [ X3, [No, Y]] + [ X3, [N2, [N1, Y]]
= —L3Y + [Ny, [Ny, [Xs, V)] + [Ny, [Xs, [No, Y]] + [ X, [N, [Ny, Y]]

The complement of Subalgebra 4 is Xi, X5, and N3, from which we con-
struct the third order operator:

HL_Y = [ X1, [Xo, [V5, Y]] + [N3, [ X1, [Xo, Y]] + [ X2, [V3, [ X1, Y]]]

We confirm that H3, is an intrinsic Casimir operator for the entire alge-
bra.

H3, Xy = [X1, [Xo, [Ns, Xa]]] 4 [Ns, [X1, [X2, X3]]] + [Xa, [N3, [ X1, X3]]]

= [NS, [Xla —X3]] = [N:s,Xz] =-N
H3 Ny = [Xq, [Xa, [N, Ni]]] + [N, [ X1, [Xo, M]]] + [ X, [Ns, [X1, M]]]
=[N3, [ X1, —Ns]] =[N3, Na] = X,
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This, together with the similar calculations left for the reader show that
H3 . is an intrinsic Casimir operator of complex structure type.
Expanding using the Jacobi identity, as in previous cases:

Hj—&-Y =CY + [X2> [Xl, [N37 Ym + [le [N?n [X2> Y]H + [N3> [X27 [le Ym

For each replete subalgebra of so(3,1), higher order intrinsic Casimir
operators can be constructed in the same manner as so(3). These are all
intrinsic Casimir operators of so(3,1).

10 The Intrinsic Quadratic Casimir Operator
of so(n)
Let e;; denote the n by n matrix with 1 in the /.J position and zero elsewhere.

A basis for so(n) consists of the matrices X;; = e;; — ey, I < J, with the
Lie bracket:

(X15, Xkr] = X1y Xkr — Xxr X1y
We will calculate the trace of [Xa, [X12 in so(5), so(4) and so(3). For so(5):

[X127 [X12> X12] =0

[(X12, [Xi2, Xu3] = [X12, —Xo3] = — X33
[X12, [Xi2, X14] = [X12, —Xoa] = — X1
[(Xi2, [Xi2, Xi5] = [Xi2, —Xos] = — X5
[Xi2, [Xi2, Xo3| = [Xi2, X13] = —Xo3
[X12, [X12, Xog| = [X12, X14] = —Xo4
[Xi2, [ X2, Xos| = [Xi2, X15] = —Xos

[Xi2, [X12, X34] = 0

[X12, [X12, X35] = 0

[Xi2, [X12, X45] = 0

Thus Trace([X12,[X12,) = —6 in so(5)
Simultaneously, we will compute the eigenvalue of the unnormalized in-
trinsic Casimir operators. In each case, we will only do one representative
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calculation. The intent is to show that in each case, the eigenvalue is equal
to the trace. The unnormalized intrinsic Casimir operator of so(5):

[X127 [X127 X45]] =0

[X13, [X13, Xus]] = 0
(X4, [X14, Xas)] = [X1a, Xi5] = — X5
[Xis, [Xis, Xus]] = [X15, —X14] = —Xus
[Xo3, [Xa3, Xgs]] = 0
[Xou, [Xog, Xus]] = [Xog, Xos] = —Xys
[Xos, [Xos, Xus]] = [Xos, —Xo4] = —Xus
[ X34, [ X34, Xus)] = [ X4, X35] = — X5
[ X5, [ X35, Xus]] = [ X35, —Xza] = — X5
[Xus, [Xus5, Xus]] = 0

Summing the above, we obtain —6X,5. Thus the eigenvalue of the un-
normalized Intrinsic Casimir operator in so(5) is -6.
For so(4):
[X12, [X12, X12]] = 0

[Xi2, [Xi2, Xu3]] = [X12, —Xa3] = — X33
[X12, [ X2, X14]] = [X12, —Xou] = — X1y
[Xi2, [ X2, Xog]] = [X12, Xi3] = — X3
[X12, [ X2, Xoa]] = [X12, X14] = — X4
[Xi2, [X12, X34]] = 0
Trace|X12,[X12,= —4 in so(4)

[X127 [X127 X34]] == 0

[X13, [X13, X34]] = [Xi3, X1a] = — X4
(X4, [X14, X34]] = [ X1, —X13] = — X34
(X3, [Xo3, X34]] = [Xo3, Xoa] = — X4
[Xo4, [Xog, Xa4]] = [Xog, —Xo3] = — X34
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(X4, [ X34, X34]] =0

Summing the above, we obtain —4X34. Thus the eigenvalue of the un-
normalized Intrinsic Casimir operator in so(4) is -4.

For so(3):
[X12, [Xi2, X12]] = 0

[ X9, [X12, Xi3]] = [X12, —Xa3] = — X713
(X192, [Xi2, Xos]] = [Xi2, Xi3] = — X3
Thus, Trace([X12, [Xi12,) = —2 in so(3).

[X127 [X127X12H =0

[X137 [X137X12]] = [X137X23] = _X12
[Xos, [Xos, Xi2]] = [Xas, —X13] = —X10

Summing the above, we obtain —2X;5 . Thus, the eigenvalue of the
unnormalized Intrinsic Casimir operator in so(3) is -2.

Theorem

In so(n), Trace([X1y,[X1s,) = —2n + 4 ,which is also the eigenvalue of
the unnormalized Intrinsic Casimir operator in so(n). Thus, the eigenvalue
of the normalized Intrinsic Casimir operator is 1.

Proof:

There are two statements to prove: in so(n), the trace of [X;;, [X/, is
—2n + 4 and in so(n), the eigenvalue of the unnormalized Intrinsic Casimir
operator in so(n) is —2n+4. We will prove the statements by induction. We
have already shown them to be true for n= 3,4, and 5. Those calculations
reveal the pattern. The dimension of so(n) is n(n — 1)/2. Thus going from
so(n) to so(n + 1) we add (”J;l)" — "("2_1) = n generators.

Computing the trace of X;;, I < J <n+11in so(n+ 1), we see that all
terms are zero except

(X1 [ X105 Ximan]] = = X1t

(X1, [ X170, Xyman))] = —Xim+1)

Thus the trace of [ X, [X1/, in so(n+1) is the trace of [ X, [Xs, in so(n)
minus 2, which by the induction hypothesis is —2n+4 —2 = —-2(n+1) +4
Thus proving the formula for the trace.
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In the intrinsic Casimir operator, going from so(n) to so(n+ 1), there are
n new terms and when acting on X, they are all zero except:

[(X1tnt1), [(X1nt1), Xg]] = —X1s

(Xstma1)s [Xsmer), Xl = =X

Thus, the eigenvalue of the intrinsic Casimir operator is also decreased by
2 and the same calculation shows the validity of the formula for the eigenvalue
of the intrinsic Casimir operator.

Thus the normalized Intrinsic Casimir Operator of so(n), when acting on
so(n), is not just a multiple of the identity, it is the identity operator.

The higher order intrinsic Casimir operators of so(n) follow the pattern
of so(3).

11 The intrinsic Casimir Operators of su(2)
and su(3)

The “so(3) basis” for su(2) is:

and the commutation relations are:
[041, 042] = Qa3

[0427 063] =
[0437 041] = Q2

In this basis, the commutation relations are identical with those of so(3) and
hence the intrinsic Casimir operators are the same:

C2A = [O./l, [al, A]] + [(1/2, [ag, A]] + [Oég, [ag, A]] = —2A
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Since su(2) is isomorphic to so(3), it also possesses third order intrinsic
Casimir operators. The third order intrinsic Casimir operators of su(2) are:

CEA = [041, [CYQa [043, A]H + [0437 [ab [a27 AH]

+laz, [os, [, Al = —A
CLA = lag, [ag, [on, All] + [, [as, [a, Al]
+[OK2, [a17 [053’ A]” =A
And we have the identity in su(2):
C3A=C*A+C3A

The standard basis for su(2) is:

—i 0
53:(0 z)

and the commutation relations are:

(81, B2] = 205, [B2, B3] = 261, [B3, B1] = 252

Since 3; = 2q;, in this basis, the intrinsic Casimir operator is:

CA = [y, [B1, A]] + [B2, [B2, A]] + B3, |83, A]] = —8A

The Lie Algebra u(3) consists of the matrices:

00 O
Xi=100 -1
01 0
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I
oo
oo
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o = o

Dy =

O = O OO0 O o =
DO O OO0 oo oo -

S OO O O =

)

0
0 0
0 0 ¢

e}

Dy =

o

The intrinsic Casimir operator is a linear combination of the basis el-
ements applied twice. The diagonal elements acting on diagonal elements
must yield zero. Thus the non-diagonal elements determine the eigenvalue
of the intrinsic Casimir operator acting on diagonal elements. Thus, in order
to determine the eigenvalue of the intrinsic Casimir Operator for u(3), all
we need to do is to calculate the action of the non-diagonal elements on the
diagonal elements. The action of the diagonal elements is given by:

[Dl,Xl] - 0

[D27X1] = _Yi
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[D3aX1] = }/1

[D1, Xo] =Yy
[Dy, X5] =0
(D3, Xo] = —Y3
[D1, X3] = =Y
(D2, X3] = Y3
[D3, X3] =0
[D1,Y1] =0
(Do, V1] = Xy
(D3, V1] = =X,
[D1,Ys] = =X
[D2,YQ] =0
(D3, Y] = X
[D1,Y3] = X3
[Dy,Ys] = — X3
[Ds,Y3] =0

Now we proceed to calculate the action of the intrinsic Casimir operator
on the diagonal operators.

(X1, [X1, Di]] =0

[Xo, [Xo, D1]] = [Xa, —Ys] = —2D; + 2D;
(X3, [X3, D1]] = [X3,Y3] = —2D; + 2D,
Y1, [Y1, D]} = 0
[Ya, [Ya, Di]] = [Ya, Xy] = —2D; + 2D3
Vs, [Y3, Di]] = [Y3, —=X3] = —2D) + 2D,
Summing, we obtain: CDy = —8D; + 4D + 4 D5

[Xla [XlaDQH = [le}/i] = _2D2 + 2D3
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[Xs, [Xa, Do]] =0
(X3, [ X3, Do)] = [X35,—Y3] =2D; — 2D,
Y1, [Y1, Ds]] = [V1, —=X1] = —2D5 + 2D3
[Ya, [Yz, Do]] = 0
[Y3,[Y3, Da]] = [V3, X3] = 2Dy — 2D,
Summing, we obtain: CDy = 4D — 8Dy + 4D5

[X17 [X17-D3]] = [XIJ _1/1] == 2D2 - 2D3

[Xo, [Xa, D3]] = [Xa, Ya] = 2D — 2D5
(X3, [X3, D3]] =0
Y1, [Y1, Ds]] = [Y1, Xa] = 2Dy — 2D;
[Ya, [Yo, D3]] = [V, = Xo] = 2Dy — 2D3
Y3, [Y3, D3]] = 0
Summing, we obtain: C'D3 = 4D + 4Dy — 8D3
We have the action of C on the diagonal elements as follows:

CDy = —8Dy +4D5 + 4D

CDy =4D; — 8Dy +4Ds3
CD3s =4D; + 4Dy —8D3

When we diagonalize the matrix

-8 4 4
4 -8 4
4 4 =8

we obtain the eigenvectors

D = Dy + D,y + D3 with eigenvalue 0

R = Dy — Dy with eigenvalue -12

S = D1 + Dy — 2D3 with eigenvalue -12

We will take D, R and S as our new diagonal elements. This calculation
has given us the eigenvalue of -12 for the intrinsic Casimir operator of su(3)
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when operating on the diagonal operators. The eigenvalue for the intrin-
sic Casimir operator must still be -12 when operating on the non-diagonal

¢ 0 0
R=|[0 - 0

operators.

0 0 O

¢ 0 0
S=[01¢ 0
00 —2

TABLE II The commutators for su(3)

[XlaXQ] = X3 [X17X3] =—X5 [Xlayl] =R-5
[lei/Z] - _}/3 [Xla}/z’)] = }/2 [X2aX3] = Xl
(X0, Vs = R+ 5 [X0,Yy] = -1

(X, V1| =Y3
(X3, Y] = -1, (X3, Y2] = Y3 (X5, V3] = —2R
Y, Yo] = =X5  [V1,Y3] = Xo Y2, V3] = =X,
[R7 Xl] =Y [Ra XQ] =Y, [R’ X3] = —2Y3
[Ra}/l] = _Xl [R7 }/2] = _X2 [Rv Y?)] = 2X3
[S7X1] = _3}/1 [SvXQ] :3}/2 [SaX?)] =0
[9,Y3] =0

(S, V1] =3X; [S,Ys] = —3X,

We compute the traces necessary to obtain the normalized intrinsic Casimir

operator:
(X1, [ X1, X4]] =0
(X1, [ X1, Xo]] = [ X, Xs] = — X5
(X1, [X1, X5]] = [ X1, —Xo] = — X3
(X1, [X, Y]] = [Xy, R = 8] = —4Y;
(X1, [ X0, Yal] = [ X0, =Y3] = =Y)
[X1, [ X0, Y3]] = [ X0, Yo = =Y
(X1, [X1, R]| = [X1,-Y1]=S—R
(X1, [ X3, 8] = [X4,3Y1] = =35 + 3R
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Then the trace of [Xi,[X;, is -12. In the same manner, the trace of
[ X5, [Xa, and [Xj, [ X3, are shown to be -12.

Y, V1, X]] = Y3, 8 — R] = —4X,

Y1, [Y1, Xo]] = V1, —Y3] = =X
Y1, [Y1, X]] = V1, Y] = — X5
[Y1,[Y1,Y1]] =0
Y1, [Y1, Yol = V1, —X5] = Y3
Y1, V1, Y5]] = [V1, Xo] = —Y5
Y1, [Yi, R =[Y1, Xi] =5 - R
Y1, [Y1, S]] = [V1, —3X1] = =35 + 3R

Thus, the trace of [Y, [Y7, is -12.
In the same manner, the traces of [Ys, [Ya, and [Y3, [Y3, are shown to be
-12.

[Rv [Rv Xl]] - [R,Yi] =—-X

[R’ [R’ XQH - [Ra Y2] =-Xp
(R, [R, X5]] = [R, —2Y3] = —4.X;

(R, [R, Y]] = [R, = Xi] = =Y}
(R, [R,Ys]] = [R, = X5] = =Y,
(R, [R,Ys]] = [R, 2X5] = —4Y3
(R, [R, R]] = 0
(R, [R, S]] =0

Thus, the trace of [R, [R, is -12.
[S,[S, Xi]] =[S, —3Y1] = —9X,

[87 [Sv XQH = [37 3Y2] - _9X2
[S,[S, Xa]] = 0
5,15, Y]] = [5,3X4] = —9Y)
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Showing that the trace of [, [S, is -36.
The normalized intrinsic Casimir operator for su(3) is:

<5 (0 X0, W]+ X, [Xo, W) + [ X, (X5, W]]

+Y1, [Yi, W+ [Ya, [Yo, W] + [V3, [V, W]

CyW =

HRL R W) + 215,15, W]

If we multiply the normalized intrinsic Casimir operator by -12, we obtain
the standard intrinsic Casimir operator for su(3):

CW = [ Xy, [ X1, W]] + [Xa, [Xo, W]] + [ X3, [ X3, W]]
+[Y1, Y1, W] + [Ya, [Yo, W]]+

1
Now we calculate the action of the intrinsic Casimir operator on the non-
diagonal elements:

(X1, [X0, Xa]] =0

[Xo, [ X2, Xi]] = =X,
(X3, [X3, Xi]] = =X,
Y1, [V, Xq]] = —4X,
[Ya, [Yo, Xi]] = = X4
[Y:% [Y37X1H =-Xi
R, [R, Xi]] = —X1(1/3)[S, [S, X1]] = —3X;

Summing we obtain: CX; = —12X;. Similar calculations show:
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CXy=-12X,

CX; = —12X,
Y, = —12v;
CY, = —12Y,
CY; = —12Y;
CR=—-12R
CS =—128

Thus the eigenvalue of the standard intrinsic Casimir operator of su(3)
is -12 and the eigenvalue of the normalized intrinsic Casimir operator is 1.

12 The Casimir Operator of su(n)

As with so(n), let e;; denote the n by n matrix with 1 in the I.J position
and zero elsewhere. A basis for u(n) consists of the matrices

Xrg=er;—eyr

Yy =ilers +eyr)
D =ie;

I < J, with the Lie brackets:

[ X17. Xkr) = 0sxXin + 650 Xkr + 01Xy + 010Xk

(X1, Y] = 05k YL + 65.Ykr — 015 Yoy — 0rLYox
Y77, Yo = =0k X1p — 050 Xkr — 0rx Xpg — 010 Xk
(X1, Y1) = Dr — Dy
(D1, X15] = Y1,

Dy, Xrg] = =Y1s
(D1, Y1) = — X1
(D, Y1) = X1s
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We first need to compute the trace of the elements of the Lie algebra. We
start with the trace of Xj5 in su(5) as a representative calculation:

[X127 [X127X12]] =0

[X12a [X12;X13]] = [X12a _X23] = _X13
[X127 [X127X14]] = [X127 _X24] = _X14
[XIQ; [X127X15]] = [X127 _X25] = _X15
[X12’ [X127X23]] [X127X13] = _X23
[X127 [X127X24]] [X127X14] = _X24
[X127 [X127X25]] = [X127X15] = _X25

[X12> [X127X34]] =0

[X127 [X127X35]] =0

[X127 [X127 X45]] =0

[X12, [X127 )/12“ = _4}/12

[X12a [X127}/13]] = [X12a _Y23] = _}/13
[X12; [X12>}/14]] = [X12a _%4] = _Yi4
[X127 [X12:Y'15H = [X127 _}/25] = _1/15

Trace of [Xlg, [Xlg, =—201in SU(5)
We proceed with the terms of the Casimir operator of su(5):

[X127 [X127 X45]] - 0
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[Xi3, [X13, Xus]] = 0
[ X4, [X14, Xus]] = [X14, Xi5] = —Xys
[Xis, [X15, Xus]] = [X15, —X14] = —Xy5
[Xos, [Xa3, Xus]] = 0

[Yia, [Yia, Xus]] = [Yia, Yis] = —Xus
[Yis, [Yis, Xus]] = [Vis, —Y14] = —Xus
[Ya3, [Yo3, Xus]] =
[Yau, [You, Xus]] = [You, Yos] = —Xu5
[Yos, [Yo5, Xus]] = [Yo5, —Yau] = — X5
Va4, [Ya4, Xus]] = [Yau, Yas] = —Xu5
[Yss5, Va5, Xus]] = [V35, —Ya4] = —Xus
[Yas, [Yas, Xus]] = —4Xys

Summing the above, we obtain C'X,5 = —20X,5. Thus the eigenvalue of the
unnormalized Intrinsic Casimir operator in su(5) is —20.
We continue with the trace of X5 in su(4):

[X127 [X127 X12]] =0

[X127 [X12aX13H = [X12a _X23] = _X13
[X127 [X12aX14H = [X12a _X24] = _X14
[X127 [X12>X23H = [X127X13] = _X23
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(X1, [Xi12, Xoa]] = [Xi2, X14] = —Xo4
[X12, [Xi12, X34]] = 0
[X12, [X12, Y12]] = —4Y19
[X12, [X12, Yi3]] = [X12, —Ya3] = Vi3
[X12, [X19, Y1a]] = [X12, —You] = =Yy
(X1, [X19, Yag]] = [X12, Vi3] = — Va3
[X12, [X12, Yau]] = [X12, Yia] = —Yau
[X12, [X12, Yau]] = 0
Trace of [Xi2, [X12,= —16 in su(4).
We proceed with the terms of the Casimir operator of su(4):

[Xi2, [ X2, X34]] =0

[Xi3, [Xi3, X34]] = [ X3, X14] = — X4
(X4, [ X4, Xaa]] = [ X1, —Xi3] = — X34
[Xo3, [Xo3, Xa4]] = [Xas, Xog] = — X34
[Xoa, [Xo4, Xaa]] = [Xog, —Xo3] = — X3y
(X34, [ X34, X34]] = 0
[Yi2, [Yi2, X34]] = 0
Y13, [Yi3, X34]] = [Vi3, X14] = — X34
(Y4, [Yia, X34]] = [Yia, = X13] = — X34
[Yas3, [Ya3, X34]] = [Yo3, Xo4] = — X34
[Yau, [You, Xa4]] = [You, —Xo3] = — X34
[Yag, [Yas, Xaa]] = —4 X34

Summing the above, we obtain C'X3; = —16X3,. Thus the eigenvalue of the
unnormalized Intrinsic Casimir operator in su(4) is —16.
We continue with the trace of X5 in su(3):

[X127 [X127 X12]] =0
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[X12, [Xi2, Xu3]] = [X12, —Xas] = = X3
[X12, [Xi12, Xog]] = [Xi2, Xu3] = —Xo3
[X12, [X12, Y12]] = —4Y19
[X12, [Xi2, Yis]] = [X12, —Xo3] = — X135
[X12, [Xi2, Yos]] = [X12, Vi3] = — X3
Trace of [Xi2, [X12,= —12 in su(3).
We proceed with the terms of the Casimir operator of su(3):

[X127 [X127X12H =0

[X137 [X137X12H - [X137X23] = _X12
[X237 [X23aX12H = [X237 _X13] = _X12
Y12, [Y12, X12]] = 0
D/137 [Yi3aX12]] = D/l& }/23] = _X12
[}/22% [)/23aX12H = D/Q?n _}/13] = _X12

Summing the above, we obtain C' X3y = —12X34. Thus, the eigenvalue of
the unnormalized Intrinsic Casimir operator in su(3) is —12.

Theorem In su(n), the trace of [ X, [X[s, is —4n which is also the eigen-
value of the unnormalized Intrinsic Casimir operator in su(n). Thus, the
eigenvalue of the normalized Intrinsic Casimir operator is 1.

Proof There are two statements to prove: in su(n), the trace of [ X7, [ X7,
is —4n and in su(n), the eigenvalue of the unnormalized Intrinsic Casimir
operator in su(n) is —4n. We will prove the statements by induction. We
have already shown them to be true for n = 3,4, and 5. Those calculations
reveal the patterns. The dimension of su(n) is n? — 1. Thus going from su(n)
to su(n+1) we add (n+1)>—1— (n? — 1) = 2n + 1 generators. Computing
the trace of X5, I < J < n+ 1. we see that all terms are zero except

(X1, (X1, Xinsn))] = —Xim41)
(X717, [ X17 X))l = = Xime)
X1 [ X17: Yigs )] = =Yg
(X17, [X17, Y]] = =Yime
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Thus the trace of [X,, [X7s, in su(n + 1) = the trace of [X;,, [X[s, in
su(n) minus 4, which by the induction hypothesis is —4n — 4 = —4(n + 1)
Thus proving the formula for the trace.

In the intrinsic Casimir operator, there are n new terms and when acting
on X;;, they are all zero except:

[Xitt1)s [ Xitnar), X1g]] = = X1y

(X stnr1)s [Xsmar), Xrg]l = = X1y
Yita), Yigns1), X)) = = X1
Y1) Yoy, Xogl] = = X1

Thus, the eigenvalue of the intrinsic Casimir operator is also decreased by
4 and the same calculation show the validity of the formula for the eigenvalue
of the intrinsic Casimir operator. Thus the normalized Intrinsic intrinsic
Casimir Operator of su(n) is not just a multiple of the identity, it is the
identity operator, but only when acting on elements of su(n)!

13 An Attempt at Reconciliation

Perhaps we can reconcile the two different ways of looking at the Casimir
operator if we expand the action of the intrinsic Casimir operator of so(3) in
terms of matrix multiplication:

CA= [Xh [XluAH + [X27 [X%AH + [X?n [X?nAH (27>

= [X1, X1A — AX ] + [Xo, XoA — AX,]] + [ X5, X3A — X3]

= X1 X1A — X1AX) 4+ Xo Xo0A — Xo0AXs + X3X3A — X3AX5
—(X1AX] — AX 1 X1 + XoAXy — AXo Xy + X3AX3 — AX3X3)
= X1 X A+ X0 XoA + X3X3A - 2XAX, — 2X5AX, — 2X3AX5
+AX 1 X, + AXo X, + AX35 X5
= (X1 X1 + XoXo + X3X3)A — 2X1AX, — 2X0AX, — 2X3AX;
+A(X 1 X7 + XoXo + X3X3)
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= (X1 X1 + XoXo + X3X5)A (28)
—2(X1AX] 4 X AX, 4+ X3AX;)
+AX 1 X 4+ XoXo + X3X3)

The terms in (28) have been labeled in order to facilitate discussion. The
expressions in parentheses in (28) (a and ¢), i.e. the sum of the squares

(X1 X1 + XoXo + X5X5)

is the standard way of interpreting the intrinsic Casimir operator. Thus,
the sum of the squares of the matrices is a multiple of the identity matrix,
but this is not an invariant operator since the eigenvalue varies with the
representation. The invariant operator is obtained as the sum of the matrix
terms and its eigenvalue does not depend on the representation.

There is another point of confusion in Quantum Mechanics: the dual role
of the Casimir operator as a matrix operator and as an invariant differential
operator. Acting on elements of the Lie algebra the intrinsic Casimir operator
has only one eigenvalue. Acting on functions, the intrinsic Casimir opera-
tor has an infinite range of eigenvalues. Schiff [26](p. 82) has the Casimir
operator (as differential operator) acting on the spherical harmonics:

L2}flm(67 (b) = l(l + 1)Y2m(97 ¢)

This action of L? is as a differential operator acting on functions defined
on the manifold SO(3). Because Schiff follows the physics tradition and
multiplies each generator by a factor of i in our notation we would have
instead:

CYim (0, 0) = —1(1 +1)Y;n(6, 0)

The standard approach to quantum theory of angular momentum at-
tempts to force the matrix representations do the job the eigenfunctions
should be doing.

In order to obtain a spectrum from the Casimir operator using matrices,
the standard approach requires an new representation. In order to obtain a
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spectrum from a differential operator representation of the intrinsic Casimir
operator, a new representation is not necessary, rather using a representation
by differential operators, a family of eigenfunctions of the same differential
operator is constructed (i.e. the spherical harmonics). Then in any repre-
sentation the eigenvalues are the same, otherwise the differential operator is
not well defined.

In one approach applying group theoretical ideas to quantum theory,
according to Salam [25]:

The wave functions are classified in terms of representations
of the group. ..

Unfortunately, that program degenerated into finding matrix representations.
That program presumes that quantum numbers vary from one matrix repre-
sentation to another matrix representation. In light of the results presented
here, that program must be abandoned and replaced by the geometric pro-
gram in which the only numbers which matter are those which are indepen-
dent of the representation or coordinate system. These numbers are not just
obtained from matrices, but from eigenvalue equations involving the intrinsic
Casimir operators (i.e. from a maximal set of commuting differential opera-
tors). In the standard approach, the quantum numbers are eigenvalues of the
intrinsic Casimir operators operating on matrices. In the author’s approach
to quantum theory, some of those quantum numbers come from the eigen-
values of the intrinsic Casimir operators, as differential operators, acting on
appropriate functions. Since there is a relation between eigenfunctions and
representations, the two approaches are not as disparate as they sound.

We can go one step further and replace the Lie bracket by the Lie deriva-
tive. Recall that the Lie derivative satisfies LxY = [X,Y]. Then the intrinsic
Casimir operator is:

C= ZgijLXiLXj
ij
and for a vector field Y,

CY = Zg“LXiLXjY = Zgij[Xi; [X;,Y]

iJ i

This new interpretation of the Casimir operator now allows us to inves-
tigate the action of C on other geometric objects.
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14 The Enveloping Algebra

Let us examine the definition of a Lie algebra:

A real (complex) Lie algebra is a real (complex) vector space with a rule
of composition denoted

[ X, Y] satistying:

(i) [,] is R (C) bilinear;

(i) [X,Y] = —[Y, X];

(iii) [X, [V, Z]] + [V, [Z2, X]] + [Z, [X, Y]]= 0.

This is standard mathematical fare. The algebraic rules for the Lie alge-
bras follow directly from the algebraic rules for Lie groups in much the same
way the rules for logarithms follow from the rules for exponents.

Compare the above rules with the four principle rules for commutator
algebras as given by Messiah [21]:

[A, Bl = —[B, A] (V.63)

[A, B+ C] =[A,B]+[A,C] (V.64)

[A, BC| = [A, B]C + B[A, (] (V.65)

[A,[B,C]] + [B,[C,A]] + [C,[A, B]] = 0 (V.66)

Clearly, Messiah’s (V.63) is the same as (i); (V.66) is the same as (iii);
(V.64) is part of (i), but Messiah’s (V.65) has no counterpart in the definition
of a Lie algebra.

Barry G. Adams [1] discusses “Commutator Gymnastics”:

The following two identities are useful for moving operators in
products outside the commutator brackets:

[A, BC] = |A, B|C' + B|A, C]
[AB,C] = A[B,C] + [A,C)B

These rules are of fundamental importance and are used in vir-
tually all calculations involving the simplification of commuta-
tors. They have the same structure and importance as the prod-
uct rule for differentiation does in the calculus: in fact, defining
D4(B) = [A, B, the first rule becomes

Da(BC) = BDa(C) + Da(B)C.
Beginning with the Jacobi identity:

[X’ [Y> Z]] + [Ya [ZvXH + [Z’ [X’ YH =0.
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Take two terms to the right hand side of the equation:

Apply the anti-symmetry property to the two terms on the right hand
side:

(iv) [X, [V, Z]] = [V, [X, 2] + [[X, Y], Z

Comparing (iv) to the second of Adams’ relations and Messiah’s (v.65)
we see a structural similarity. And, indeed, if we define Dx(Y) = [X,Y]
then we have the identity:

Dx (Y, Z]) = [Y, Dx(Z2)] + [Dx(Y), Z].

This derivative is well known and is called the Lie derivative.

Thus it seems that the derivative defined by Adams is a cheap parody, a
grotesque caricature of the Lie derivative.

The rules of “commutator gymnastics” are not the rules for Lie algebras
and chaos follows if the two are confused.

Revisit the definition: a Lie algebra is a vector space equipped with an
operation denoted by [A, B]. There is no mention of the Lie algebra being
equipped with a product AB. Indeed, it is not part of the definition. Once
two matrices are multiplied together, the product is outside the structure of
Lie Algebras.

Let us digress and discuss a more elementary example. The allowed
operations on a logarithm are:

log(zy) = logx + logy

log(z/y) = logx — logy
logy" = rlogy

Now, logz and logy are real numbers and real numbers can be multiplied
together: (logz)(logy). But the product has no significance as a logarithm,
unless you are changing bases.

The transition from Lie Algebra to Lie Group is via the exponential map.
Thus the map from Lie Group to Lie Algebra is the logarithm. In this case,
we are dealing with matrices, and matrices (even those which represent Lie
algebras) can be multiplied together, but once you have multiplied them to-
gether, they have ceased to have significance as logarithms, they have ceased
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to represent the Lie algebra. Multiplication of matrices is meaningless in the
context of Lie algebras (except as a tool for computing the Lie bracket within
a given representation).

For a Lie algebra £ , the universal enveloping algebra of £ , U(L) is
the “free algebra” with the elements of £ as generators modulo the relation
XY -YX—-[X,Y]=019] (pp. 72-73).

Alternately, [5] the universal enveloping algebra of £ can be defined in
terms of the tensor algebra of £ which is a vector space over the field k. If
we define

T,.=LRQLRL...®L

(n factors of £ ), with Ty =k
Define

The product in 7' is just tensor multiplication.
Let J be the two-sided ideal of T generated by all objects

XY -Y®X—[X,Y]

for all XY in £ . In this setting, U(L) = T/J. The two definitions are
equivalent but the second is more elegant.

In the enveloping algebra approach, the Casimir operators are the ele-
ments of the center of U(L), which is denoted Z(L). If we are to keep this
relationship with our reinterpretation of the Casimir operator, we must also
reinterpret the universal enveloping algebra formalism.

The relation X @ Y =Y ® X — [X,Y] = 0 holds in U(£L) and is supposed
to mimic the relation XY —Y X = [X| Y], which as Hermann [9] points out is
an attempt to force a meaning to the symbol XY. If this is the case, exactly
what meaning does the theory of the enveloping algebra force upon XY? The
symbol XY can be given a meaning without such elaborate underpinnings.
As we did with the intrinsic Casimir operator, we can interpret XY as an
operator: XY Z becomes [X,[Y,Z]]. To emphasize this interpretation, we
will write [X,[Y instead of just XY.

From the Jacobi identity, for X,Y, Z € L,

X, [Y, Z]] = [V, [X, Z]] = [[X, Y], Z]

Dropping the Z], we obtain an operator equation:
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[Xv [Y7 _[Y7 [Xv: [[Xv Y]a

With this interpretation, the relation X @ Y — Y ® X — [X,Y] in the
definition of U(L) is shown to be the Jacobi identity, not the commutator (or
perhaps we should say that the commutator and the Jacobi identity are the
same). Geometrically, we are replacing the element X of the Lie algebra by
the Lie derivative with respect to X. The Lie derivative satisfies:

LxLy — LyLx = Lixy]
Indeed, since LxZ = [X, Z|, the rearranged Jacobi identity:
is a Lie derivative equation:
LxLy(Z)—LyLx(Z) =Lixy)Z

So it seems that we are led to interpret the universal enveloping algebra
of L, U(L) as the “free algebra” with generators the Lie derivatives with
respect to the elements of £ . The equivalence relation “modulo the relation
XY —YX — [X,Y]” is not necessary since it is built into the Lie derivative.

To avoid confusion, we need a name for the new formalism and I suggest
it be called the “geometric enveloping algebra.”

In the Enveloping algebra approach to the Casimir operator, the Casimir
operator is taken to be an element of the Enveloping Algebra in which case
C?%Y = >ij ¢9X; ® X; @Y , with the tensor product as the multiplication.

In the geometric enveloping algebra, this translates as:

CY =3 g"[X;, [X;,[Y (29)
ij

This provides an alternative way of interpreting the symbols, but it is
not a definition of the Casimir operator C| instead, (29) is a definition of the
operator C'Y. Still, some expressions in the standard theory of enveloping
algebras must be interpreted in terms of (29) instead of (8). The difference
between (29) and (8) comes down to the difference in roles of X and Y in the
expression [X, Y] interpreted as the operator, [X, acting on the element of
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the vector space, Y]. This is the same problem in mathematical semantics
addressed by Dirac in his treatment of Bras and Kets. If Y is being acted
upon (a ket), then (8) holds and is viewed as

(V) = Y 9%, [X;, V] (30)

If instead, Y is viewed as an operator (a bra), then (29) holds and is
viewed as:

O([Y) = Zgij [Xia [Xja [Y> (31)

The geometric enveloping algebra is associative because left bracketing
is a function from £ to £ and composition of functions is associative. The
enveloping algebra has only bras, no kets. Thus, we could say that the Lie
Bracket is “left associative” and becomes non-associative only when left and
right brackets are mixed. A free algebra of only kets would also be associative.
The Lie bracket is also right associative. It is only when bras and kets are
mixed that the algebra becomes nonassociative.

15 Intrinsic Casimir operators with eigenvalue
Zero

Examining the commutators for so(3, 1), we observe that there are precisely
two ways to obtain each X7j:

[Xo, X3] = X4
[No, N3] = =X,
(X3, X1] = Xo
[N3, N1] = =X,
(X1, Xo] = X3
[N1, Vo] = — X3

Thus we can write the Zero operator as:
0=X1 - X1+ Xo0—Xo+ X3 — X3
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= [Xo, X3] + [N, N3] + [ X3, Xy] + [N3, N1| + [ X1, Xo] + [IN1, No]

Which arises in the expansion of
O'2Y = [Xl, [XQ, Y]] + [XQ, [Xg, Y]] + [Xg, [Xl, Y]]

+[N1, [No, Y]] + [No, [V3, Y]] + [N3, [N, Y]]

and we check the eigenvalues:
o’ X1 = [ X1, [Xo, X1]] + [ X, [X3, Xi]] + [ X5, [X1, Xi]]

+[N1, [No, Xi]] + [No, [N3, Xi]] + [N3, [Ny, Xi]]
= [X1,—X3] + [N, N3] = X5 — Xp =0

02X2 = [Xl, [XQ, XQ]] + [XQ; [X37X2H + [X37 {le XQH

+[N17 [N27X2H + [Ng, [N3>X2H + [Ng’ [Nl, XZH
= [Xo, —X1] + [Na, =Ny = X5 — X5=0

0’ X3 = [ X1, [Xo, Xa]] + [Xo, [X3, X3]] + [ X3, [X1, X3]]

+[N1, [Na, X3]] + [Na, [N3, X3]] + [N3, [N1, X3]]
= [X5, —Xo] + [N3, —No] = X7 — X; =0

02N1 = [ X1, [Xo, N1]] + [Xa, [ X3, N1]] + [ X3, [ X1, N1]]

+[N1, [No, N + [No, [N3, Ni]] + [N3, [N1, N1]]
= [X1, —N3] + [N, X5] = No— Ny =0

O'2N2 = [Xl, [XQ, NQ]] + [XQ; [X?n NZH + [X?n [le N2]]

+[N1, [Na, Na|| + [Na, [N, Na|] + [N3, [Ny, No|]
= [Xo, —Ni] + [N2, Xi] = N3 — N3 =0
02Ny = [X1, [Xo, Ns|] + [Xo, [ X5, Ns]] + [ X3, [X1, Ns]]
+[N1, [N2, Ns]| + [Na, [N3, Ns]| 4 [N3, [N1, Ns]]
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= [X3, =Ny + [N3, Xo] = —N; + N; =0

Thus o2 is a Casimir operator with eigenvalue zero.
We can repeat the process by noting that there are two ways to obtain

each Nj.
Starting with the relations:

[X2, N3] = Ny
—[N2, X5] = =y
[X5, N1] = N>
—[N3, Xi] = =Ny
[X1, No] = N3
—[N1, X5] = =N

we add to obtain:
[ X2, N3| — [Na, X3] + [X3, N1| — [N3, Xi] + [X1, No] — [N, Xo] =0
Which arises in the expansion of:
RY = [X27 [N?n YH - [N27 [X?n YH + [X37 [Nh Y”
_[N?n [X17 YH + [X17 [N27 YH - [Nla [X27 YH
Computing the action of x, we obtain:
kX1 = [Xo, [N3, Xi]] = [Va, [X3, Xa]] + [ X5, [Ny, Xi]]

—[Ns, [ X1, Xa]] + [ Xy, [Na, Xi]] = [Ny, [Xa, Xa]
= [X1, =N3] = [N, X3] = No = N, =0

KXy = [ Xy, [N3, Xo]| — [Na, [ X5, Xo]] + [X5, [Ny, Xa]]

—[Ns, [ X1, Xo]] + [ Xy, [ N2, Xo]| — [Ny, [Xa, Xo]
= [X27 _Nl] - [N2> _Xl] = N3 — N3 =0

kX3 = [ Xy, [N3, Xs]| — [Na, [ X5, X5]] + [ X5, [N1, X;]]
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_[N3> [Xl,X:ZH + {X1, [NQ,Xg]] — [Nl’ [XQ,X,?,H
= [X3,—Ny] =[N3, —Xs] =Ny — N; =0

kN1 = [Xy, [N3, N1]] — [No, [X3, Ni]] + [ X3, [N1, V1]

—[N3, [X1, Ni]] + [ X4, [N2, Ni]] = [Ny, [Xa, Ny]]
= [X1,X3] — [N1, —N3] = —Xo + X =0

KNy = [Xo, [N3, No] — [Ny, [X3, No|| + [ X3, [N1, Na]]

—[N3, [X1, Nof] + [ Xy, [N2, Na]] — [Ny, [Xa, Na]]
= [X27X1] - [NQ; _Nl] =—-Xs5+X35=0

kN3 = [Xy, [N3, N3]] — [Ny, [X3, N3] + [ X3, [V1, N3]
—[Ns, [ X1, N3] + [ X3, [N2, N3]] — [Ny, [ X2, N3]
= [X3,Xo] = [N3,—No] = =X + X; =0

Thus we have another unexpected Casimir operator of eigenvalue type.
The Casimir operator

O'2Y = [Xl, [XQ,Y]] + [XQ, [Xg,Y]] + [Xg, [Xl,Y]]

+[N1, [No, Y]] + [No, [N3, Y]] + [N3, [Ny, Y]]

may be viewed as being associated with the decomposition of so(3,1) into
the so(3) subalgebra generated by the X, and its complement, consisting
of the N;. The corresponding operator with respect to the subalgebra 2
decomposition is:

o2Y = [Xy, [Ny, Y]] + [N, [N3, Y]] + [N3, [ X1, Y]]

— [Ny, [ X, Y]] + [Xo, [X3, Y]] — [ X3, [Ny, Y]]

We calculate:
o-gXl = [Xlﬁ [N27X1H + [N27 [N?nXl” + [N37 [XlaXl]]

=[N, [ X2, Xa]] + [Xo, [ X5, Xu] — [ X5, [N1, Xi]]
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= [X1, = N3] = [Ny, =X5] = No = N = 0

05 Xo = [ X1, [Na, Xo]] + [Na, [N3, Xo]] + [N3, [X1, Xo]]

_[Nh [XQ,XQH + [XQ, [X37X2H — [X?” [NlaXQH
=[Ny, =N + [Xo, = Xq] = X3+ X3=0

03 X3 = [X1, [Ny, Xs]] 4 [Na, [N3, Xs]] + [Ns, [ X1, X3]]
=[Ny, [Xa, Xa]| + [Xo, [X5, X5]] — [ X3, [ N1, X3]]
=[N3, —X5] — [X3,—No] =N, — N; =0
03Ny = [ X1, [Na, Mi]] + [Na, [N3, Ni]] + [Ns, [X1, M1]]
—[N1, [Xo, N1 + [ Xy, [ X3, Ni]] = [ X3, [N1, Ni]]
= [X1, X3] = [N1,— N3] = —Xo+ Xo =0

05Ny = [X1, [Na, No]| 4 [Na, [N3, No]] 4 [N, [X1, No]
—[N1, [Xa, No] + [Xo, [ X5, No|| — [Xs, [N1, No]
=[Ny, X1] 4+ [Xo, =Ny = —=N3+ N3 =0
03 N3 = [X1, [Na, Ns]] + [Na, [N3, Ns]] 4 [N, [X1, Ns]]
—[N1, [ X2, N3] + [Xo, [ X3, N3]] — [X3, [N1, N3]
=[N3, —No| — [ X3, Xo] = —X; + X7 =0

Thus 03 is a Casimir operator with eigenvalue 0.
The operator constructed from subalgebra 3, corresponding to o? is:

U%Y = [Ny, [Xo, Y]] + [Xao, [N3, Y]] + [ N3, [V1, Y]]

_[Xh [N2> Y]] - [N27 [X37 Y]] + [X37 [XbY]]

We calculate the action on a basis:
03 X1 = [Ny, [Xa, Xi]] + [Xo, [Na, X1]] + [N3, [N1, X1]]

_[Xlﬁ [N27X1H - [N27 [X37X1H + [X37 [XlaXl]]
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= [Ny, —X3] = [ X1, N3] =Ny = N, =0
03 X5 = [Ny, [Xa, Xo]] 4 [ Xy, [N3, X5]] 4 [N3, [N1, Xo]]
—[X1, [N2, Xo| = [Na, [X5, Xo] + [Xi, [ X7, Xo]]
= [X2’ _Nl] + [N27 _Xl] =N3— N3 =0

05 X5 = [Ny, [Xa, X3 + [Xo, [Ns, X5]] + [N3, [N1, X3]]

—[ X1, [N2, Xs]] — [N2, [ X5, X5]] + [ X, [ X7, X3]]
=[N3, =No] + [ X3, = X5]] = = X1 + X1 =0
03Ny = [Ny, [Xa, Mi]] + [Xa, [N3, Ni]] + [N3, [Ny, Mp]]
—[X1, [N2, N1]] = [Ny, [ X3, Ni]] + [ X3, [X1, Ni]]
=[Ny, —N3| — [ X7, X3] = —Xo + Xo =0

03 Na = [Ny, [Xa, No]| + [Xa, [N3, NoJ] + [N3, [Ny, No]|

—[X1, [N2, No] — [Ny, [X3, Na] + [ X3, [X1, No]|
= [XQ,XI] - [NQ; _Nl] =—-Xs5+X5=0

03N3 = [Ny, [ X5, Ns]] + [Xa, [N3, N3] + [Ns, [Ny, Ns]|

—[X4, [N2, N3]] = [Ny, [ X3, N3] + [ X3, [X1, N3]
- [Ng,XQ] + [Xg, —NQ]] - —N1 + Nl - 0

This confirms that o7 is a Casimir operator with eigenvalue 0.
The o-like operator constructed for subalgebra 4 is:

o3Y = [Ny, [Na, Y]] + [N, [ X5, Y]] + [ X3, [N, Y]]

+[X17 [X27YH - [XQ’ [N37Y]] - [N37 [Xl’Y]]

The calculations proceed as above:
01 X1 = [Ny, [No, Xi]] + [Na, [ X5, Xi]] + [ X5, [N1, X1]]

+[ X1, [Xo, Xa]] — [Xo, [N3, Xu]] =[N3, [ X7, Xi]]
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=[Ny, —N3] 4+ [ X1, —X3] = —Xo+ X5 =0

03 Xo = [Ny, [Na, Xo]] + [Na, [ X5, Xo]] + [ X5, [N1, Xo]]
+[ X1, [Xo, Xo]] — [Xo, [N3, Xo]] — [N3, [X7, Xo]]
= [Na, = Xi] = [Xa,—=Ni] = N3 = N3 =0
03 X3 = [Ny, [Ng, X5]] + [No, [X3, Xs]] + [ X5, [N1, X3]]
+[ X1, [Xo, X3]] — [Xo, [N3, X5]] — [N3, [ X7, X3]]
= [X35,—Ns] — [N3,—Xo] =N, — N; =0
03Ny = [Ny, [No, Ni]] + [No, [ X3, Mi]] + [ X3, [Ny, M1]]

+[ X1, [Xo, Mi]] = [Xa, [N, Ni]] — [Nz, [ X1, M]]
= [Ny, X3 + [X1,—N3] = —No + N =0

03N = [N1, [Na, NoJ] + [Na, [X3, NaJ] 4 [ X3, [Ny, No]]

+[X1, [Xo, Nao]] — [Xa, [N3, No]] — [ N3, [ X1, N2
=[Ny, =Ni| = [Xo, X1] = = X3+ X3 =0

03 N3 = [Ny, [N2, N3J] + [Na, [ X5, Ns]] + [ X3, [V1, N3]

+[ X1, [Xa, N3]| — [Xa, [N3, N3] — [N3, [ Xy, N3]
= [X3, Xo] =[N3, —No] = —-X;+ X; =0

Thus o2 is a Casimir operator with eigenvalue 0.
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16 Solo Casimir Operators

Surprisingly, there is yet another type of intrinsic Casimir operator.
The characteristic equation of the adjoint representation of X; € so(3) is
the determinant of

-2 0 0
det| 0 =X =1 |==-X=-)\
0 1 =\

Since a matrix satisfies its own characteristic equation, we have:
—(CLdXI)S — adX1 =0

We use the property of the adjoint representation to write the operator
equation:

Sx, = [X1, [X1, [ Xi +[X1 =0
and we compute, for verification:
SX1X2 = [Xla [Xla [X17X2H] + [Xla XQ]
= [ X1, [X1, Xa]] + X3 = [X1, = Xo] + X3
== —X3 —|— X3 - O
Sx, Xz = [ Xy, [Xu, [X1, Xa]] + [X1, X5] =0
= [X1, [X1, = Xo]] = X
=X, X3 - X=X - X5 =0
Likewise, from the adjoint representation of X, we obtain:
SXQ = [X27 [X27 [XZ + [XZ =0
From the adjoint representation of X3 we obtain:
Sxs = [ X3, [ X3, [X3+ [X3=0

Thus, we have three more third order Casimir operators for so(3). Since
the definition of S, involves only Xj;, these are a novel sort of Casimir
operator which we will call solo-Casimir operators. We state the obvious:
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Theorem on Solo-Casimir Operators

Every element of a simple Lie algebra £ generates a solo Casimir operator.

Proof: Let P(\) be the characteristic equation of the matrix adX. Since
a matrix satisfies its own characteristic equation, we have: P(adX) = 0
Thus, we have the operator equation P([X) = 0 which defines a solo-Casimir
operator.

Observe that although the characteristic equation of ad X has degree equal
to the dimension of the Lie Algebra, there may be a polynomial of lower
degree which adX may satisfy. The lowest degree polynomial which adX
satisfies will be called the degree of X.

We leave it to the interested reader to confirm that for a generic matrix
M,

0 0 0
SXlMI [Xl,[Xl,[Xl,M]]]+[X1,M] = 0 3m23+3m32 —3m22+3m33
0 —3m22 + 3m33 —3m23 — 3m32

And furthermore, if a three by three matrix M is an eigenvector of all
three solo operators:

Sx, M = [X1,[ Xy, [X1, M]]] + [X1,M] =0

Sx, M = [Xy, [Xa, [Xo, M]]] + [Xo, M] =0
Sx, M = [X3, [ X3, [X3, M]]] + [X3, M] =0
then M € so(3).
The su(2) solo operators follow the pattern for so(3):

Sl = [0417 [ala [al + [al

SZ = [0427 [052, [052 + [CYQ
S = [ag, [ag, [as + (o

This construction of the third order solo-Casimir operators and the cal-
culations done for so(3) needs to be done for so(2,1). The characteristic
equation for the matrix of Y7 in the adjoint representation is A3 + A = 0
which leads us to consider the operator:

SY1 — D/la [}/17 [Yi + [}/1
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and we compute, for verification:
SY13/2 — [Ylu D/h [}/layé]]] + [Ylu}/Q]

=V, -Yo - Y3=Y3 - Y3=0

The other computations are left to the reader.
Likewise, from the matrix of Y5 in the adjoint representation, we obtain
the characteristic equation A3 — A\ = 0 and hence, the operator:

SYQ = Df27 D/Qa [Y'2 - D/Q == O
and we compute, for verification:
SYQX/VI - [Yé) D/Qa [}67 )/1]]] - D@) }/1]
= [Y, [Y2, V3] + V3
=Y, V1] -Y3=Y3-Y;3=0
Again, from the adjoint representation of Y3 we obtain:
SY3 = [Y37 D/E))a [}/3 - [Y?) =0

We compute the action of the solo Casimir operator of so(3), Sx,, on the
remaining elements of so(3,1):

SXlNl — [Xl, [Xl, [Xl, Nl]]] + [Xl, Nl] - O

Sx, No = [ Xy, [ X1, [Xy, No]] + [ X1, Ny
= [Xy, [X1, N3]] + N3
=[X1,-Ny]+ N3=—N3+ N3 =0

Sx, N3 = [ Xy, [X1, [Xq, N3]]] + [X1, N3]

= [Xh [Xh _NQ]] - N2 = [Xh _N3] - NZ = N2 - NZ =0

Likewise, for the action of Sy, we obtain:
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Sx, N1 = [ Xy, [Xa, [Xa, M]]] + [ X2, N1

= [X27 [X27 _N3]] - N3
= [Xa,—Ni] = N3 = Ny — N3 = 0

Sx, Ny = [Xo, [ X, [Xo, NoJ]] + [Xo, No] =0
Sx, N3 = [Xo, [Xa, [Xa, N3]]] + [X2, N3]
= [ X, [Xo, Mi]] + N1 = [Xo, =N3| + Ny = =N + N; =0
In the same way, for the action of Sy, we obtain:
Sx; N1 = [ X3, [ X3, [X3, M]]] + [ X5, V1] =0

= [X?n [X?n NQ]] + N2
- [Xg,—Nl] + N2 == —N2 + N2 = O

SxsNo = [ X3, [ X3, [X3, No]] + [X3, Ny

= [X37 [X37_N1]] - Nl = [X37_N2] _Nl = Nl _Nl =0

SX3N3 — [Xg, [Xg, [Xg, Ng]]] + [Xg, N3] — O

Thus, three more third order Casimir operators of so(3) prove also to be

Casimir operators for so(3,1). These are solo-Casimir operators of degree
three while the Theorem on solo-Casimir operators would only guarantee

degree six.
We imitate the action of Sx, by replacing the X; with the correspond-

ing Ny and defining Sy, (we also replace the + by -, since the N are non-

compact):

SNI - [Nh [NIJ [NI - [NI
and we compute the action of the Sy, on so(3,1):
Sy X1 = [Ny, [Ny, [Ny, Xal]] = [N1, Xq] = 0
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SniXo = [Ny, [Ny, [Ny, Xo]] — [N, Xo]

= [Ny, [N1, N3|]] = N3 = [N1, Xo] — N3 = N3 — N3 =0

Sy Xz = [Ny, [Ny, [Ny, X3]]] = [Ny, X3

= [Ny, [N1, =No]] + Ny = [Ny, —X3] + No = =Ny + Ny =0

Sy N1 = [Ny, [Ny, [Ny, Ni]] = [Ny, Ni] = 0

Sy No = [Ny, [Ny, [Ny, NoJ]] — [Ny, No]

=[Ny, [N, = X5]] + X3 = [N, No] + X5 = — X3+ X3=0

SN1N3 = [Nb [Nh [N17N3]]] - [N17N3]
= [va [NlaXZ]] - X2 = [N17N3] - X2 = X2 - X2 =0
Likewise, for the action of Sy, we obtain:
SNzXl = [N27 [N27 [NQaXl]” - [NQ?Xl]

= [Ny, [N, =N3]] + N3 = [Ny, Xq1] + N3 = =N+ N3 =0
SN2X2 = [N27 [N2; [N2,X2m - [N2=X2] =0
Sny X3 = [Ng, [Na, [Na, X3]]] — [Na, X3]
= [Ny, [No, N1]] = Ny = [N, X3] = N1 = N; — Ny =0

SN, N1 = [Na, [Na, [Ny, Ni]]] — [Nz, N1

= [Na, [Ng, X3]] = X5 =[No, Ni] = X5 = X3 - X5=0
SnyNa = [N, [Ny, [No, No]] — [Na, No] = 0
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Sny N3 = [Ny, [Ny, [Ny, N3]|] = [Na, N3] = [Na, [Ny, =X1]] + X
== [NQ,Ng] +X1 - —X1+X1 :0
For the action of Sy, we obtain:
SN3N1 == [N37 [N37 [N37N1]]] - [N37N1] = [N37 [N37 _X2H +X2

- [N37N1]+X2:—X2+X2:0

SnsNa = [N3, [N3, [N3, NoJ]] — [N3, No] =[N3, [N3, Xi]] — Xi

=[N3, No] = X1 = X; — X1 =0

SNy N3 = [N3, [N3, [N3, N3]]] — [N3, N3] = 0

SngN1 =[N3, [N3, [N3, N]]] — [N3, N1] = [N3, [N3, = Xo]] + Xo

=[N3, M| + Xog=-Xo+ X =0

SnyNo =[N3, [N3, [N3, NoJ]] — [N3, Vo]

= [N37 [N37X1]] - Xl
— [Ng,NQ]—XlzXl—Xl :0

SNy N3 = [N3, [N3, [N3, N3]]] — [N3, N3] = 0

So now we have three more third order Casimir operators for so(3,1) for
a total of six solo-Casimir operators all of degree three.

The construction of solo-Casimir operators remains to be done for su(3).
We begin by checking to see if:

SX1 = [Xla [X17 [Xl + [Xl =0

acting on su(3).
From our calculations for so(3) we have:
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SXle =0
SXlXQ =0
Sx, X3=0
and we compute the remaining actions:

Sx, Y1 = [ Xy, [ Xy, [X1, Y]] + [X1, V4] =0

- [Xla[XhR_S]]—’_R_S
= [X;,—4Y1|+ R— S =—-3R+3S

At this point we could stop with the observation that it fails. However,
we will continue to see exactly by how much it fails.

Sx, Yo = [ X1, [ X1, [Xq, Yo]]] + [ X4, Y5
= [X1, [X1, V3] - V3
— (X1, —Ya] — Vs = Yy — Y5 = 0
SX1Y3 = [le [Xlﬁ [Xlayém + [Xlﬂyi')]
= [X1, [ X1, -Y5]] - Y,

=X, -Y3] - Yo=Y - Y2 =0

SXlR - [Xl, [Xl, [Xl, R]H + [Xl, R] - 0

SXIS - [Xl, [Xl, [Xl, S]H + [Xl, S] - 0

Thus Sy, fails as a solo-Casimir operator for su(3) only in its action on
Y1. To find out why it fails we look at the eigenvalues of [ X7, [X7,

[X17 [Xb Xl]] =0
(X1, [ X0, Xo]] = = X5
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(X1, [X1, X = — X3

(X, [ X, Y]] = =41

[Xh [Xl,YQ]] =-Y;

(X1, [X1, Y3]) = —Y3
(X1, [X0, Rl = [Xy, -Yi]=5—-R
(X1, [X1, S]] = [X4,3Y1] = 3R - 35

We can find an eigen-basis: 3R + S with eigenvalue 0 and S — R with
eigenvalue -4.

For each eigenvalue there is a factor in the minimal equation. The eigen-
value 0 leads to the factor [X7,, while the eigenvalue -1 leads to the factor
[ X1, [X1,+1 and the eigenvalue -4 leads to the factor [ X7, [X7, +4. Note that
the eigenvalue -4 is associated only with the eigenvector Yj].

We multiply to obtain the minimal polynomial:

([Xla )([Xh [X17+1)([X1’ [Xh +4) = ([Xla )5 + 5([X17 )3 + 4[X17

This is degree five, less than the degree eight guaranteed by the theorem
on solo Casimir operators.
The eigenvalues of [Xs, [X3, lead to the identical conclusion:

[Xo, [Xo, Xi]] = = X1

(X, [ X2, Xo]] =0
(X, [Xo, X3]] =
[Xo, [Xo, V1] =
[Xo, [Xo, V3] =
[Xo, [Xa, V3]] =

[Xo, [Xo, R]| = [X3, — ] =-S—R
[Xa, [Xa, S]] = [Xa, —3Y3] = —3R — 35

—4Y,

Again we can diagonalize these last two to obtain an eigen-basis: 3R — S
with eigenvalue 0 and R + S with eigenvalue -4.
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The eigenvalues again lead to factors of the minimal equation: the eigen-
value 0 implies the factor ([Xs,[Xs,; the eigenvalue —1 implies the factor
([X2, [X2,+1 while the eigenvalue —4 implies the factor ([Xs, [Xs, +4)

Again, we multiply to obtain the minimal polynomial:

(X2, ) ([Xa, [Xo, +1)([Xa, [Xa, +4) = ([X2)° + 5([X2)° + 4[X;

In like manner, we observe that the corresponding eigenvalues all of the
other generators of su(3) are 0, -1 and -4 and hence all share the same mini-
mal equation and each one generates the same sort of solo-Casimir operator
except the generator S. The eigenvalues of [S,[S, are -9 and 0, hence the
minimal equation of S is

1S, S, [S, +9[S = 0.

Each of the elements of u(3) has an associated solo-Casimir operator which
leads to a linear differential operator and hence to eigenvalue equations for
functions. In the author’s geometric model of elementary particles, each
generator of u(3,1) corresponds to a family of elementary particles. These
elementary particles are modeled as fX, where X is an element of u(3,1)
and f is a function satisfying certain differential equations, which depend on
X. These solo-operators them seem to offer the possibility of fulfilling that
program.

17 Conclusion

According to the standard wisdom on Casimir operators, the number of
Casimir Operators is equal to the rank of the Lie algebra. The rank of so(3, 1)
is two, but we have constructed an infinite number of intrinsic Casimir oper-
ators with no indication that this exhausts the list (but it has exhausted the
author). The existence of these new intrinsic Casimir operators for so(3,1)
shows that the standard approach to Casimir operators is fatally flawed, but
for now, we have no program to replace it.

Perhaps the most surprising result presented here is the existence of in-
trinsic Casimir operators of complex structure type. Their existence is not
even hinted at in the standard approach which recognizes only Casimir op-
erators of eigenvalue type (Multiples of the identity). Clearly, one task for
future study is to characterize those Lie algebras which possess each type of
intrinsic Casimir operator and to look for other types.

100



Wigner [33] classified elementary particles on the basis of the two invari-
ants (eigenvalues of the Casimir operators) of the inhomogeneous Lorentz
Group (the Poincaré Group). His classification was based on the assump-
tion that these eigenvalues change value with the representation. The work
presented here shows clearly that this program is in error since the eigenval-
ues of the Casimir operators are true invariants and do not change with the
representation. The modern theory based on this assumption (the theory of
quarks) is likewise based on the same faulty mathematics.

Weyl [32] stated the program for the application of group theory to quan-
tum mechanics as it was understood in 1930:

All quantum numbers, with the exception of the so-called princi-
pal quantum number, are indices characterizing representations
of groups.

This program operated under the assumption that the eigenvalues of the
Casimir operators vary from representation to representation. That assump-
tion has been shown to be false and hence the program as stated by Weyl is
mathematically unsound. Indeed, according to Borel [2], Casimir’s work was
a generalization of Weyl’s work on so(3). The Casimir operator is a gener-
alization to an arbitrary Lie algebra of the “square of the magnitude of the
moment of momentum” which Weyl [32] introduced in his book The Theory
of Groups and Quantum Mechanics. Weyl’s operator is defined in terms of
matrix multiplication, which is not defined in a Lie algebra.

The geometry of a four dimensional space-time is required to describe
gravitation. Consequently, the inclusion of additional forces in a geometric
model requires the use of higher dimensions The idea of obtaining additional
forces by embedding the observed space-time in a larger manifold is due to
Kaluza [11]. Kaluza added one extra dimension to Minkowski space in an
attempt to incorporate electromagnetism into the geometric framework of
Einstein’s general theory of relativity. Klein [12] showed that Kaluza’s extra
dimension must be compact in order to account for quantization. In the
early 1960’s, this program experienced a great revival. Most of the early
attempts to unify gravitation with the other forces were by means of com-
bining space-time symmetries with the internal symmetries of compact gauge
groups. Ne'eman [22] discusses the history of these early attempts.

The interest in extensions of the Poincaré group waned after O’Raifeartaigh
23] ‘proved’ his infamous “no-go theorem” showing that such an extension
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led to an unphysical mass spectrum. This theorem and its ‘improvements’
by others showed that extension of the Poincaré group was not the correct
idea. The article by Coleman [4] was an attempt to put such attempts to
rest.

The no-go theorems of O’Raifeartaigh, I.E. Segal [29] and others relied
heavily on the belief that the eigenvalues of the Casimir operators of the
Poincaré algebra vary from representation to representation. This belief has
been shown to be erroneous and so the “no-go” theorems are not valid. The
theories of supersymmetry, super-gravity and super-strings were attempts to
circumvent these no-go theorems. Since the no-go theorems are not valid,
there no longer exists any reason to pursue supersymmetry.

In the final analysis, as far as physics is concerned, we want to be working
with the invariant differential operators, which leads to invariant differential
equations and we want differential operators which commute with the group
action and hence with every element of the Lie algebra in a representation
as differential operators. To say that a Casimir operator is a multiple of the
identity operator is meaningless in this context, but the same calculations in
terms of Lie Bracket are valid in any representation. Thus, these calculations
in the context of matrix representations of the Lie Algebras are just prelim-
inaries to a treatment of representations in terms of differential operators.
These are also the representations of interest in harmonic analysis.

Helgason [8] defines D(G/K) as the algebra of all differential operators
on G/K which are invariant under the action of G. Harmonic analysis then
is the study of the joint eigenfunctions of D(G/K), i.e. functions which are
simultaneously eigenfunctions of each operator in D(G/K). In order to do
harmonic analysis then, the invariant operators must be properly identified.
The intrinsic Casimir operators are just D(G) and as we showed above, they
have not been correctly identified. Given the importance of the Casimir oper-
ators, a program of finding the true Casimir (invariant) differential operators
of the Lie algebras important in physics seems essential.

It has evidently not been realized before that this program of “conserved
quantities equals eigenvalues of Casimir operators” is inconsistent with the
Lagrangian formalism. According to Noether’s theorem, in a Lagrangian
theory, there is a one to one correspondence between conserved quantities
and elements of the Lie Algebra. For each conserved quantity there is a basis
element of the Lie Algebra and vice-versa. The Lagrangian program is then
inconsistent with the Casimir operator program where the eigenvalues of the
Casimir operators and of the Cartan subalgebra are the only invariants.
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But the Lagrangian approach to conserved quantities is internally in-
consistent. Suppose a Lagrangian system has a maximum of n conserved
quantities. By Noether’s theorem the corresponding Lie Algebra is then n
dimensional. If this Lie Algebra has a Casimir operator, the eigenvalue of the
Casimir operator is also a conserved quantity, resulting in n + 1 conserved
quantities, a contradiction.

The Casimir operator approach to conserved quantities is automatically
built into the Lie Algebra formalism, leading to invariant differential equa-
tions and conserved quantities and quantization via Schrodinger’s [27] ap-
proach to “Quantization as an Eigenvalue Problem”. Fortunately, the Lie
algebras of physical interest have more generalized Casimir operators than
generators.
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