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Abstract. A new method is presented to derive the expression of the highest-weight
polynomial used to build the basis of an irreducible representation (IR) of the unitary
algebra U (2J +1). After a brief reminder of Moshinsky’s method to arrive at the set of
equations defining the highest-weight polynomial of U (2J+1), an alternative derivation
of the polynomial from these equations is presented. The method is less general
than the one proposed by Moshinsky but has the advantage that the determinantal
expression of the highest-weight polynomial is arrived at in a direct way using matrix
inversions.

J. Phys. A: Math. Gen.

PACS numbers: 02.20.+b,03.65.Fd,21.60.Fw

1. Introduction

The unitary algebra in 2J + 1 dimensions, U(2J + 1), is of central importance in the
solution of the many-body problem in physics. Its significance can be understood from
a second-quantisation formulation of the many-body problem. Indeed, when several
bosons or fermions are involved, creation and annihilation operators ag and a; can be
used to build the underlying Fock space. The operators aI and a; (the label 7 is used
to characterise the individual states occupied by the particles with 1 = 1,...,2J + 1)
satisfy commutation rules for bosons,

[ai7 a;] = ‘51” [aiaaj] = [a;r?a’;] =0

and anti-commutation rules for fermions,

{ai,al} =6;  {ai,a;} = {al,al} =0.

We can then define (2J + 1)? operators G,

g 1
g = aja;
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and by using the commutation (anti-commutation) rules of the boson (fermion)
operators, it can be shown that the G} satisfy the commutation rules

G, G1] = 6xGi — Subi..

These relations characterise a U(2J + 1) algebra and the operators G are called the
infinitesimal generators of the algebra. So, a second-quantised description of the many-
body problem immediately reveals an underlying algebraic structure U(2J + 1).

Representations play a crucial role in the theory of Lie algebras and its applications
in physics are many; examples in nuclear and molecular physics can be found
in [1, 2, 3, 4]. Of special relevance are the so-called irreducible representations (IR)
because they define the basis where the invariant operators (i.e., operators that commute
with all generators of an algebra) are diagonal and because in many cases the main
observables like the hamiltonian or the transition operators can be expressed in terms
of these invariant operators. Thus, a key point in algebraic models is to characterise
the IRs of an algebra or a chain of algebras which is used to describe the problem.
Moshinsky [5, 6] demonstrated that the IR of a unitary algebra is characterised by a
partition of the number of particles involved and he showed that a basis of the space
underlying the IR can be constructed from the so-called “highest-weight polynomial”.
The derivation of the expression for this polynomial was given in [5] and [6].

In the next section a brief reminder of Moshinsky’s method is given as well as
a description of the equations that define the highest-weight polynomial. Then, in
section 3, a new way of deriving this polynomial is presented.

2. Irreducible representations of U(2J + 1) and their highest-weight
polynomial

2.1. Generators and invariant operators

One of the aims of representation theory is to construct a general basis of any IR of the
unitary algebra U(2J + 1). In order to achieve this let us, following Moshinsky, consider
several types of particles. For each kind of particles there are (2J + 1) individual states
and, furthermore, it is assumed that there are n kinds of particles. The operators of
creation and annihilation can then be written as al, and a,, where the Greek label
characterises the number of states (u = 1,...,2J + 1) and the Latin label characterises
the type of particle (s = 1,...,n). We assume here that the particles are bosons so that
they satisfy the following commutation rules:

[@ys, a:rz's'] = Spprfssr [Qus, aws] = [afzwa’j/.’s'] =0. (1)

The generators of the U(2J + 1) algebra, g;;’, can now be defined by summing over the
index s in the operators azsau:s:

G¥ =3 alaus. (2)

s=1
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The commutation rules among these operators are

[ Z>g::] = 5uu’g: - 5uV’gZ’ : (3)
It follows that the operators G4 and G commute:
gz.6] =0. (4
Invariant operators of the first order are defined as
2741
Ces = Z azsa#s: . (5)
u=1
Their most important property is that they commute with the generators:
[Css’a gﬁl] =0. (6)
Note also that the operators (5) satisfy the same commutation rules as the generators:
[Cst7 Cs’t’] = 5ts’Cst’ — (Sst’cs’t (7)
and, in particular, Cs, commutes with Cy:
[Cssa Ctt] =0. (8)

Since the C, are hermitian, a basis of a representation of the algebra generated by G
can be found where all the C; are diagonal. (In contrast, it is not a priori clear whether
the C,s (with s # s’) can be diagonalised.) In addition, an irreducible representation
has the further property that the invariant operators C;, are proportional to the identity
operator.

On the basis of the preceding definitions and properties the problem at hand can
now be summarised as follows. The vanishing commutation rules (4), (6) and (8) imply
that the operators G% and (), can be diagonalised in a common basis. This is the
appropriate basis: all its basis vectors are eigenvectors of G% and C,s simultaneously.
Furthermore, to build the basis of an irreducible representation of the unitary algebra,
the invariant operators C,s; must be proportional to the identity. As a consequence, their
eigenvalues (h; in the notation introduced below) do not depend on the basis vectors
and remain constant within a given IR ; in contrast, the eigenvalues of G (k,) are
basis-vector dependent.

2.2. The eigenequations

The aim is to construct a basis with vectors that have a polynomial expression in terms
of creation operators of the form

P(a‘lrha;la' - 7a';J+1'n.) | 0> :

Therefore, the annihilation operators a,s, while acting on the basis vectors, can be seen
as a partial derivative with respect to azs:

Qus
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as can be easily shown by using the commutation rules (1). The polynomials P must

satisfy
CssP =hsP for s=1,...,n (9)
CssP=0 for s<s s,8=1,...,n (10)
GLhP =k,P for p=1,...,2J +1. (11)

The equations (9) result from the fact that basis of an irreducible representation is
required and that the hermitian invariant operators Css must be diagonal in this basis.
The equations (11) result because the generators commute among themselves (cfr. (4))
and commute with the invariant operators and, consequently, there exists a basis where
all these operators (G4 and Cj;) are diagonal. As already emphasised in the previous
section, the h; are constant within an IR but the &, are vector dependent. Finally, the
equations (10) give a set of further conditions.

2.8. The highest-weight polynomial

For the polynomial P which is a solution of the set of equations (11) the set
(k1, k2, . .., k@2s41)] is called the weight of the polynomial. Let us take two polynomials
P and P’, both solutions of (11), whose weights are respectively [ki, ks, ..., k@zs41)]
and [k}, k3, ..., k(2541)]- Then P is said to be of higher weight than P’ if the first non-
vanishing coefficient of [(k1 — k1), (k2—k3), - . ., (k2s+1) —K{2741))] is positive. Generators
can now be classified into three sets:

(i) The g;;’ with p < p’ are called the “raising generators”;

(i) The G4 are called the “weight generators”;

(iii) The g;;’ with p > p’ are called the “lowering generators”.

If we take a polynomial solution P of the set of equations (11) with weight

[k1,- .., k@sty)] then Q= Qﬁ'P is also solution of (11) with weight

(i) (k1yeeosku+ 1, . kw — 1,...  k@yin] if p < g/ and therefore Q. = G¥' P is of
higher weight than P;

(i) [k1,.- o5 kuy- -, k2uar)] if 4 = p' and therefore Q,, = G4P has the same weight as
P;

(iif) [k1,...,kw +1,...,ky — 1,..., k@] if p > ¢ and therefore Q. = G4 P is of
lower weight than P.

This result can be demonstrated by use of the commutation rules for the generators:

gszQuu’ = (kv + 51//-& - 51/#’) Qnu’ .

Thus, for p = p/, @, satisfies the eigenequations (11) with the same eigenvalues whereas
for different values of x and x4’ only two eigenvalues are shifted, namely those labelled
by p and u'. The eigenvalue labelled by p increases by 1 and the one labelled by p’
decreases by 1. So the polynomial @,, becomes of higher weight if ¢ < y’ and of
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lower weight if p > p'. Note that if the polynomial P is also solution of the set of
eigenequations (9) and (10) then @, is also a solution of this set of equations with
exactly the same eigenvalues h,i.

Therefore, by applying the raising generators on any solution of the eigenequa-
tions (11), (10) and (9) a polynomial P of highest weight is obtained satisfying the
following set of equations:

CesP =hsP for s=1,...,n (12)
CssP =0 for s<s s,8=1,...,n (13)
GiP =k,P for p=1,...,2J+1 (14)
wP =0 for pp' =1,...,2J+1 p<y'. (15)

The last equation (15) characterises the fact that the polynomial is of highest weight.

THEOREM 2.3.1
A solution of the eigenequations (12), (13), (14) and (15) can be written as

h1—hz hz—hs hajy1—hast2
P= (A" (AR)"TT - (Al (16)
where hoyra = 0 and with determinants defined by
Sy __ t t t
Aiﬁifz...ur - Z e(a)aﬂlsa(l) a#2so-(2) Tl se(n (17)
c€eS(r)

In (16) this definition can be written as

T i t t

a%1 asy - ‘1¢1 Apy
t t
Qi Qg -~ Gup Gy
AI?...r — . . .
12...r 1 t t +
Ays Qgs """ Qus 0 Gpg
t 1 t
Qy, Qg -~ ap,r e air

We call the result (16) Moshinsky’s theorem. The demonstration of the theorem is
straightforward and based on the fact that a determinant is a alterned multi-linear form
i.e., vanishes if two rows (or two columns) are identical.

(i) First, derive the action of the invariant operators on the polynomial P:

241 o hy—h h h
_ 1. 1 1—Nn2 12“_2‘]_,_1 2J4+1—2J42
CowP =) Gs 5 {(AI) c\B120274
p=1 a,s
2J+1 241 9 A2k Pk =P
_ Z a.r Z (Al)hl —h2 . ( 12...k) . ( 12___2J+1)h2J+1_h2J+2
- us 1 12...2J+1
u=1 k=1 80’13’

1 This property is crucial for building a basis of an IR: when applying the lowering generators to the
highest-weight polynomial a space is built where the invariant operators are proportional to the identity
which thus generates an IR.
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2J+1 2J+1
1
= X a3 (a)"
-1
hi—h 18A h2s41—h
12,k ekt — 12..2J41) "2/+17 %2742
x (he = hit1) (Au.‘.k) e (A12...2J+1) :

aa s’

If the index k is lower than y or s’ then dAI2-K/ 8(128, vanishes (for these values of
k there is no azs, in the determinant) and therefore the second sum over k is for

k > p and k > §. Furthermore, if k is greater than u and s, then the operator
T

a,. appears only once in each monomial of the determinantal expansion and the

action of 3-, a! 8/ 8a . consists of replacing the row s’ by the row s:
04{1 a;l e afn Tt a£1 aJ{l a’;l T afu Tt GL
‘112 ‘122 T 022 Tt 022 aIz a;2 T ‘122 Tt ‘112
iy ady ol k| T d el dl o d
a:Ik a;;k : aik ; ) a;tk ai{k aik : aik ) al:Tck

Thus, if s < &', the last determinant has two identical rows and vanishes for all
k. Consequently, CsoP = 0 and P satisfies equation (13). If s = ', then no
determinant is shifted and the summation over k gives

2J+1 2J41
CssP= Z {(hk—hk+1)P}= {Z (hk—hk+1)}P=hsP.
k=s k=s

Therefore P also satisfies (12).

The action of the generators on the polynomial P gives

6= Sz, { (81" (g )

s=1
hr—=hg4r
12...k
h1—ho a(An...k) A12"'2J+1 hasy1=h2s42
Z U ) T t 12..2J+1
k=1 au’s

n
1.
Z als
=1
n ; 2J+1 ha
Z a -
us
=1

2J+1

> (A"

k=1

he — B AlZ-k hi—his1-1 OAIZ-% Al2.2J41 h2s41=h2s42
(b= o) (Al OB | (g gy
Oa,,

If the index k is lower than 4’ or s, then dA!2-%/dal,, vanishes (for these values

1.

of k there is no a,, in the determinant) and therefore the second sum over k is for

k > p' and k > s. Furthermore, if k is greater than x’ and s, then the operator

t

a,, appears only once in each monomial of the determinantal expansion and the
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action of 3, alsa/ aaL,s consists of replacing the column y’ by the column u:
aIl azl T “1'1 T all ‘111 all e all T all
allrz ‘132 e afm T altz aIz ‘132 e aZZ T aITcz
SRR A I A A
ai{k 'aik ) “i'k ) aik ai{k aik ’ aik ) aik

The determinant thus vanishes for u < u’ because two columns are identical and,
consequently, the polynomial P is a solution of equation (15). For p = p/, the
determinant is unaltered and one finds

2J+1 2J+1
GuwP = 3 {(hx = hi1) P} = { > (hi — hk+1)} P=hP.
k=p' k=p

Therefore P also satisfies (14) with k, = h,.

In summary, the polynomial P defined by (16) is a polynomial of highest weight
which is a solution of the equations (12), (13), (14) and (15). It can be shown (cfr. [6])
that the solution is unique and that, by applying the lowering generators on it, a basis of
an IR of U(2J + 1) is generated which is characterised by the weight of the polynomial
P.

3. A new derivation of the highest-weight polynomial

The method followed by Moshinsky and sketched in the previous section, conjectures
a certain form of the highest-weight polynomial which subsequently is verified to
satisfy the equations characterising the highest-weight polynomial. More specifically,
Moshinsky first solved the set of equations (12)-(14) which characterises the basis vectors
of an IR and then added the condition (15) which requires the polynomial to be of highest
weight. The general solution of the first three sets and the consequence of the last set of
equations leads to the determinantal expression for the highest-weight polynomial. The
present approach is different. The entire set of equations (12)-(15) is solved at once
and, in solving these equations, the determinantal expression is obtained directly while
arriving at a better understanding of the mathematical origin of the determinants.

First, the set of equations (12)—(13) can be given a matrix interpretation. The
notation af, = z,, is adopted where the variables z,, are taken as (2J + 1)n real
variables. For 2J 4+ 1 = n the sets of equations (12)—(13) can be written as

Ti1 T2y v T 3%7:—1 5977:; e 3?; hy 0 --- 0
Ti2 T22 °° Tn2 % 5%7‘:; T 32,72)" _p *  hy

: : . : 0
Tin Z2n -~ ZTan '361.% %2' T 52% * * hn
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In this set of linear partial differential equations a star represents an unknown function
which depends on the variables z,; and is associated with the action of the Cj; for ¢ > 3
on the highest-weight polynomial.

A new function ) can be defined formally as @ = In(P) and satisfies the equations

0Q 1 0P
5oy~ PO
Thus @ is a solution of the following system of linear partial differential equations:
Ty Toy c Tmy %97 "a%% % hy 0 0
Zi2 T2t Tn2 % 5@% gi% | o ke 0
: : T : : . .. 0
Tin Ton - Tnpn a_i% 53;% T %% Qnp1 *°° Opno1 hg

where ¢;; are hitherto unknown functions of z;;. By left-multiplying this matrix equation
by the inverse of the matrix (z;;) one arrives at the following set of differential equations:

50 09 ... 09 -1
8zq1 dz12 8z1n 11 T21 Tni hl 0 0
ﬁ_ _____3 .« —aé z T .o T h ‘. 0
Oz21  Oz22 Oz2n — 12 22 n2 a2 2 .

. . T : . . ‘. : 0
0Q 989 .., 9Q ...
9zn1 O n2 O nn Zin  T2n Tnn Qp1  °° QOpp-il hn

The same procedure can be applied to the set of equations (14) and (15) leading to the
matrix expression

?"?ﬁ é};; - .a%i; T11 Tor ¢ Tm kyk * - %
3291 Bz | Poan Tiz Tt ez | P 0 ke

: : - *
_8%7:’1_ 817:2 . 621:,, Tin Zon °  Tnn 0 --- 0 k&,

In this expression a star represents the unknown action of G,/ for u > p’ i.e., a lowering
generator on the highest-weight poynomial. After dividing by P and right-multiplying
with the inverse of the matrix (z;;) one obtains

'a?? %‘é_’; e % ki fre : ﬂm Ty To - Ty \
Bz21 dz2  Ozan — 0 k2 . : T1i2 T2 c  Tno

: : .. : : . - Boin : :
e e B 0 o 0 kb )\ om @ o Tem

where f;; are functions of z;; to be determined. There are thus n? + n linear partial
differential equations satisfied by a function of n? independent variables and so these
equations cannot be independent. From the special structure of the o and 8 matrices
one deduces the equations

09 _ > yika; af_ = Bikykj

Oz k>j Oz;; E>i
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where the inverse of the matrix (z;;) is denoted by (y;i). Since the inverse of a matrix
is the transposed matrix of the co-factors [7] (i.e., the determinants obtained after
leaving out the i** row and the j** column§ of the matrix z;; and denoted here as
(=1)*9 A]IZ 174" divided by the determinant and by using the Cramer’s ezpansion
of a determinant (cfr. [8]), one may assert that

gy = CUPALDELD _ oln(AL)
Afn Oz;
where Aj-7 is the determinant of the matrix (z;;).
These matrix equations can now be solved by an iterative method, beginning with
1 =n and j = n and then for decreasing values of these labels. First, one has

0Q 0Q _
axm = hnym axnj - knyn]

(18)

so that
oQ dln(Al-m)
— n PN 2 . 1
and
0Q Oln(A}~7)
— kn P ) .
8:Enj a:L'nj (20)
For : = n and j = n one finds that &k, = h, and, after integration,
Q=ln((a2)" o) 21)

with F, independent of z,,. Likewise, by using this expression for ) and the
equations (19)-(20), one shows that P, does not depend on z;, or z,; either. Already
at this point we see that the determinants in the highest-weight polynomial come from
the matrix inversion and we have a better understanding of the general origin of this
polynomial.

So far it has been shown that

0= ((Aizzz) h"P0> = In (A12)" +In(Py).
where the function Py does not depend on z,; or z;,. The original matrix equation can

be rewritten by introducing the function @’ = In(F,) which is equally independent of
Zn; and zi,:

Ti1 T2z ot Tml a%% + hn%&iﬁl éa_z%/; + hn%’%‘ﬁ aax?; + h"alnéjtnz
T2 T2 0 Tp2 g—f;:— + hnalnéf;lmg) ggg; + hn___l._.n_al“{gjz;"n) ;ﬁ; n@ln{()ﬁ;;'ﬁ)
AN ST O R R R

hy 0 0

_ Q91 h2 0

. . 0

Qpp  *** Qppei hn

§ Note that the label order is the same.
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The second matrix can be split into two parts to give

T11

Z12

Tin

Z21
T22

Zon

Z11

T2

Tin

Q! 3Q’
dz1y dz19
ZTni 3Ql 8Ql
mnz 8x21 8x22
0 89
Ton 837110—11 817710—12
aAl.‘.n
—l.n
T21 Tn1 dz11
T z aAl...n
22 n2 81'21
L2n Tnn __L__GA‘:::Z
8:1,‘"1
hy 0 0
_ 21 hz 0
0
Qn1 Qnn-1 hn

10

Q'
AT 1n-1 0
Q"
dzan—1
—99"
8Tn—1n—1
aAl...n aAI..An
8.’1312 3l‘1n
aAl.Hn 3A14..n
Oxan 0z2n
9Af-7 TAS R
81‘,,,2 axn

In the matrix (91n(A}-7")/dz;;) one recognises the expression for the inverse of the
matrix (z;;) (once again by using Cramer’s expansion of a determinant and of the
inverse of a matrix). Thus, the second term on the left-hand side is proportional to the
identity matrix and the matrix equation reduces to

Z11

T2

Zin

which can be further reduced to

Z11

Ti12

Tin-1

29" 29"
81‘11 6$12
Z21 Zn1 3Q’ aQ’
Z22 Tn2 ‘%’2’ Oz
o 29
ZTon Ton OTn_11 8%n—_12
0 0
hy — h, 0
_ Qo1 hy = hy,
Qnl Qnp—1
Q"
Z21 Tn-11 9z
82[
Z22 Tn-12 9za1
8Q’
Ton-1 Tp—1n-1 BTn_11
hy — h, 0
_ Q21 hy — hy
Ap-11 Qp_1n-2

8Q’
6:L'lﬂ-l—l 0
997
0T2n—1 0
Q!
OTp—1n—1
0 0
0
0
0
hp, — hn
Q! Q'
012 OT1n—1
Q' Q'
Oz22 8Tan—1
an aQI
BTn—12 OZTp—in—-1
0
0
0
hn-—l - hn
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The same kind of manipulations can be carried out for the (8;;) matrix which results in

Q! Q.. 9Q’
8z dz12 axlnl_} Z11 T21 e Tn-11
8Q’ 9Q’ S 1 * A .
0721 922 BLon—1 T12 T22 Tp-12
1 1 1
e e . 8Q Tin—i Ton-1 -* Tnin—1
8Tn-11  OTn-12 0Tn—1n-1
kl - kn 512 e 51n—1
0 ke — ky,
: e /811—-271—-1
0 cen 0 ko1 —ky

This demonstrates that Q' fulfils the same kind of matrix equation as the one for @) but
of one lesser dimension. The same arguments can now be repeated to find the solution
for Q'. In particular, one finds the analogue of equation (21)

Q= ((Aizz:ﬁii)h"'“h" Px) (22)

where in this case the function P; does not depend on the variables z,_1j or Z;,—. This
process can be continued until the final expression for the highest-weight polynomial is
obtained:

P= (A1) (aR)" T (Algg) T (23)

This completes the derivation of the highest-weight polynomial used to build the
basis of an IR of the unitary algebra U(2J + 1).

4. Conclusion

An alternative derivation has been given for the expression of the highest-weight
polynomial of any irreducible representation of the unitary algebra U(2J 4 1). Whereas
Moshinsky’s derivation was based on the analysis of a few simple examples and a
subsequent conjecture of the general form, the current method consists of a formal
derivation of the polynomial. In this way a better understanding is obtained of the
occurrence of the product of determinants in the expression (23) which is seen to be a
consequence of matrix inversion.
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