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Abstract

This paper deals with the striking fact that there is an essentially canonical path
from the i-th Lie algebra cohomology cocycle, i = 1,2,...l, of a simple compact
Lie algebra g of rank [ to the definition of its primitive Casimir operators C() of
order m;. Thus one obtains a complete set of Racah-Casimir operators C*) for
each g and nothing else. The paper then goes on to develop a general formula for
the eigenvalue ¢ of each C(®) valid for any representation of g, and thereby to
relate ¢ to a suitably defined generalised Dynkin index. The form of the formula
for ¢ for su(n) is known sufficiently explicitly to make clear some interesting and
important features. For the purposes of illustration, detailed results are displayed
for some classes of representation of su(n), including all the fundamental ones and
the adjoint representation.

1 Introduction

It is well-known (see e.g. [[ll, B, B] for lists of references and further details) that the [ basis
elements of the Lie algebra cohomology of a simple compact Lie algebra g define, up to
a constant, [ totally antisymmetric tensors. In fact, these may also be understood as the
coordinates of the different invariant (2m — 1)-forms on the manifold of the compact group
G associated with g that, in the Chevalley-Eilenberg version of the Lie algebra cohomology
[, characterise the (2m — 1)-cocycles. Given a simple compact g, we shall refer to these
[ tensors as the Omega tensors Q™= of g. They have orders 2m, — 1, s = 1,2,...,1,
where my are the orders of the primitive Casimir-Racah operators of g (see also [[I], B, B]
for lists of references). For su(n), ms € {2,3,...,n}, and hence the Omega tensors are of

1



orders 3,5,... (2l + 1). There is an essentially canonical path from the Omega tensors of
a given g that leads to the set of its [ primitive Racah-Casimir operators C'™s). Following
this path [B], the resulting set of Racah-Casimir operators C' (ms) (represented by invariant
symmetric tensors t(s) of order my) is optimally defined in the sense that it contains
one member for each required order m, and nothing else. The procedure allows for the
appearance of no C'™s) other the [ primitive ones: any formal attempt to define C'™ for,
say, su(n) for m > n simply produces a vanishing result. Since this paper concentrates on
su(n), we shall not worry about the refinements that are needed to deal explicitly with
all the invariants of the even orthogonal algebras g = D;, where the Pfaffian enters the
picture. Nor will the subsequent discussion make explicit the qualifications that may be
needed to cover the exceptional algebras.

The paper proceeds from the definition of a complete set of primitive Racah-Casimir
operators for g to a new general result for the eigenvalues c(™s)(D) of C™)(D) for a

generic representation D

of the Lie algebra

[Xi s Xj] = ifinXe (2)
of g. We have here written f;;;, for the structure constants of g = su(n). For this algebra,
almost all of the technical machinery is at hand [}, ] to enable us to display explicitly
the key features of our general result for ¢(™ (D). Obvious analogues of these results are

applicable to all other g.
Our main result states that, for any representation D,

(dim D) c™)(D) = 217" (gdi) ™) (D) Q@—b* (3)

where

ms—1)2 _
Q(2 ) = Qi1...i2ms—1Qi1mi2m571 ’ (4)

and (gdi)™)(D) is a number dependent on the order m, of the Racah-Casimir, the repre-
sentation D considered and g, or rather in the case of su(n), on n. For the representation
considered, (gdi)™)(D), s = 1,...,l, is an acronym for s-th generalised Dynkin index for
the representation D considered and its use in (}) is discussed below. What is special

about su(n) is that Q™D is known explicitly for all n and for all 2 < m < n (from

now on, we drop the subindex s = 1,...,1 in ms). From [{] we quote
2 92m—3 m—1
Q-2 _ m n (n® — %) (5)
’ r=1
4
_ Qem=9? (6)

(2m — 2)(2m — 3)

Eq. (f) exhibits features of () which we believe apply equally well to all other g. Eq.
(B) shows that Qm=D? £ 0 and hence Q™1 is non-vanishing only of m < n. In other
words the primitive (2m — 1)-cocycle exists only for m < n as known from Lie algebra
cohomology, and () gives a null result for ¢(™ (D) only when n < m. The power of two in
(B) has been chosen, as far as we know it to be necessary, to ensure that, as is customary
for an index, (gdi)™ (D) takes on only integral values. In the case of m = 2 and the
familiar Dynkin index itself [, (B) takes on its standard form (see e.g. [[])

2dim D

N2 (D) =
(9di) (D) = S

(D), (7)
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using fijkfije = 0®? = n(n? — 1) = n.dim (su(n)). The factor n in the denominator of
(M) reflects the fact that for uniformity (in m) of our definitions of the various C'(™ for
su(n), we have defined the quadratic Casimir operator of su(n) as

C?® =nX,X; , i=1,...,n—1 , (8)

see Sec. 2.3. For higher values of m there is less agreement as to how the Casimir operators
C™ and hence the (gdi)™ (D), should be defined. We have argued that our definition
of the former is optimal, featuring as it does t-tensors [P] and Omega tensors that are in
one-to-one correspondence with the cohomology cocycles of su(n). This is tantamount to
asserting that the Omega tensors are the fundamental entities (in fact, Q3 is given by the
structure constants of the algebra themselves), and our definition of Casimir operators
follows from this and reflects it too. A good recent account of the role of, and of one way of
defining, generalised Dynkin indices, which were originally introduced in [§, is [[], which
refers to earlier papers [I0] [LI]. The paper [@ also emphasises the role of ‘orthogonal’
tensors —in essence our t-tensors— making reference to [ in this context, and attributing
the recognition of the importance of orthogonality to the definition of generalised Dynkin
indices to [§. Ref. [J] contains extensive tabulations of generalised Dynkin indices, as
does [[). Another useful discussion of indices is contained in [[§], which aims, as we do
here, at getting results for all su(n) valid for all n, using procedures —~Cvitanovic’s bird-
track methods— that are there also applied to other g. Our work differs from that of the
papers just cited in that it emphasises the central role of the Omega-tensors, and employs
a definition of indices that follows from this viewpoint. In view of ([) we believe that a
significant amount of new information is contained in our work. We would further wish to
advocate that ([J) ~the formula for the eigenvualue ¢ (D) of the Racah-Casimir operator
of oder m— be seen as the result of primary importance. The (gdi)"™ (D) are merely
numbers, knowledge of which is required to complete the determination of the c¢™ (D).
Thus while the number (gdi)™ (D) in some sense characterises the eigenvalue ¢™ (D),
general su(n) formulas for (gdi)™ (D) do not automatically exhibit the restrictions on
n necessary for their applicability. Thus, for the adjoint represention ad, see below, of
su(n),

(9di) @ (ad) = 2n 9)

But this applies only when n > 4, since ([J)-(f) show that ¢ (D) equals zero for any D
for n = 2,3, as it should do, since C¥ is absent for these n-values. See also comments
following ([[0) and ([03) below.

The paper turns next to providing some illustrations of the results that are contained
within (). We wish to deduce the values of (gdi)™ (D) for various m and representations
D, obtaining results from a single computation that are valid for all n. For this purpose
we consider the following classes of representations of su(n). We will use the notation F*
for s =1,2...,1, for the fundamental representations of su(n) of rank [ =n — 1 (writing
also F = F! for the defining representation), and denote the adjoint representation of the
algebra by ad.

e The defining representation of su(n), F

F =(1,0,...,0) and is given by

X, — %)\i =F , (10)

where the \; are the standard Gell-Mann matrices of su(n) [[J]. Using results from [f,
we can show by a single calculation that

(9di)"™(F) =1 (11)
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for all n and for all m < n. This simple general result offers some indication of the
appropriateness of our definition of (gdi)™.

e The adjoint representation ad of su(n)

In Dynkin coordinates ad = (1,0,...,1) (see e.g. [[]) and it is given by

Xi—ad(X;)=ad; , (ady)jx = —ifijp - (12)

We show that (gdi)™ (F) = 0 for all odd m for all n, and give results for m = 2,4 and
6, on the basis of one calculation for each of these three m values.

e The representation D of g = su(n)

Let D denote the representation of g built [[4] [[5] using the set of hermitian Dirac
matrices of a euclidean space of dimension dim g = r. The representation D is defined by
means of

X; = D(X;) = S5 = —Yifivime (13)
in terms of Dirac matrices such that
{vi, v} =265 (14)

hence, D has dimension 2"/ ([x] denotes the integral part of x). Unlike all the other
representations that we treat D is reducible; it describes the direct sum of a number of
copies of the irreducible representation of g whose highest weight is the principal Weyl
vector § = > o a, i.e. half the sum of the positive roots of su(n), given by § = (1,.%.,1)
in Dynkin coordinates. This representation has dimension 2"=9/2. The actual number
of copies of ¢ in D is 2/2. Tt follows that dimD = 2[/2 20=0/2 = 9lr/2]  We restrict to
g = su(n), for which I = n — 1 and r = n? — 1. We show that (gdi)"™ (D) is zero for all
odd m for all su(n), and give explicit results for m = 2 and m = 4 only.

e The l fundamental representations F° and the irrep S, = (p,0,...,0).

By dealing with the completely symmetrised and also the completely antisymmetrised
direct products of p copies of the defining representation F, we derive results for the
representations of su(n) with Dynkin coordinates (p,0,...,0), and for the fundamental
representations F°, s=1,2,...,n — 1. For the latter, we give all indices for all F* for
n = 3,4,5 and 6. Bird-track methods [[@] are employed here.

The material of this paper is organised as follows. Sec. 2 two gives a brief description
of the various families of su(n) tensors, including the Omega tensors, that are involved
in the build up to the definition of Casimir operators. To some extent this reviews our
earlier paper [JJ], where detailed references to previous studies of Casimir operators may
be found. In Sec. 3, we derive and discuss the key result (). In Sec. 4, we turn to the
illustration of (B]) for the classes of su(n) representations just listed.

The interest of this paper in the eigenvalues of Casimir operators has been in the
context of generalised Dynkin indices, because our approach brings these in completely
naturally. There are however other sources of information on the subject. There is [[7]
where valuable explicit formulas are given for all Casimir operators of all classical algebras
and also for go, while [[§] addresses the problem for other exceptional algebras.

2 Definitions of tensors and Racah-Casimir operators

2.1 The d-tensors

This is a family of symmetric tensors first defined by Sudbery [[J]. The definition sets
out from the standard Gell-Mann totally symmetric third order tensor d;j; that exists for
all n > 3 and is traceless d;;0;; = 0. Higher order tensors in the family
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dgl)zr) ) (15)

are defined recursively by symmetrising

dy) o= di (16)
over all its i1, . . ., 4, indices. Round brackets here denote symmetrisation with unit weight.
Thus

d® = di
(i5k) J
dg?kl) - %(dijpdpkl + djkpdpir + dripdpj) - (17)

Sometimes it is useful to refer to dl(-?) = 0,5 as the rank two member of the family.

2.2 The Omega tensors

Using the mentioned correspondence between (2m — 1)-cocycles and Q™1 tensors, we
have (see, e.g. [, @] for the structure of these expressions)

O = i = fadiny (18)
Oy = faiif rndiony (19)
U hrs = foligF ol andimesy (20)
and in general
QT a) ik = gy S e ey (21)

Here square brackets indicate unit weight antisymmetrisation over all the surrounded
indices. The structure of Q™1 above is general for any g; what makes it specific to
su(n) are the orders (3,5,...,(20 4+ 1)), and of course the fact that the f’s are the su(n)
ones. One may check explicitly that Q™1 tensor is fully antisymmetric in all its (2m—1)
indices (i1j17272 - - - im—1Jm—1k), even if only the first (2m — 2) indices are antisymmetrised
by actual square brackets. The position of the indices in this paper is without metric
signifance. Since g is compact and its generators are hermitian, we may take the Killing
metric as the unit matrix, and so the raising of indices may just serve to remove them
from the sets of indices that are subject to antisymmetrisation (or symmetrisation).

A detailed account of the properties of Omega tensors has recently been prepared [f.
The extensive compilation of results contained in [f] includes the important formula (f]),
together with its derivation. As noted above, ([) makes clear that Q™1 is absent for
su(n) whenever m > n.

2.3 The t-tensors

Following [fl] we review some properties of this family of totally symmetric and totally
tracelsss tensors t'™ for su(n). The definitions are

ty = Uifia (22)
tom = Qb fijafan (23)
tgzl;)cq = zjklmquljafklbfmpc , (24)
tfg))cds = zyklmpqrs fijafuwfmpefara (25)
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and in general
m 2m—1
t;fl)km = leji...i,}lfljmflkfiljlkl tee fimfljmflkmfl ‘ (26)
It follows from definition (26) that the tensor ¢(™ is fully symmetric ([g], lemma 3.2)
We do not make extensive use of explicit expressions for the t-tensors, but it is useful
to note results from [@, {]

1

3

tz('jl)c = gnzdijk 5 (28)
4 1 4

i) = E(n(nund@jw—2(n2—4)5(ij5,d)) , (29)
5 n 5

o = —135((n(n2+5)d§i}k,m)—2(3n2—2o)d<ijkalm)) . (30)

We have adjusted the normalisations in (R7)—(B0) by excluding some powers of two present
in (6.12)—(6.14) of [P]. The t-tensors are ‘orthogonal” among themselves, which means that
the maximal contraction of a t™ with a tensor t™) of different order yields zero. This
implies, in particular, that t(™ is traceless with respect any two indices. In the simplest,
third order case, eq. (BY), this is just the well known property d;, = 0. For order four,
t™) this means that

4 4
iy =0, tihdi =0 . (31)
But, since the trace formulas for d-tensors give
(4) n?—8
d(ijkl)dijm = g( n )dklm ) (32)
we learn that the non-trivial result for the non-maximal contraction
4
td dijm = Z0*(n* = Odim (33)

holds, although it collapses to zero, as it ought, for n = 3. Also (B3) yields the second
part of (B1l) when one makes the contraction k& = m. For order five, the orthogonality of
the t-tensors means that

0 8 =0, 0

(®) 4(2). . _
t; t( )ij =0 ) ijklmYijk — ) ijklm

ijklm

tWim =0, (34)

and so on.
One way to see that the t-tensors, like the Omega tensors, are absent for m > n is to
consider the fully contracted square of a generic t-tensor

t(m)2 = tgn)kmtl(fzn)km : (35)
This scalar quantity can be seen to contain the same product of factors as is seen in ([).
Thus it is a polynomial in n that has factors which vanish whenever n < m. Actually the
proof of this claim for the ¢-tensors was achieved for m < 5 in [P], whereas ([) is proved
in full generality in [{], relatively speaking rather easily.

The d-tensors are less convenient than the t-tensors in that for su(n) they are well-
defined for any order m, but are present as non-primitive tensors for m > n. However
9 ] BJ] the unwanted or rather inessential d-tensors of higher orders can always be
expressed in terms of the primitive set with m < n. For example for su(3) we have

d@u) = %5(1'3'5161) ) (36)
dE?j?klm) = %5(ijdklm) (37)



and, for su(4),
(5) _

diishimy = 50Gsduim) - (38)
The above expressions exhibit the non-primitive character of the symmetric tensors on
their left hand sides. It becomes increasingly hard to supply such results for su(n) at
higher n. Fortunately this is unnecessary. Further, as [f] shows, the d-tensors serve
perfectly well for the definition of Omega tensors. If non-primitive d-tensors like (Bf)—
(BY) are employed in the definition of tensors like those of Sec.2.2, when we know that
no Omega tensor is allowed ([f], Cor. 3.1), a vanishing result is obtained [f]. In follows
that symmetric invariant tensors differing in non-primitive parts lead to the same Omega
tensors.

2.4 The Racah-Casimir operators

Given the t-tensor of eq. (BG), we define, for su(n), the generalised Casimir operator of
rank m by means of

9149 ... im

(39)

where the X; are the generators of of the Lie algebra (B) of su(n). The definition (B9)
produces each of the primitive su(n) Casimir operators of orders m € {2,3,...,n}, and
nothing else. This is so because the [ su(n) Lie algebra cohomology cocycles and their
associated Omega tensors are in one-to-one correspondence with the ¢-tensors and hence
with the C(™). Had we used the d-tensors in (BY) instead of the t-tensors, we would always
thereby obtain commuting su(n) invariant operators, but of all orders for all su(n) so that
all but [ of them are non-primitive. For low enough n, we can derive results which show
explicitly how some of the non-primitive operators so obtained can be written in terms
of primitive ones. But, in the context of the present work, this is not important: use of
(B9) bypasses the problem entirely.

We should point out one consequence of the uniformity in m of the definitions (E7)—(B0)
of t-tensors. Eq. (B7) implies

P =P XX =nX;X; o

with a possibly unexpected, but harmless, factor n. For example, for the su(3) represen-
tation (A, ) in Dynkin coordinates, eq. (f0) gives the eigenvalue

D) =N+ M+ >+ 30+ 3p) (41)
and, for the representation (A, u,v) (c¢f. [[) of su(4)
BN, v) = 23N + 4% + 307 + A+ 20w + dpw + 12X + 6p+ 120) 42
1 : u I fu u

It may also be worth mentioning the result [RI] for the eigenvalue of the cubic Casimir
operator of su(3)

B\ p) = tA+F2u+3)2A+p+3)(A—p) . (43)

One may use the defining representations of su(3) and su(4) to check that the normali-

sations of (HI))—([) give agreement with (BY), (B7) and (Pg).
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3 The eigenvalues of the higher Casimir operators

For su(n) for large enough n, n > m, we defined the m-th order Casimir operator by
means of (BY), where the X; are the su(n) generators. This yields an invariant operator
C™) (D) with eigenvalue ¢™ (D) in any representation X; — D; so that

C™ (D) = ™ (D) Igmmp - (44)
Then, using (B6), we find

<™ (D)dimD = TrC™)(D)

. (2m-1)
- Qilji...im,ljm,lkmfi1j1k1 s fimfljmflkmflTr Dk1~..km

Nm— 2m—1
= (_Z) ! leji...iifljmflkar ([Dil’ D.Yl] tt [D D.mel]ka)

= (=2i)mtqEm Tt Disyjy i sionskn] - (45)

11Ji - im—1Jm—1km

Im—1

The first trace in (), Tr Dy, _x,, is in practice a unit weight symmetric trace Tr D, .. Dy,
since (™ is symmetric and O™ (D) is given by (BJ) with X = D. For the last one we
have written

Dyj.q = DyDj...Dg . (46)

We note here the transfer of the total antisymmetry from the Omega tensor to the trace
of a product of (2m — 1) D’s. This enables a crucial development since, as stated,
Tr( Dy, jy i 1jm_1km]) Must belong to the (2m — 1)-cocycle space and, hence, has to be
proportional to the only primitive, SU(n)-invariant, skewsymmetric, (2m — 1)-Omega
tensor.
Hence (see also subsection 3.1) for any representation D, we may write

Tr D[iljl...im,ljm,lkm] = (iz)m ' (Qdi)(m)(D) Qz('f;?:ili,ljm,lkm ) (47)
thereby defining a quantity (gdi)™ (D) which depends on m and D and in general on
the Lie algebra g in question. Since g = su(n) here, (gdi)™ (D) depends also on n. As
noted above (gdi) is an acronym for generalised Dynkin index. Insertion of (7)) into ([5])
immediately gives rise to one of the main results of this paper

dim D ¢™ (D) = 20-m) (¢di)™ (D)QZm=D? (48)

The importance of (fg) is enhanced for su(n) by the availability of the explicit result ([,
valid for all n and for all m relevant to that n value, m < n. The relationship of our
discussion of ¢(™ (D) and (gdi)™ (D) to the work of previous authors is reviewed in the
introduction. Our presentation conforms fully to this for m = 2. Otherwise our approach
differs form that of others in view of the primary role in it that is played by the Omega
tensors. This feature is inherited from [J], but (B]) was not known when [B] was written.

We believe the analysis described here for the A; family of Lie algebras extends to
other classical compact simple algebras, exhibiting similar attractive features, and in some
fashion to the exceptional algebras. For example, the crucial property of ‘orthogonality’
among two t-tensors of different order follows from their general definition in terms of
their respective () cocycle tensors, and does not depend on the specific simple g being
considered [f]. However the corresponding tensor calculus, and the analogue of the su(n)
A-matrix machinery is not yet developed sufficiently to produce simple expressions and
formulas for all simple algebras.



3.1 Another approach to (A7)

We sketch here another means of justifying our use of ([7).
We have by now familiar steps

Am—1
T Diiyjycimsgmnsbon] = (38) " gy S i 0T Diy g (49)

It is legitimate to insert round brackets first to enclose the set k... k,,_1 of indices, and
then by use of the cyclic property of the trace to extend them to enclose the full set
ki...kn. Now we may refer to the discussion in [J] for the construction of a basis for
the vector space of su(n)-invariant symmetric tensors like Tr Dy, . km The term in the

expansion of Tr Dy, . x,.) With respect to this basis which involves d( o) is the significant
one for our argument. Use of it immediately gives rise to a result for Tr D v 1 k)]
of the form (f[7). All the other terms of the expansion are made up of symmetrised
products of lower order d-tensors, and give rise to vanishing contributions to (f7]) in view
of Jacobi identities, as shown in [[].

4 Application to certain classes of representations of
su(n)
We consider here several important classes of representations of su(n), including the

fundamental ones, for which one may provide a definition that applies uniformly for all
n.

4.1 The fundamental defining representation F of su(n)

The representation F is defined by ([(J) where the Gell-Mann lambda-matrices [[J] are
subject to
Tr )\z =0 s Tr /\z)\y = 25@) s )\Z’T = )\z s (50)

Aidj = %5@' +(d+if)igp e (51)

valid for all su(n), n > 3.
Using notation like that defined by (f@), we quote from [[{] the result for the trace of
the fully antisymmetric product of an odd number of (2m — 1) lambda matrices

Tr Njiygiimsimeth] = 20" Qi i tjmok] - (52)
We may now use ([[(]) to substitute F; for \; in (f9), and deduce from (f7), that
nclm (F) = o-mhem—1)? (53)
so that (B]) gives
(gdi) "™ (F) =1, (54)

which also follows by comparing (59) and ([7).
This result applies to all su(n) and for any m < n. Eqgs. (FJ) and the explicit

expression () for Q@m=1? ghow that (gdi)™ (F) is zero otherwise. Eq. (54) does not
itself provide new information (see table 2 of [g) but (FJ) presents its information in a
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way that perhaps is. In this context, it may be worthwhile to display some formulas for
eigenvalues in full detail

AF) = tm*-1) (55)
NF) = 5@ —1)@n*-4) (56)
WF) = &m0 =D —Hn*-9) | (57)
NF) = ks (n?—1)(n? —4)(n® —9)(n* — 16) . (58)

The factors that make ¢™(F) vanish when m > n are visible here: the last factor above
is (n? — (m — 1)?), and a non-zero result requires n > m.

4.2 The adjoint representation ad of su(n)
The adjoint representation ad of the su(n) algebra is defined by means of
Xi—ad, , (adi)j = —ifije - (59)
We do not possess a general formula for the factor p that occurs in
Tr ad[il...iz,n,l] = MQ[il...iZm,l] . (60)

However it is easy to prove that for m odd the trace in (B0]) vanishes, so that ¢(™ (ad) = 0
for all odd m. Since the matrices of the adjoint representation of any simple Lie algebra
are antisymmetric, we find e.g. that

Tr adjijipg) = Tr (adjijipg)” = —Tr adigprji = —Tr adjjjepg = 0. (61)

For m even no such conclusion follows: the same steps applied to, say, the sevenfold trace
do not give zero, because now an odd permutation is required at the last step to restore
the indices to their original order.

It remains to look at the even cases m = 2,4 and m = 6, each by a separate calculation
to get explicit formulas for ¢™(ad) for su(n). The results are

(2) (ad) — n2 , (62)
W(ad) = Zn (n —4)(n*-9) (63)
©(ad) = 12—0, n? H(n2 -k (64)

from which we may conjecture that, for arbitrary even p,

(p)(ad) _ ﬁ n2 g(n2 _ ]{;2) ’ (65)

whereas ¢ (ad) = 0.
The generalised Dynkin indices are then

(9di)P(ad) = 2n (66)
(9di)®(ad) = 0 (67)
(gdi)P(ad) = 2n (68)
(9di)®(ad) = 0 (69)
(9di)O(ad) = 2n (70)



etc. We recall that C(®) is absent for n < 6 (eq. (f4) contains explicit factors that reflect
this), and hence note that ([0) really only applies when n > 6. See also remarks that
follow (03J). Results (B@) and (B) agree with results in [[[{].

The proof of (FJ) is easy. To obtain (f3) we use

A3 pa . N
Tr adjjpipgr) = (%z) f [Z-jfbklf pq]Tr(adr adape)) = (iz) 2n Qijkipgr - (71)
To perform the last step, a result from [B] is employed

Tr (ad, ad(ape) = 2d'

(aber)

+ 25(ab50r) . (72)

In fact the second term of ([[3) does not contribute to ([1]) because it is non-primitive.
The proof of (B4)) similarly requires the formula

Tr ad(adeer — 16 dgzbcder o (73)

where the dots denote terms which do not contribute to (p4). One obtains this result by a
method similar to that sketched in [P to derive (A21) there. This requires a preliminary
result

Tr ad(abcdD dEZbcde + 5(abdcde) ) (74)

where (D;);r = dijz. The deduction of each of the last two results entails a considerable
amount of effort, making liberal use of identities found in the appendix to [P].

4.3 The reducible representation D

The representation D of g = su(n), of dimension 24m#/2l — 2("*~1/2] hag been described
in the introduction. However in this case again, we lack an explicit analogue of (§2).
Again too the odd order Casimir operators have zero eigenvalues. To show this is true,
we note there exists a matrix C' such that

CrC ' ==xv" | (75)
with the sign depending on dimg. Hence in general (S5; = D(Xj;))
S = _iifijk’}/j'}/k ) [5i> Sj] = fiijk ) (76)

obeys
ST =—cs,ct . (77)

This is sufficient to allow steps like those used in (B(J) to complete the demonstration,
since the matrix C' is invisible within the trace. To get non-vanishing results we look at
m even, this time confining ourselves to the cases m = 2 and m = 4. We have

A(p) = 2o®* (78)
(D) = 0 (79)
Py = —zo™* (80)
and hence
(9¢i)P(D) = %(dimD) (81)
(gdi)® (D) = 0 (82)
(9di)*(D) = —2(dimD) . (83)
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We have already noted that D is a direct sum of 2/(*=1/2l copies of the irreducible rep-
resentation § = (1,...,1) of su(n) [[F, and that dimD = 2[**~V/2 It follows that the
indices given by (B1)) and (BJ) are in all cases integers.

We remark also that the results ([§)—(B0) apply also to the representation ¢ of su(n)
since D is a direct sum of copies of §.

For su(3), for which § coincides with the adjoint representation, D comprises two
copies of ad, ¢ (D) = P (§) = @ (ad) =9 (eq. (FF)), but

(9di)?(D) = 2(gdi)?(ad) (84)

as is to be expected since by eq. (7)) the dimension of the representation enters into the
definition of the Dynkin index.

The easier of the proofs known to us for (B0) follows the same lines as the proof of
(B2). It therefore requires the result

Tr (SaSabe) = — &din) gy (diim D) + 256,60, (dim D) (85)
which is proved in much the same way as (A.11) in [B] is proved. Some non-trivial work
on traces of gamma matrices is involved. Also, as for ([[), the second term of (BJ) does
not contribute to the derivation of (). The minus sign in (B3) may be noted. It is not
exceptional: the tables of [J] have plenty of negative entries.

4.4 The representations S, of highest weight (p,0,...,0)

The representations S, carried by totally symmetric su(n) tensors of rank p, the defining
representation F being the case with p = 1, i.e. S; = F = F'. We can extend the results
obtained for F = (1,0, ...,0) easily to Sy for which we define matrices

(MZ) ajag,bibs = 5(0'1 (bl )\Z az)bZ) : (86)

It is easy to check that (Bg) satisfies (B). As previous sections indicate, what one needs for
the calculation of generalised Dynkin indices in our approach is the evaluation of traces

Tr D(an ce DS) . (87)
It is easy to use (Bf) to compute
Te MM;MpMy = Ln+8)di, +... (90)

where the dots indicate lower order terms known but known also, because of Jacobi
identities, not to contribute to the calculation of the eigenvalues ¢(¥(S,). Thus we find
that all results agree with

(9di)™(Sy) =n 4 2m71 (91)

To proceed further it is advisable to use heavier duty methods. Bird-track methods
allow us to subsume the calculations just done into the treatment of the general p case, by
dealing with the totally symmetrised p-fold direct products of defining representations.

12



Our results include the following

@i)™(S) = s m=r (92
o %ﬂglm(n+mﬁ . m=3 ; (93)
v (?)_I_(S)+ 3 (n2 —n+6pn+6p*) , m=4 . (94)

The result (P1)) for Sy of course conforms to these results. To derive these expressions, we
employ results for totally symmetrised traces that appear in [[] as eqs. (12.69)—(12.71).
We note also from [[[f] the diagram (12.64) used to define the matrices of (p, 0, ...,0), and
the essential results (5.19) and (5.23) given in the valuable chapter in [[[§] on permutations.

4.5 The | fundamental representations F* of su(n)

The representation F2 = (0,1,0,...,0) of su(n) is the antisymmetric part of the direct
product F ® F, where F = F1 is the defining representation of su(n). Thus we define for
F? the matrices

(NZ) aiaz,bibs = 5[a1 [bl)‘i ag]bZ] . (95)

This differs form (Bf) only in that round symmetrisation brackets are replaced by square
antisymmetrisation brackets. We find the following results

Tt N;N; = i(n—2)d; (96)
Tr NGN;Ny = 1(n—4)di (97)
Te NgN; NNy = 3(n—8)d(), + ... (98)
Again all these results agree with the general statement
(gdi)™(F*)=n—2m"" . (99)

It is of clear interest to proceed further down the antisymmetrisation path. For su(n),
the totally antisymmetrised parts of the s-fold products of defining representations cor-
respond to the fundamental representations F* of su(n) for s =1,2,...1 = (n — 1), i.e
F* has a one in the s-th place of its Dynkin coordinate description and zeros elsewhere:
its highest weight is the s-th fundamental dominant weight.

Using bird-track methods, we find

(n —2)!

(gdi)™ (F*) = oD s 1) ., m=2 ; (100)
= (n —3)! n—2s m = ;
= G 1Wn—s—D( 2s) 3 (101)
= (n —4): n?+n — 6sn s m =
- %o 1)(n_s_l)( +n —6sn+ 6s7) 4 . (102)

The result (P9) for s = 2 conforms to these results; for s=1 we get (gdi)™ (F')=1, which
also follows from (P2)—(P4) for p=1 as it should. Results analogous to ([00)-([0F) for
m =5 and m = 6 have also been computed. For s = 2 they each agree with (§9). When

s = 3 we have

(9di)®(Fs) = 3(n — 6)(n —27) . (103)

13



Since su(n) has a fifth order Casimir operator only for n > 5, ([[03) applies only for such
n. It gives 11 for n = 5 and vanishes for n = 6, but is non-zero for all larger n except
n = 27. In other words c¢®(F3) vanishes when n = 6 in virtue of its (gdi) factor rather
than its €2 factor.

To obtain these results we have followed methods for the antisymmetric case analogous
to those of the previous section for the symmetric case. Permutation lemmas (5.19) and
(5.23) of [[[f] expedite the work.

The results of this section permit the evaluation of all the indices of all the fundamental
representations of su(n) for all n < 6. These are presented in tables in Sec. 5.

The results of (P3)—(P4) are very closely related to results to be found in chapter 16
of [[d]. Although no such statement holds for ([[00)-([0F), all the tools needed to derive
them were found in [[{] polished and ready for use.

5 Tables of indices for su(n) for n <6

The (gdi) indices presented in the tables that follow have been deduced from (Pg)—([[03)
one easy check is available. If X; +— D; defines the representation D of su(n), then

defines the representation D of su(n). It then follows that
<™(D) = £™(D) (105)

where the plus applies to even m and the minus to m odd. The data in the tables below
conforms to this. Further some entries for su(4) and su(6) agree with the consequence of
(L03) that odd Casimir operators have zero eigenvalues for self-conjugate representations.

Generalised Dynkin indices of su(3)
su(3) [s=1or (1,0) | s=2o0r (0,1)
m =2 1 1
m=3 1 —1

Generalised Dynkin indices of su(4)
su(4) [ s=1or (1,00) [ s=2or (0,1,0) | s=3or (0,0,1)
m =2 1 2 1
m=3 1 0 —1
m =4 1 —4 1

Generalised Dynkin indices of su(5)

su(5) | s=1or (1,0,0,0) [ s=2or (0,1,0,0) | s =3 or (0,0,1,0) [ s =4 or (0,0,0,1)
m =2 1 3 3 1
m=3 1 1 —1 —1
m=4 1 -3 -3 1
m=>5 1 —11 11 —1
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Generalised Dynkin indices of su/(6)
su(6) | (1,0,0,0,0) | (0,1,0,0,0) | (0,0,1,0,0) | (0,0,0,1,0) | (0,0,0,0,1)
m=2 1 4 6 4 1
m=3 1 2 0 —2 —1
m=4 1 —2 —6 —2 1
m=5 1 —10 0 10 —1
m =6 1 —26 66 —26 1
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