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Abstract. Here we use the mathematical structure of group algebras and
H " -algebras for describing certain problems concerning the quantum dy-
namics of systems of angular momenta, including also the spin systems.
The underlying groups are SU(2) and its quotient SO(3,R). The proposed
scheme is considered in two different contexts.

Firstly, the purely group-algebraic framework is applied to the system of an-
gular momenta of arbitrary origin, e.g., orbital and spin angular momenta of
electrons and nucleons, systems of quantized angular momenta of rotating
extended objects like molecules and etc.

Secondly, the other promising area of applications is Schrodinger quantum
mechanics of rigid body with its often rather unexpected and very interesting
features. Even within this Schrodinger framework the algebras of operators
related to group algebras are a very useful tool.

Finally, we investigate also some problems of composed systems and the
quasiclassical limit obtained as the asymptotics of “large” quantum num-
bers, i.e., “quickly oscillating” wave functions on groups. They are related
in an interesting way to the geometry of the coadjoint orbits of the Lie group
SU(2).

The presentation is based on the general ideas of applying group-algebraic
methods and extesive use of the Lie group structure. The papers ends with
consideration of the special case of the group SU(2) and its quotient SO(3,R),
which is the main subject in this paper, i.e., angular momentum problems.
Formally, the scheme could be applied to the isospin systems.

However, it is rather hard to imagine realistic quasiclassical isospin problems.
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1. Introduction

Many physical systems have geometric background based on some groups or their
byproducts like homogeneous spaces, Lie algebras and co-algebras, co-adjoint or-
bits, etc. Those group structures are relevant both for classical and quantum theo-
ries. They are basic tools for fundamental theoretical studies. They provide us also
with the very effective tool for practical calculations. According to some views
[19], such a purely group-theoretical background is characteristic for almost all
physical models, or at least for realistic and viable ones.

Let us mention a funny fact known to everybody from the process of learning or
teaching quantum mechanics. After the primary struggle with elementary intro-
duction to quantum theory, first of all to atomic and molecular physics, students
are often convinced that the properties of quantum angular momentum, e.g., its
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composition rules, so important in atomic spectroscopy and nuclear phenomena,
are some mysterious and obscure dynamical laws. And only later on, they are very
surprised that there is nothing but group theory there, namely, the theory of unitary
irreducible representations of the three-dimensional rotation group SO(3, R) or its
covering group SU(2) [17,31,33]. And the really dynamical model assumptions
are placed elsewhere.

Below we concentrate on certain quantum and quasiclassical problems based on
some group-theoretic apriori, first of all on the theory of quantum angular mo-
menta and their systems, including systems of spins. There were various views
and various answers to the question: “What is quantum mechanics?” What is to
be used as its proper and most adequate mathematical language? Hilbert space,
rigged Hilbert space, operator algebra, wave mechanics, matrix mechanics, quan-
tum logic, orthomodular lattices, etc. [2,10,19]? We suppose there is no answer
to this question, in any case, there is none as yet. This work unifies the results
presented in [27-29].

2. Group Algebras as Framework for Quantum-Mechanical Models
with Symmetries

In this paper we follow some working hypothesis, idea by Schroeck [19], that every
really fundamental and viable model in quantum, but also in classical, mechan-
ics is always based on some apriori chosen group and its representations, cf. also
[4-7,20-24,26,31,32]. In flat-space theories, i.e., ones without gravitation, they
are Euclidean, pseudo-Euclidean and affine groups (and other Lie groups, e.g., in
gauge theories). When working in a manifold, i.e., when gravitation is taken into
account, everything is based on the infinite-dimensional group of all diffeomor-
phisms. Incidentally, this group is also fundamental in certain geometric models
of nonlinear quantum mechanics [25].

In our treatment the main mathematical tool is the theory of group algebras. And
we follow the idea of Tulczyjew [30] and Weyl [31] about group algebra as the in-
teresting, in a sense aprioric, model of quantum mechanics. We begin with a short
review of necessary mathematical preliminaries and prerequisites. This review is
less than being far from completeness and it cannot be anything more here. It is
just quoted to remind some elementary concepts and to fix notations. More details
and systematic exposition can be found in [1,9,11-13].

2.1. H"-Algebras

Let us begin with the concept of H ™ -algebra as introduced by Ambrose [1]. This
is a special case of the Banach algebra with involution, but not necessarily with
the identity. Let us mention, incidentally, that any Banach algebra B without the
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identity may be reinterpreted as a maximal ideal in the unital Banach algebra B x C
with the product rule

() (Y, 1) == (Y + Ay + pz, M)
and the norm
Iz, M) == llzll s + Al
Then the element (0, 1) becomes the identity and = — (z, 0) is just the mentioned

injection of B into B x R, its image (B, 0) being a maximal ideal. Let us remind
that the involution, denoted by x — x ™, is assumed to satisfy

=z, Ozt =T +mT,  (wy)T =yt

The bar-symbol above denotes the complex conjugation. We avoid to use the star-
symbol for it, because this would badly interfere with stars used in our paper in the
different context.

Often, but not necessarily, one assumes also
2
Jzz™ ] = ||=||*.

The algebra of bounded operators in a Hilbert space, with the usual definition of
the operator norm and with the Hermitian conjugation as an involution, is a typical
and very important example.

An HT-algebra is a consistent hybrid of two structures: a Banach algebra with
involution and a Hilbert space. The underlying linear space will be denoted by B
and the scalar product of elements z,y € B will be denoted by (z,y) and it is
assumed to obey the usual Hilbert space axioms. Let us remind what is meant by
the compatibility of those structures.

e The Banach and Hilbert norms are identical
|z]|* = (z,2).

e The involution, referred to as Hermitian conjugation, is compatible with
the Hermitian conjugation of linear operators acting in B. This means that
for any w € B the Hermitian conjugation of the left regular translation
L., : B — B isidentical with the left regular translation L+ : B — B by
the involution of w, (L))" = L+, 1ie.,

(wz,y) = (z,w"y) (1)
forany z,y € B.
e The involution is a norm-preserving operation, i.e.,

271 = |||

forany x € B
r#0 = 2Tz #0.
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All these axioms imply in particular that the involution is an antiunitary operator

(27,y7) = (y.2) = (z, ).

Therefore, it is an isometry of B as a metric space
d(z",y") = lly" -2l = lly —zl| = d(z,y).

Of course, being antilinear, the involution cannot be unitary. Another important
consequence is that the analogue of (1) holds also for the right translations R,

(zw,y) = (z,yw™) )
forany z,y € B.

It is just (1) and (2) that enable one to use the same symbol for the involution in B
and Hermitian conjugation in L(B), the algebra of linear operators on B. There is
no danger of confusion.

One deals very often with some special situations, when the Hilbert structure of a
Banach algebra with involution is a byproduct of something more elementary, i.e.,
a linear functional 7’ : B — C such that

T(zxy) = T(yx), T (z%) =T(x), r#£0=T(x" z)>0.

The scalar product is then defined as

(z,y) =T (™). 3)

The most elementary example, which at the same time provides some, so-to-speak,
comparison pattern for all more general situations, is the associative algebra L(H)
of all linear operators acting on a finite-dimensional unitary space H. Scalar
product of vectors ¢, € H will be denoted by (p|1)) while the involution in
B = L(H) is defined by the usual formula

(zoly) = (pla™y)

for the Hermitian conjugation. Then 7" is just the trace operation, 7'(x) = Tr «,
and the scalar product (3) is given by the standard formula

(z,y) = Tr (z7y). 4)

Let e; be some basic elements of H and ¢’ be the corresponding dual elements of
the conjugate space H*, thus

(' e;) = €' (e;) = &
where the symbol (f,u), used as a popular abbreviation for f(u), denotes the

evaluation of the linear function f € H* on the vector u € H. The Gramm
matrix assigned to the basis (.. ., e;,...) has elements

Fz’j = <6z'|6j>
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then for any vectors u = u'e;, v = vjej we have
(u|v) =T(u,v) =Ty .

Warning: There are some subtle problems concerning the complex conjugation
of vectors or, more generally, tensors. The point is that there is no well-defined
complex conjugation as an operation acting within an abstract linear space over
C. There is a well-defined concept of the complex space V complex-conjugated
to V. Then the bar-operation acts from V to V, not from V to V. Such problem
does not appear in C™ or more generally when some distinguished basis is fixed.
The corresponding detailed description would take too much space and introduce
superfluous discussion, for details cf. [25]. Hence, any time when in this article
we write the complex conjugation symbol over vectors or tensors, we mean the
complex conjugation of their components as numbers.

The inverse matrix element will be denoted by T'*/
Ty, = 6.
The scalar product of linear functions f = f;e’, g = gjej € H™ is given by
(f.9) =T" fig;.

Apparently, this expression is correctly defined, i.e., independent on the choice of
basis in H. Usually one prefers the choice of orthonormal bases, when

L= <€z’|ej> = F(ei’ej) = i, i — i

Any basis (. €y .) in a linear space H gives rise to the corresponding adapted
basis (...,e;",...) in L(H), where

P o . i, osi
ej’ ==¢e; Qe i.e., ej'er = 0're;j.

Therefore, the matrix elements of e; with respect to the basis (...,e;,...) are
given by

(ef)a b= 5%5‘13-.
It is easy to see that
ejiers = 51}63-8, Tr eji = 5ji. (5)
Introducing the modified basic elements

— kE_ kP
€ji ‘= Fikej =€ Fki
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we have
eirer; = Lries; 6)
Tr (eij) = sz’ = Tz’j (7)
e = eji (&)
e = Ty Te,® = T, Ty )

where the contravariant upper-case I is reciprocal to the covariant lower-case one,
Ty = 8%, [T =4,
It is clear that also the following holds
[Ty =0%  T,T" =60
The basic scalar products of operators have the following form
(e, ea”) = Tial™ =TT (10)
(€ijs€ab) = Tialhj = Tial jp. (11)

These are “orthogonality” relations for the operators e,°, 4.

Some of the above formulas become remarkably simpler, if the basis (..., e;,...)
is orthonormal

Ty =06, TI'Y=4§9
However, it is sometimes convenient to separate the “metrical” concepts from the
weaker “affine” ones as far as possible.
It is instructive and convenient for the analysis of quantum problems to mention

and make use of the Dirac notation in H, B = L(H ). The basic vectors ¢; are then
denoted by |z) and the basic operators e;; are then given by

eij = 1) (-

Certainly, the above notation is adapted just to the situation when we choose the
basis (..., e;,...) to be orthonormal. Perhaps the notation

Bij := i) (]
is then more adequate than e;;. The diagonal elements
P := Py = [1)(il

are then orthogonal projections onto C-one-dimensional subspaces with bases e¢; =
i) and

Z |2) (i = 1d .
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For a general basis we have the following completeness relation
Y T%ey =Y TP, =1dy
a,b a,b

or using the “summation convention”

—b
T%e, =T e, = 1dy.
The corresponding non-metrical, “affine” completeness relation is given by

Zeaa =e%, =1dy.

Let us notice that the operators eii (the underlining of indices means that no sum-
mation convention is used here!) are idempotents, cf. equation (5). When the basis
(...,€4,...) is not orthonormal, they are not Hermitian, however, they are such if
the basis is orthonormal, I';; = §;;, see equation (9). Unlike this, the “diagonal”
elements ¢;; (no summation convention!) are always Hermitian and in the case of
orthonormal basis in H they are also idempotents, cf. equations (6) and (8), so we
have then that
6;_; = eﬁ, 6@6@ = 6@

(no summation convention!). So in this case we obtain the orthonormal decompo-
sition of the identity operator

Idy = Ze% =e%,
a

(the summation convention meant on the extreme right-hand side).

Itis easy to see that for any fixed j, the linear span of elements €;;, i.e., equivalently,
the linear span of elements e;7 = e;,I'V*, forms a minimal left ideal L(H )eij =
L(H)e;? in L(H), so L(H) is a direct sum of n = dim H such ideals. One can
easily show that such left ideals are generated by the operators e ji, or equivalently,
by e;; (no summation convention!). Let us denote those left ideals by

M; = L(H)ej; = L(H)e;.

Let us stress that: M is the set of linear combinations of the form aled = ﬁieij,
where «, 3 are arbitrary.

Similarly, we have the minimal right ideals
iM = ej;L(H) = e;LL(H).

They are obtained as the sets of linear combinations of the form ozz-eji = ﬁiej-z-,
where «, 3 are again arbitrary.

As mentioned, L(H) splits into the direct sum of ideals M or ;M
L(H) =M o---OM,=1MO---,M.
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This is the orthogonal splitting in the sense of (4), i.e., M; is orthogonal to M if
i # J, and the same is true for ; M, ; M.

Any finite-dimensional H " -algebra B is an H T-subalgebra of the above L(H)
with the induced structures. It may be uniquely decomposed into the direct sum of
minimal two-sided ideals M («), « = 1,..., k, every one of them being isomor-
phic to some L(V') with the structure of H ™-algebra as described above. There-
fore, dim M («) = n? and

k
Z n? = dim B.
a=1

Every M («) is generated by some Hermitian idempotent e{«)
M(«a) = Be(a)B
and the following holds
ela)e(B) =0 if a#B, (e(a).e(B) =0 if a#p

e(a)e(a) = e(a), ela)™ =e(a).

The minimal two-sided ideals M («), M (3) are orthogonal when o # 3.

In L(H) there are only two ideals M («), the improper ones, namely, L(H) itself
and {0}. And, evidently, in L{H) the corresponding Hermitian idempotent is just
the identity element

e =1Idyg = %, = T%¢,,.

In a general finite-dimensional H ™ -algebra B, we have that the minimal two-sided
ideals M («v), being isomorphic with L (nq, C) ~ C", are direct sums of n(a)
left minimal ideals M («);, each one of dimension n(«). Of course, they are also
representable as direct sums of n(«) right minimal ideals ;M («), every of dimen-
sion n(«). The label j runs the range of naturals from 1 to n(«). And, on analogy
to L(H), we choose some special bases e(a);7, e(a);; in B, where, for a fixed
«, 1, j run over the natural range from 1 to n{«) (to avoid the crowd of symbols
we simply write 7, j instead of i(«), j(«) as we in principle should have done).
Those bases are assumed to have, for a fixed «, the properties analogous to that
described in equations (5)—(11). More precisely, it is so when B is not an abstract
H ™ -algebra but some H T -subalgebra of L({H). Otherwise some comments would
be necessary concerning the coefficients I'(«);;. In any case, to avoid discussion,
one can put them to be the Kronecker symbols.

Nevertheless, in a general H "-algebra there are situations when (10), (11) are
modified, e.g., that for any « there exists its own I'(«). For instance, analytically
the coefficients I'(«),s are there proportional to J,s with coefficients depending
on «. This is not the case in (6), (7). One can show (cf. [1]) that in general the
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canonical e-basis may be chosen in such a way that

e(a)ire(a)j = Opje(a)y
(e(@)ik,e(a)j)) =0 unless i=j and k=1

(e{a)ir, e(@)ix) = (e{a)in,e(@)11)
z—:(oz)jj = ()
E(Ot) = Z E(Ot)ii.
The diagonal elements ¢(«);; are irreducible Hermitian idempotents (any of them
is not a sum of two idempotents), and their sum equals the idempotent («) gener-
ating the two-sided ideal M («). For different «v, 3 the corresponding c-elements
are mutually orthogonal and annihilate each other under multiplication

(E(O‘)’ijag(ﬁ)rs) =0 if « ;ﬁ ﬁ
g(a)ikg(ﬂ)rs =0 if « 75 I6]
(e(a), e(a)) = (e(a)11,e(a)11) dim M ().

Unlike the minimal two-sided ideals M («), the left and right ideals M («); and
i M () are not unique.
Similarly, the basic elements e(a);? or e(a);; are not unique. However, their
“index-traces”

e(a) = e(a); = T(a)Ye(a); (12)
are unique and just coincide, as denoted, with the generating idempotents e(«).
The “diagonal” idempotents e(a);% or e(a); (no summation convention!) are not
unique, however, the “trace” (12) is so, and their sum is just the identity element

of B
Z e(a) = e.

o

The idempotent e(«) is referred to as the induced unit of M («).

2.2. Infinite-Dimensional Situation

Those roughly referred examples provide some “reference frame” for understand-
ing the general theory. Nevertheless, the general case, when the infinite dimension
of B is admitted, is much more complicated, and many finite-dimensional analo-
gies are misleading. Many important H T -algebras are non-unital. Instead of direct
sums, some direct integrals of Hilbert spaces must be used. In the infinite dimen-
sion many structures taken from finite-dimensional operator algebras diffuse, one
must oscillate between various subsets like those of trace-class operator, Hilbert-
Schmidt operators, etc.
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The simplest infinite-dimensional situations are group algebras on locally com-
pact topological groups. In particular, group algebras on compact subgroups are
relatively similar to the finite-dimensional case, e.g., all minimal ideals are finite-
dimensional.

Let G be a locally compact topological group. Although we are interested mainly
in finite-dimensional Lie groups, nevertheless, there is a hierarchy of structures
based on more general ideas and only later on, on the level of applications, assum-
ing more and more specialized concepts. Let u;, pu, denote respectively the left-
and right-invariant Haar measures on (G. They are unique up to constant normal-
ization factors, but in general they do not coincide. Nevertheless, the right-shifted
left-invariant measure is still left-invariant, i.e., roughly speaking
dpi(gh) = A(h)dpu(g)

where A(h) is a positive factor, and iterating those right transforms one can easily
show that

A(hk) = A(h)A(k) = A(kh).
So, A is a homomorphism of G into R™ as a multiplicative group and j, j1, may
be different only when G does possess a nontrivial homomorphism into R™. If
they are identical, we say that GG is unimodular. Compact and Abelian Lie groups,
and so their direct and semidirect products, are unimodular. If GG is unimodular, the
measure elements dyu;(g) = du,(g) are denoted simply by dg. If G is unimodular,
then not only

p(Ah) = p(hA) = p(A)

but also . (A~1) = p(A) for any measurable subset A C (. From now on it will
be always assumed that GG is unimodular, so we write symbolically

d(gh) = d(hg).  d(g7") =dg.
In the space L'(G) of integrable functions one defines the convolution operation
(A* B)(g) = /A(h)B (h'g) dh = /A (ox7") Bk)dk.  (13)

It is defined on the total L1 (G) x L'(G) and produces from elements of L'(G) the
elements of L'(G), so L*(G) is an algebra under the convolution,

LYG) +« LYG) c LHG).

We see that the convolution  turns L(G) into L1 (G), so that the axioms of asso-
ciative Banach C'*-algebra hold in L'(G), e.g.

Lf = gll < (1 £1] 1]l

where the L'(G)-norm is meant, and the involution is defined as

(fTY(x) = f (=D, (14)
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The linear functional Tr is defined as the value at the group identity

Tr(f) := f(1) (15)

and the scalar product of functions on G is defined as

() = Tr (¢* + ) = [ P@b(a)a

It is positive, i.e.,
Tr(p79) = [el@lpl)dz >0 if 0 e LX)

These expressions lead us to the space L?(G) and algebraic structures there. All
these structures fit together so as to result in the structure of H ™-algebrain L?(G).
Such structures in L'(G), L?(G) are referred to as group algebras. Everything is
particularly simple when (' is a discrete group. Then we have that

= o@)y(=).

el
If GG is compact, then we usually normalize the measure such that

u(G) = 1.

In particular, if it is a finite, /NV-element group, we put

[ @z = oY (@),
zeG

However, this normalization is not always used and not always is convenient.

If G is compact, then L?(G) splits uniquely into the direct sum of minimal two-
sided ideals M («v), where « runs over some discrete set of labels 2

L*(G) = Q%M(a).

These ideals are mutually orthogonal
M(a) LM(B) if a#p, (F,G)=0 if FeM(a), G M)
and then
M{a)xM(B)={0} if a#p8, F+G=0 if FeMla),GeM().
They are generated by Hermitian idempotents {«), therefore
M(a) = e(a) * L*(G) = L*(G) x ¢(a)
and the following holds
(e(a),e(B) =0 if a#p, ela)*e(B) = dape(BN*(B)

(no summation convention in the last expression!).
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The convolution with £(c) acts as the orthogonal projection of L?(G) onto M («).
In particular, it is a generated unit of M («)

cla)x F=Fxe(a)=F

for any F € M(«). If G is a finite group with N elements, then L' (G) = L*(G)
is a unital algebra under convolution. Its identity ¢ is proportional to the “delta”
function

Id(g) = No(g), o(z):=0dze=1 if xz=¢, Oox)=0 if z#e

where e € G denotes the group identity. The d-type convolution identity does exist
for any discrete group. It is just ¢ itself for finite groups.

Apparently, § is identical with the sum of idempotents ()

5= elw). (16)

aefd

If G is a continuous group, this expression is a divergent series and there is no
identity in group algebra. It does exist in any (in general, non-minimal) two-sided
ideal obtained from (16) when the summation is extended over a finite subset of
). The procedure of the formally introduced identity in a one-dimensionally ex-
tended group algebra would be rather artificial, nevertheless. If GG is a Lie group,
it is much more natural to introduce the “identity” represented by the Dirac-delta
distribution. The more so, some derivatives of “delta” distribution represent some
very important physical quantities.

Let us stress that the minimal two-sided Hermitian idempotents ¢(«) span the cen-
tre of group algebra. More precisely, they form a complete system in the subspace
of convolution-central functions. All such central functions are constant on the
classes of conjugate elements, i.e., on the orbits of inner automorphisms of GG. If
we admit the unit element of group algebra as represented by the Dirac delta dis-
tribution, then formally this ¢ is given by the series (16). As a function series it is
divergent, however the limit does exist in the distribution sense. And, as a func-
tional on the appropriate function space, ¢ assigns to any function F' : G — Cits
value at the unit element e of G

(6, 1) = fle).

It is shown that the set of minimal two-sided ideals is identical with the set €}
of unitary irreducible representations of (G, pairwise non-equivalent ones. More
precisely, €2 is the set of equivalence classes of unitary irreducible representations.
Due to the compactness of G, all those representations are finite dimensional. Let

D(a) : G — U(n{a)) € GL(n{a),C)
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denote the a-th unitary irreducible representation, more precisely, some represen-
tant of the corresponding class. Clearly, n(«) is the dimension of the correspond-
ing representation space C(®). All these representation spaces are assumed to be
unitary in the sense of the standard scalar products

n(a)

{u,v) = Z Tv® = §u b,

a=1
The minimal two-sided ideals M {«) are spanned by the matrix elements of the
representations o, D(«);;. Moreover, one can show that after appropriate normal-
ization the functions D(oz)ij form the canonical basis, more precisely, the canon-
ical complete system of the H ™-algebra L?(G). This follows from the following
properties of matrix elements, well-known from the representation theory

1

D(a)y * D(@) = W(SjkD(O‘)il (17)
D(a)y*D(B)rs =0 if B#a (18)
(D(a)iz, D{a)) = ﬁéméﬂ (19)
(D(a)ijs D(B)rs) =0 if B #a. (20)

These equations are valid when the Haar measure on G is normed to unity
u(G) = / dp = 1.
G

If other normalization is fixed, then on the right-hand sides of (17)—(20) the volume
of G, u(G), appears as a factor.

Let x(a) and e(a) denote the character of D(«) and the corresponding trace of
e(a) = n{a)D(«) respectively

x(@ =YD <(@) = X el = n(@)x(@)

Then
(@) * x(a) = @xm), Y@+ x(B) =0 if a#p
(x(a),x(a)) =1, (x(a),x(B) =0 if a#p

and similarly
e(a) xe(a) = e(a), ela) xe(B) =0 if a#p 3y
(e(a),e(a)) = n*(@),  (e(@).e(B) =0 if a#p. (22)
The above properties tell us that the canonical basis is given by functions

e(a)i; = n(a)D(a)yy. (23)
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They really satisfy all above-quoted structural properties of canonical bases in H ™ -
algebras

e(a)ij * ()i = Ojpe(a)i (24)
e(a)ij x(B)rs = if B#a (25)
(e(@)ij, e(a)) = dirdjn(a) (26)
(E(O‘)’éjae(ﬁ)rs =0 it 8#a (27)
e(a)y; T = e(a)j (28)
Tre(a)i; = dij. (29)

Let us stress that the above symbols “+7 and “’IT” are used in the sense of equations
(14) and (15) and do not concern directly the operations performed on indices i, 7.
However, they concern them indirectly. Namely, every function F' € L?(G') may
be expanded as a function series with respect to the above complete system

F = > F (&) nme(a)nm. (30)
a€Q, nym=1,...,n(«)

Let us describe relationships in equations (24)—(29) in terms of the coefficients
used here. For binary operations we analogously expand the other function

G = > G(Q) e (@) nm. (31)
aeQ), nym=1,...,n(a)

It follows from the above rules (24)—(29) that the convolution of F', GG is repre-
sented by the system of matrices

(F()G(@)) = Y F(a)nkG (@) km
k

ie.,

FxG= Z (F(a)G(a)nme(a)nm- (32)

a€Q, nom=1,...,n{x)

Similarly, the Hermitian conjugate and the Tr-functional are represented by the
usual matrix Hermitian conjugation and trace

FT = Z (F(a)+)nm5(a)nm
aeQ), nym=1,...n{a)
Tr F = Z Tr F(a)

€l

and in particular, for the scalar product we have that
(F,G) = Z Tr (F(a)TG(a)) n{a). (33)
a€eld

This is just the explanation of apparently strange definitions of those operations.



Quasiclassical and Quantum Dynamics of Systems of Angular Momenta 85

2.3. Algebraic Formulation of Quantum Mechanics

In a sense, the group algebra over G may be considered as an arena for some
type of the algebraic, operator-type formulation of quantum mechanics [30]. We
are given the associative convolution product and all necessary equipment of H -
algebra. So, we have everything that is necessary for the algebraic formulation of
quantum mechanics. Physical quantities are +-self-adjoint elements of the group
algebra, AT = A. Density operators are self-adjoint elements, p = p™, satisfying
in addition the normalization condition

Trp=1 (34)
and the positive-definiteness condition
(p, AT % A) >0

for any element A of the group algebra. Pure states are described by Hermitian
idempotents. Thus, in addition to the above conditions the following must hold

pp=p,  p=p
Expectation value of the physical quantity A = A™ on the state p is given by

(A)p = Tr (Ap) = (A7, p) = (A, p).

If pg is some pure state, then the probability that the measurement performed on
the general state p will detect the state pg is given by

Tr (ppo) = (p, po) -

Statistical interpretation may be also assigned to the non-normalized states p, i.e.,
those which do not fulfill (34). Then one can speak only about relative probabili-
ties. However, there are yet no wave functions and no superposition principle. It is
a good thing to have also some space of wave functions. The most natural candi-
dates are L2-spaces on the group G and its homogeneous spaces. Before going any
further in this direction one should quote some comments concerning invariance
problems.

Everything above was based on the convolution product (13). It is evidently asso-
ciative
(FxG)xH=Fx(GxH).

It is so for any L'(G)-functions on any locally compact topological group G. The
group structure of GG brings about the question concerning the G-invariance of the
convolution, in any case the question concerning the sense of such invariance. On
the group manifold of G the group G itself acts through three natural transforma-
tion groups: left translations, right translations and inner automorphisms. These
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actions are given respectively as follows
x— Lg(x) :=gx, x+— Ry(z):=xg
x— Ag(x) == gxg™t, A,=1L,o0 Ry-1=Ry,-10L,.

With this convention g — L, g — Ay, g — R, are respectively two realizations
and one anti-realization of the group GG

Lgig, = Lg, © Lg,, Agrgo = Ag, 0 Agy, Ry g, = Ry, © Ry, (35)

Substituting g+

versely.

instead of g we replace realizations by anti-realizations and con-

The above operations induce the pointwise actions on functions on &G, namely

Llglf == foL,~, Rglf:=foR,~ (36)
Alglf == fo Az, Algl=LlgR|¢7"| = R[g7!| L. 3D
Via replacement of g by g~!, we obtain in this way two linear representations and

one anti-representation of G in function spaces on (' itself
Llgiga] = Llg1|Llga],  Algrg2] = Alg1]Alg2],  Rlg192] = Rlga2] Rlg1].

All these transformations preserve the spaces L*(G), L?(G). They preserve also
the scalar products and the corresponding statistical statements concerning mea-
surements. However, the left and right regular translations L[g], R[g] do not pre-
serve the convolution. Unlike this, internal automorphisms do preserve this alge-
braic structure. Indeed

Llg|(F + G) = (L[g]F) * G # (L[g]F) * (L[g]G) (38)
Rl[g|(F x G) = F * (R[g]G) # (R[g]F) * (R[g]G) (39)
Algl(F' * G) = (A[g]F) = (Alg]G). (40)

Physically the associative product has to do with spectra, eigenvalues and eigen-
states. This is just that part of physical statements for which the left and right
regular translations in G are not physical automorphisms in the H T-algebraic
formulation of quantum mechanics. Concerning the connection with spectra and
eigenproblems: in an algebraic formulation, including the H ™-algebraic one, the
number A does belong to the spectrum of the function F' if the convolution inverse
of (F' — \J) does not exist, i.e., if there is no function H satisfying

H*(F =\ =6

This is easily expressible in terms of the expansion (30), namely, A € Sp F'if and
only if there exists a € {2 such that

det (F(a) = Al ) = 0.
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All this is equivalent to the statement that there exists such a density matrix p €
L?(G) for which the following eigenequation holds

Axp=Ap.
When AT = A, this is equivalent to the right-hand-side “eigenequation”
p*xA=Ap.

These physically interpretable statements are based on the associative convolution
product, therefore, the left and right regular translations, which do not preserve
it, are not physical symmetries of the quantum-mechanical formulation based on
the group algebra of G. Some light is shed on such problems when convolutions
are interpreted as linear shells of regular translations. And at the same time some
natural link is established then with the concepts of wave functions, superpositions,
etc.

Let us follow one of finite-dimensional patterns outlined above. Namely, we be-
gin with the linear space H of wave functions on G, in principle the Hilbert space
L? (G, dg), although in practical problems the Hilbert space language is often too
narrow, e.g., one must admit distributions or non-normalizable wave functions (in
the non-compact case). The following sets are relevant for quantum theory: the
Banach algebra B(H) of bounded linear operators on H and H " -algebraic struc-
tures in appropriate subspaces of B(H). Of course, in practical problems some
non-bounded operators, elements of L(H) are admissible and, when properly and
carefully treated, just desirable. The point is that some very important physical
quantities, e.g., momenta, angular momenta and so on, are represented by differ-
ential operators, of course, non-bounded ones.

However, let us begin with bounded operators describing GG-symmetries, namely,
described by equations (36) and (37)

Llgh,  Rlg,  Algl=LlgIR|g™'| = R|g7| Llg]

These operators are unitary in L? (G, dg) and, being unitary, they are bounded.
The linear shell of the family of operators {L[g]; g € G} is just the group algebra
of G. Namely, if we take two functions F, H € L'(G) and the corresponding
linear operators

L{F} = [ F)Llgdg.  L{H} = [HgLlddg @D
then it may be easily shown that

L{H\L{F} = L{H % F}. 42)



88 J. J. Stawianowski, V. Kovalchuk, A. Martens, B. Gotubowska and E. Rozko

Of course, (41) is a rather symbolic way of writing, i.e., this formula is meant in
the following sense

L{F}f = [ F(g)Llg)fdg = F + . 43)

Therefore, all operations performed on operators of the type L{F'} are represented
by the corresponding, described above, operations on functions F' as elements of
the Lie algebra over G. Let us stress that the operators of the form (41) are very
special, albeit important elements of L({H). Let us formally substitute for F' in
(41) the “delta distribution” ¢, concentrated at h € G, i.e., symbolically

on(g) =96 (gh_l) =9 (hg_1> :
Then

L{én} = L[h], én=f=LIhf
i.e., the formal convolution with dy, is the h-translation of f. In particular, 6, = o
is the convolution identity. Something similar may be done with the right transla-
tions. One obtains then another family of linear operators acting on wave functions.

Namely, let us take again the linear shell of right regular translations, in particular
the operators

R{F} = [ F9Rlgdg.  R{H} = [H(@RGdg  @4)
give, with the definition analogues to (43),
R{F}f = fxF.
And again after simple calculations we obtain the following superposition rule
R{F}R{H} = R{H « F}. (45)

Unlike the representation rule (42), this is anti-representation of the convolution
group algebra on G into the algebra of all operators acting on “wave functions” on
B, in particular, on L'((G), L?(G). To obtain the representation property also for
the R-objects, one should define them in the “transposed” way

RT{F} = [ F"(9)Rlgldg = [ F (s7") Rlgldg

= /F(Q)R[g‘l} dg
F'(g) = F(g7").

RY{FYR"{H} = R"{F « H}.

The transformation rules (38), (39) and the representation rules (42), (45) tell us
that the convolution is not invariant under regular translations, i.e., convolution of

Then
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translates differs from the translate of convolution. Nevertheless, this is a very
peculiar non-invariance and something is invariant, in a sense. Namely, the left-
translated convolution is identical with the convolution in which the left factor
is left-translated and the right one is kept unchanged. And conversely, the right-
translated convolution is the convolution in which the right factor is right-translated
(but only this one).

Concerning translational non-invariance of the convolution, let us notice that F'x H
may be symbolically expressed with the use of the Dirac distribution

(Fem)(9) = [ 5 (s gy™") F(a) H(y)dady ”

= /5 (yg_lm) F(x)H (y)dzdy.

Let us write down a binary multilinear operation on functions on G in the integral
form, maybe symbolic one

(F L H)(g) = [ K(g:z,y)F()H(y)dady.

This operation is invariant under right or left translations, i.e., respectively the
following holds

(F L H) (gh) = [ K(g:2,9)F(ah)H(yh)dzdy @7)
(F L H) (hg) = [ K(g:9)F(ha)H(hy)ddy (48)
when
K(gz,y) = K, (92 ou7!),  Klgizy) =K (279,57 "g)

respectively for (47) and (48). Certainly,

K(g;z,y) =6 (27" gy™")

does not satisfy any of conditions (47), (48). Moreover, if GG is non-Abelian, those
two conditions are rather incompatible.

Let us consider also the total linear shell of translation operators. Let us take a
function F' : G x G — C and construct the operator

T {F} = /F (91,92) L] R [92_1] dgi1dga. (49)

One can show that multiplication of such operators results in convolution of func-
tions on the direct product G x GG

TH{FIT{H} =T{F « H} (50)
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where
(F'+ H)(g1.92) = /F(hla ho)H (hflgl, h2_1g2> dhydhe. (51
One could also proceed like in (44), namely, define

T{F} = [ Flgr. 02)L 01 Rlgaldgrdgn 52)

Then the convolution in the second argument is “transposed”. By that we mean the
operation

frlg:=gxf
and thus
T{FYI{H} = T{F (+') H} (53)

where
(F (<) H) (91,92 = [ Pl o) H (201, 925" ) dhadha. (54)

Evidently, the difference between the expressions (52), (53), (54) and respectively
(49), (50), (51) is of a rather cosmetical nature.

Operators of the convolution form (49), (52) are very special linear operations act-
ing on the wave functions ¥ : ¢ — C. They are “smeared out” in (¢, essentially
non-local, if F'is a “usual”, “good” function. To obtain very important opera-
tors of geometrically distinguished physical quantities or unitary operators of left
and right regular translations one must use distributions. Let us mention, e.g., the
obvious, trivial examples

LW =L{&). R =R{&).  LIBRK = o) 69

where, let us repeat
on(g) =0 (gh_1> , Onk(91,92) =0 (glh_lagﬂf_l) = 0n(91)0r(g2). (56)

A more detailed analysis, including the description of important physical quan-
tities, may be performed only when one deals with Lie groups and makes use of
their differential and analytical structure. Here we stress only the fact that when the
algebraic scheme of group algebras is used, then the regular translations fail to be
automorphisms of the theory. Physical automorphisms are given by the operators

Algl = LlglR [¢7"] = R |¢7"] Llg).

Therefore, the minimal two-sided ideals M (a) must be further decomposed into
direct sums of minimal subspaces invariant under inner automorphisms. This leads
to operator algebras invariant under unitary similarity transformations acting in the
space L?(G) of wave functions.



Quasiclassical and Quantum Dynamics of Systems of Angular Momenta 91

Let us stress that the Hilbert space operations in L?((G) as the space of wave func-
tions are compatible with the H T-algebra operations in the sense that

L{F}Y" =L{F"}, R{F}" =R{F"}, T{F}" =T{F"}

where the involutions on the right-hand sides of these equations are meant in the
sense of (14), i.e.,

F o) =F(g,  F"(g.0)=F (97" 05")-

In particular, the mentioned operators are Hermitian if and only if the correspond-
ing functions are involution-invariant.

Similarly, the operators of convolution are unitary
L{F}" L{F} = (g
R{F}" R{F} = 1d;2(q
T{H} T{H} = Id;26xc)
if and only if
FT % F = ég, H™ x H = dgxq.

Definitely, all translation operators in (36), (37), (55) and (56) are unitary in L2(G).
This follows from the invariance of the Haar measure. They preserve the scalar
product of wave functions on (G, and automatically they preserve the scalar product
in the H T -algebra L2(G). It is interesting to stress again how they are represented
in the algebra L(L%(G)) of all operators in L%(('), and first of all, in the algebra of
bounded operators B(L?(G)). Of course, any invertible operator F in L?(G) acts
in L(L?(@G)), B(L?(G)) through the similarity transformations

A— FAFL.

This concerns in particular unitary operators, like regular translations. It is inter-
esting to see how they act in the linear shell of translations, i.e., in the algebras of
convolution-type operators. One can easily show that

Llg]L{F}L[g]™" = L{A[g]F}
R[g]L{F}R[g)"' = L{F}
Llg|R{F}L[g]™" = R{F}
R[g|R{F}R[g]"" = R{A[g"']F}
or, better to express
Rlg™'IR{F}R[g™']"" = R{A[g]F}.

Therefore,

Ll Rlg]T{F} (Llg1|Rgo)) ™ = T {F o (Alg] x Alg>™])}
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or equivalently

L{g1|R[g2)T{ F} (L[g1]Rlg2)) ™" = Ti {F o (Alg1] x Alg2])}.

The Cartesian product of mappings A : X — U, B : Y — V, denoted by
Ax B: X xY — U x V, is meant in the usual sense, i.e.,

(A x B)(z,y) = (A(z), B(y)) -

The message of these formulas is that regular translations acting on wave functions
on G are represented in the group algebras over G or G x (' by inner automor-
phisms. Because of this, classification of states and physical quantities in group
algebras over GG and G x G is based on the analysis of minimal subspaces invariant
under inner automorphisms. One point must be stressed: the operators of the form
T{F} are not the most general operators acting in L*(G). The position opera-
tors, more precisely, the operators of pointwise multiplication of wave functions
by functions on GG do not belong to this class. Nevertheless, if GG is non-Abelian,
then some (not all!) position-like quantities are implicitly present in 7'{ f}-type
operators.

The main peculiarity of convolution-type operators and their singular special cases
like the regular translations and automorphisms specified in (36), (37), (41), (44),
(49) and (51) is that they preserve separately all subspaces/ideals M («v).

It is not the case with the position-like operators because they mix various sub-
spaces (ideals) with each others. The points is interesting in itself, because it has to
do with the relationship between two algebraic structures in function spaces over
G. One of them is just the structure of the associative algebra under convolution
in LY(G). It is non-commutative unless G is Abelian and has no literally meant
unity unless G is discrete. The other one is the structure of commutative associa-
tive algebra under the pointwise multiplication of functions. Clearly, this is the
unital algebra with the unity given by the constant function taking the value one
on the whole (. In general there are some subtle points concerning the under-
lying sets of algebras and their mutual relationships. The convolution algebra is
defined in L'((), whereas the pointwise multiplicative algebra is defined in the
set of all globally defined functions on G. No comments are necessary, and the
both underlying sets coincide, only when G is finite.

The pointwise products of matrix elements of representations D(«), D(p) are ex-
panded with respect to the orthogonal systems of functions D{s¢);; according to
the rule
D(a)awD(0)rs = Y (agar|sk) (agbs|sd) D ()
skl

where (apar|s>k) and so on are Clebsch-Gordan coefficients for the group GG
[17,31,33]. Summation over s is extended over an appropriate range depend-
ing on (a, g), and for the fixed &, the range of k, [ is given by the set of naturals
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1,...,n(3). To be more precise, k, [ run over some n(s)-element set. In the
theory of angular momentum, when G = SU(2), it is convenient to use the con-
vention: » = 2j + 1, where j runs over the set of non-negative integers and
half-integers, and k, [ run over the range —7, —j + 1, ..., 7 — 1, 7, jumping by one.
The expression (23) implies that

e(a)ape(0)rs = n{a)n{e)

(apar|xk) (apbs|sl) e(5) K
ekl n(x)

The coefficients at £(5¢); are structure constants of the commutative algebra of
pointwise multiplication with respect to the canonical basis/complete system. They
are bilinear in Clebsch-Gordon coefficients. The latter ones are meant in the usual
sense of the procedure

i) Take two irreducible representations of G, D(a), D(p) acting respectively
in Ca) ¢nlo)

(D(a)(g)u(a)), ZD )(9)avu()y
(D(a)(g)u ZD )(9)rsu(o

i1) Take the tensor product of those representations
D(a) & D(Q) . GxEG— L(Cn(a) R (Cn(g)) ~ L(Cn(a)n(g))

given by

[[D(a)(g1) ® D(e)(g2)] (v, 0)]o, = D_D(a)(91)as D(0)(92)rst(cr, 0)bs
bs

This representation is irreducible, if, as assumed, D(«), D(p) are irre-
ducible.

iii) Take the direct product of D{«), D(p), i.e., restrict D(a) ® D(p) to the
diagonal {(g,9); g € G} C G x G. One obtains some representation
D(a) x D(p) of G in CM®) g CMB) ~ cr{)n(8),

In general, this representation is reducible and equivalent to the direct sum
of some irreducible representations,
@ D(sx)
#EQ(ev,0)
the direct sum performed over some subset of labels, 2 (a, ¢) C 2. Evi-
dently, this representation acts in the Cartesian product

x  CM), (57)
»€Q(a,0)
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Let U denote an equivalence isomorphism of Ccn(@) & €™ onto the repre-
sentation space (57). Then, by definition, the Clebsch-Gordon coefficients
are given by

U(u(a), ®v(e),) =Y (agar|sxk)w (), (58)

x,k

where u (a),, v(g),, w(sx), denote basis vectors of the representation
spaces for D («), D (0), D (5¢). When the natural bases in C™(®), C™(¢),
C™*) are used, then u (), v (@), w (), may be reinterpreted as compo-
nents of the representation vectors u {«), v (@), w (3¢). And then we simply
write instead of (58) the following formulas

u(a)qv(0)r = Z (avoar|sck) w()g.

.,k
These are just the implicit definitions of the Clebsch-Gordon coefficients.

There are two special cases when all minimal ideals M {«) are finite-dimensional,
i.e., all irreducible unitary representations D(«) are finite-dimensional. These are
when the topological group G is compact or Abelian. Of course, those are non-
disjoint situations. In the Abelian case all M («) are one-dimensional and one is
dealing with Pontryagin duality [16, 18]. The set {2 of irreducible unitary repre-
sentations has the natural structure of a locally compact Abelian group too, the
so-called character group, denoted traditionally by G. The group operation in G
is meant as the pointwise multiplication of functions on . In other words, the
elements of G are continuous homomorphisms of G into the group

Ul)={2€C; |z| =1}

the multiplicative group of complex numbers of modulus one. If GG is compact and
Abelian, then G is discrete, and the Peter-Weyl series expansion (30), (31) becomes
a generalized Fourier series. If (G is non-compact, one obtains generalized Fourier
transforms and direct integrals of family of one-dimensional spaces.

According to the well-known Pontryagin theorem, the dual of G, e. g., the second

dual G of G, is canonically isomorphic with G itself [16, 18]. This resembles the
relationship between duals of finite-dimensional linear spaces, (V*)* ~ V.

The Fourier transform ¥ : G — C of ¥ : ¢ — C is defined as follows

D00 = [ (Wi o)g = [ (xlo)™ B(9)dg 59

where dg again denotes the integration element of the Haar measure on GG and
(x|g) is the evaluation of x € G on g € (. Equivalently, in virtue of Poincare

duality, this is the evaluationof g € G ~ G on X € G The inverse formula of (59)
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reads
¥(9) = [ (xlg) Tx)dx (60

where dy denotes the element of Haar integration on G. The formulas (59), (60)
fix the synchronization between normalizations of measures dg, d. In principle,
these formulas are meant in the sense of Ll—spaces over (3, G , nevertheless, some
more or less symbolic expressions are also admitted for other functions, as short-
hands for longer systems of formulas. First of all, this concerns §-distributions, just
like in general situation of locally compact GG. Of course, the correct definition of
distributions and operations on them must be based on differential concepts, nev-
ertheless, the Dirac distribution itself (but not its derivatives) may be introduced in
principle on the basis of purely topological concepts, just like in the general case.
Let us notice that

U(g) = /dX/dh‘I’(h) (xhg™") .

The order of integration here is essential! But, of course, one cannot resist the
temptation to change “illegally” this order and write symbolically

V)= [dns (hg ) W(h),  ba) = [dx(da). 6D

If G is discrete, then G is compact (and conversely) and the second integral is well

defined, namely
1, f z=e
5(x) = ze .
0, if x#e
where e is the natural element (identity) of GG. Then the first integral is literally true
as a summation with the use of Kronecker delta. But when obeying some rules, we

may safely use the formulas (61) also in the general case, when they are formally
meaningless. So, we shall always write

5(g) = /<X|g> dx=3(g7")

5(x) = /de = / (xlg) dg =6 (x")
[@)10)dg = 1 (e(6))
[ 800k0ax = (e(6)

and e(G), (@) denote the units in G, G, respectively.
Convolution is defined by the usual formula (13), but the peculiarity of Abelian
groups G is that convolution is a commutative operation

F+xG=GxF.
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Of course, Fourier transforms of convolution are pointwise products of Fourier
transforms, and conversely

(F G)A: FG.
This is the obvious special case of the equation (32) - F/(x), G(x) are 1 x 1 matrices
F(a), G(a).

It is clear that just like in the general case, -distribution is the convolution identity
Fxd=06xF=F.

And now, we may be a bit more precise. Namely, let U C G be some compact
measurable subset of G, and let L {U} denote the linear subspace of functions
(60) such that the Fourier transform U vanishes outside U and is L!-class. Take
the function 6{U} given by

3{U ) = [ {xlg) dx.

U

It is clear that 6{U } is a convolution identity of the subspace L{U }. And now take
an increasing sequence of subsets V; C G such that

VioV; for i> Uszé

It is clear that for any function ' C L'(G) we have
limé{V;}« F=F (62)

12— 00
although the limit of the sequence §{V;} does not exist in the usual sense of func-

tion sequences. However, it does exist in an appropriately defined functional sense.
So, by abuse of language, we simply write

§ = lim §{V;}, 5« F=F

T— 00
as a shorthand for the rigorous relation (62).

Calculating formally the convolution of x1, x2 € G, we obtain
(x1* x2lg) = 0 (X1X2_1> (x2lg) =6 (X1X2_1> {(x1lg)
i.e., briefly
X1%X2 =10 (X1X2_1) X2 =0 (X1X2_1) X1- (63)

If G is compact, i.e., G is discrete, this is the usual condition for irreducible idem-
potents (21), (22). Similarity, we have the orthogonality/normalization condition

_ 1, if x1 =x
(x1,x2) =10 (X1X2 1) = {0 » Xj y Xz (64)
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If GG is not compact, i.e., G is not discrete, then both normalization and idempo-
tence rules (63), (64) are meant symbolically, just like the corresponding rules for
Dirac distributions in R"™

0y * 0 = 6{a — b)d, = 6(a — b)dy (65)
(6a,0p) = 8(a —b). (66)

Surely, d,(z) := ¢ (x — a). Incidentally, (65), (66) is just the special case of (63),
(64) when G = R" and the addition of vectors is meant as a group operation.

The peculiarity of locally compact Abelian groups is that they offer some analogies
to geometry of the classical phase spaces and some natural generalization of the
Weyl-Wigner-Moyal formalism. Certain counterparts do exist also in non-Abelian
groups, especially compact ones. However, they are radically different from the
structures based on Abelian groups. And in the non-compact case the analogy
rather diffuses.

Finally, let us remind that just like in the classical Fourier analysis, the Pontryagin
Fourier transform is an isometry of L?(G) onto L? (@)

[ A@B@)3g = [ A0B(dx

in particular, the Plancherel theorem holds

[14@ a9 = []Aco| ax.

Compare with the formula (33) for compact topological groups and the correspond-
ing expression for the norm || F'||

IF|? = 3T (F(a)" F(a)) n(a).

el

2.4. Some Remarks Concerning Physical Interpretation

Let us finish this section with some comments concerning physical interpretation.
It is impossible to answer definitely the question

What is the most fundamental mathematical structure
underlying quantum mechanics?

There are approaches based on quantum logic, the usual Hilbert space formula-
tions, operator algebras, etc. According to certain views [19], all non-artificial and
viable models, both in quantum and classical mechanics, assume some groups as
fundamental underlying structures. The framework of group algebra may appear
in two different, nevertheless, somehow interrelated, ways.
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. The first scheme is one in the spirit of algebraic approaches. Namely, when

some topological group G is assumed, one can simply state: “quantum me-
chanics based on G is the group algebra of G”. In any case it works on
compact groups and locally compact Abelian ones. Group algebras are par-
ticular H T-algebras. The important operations of quantum mechanics are
based on structures intrinsically built into them. Hermitian elements rep-
resent physical quantities, Hermitian and positive ones are quantum states
in the sense of density operators, idempotent ones among them represent
pure states. This is common to all H T-algebras. The peculiarity of group
algebras is that besides the convolution operation there exist also another
composition rule, namely, the pointwise product of functions, associative
one as well, and commutative (convolution is non-commutative if GG is non-
Abelian). The relationship between them is given by the Clebsch-Gordan
coefficients. This structure is also physically interpretable, namely, it de-
scribes the properties of composed system, e.g., composition of angular mo-
menta. Pointwise multiplication of functions representing quantum states
describes the direct product of density operators of subsystems [30,31].
However, one important structure of quantum mechanics is missing here,
namely, the superposition principle. The point is that wave functions do
not fit this framework directly. Nevertheless, in a sense they are implicitly
present. Namely, group algebra, as any associative algebra, acts on itself
through the left or right regular translations

T — a*x, T — X *a. (67)

To be more precise, it is so in any H T -algebra. In this way, the elements
of group algebra become operators. By convention, we can choose the left
regular translations. Group algebra becomes represented by algebra of lin-
ear operators. However, this representation is badly reducible. Namely, it
is not only so that any ideal, in particular, any minimal ideal M («), is in-
variant under left (and right too) regular translations (67). But within any
minimal two-side ideal M («) spanned by all £(«),,,,, functions, separately
any minimal left ideal M («, n) is also closed under all translations, and this
representation is irreducible. The minimal left ideal M («, n) is spanned by
all functions (&), where n is fixed. Symmetrically, any minimal right
ideal M (n, «), spanned by all functions (), with a fixed n, is a repre-
sentation space of some irreducible representation of H ™ algebra. Roughly
speaking, M (a,n), M(n, «) are respectively columns and rows of the ma-
trices [e(),p]. And the elements of M («a,n) are “wave functions”, “state
vectors” of the “a-th type”. Subspaces

M(a,ny), M{a,nsg), ny # no



Quasiclassical and Quantum Dynamics of Systems of Angular Momenta 99

are merely different representatives, just equivalent descriptions of phys-
ically the same situation. By convention we may simply fix n = 1. And
then the linear shell of all subspaces M («, 1) is the space of “state vectors”.

2. Another scheme is one in which G is meant as the classical configuration
space (take, e.g., SO(3,R) or SU(2) as the configuration space of rigid
body). Then all functions on G are interpreted as wave functions, and
() mk» e(a)m for k # [ are different wave functions, different physical
situations. One can easily construct Hamiltonians which predict “quantum
transitions” between those subspaces. But also within such Schrodinger
wave-mechanical framework, group-algebraic structures are physically rel-
evant. Namely, the most important, geometrically distinguished operators
are unitaries (36), (37) representing transformation groups motivated by
G. They describe some physically significant unitary representations of
G. And then the linear shells (41), (44), (49) and so on of these represen-
tations appear in a natural way. Roughly speaking, those linear shells are
physically interpretable representations of the abstract group algebra over
G. And they in a sense “parametrize” the algebra of operators acting on
wave functions. If the function F in (41), (44), (49) is of the L}(G)- or
L' (G x G)-class, then the resulting operators are bounded. But it is just
certain unbounded operators that are physically interesting. They describe
important physical quantities. We obtain them from the group-algebraic
scheme, formally admitting in (41), (44), (49) distributions instead of func-
tions F'. In differential theory, when G is a Lie group, some derivatives
of Dirac delta are then used. But even some important bounded operators,
e.g., the identity operator and GG-translations, are expressed in terms of dis-
tributions, namely, Dirac deltas, as formally included into group algebra.
Differential concepts are not used then.

Hence, physically relevant and operationally interpretable quantities are to
be sought first of all among elements of the group algebras (41), (44), (49),
formally extended by admitting distributions.

3. Quantum Mechanics on Lie Groups and Methods of Group
Algebras

The previous section was devoted to the H T-algebras as a mathematical tool for
describing quantum mechanics. It was shown there that the H T -algebras form in a
sense a beautiful scheme useful for the mathematical expression of quantum rules
and for the very formulation of quantum ideas. This is due to their mathematical
structure which in a sense unifies both the linear space and the non-commutative
associative algebra with involution. The idea of using the H ™ -algebras in such a
context was formulated many years ago by W. M. Tulczyjew. It enables us both
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to investigate the basic ideas of quantum mechanics and, basing on the Clebsch-
Gordan series, to formulate the rules of composing two quantum systems into a
single one.

It turns out that the convolution group algebras, first of all ones over the compact
and Abelian groups, are the most interesting examples from the point of view of
quantum applications. In this section we will investigate that very particular choice
of the Lie group and of the metric structure on it. We assume that the group un-
derlying our investigation is either a compact semisimple Lie group or a group
isomorphic with R", or something between those two extreme special cases, e.g.,
the Cartesian product of the two mentioned situations. In certain problems we may
decide to admit semisimple but not necessarily compact Lie group of transforma-
tions acting on some Abelian Lie group of translations. Nevertheless, to be as
concrete as possible, we usually concentrate on the compact/semisimple Lie group
of transformations acting on a linear space or just on a linear space interpreted as
an R"-type additive Abelian Lie group.

When dealing with semisimple Lie groups of transformations acting in a linear
space, we mainly use the Cartan-Killing metric tensor. In certain problems the
metric tensors invariant under the group of all left or right regular translations are
admitted. Obviously, they lead to the same volume-metric on G. Analytically, it
is given by the square root of the determinant of the matrix of the metric tensor.
Basing on the theory of representations of compact Lie groups, we construct the
canonical complete system of states on the group. Discussed is also another com-
plete system of states suited to the group of inner automorphisms acting on the
group. It turns out that this alternative set of states is a very convenient tool of the
analysis leading to the quasi-classical analysis.

3.1. Compact Lie Groups

Let us now discuss the very important situation when (' is a compact Lie group.
The special stress is laid on semisimple Lie groups or their central extension. We
are particularly interested in problems concerning angular momentum, i.e., the
group SU(2) or its quotient SO (3, R) = SU (2) /Z2. Nevertheless, it is convenient
to begin with remarks concerning the general situation.

The Lie algebra of G will be denoted by g. We assume G to be a linear group,
i.e., a group of finite matrices, some subgroup of GL (N,R) or GL (N, C). This
simplifies notation. Of course, any compact Lie group is linear. Lie algebras are
meant in the matrix commutator sense. Let (..., e,,...) be some basis in g, the
structure constants are meant in the following convention

[a, €] = eqer — epeq = e, CF g (68)
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The Killing metric tensor on g, i.e., the Ad-invariant scalar product , is meant in
the following convention

v (u,v) = Tr (ad,ad,) (69)
where ad,, € L (g) ~ g ® g* is given by the usual formula
ady - x = [u, z].
Analytically, in terms of the basis e
Yab = C*1aClipy 7 = Ve ® € (70)

where ¢ € g* are elements of the dual basis, (¢, e;) = 6%. If G is compact
and semisimple, then ~ is negatively definite and in an appropriate basis €, Y, 18
a negative multiple of d,;. Usually the basis is chosen in some convenient way
motivated by various reasons, then it is customary to change the normalization of
~Yab replacing it just by g, = 6,5. The contravariant inverse of v, v~ € g ® g, is
analytically given by

=A%, ®ey, Yy = 0%. (71)

In the trivial central extension G x U (1) of G, the Killing tensor is degenerate and
u (1) is the degenerate direction of g x u (1). Then it is customary to use the metric
tensor obtained as a direct combination of the Killing metric on g and the invariant
metric on u (1). The latter is unique up to normalization. Sometimes one proceeds
similarly when dealing with direct or semidirect products of semisimple groups
and Abelian ones of arbitrary dimension, however, if that dimension is higher than
one, the Abelian component of metric has a non-canonical arbitrariness.

Canonical coordinates of the first kind £ are defined by the formula
g (kl, o k”) = e(k%,), dimG=n (72)

(the summation convention is used on the right-hand side). This choice is often
convenient, but also other ones are useful, e.g., canonical coordinates of the second
kind

g [51, . ,f”] =e (5161) ...e(f%y)

or something between, like Euler angles on SO (3, R) or SU (2). Often some gen-
eralized coordinates, “curvilinear” with respect to k% or £¢, are better suited to
particular problems. In any case, the choice of coordinates is a matter of conve-
nience.

The differential structure of GG offers some powerful tools of analysis. First of all,
one uses differential operators generating transformations (36), (37). Generators
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of left and right regular translations are defined in the convention

(L) (9 (F)) = aia (¢ (9@ 9 (%))l
Rut) (3(F)) = 50 (4 (5 (F) 9)) g

i.e., roughly, we have the following expansions for small values of the group para-
meters €

V(g (%) g) = ¥ (g)+ <" (Larb) (9)
V(g9 (B) = ¥ (g9) + " (Ra¥) (9)

valid to terms quadratic and higher order in €.

L,, R, are respectively, basic right- and left-invariant vector fields on . We
represent them as follows

0 0
Ok’ Ok’
With this convention we have the following commutation rules

[La, L] = —C* o Lh, [Ra, Ry) = C* Ry, [Lo.Rp] = 0. (74)

Lo =Ly (E) Ra = Rls (E) (73)

Similarly one defines differential operators D, generating inner automorphisms

(Aath) (9 (F)) = aia (¢ (9@ g (k) g(-m))

7=0
i.e., roughly
Y (9(8)gg9(—8)) ~ (g) + € (Au) (9)
up to higher-order corrections in . Here
Aa — Ea - Ra
and we use the notation
o0
= A (k .
Ag = Alo(R) 2
It 1s also clear that
[Ag, A = —C* o Ay (75)
and
[Aq, Ly) = =C* Ly, [Aa, Ry = CF oy R (76)

The =+ signs on the right-hand sides of (74), (75), (76) are essential. As mentioned,
the translation operators (36), (37), (55) are unitary in L?(() due to the very de-
finition and properties of the Haar measure on GG. Therefore, their generators L,
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Ra, A, are skew-symmetric in the corresponding dense subdomain of L2(G)

(Latblo) = — (Y|Lusp)
(Rat|p) = — (¥[Rawp)
(Aatblp) = — (Y] Augp) .

By their very definition as differential operators, £, R,, A, are not globally de-
fined on L?(G).

Let us quote the following formulas

L[g®) ] = L[g(-F)] = e (kLa)

R[g(®)7"] = R [9(-F)| = e (k*R,)

Alg®)7] = Ag(-F)] = e (k" Ad)
which hold when their right-hand sides are well defined. Thus, in an appropriate
dense subdomain, with the convergence meant in the sense of L?(G')-norm. Cer-

tainly, the left-hand sides are well defined in action on the total linear space of all
possible functions on GG (with arbitrary target spaces, not necessarily C).

The imaginary-unit multiples of L,, R,, A, are formally Hermitian (symmet-
ric). Because of the obvious physical reasons we introduce the formally Hermitian
operators of L[G]-, R[G]- and A[G]-momenta, just the quantum versions of the
corresponding classical momentum mappings

h

h ~
Za - Tﬁa
1

- h
.= TRa, A, = A =X, X, (77)
1

1

bl

As operators acting on L?((G)-wave functions, they satisfy the obvious quantum
Poisson brackets

1

= [0 ] = {20, Bo}g = Cra Sy (78)
l e < o < P

7 (B0 ) = {20.5) = ~CFuy (79)
1 ~
= [0, B = 0. (80)

The corresponding classical counterparts are given by the phase-space functions
Yo = piﬁiaa i\:a = piRiaa Ay = piAia =Yq4 — f]cv (81)
Their classical Poisson brackets are structurally identical with (78)—(80), i.e.,
{Za, 5o} = C* 0, {ia’ ib} = —C* 5y, {Zavib} = 0.

As mentioned, the regular translations and automorphisms (36), (37) and all op-
erators of convolution (41), (44), (49) preserve separately all subspaces/minimal
ideals M(«). This is also true for the operators L,, R,, A, as generators of
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those group actions. Of course, their multiples >, f]a, A, also preserve all ideals
M (a). The basic right- and left-invariant differential forms on G will be denoted
respectively by £¢, R*. By definition they are assumed to be dual to £,, R,

(LY Ly) = (R Rp) = 6%,
We shall use the standard analytical representation dual to (73)
£4 = £o%k)dk!, R =RY(k)dE
where ‘ ‘ ‘ ‘ '
LG LY =R'GRY =6y, LYGL Yy, = RYRY = 0%,
Then the following equations are satisfied, dual to (74)
1 1
ALt = gcabdﬁb ALY dR® = —gcabdnb AR
Let us notice that ,
La(g) = (Adg—1 ) aRi(g) (82)
where the matrices [(Adg)b a} are implicitly given by
Adge, = geag_1 = ¢ (Adg)ba.

Similarly, (ady)b « are given by

adye, = [y, €q] = € (ady)ba
thus
(ady)’ o = Cuay® = —CPray®
and
Adeq) = e(ady). (83)
In finite dimensions all above expressions are well-defined. Dually to (82) we have
L£(g) = (Adg)"sR"(g). (84)

The above differential operators and differential forms are a very useful tool of
analysis. When constructing important tensor fields and differential operators on
GG we need certain intrinsically constructed tensors on its Lie algebra g. We mean
some tensors built of the structure constants C* jk with the use of universal alge-
braic operations. The first of them is C'itself, it is a mixed tensor once contravariant
and twice covariant, C' € gRg*®g*, skew-symmetric in its lower indices. The next
one is the Killing tensor v € g* ® g* (69), (70) and its inverse tensor 7! € g ® g.
One can also construct the higher-order covariant tensors like

7(3)@% = Cabicbcjccak (85)
and so on, e.g.,

Y(m)iy i, = C%; Cleiy ... CF  Cloi (86)
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all of them covariant and in general non-symmetric (unlike the Killing tensor
v(2)i = 7i5)- Let us also mention other tensors like
(1) = C%;, Ty = C(1),C*;; = —Tji. (87)

If G is semisimple, then the inverse tensor (71) does exist and one can construct
the whole ZOO of v-tensors by the Killing-shift of indices. And similarly when ¢
is a trivial central extension of some semisimple group. The invariant metric tensor
on the centre is unique up to normalization.

The Killing metric tensor on G is given by

9=l ® L’ = 1R* & R’ (88)
i.e., analytically

9ij = VL% L") = 7R RY;.
It is invariant under right and left regular translations on (. Usually one changes
its normalization in such a way that in certain practically useful coordinates, at the

group identity g;; coincides with the Kronecker §;;. In particular, if (G is compact,
then 7y, g are negatively definite, so it is the natural to inverse their signs.

The most general right-invariant metric on G is given by
rg = L0 ® L1 (89)

where the matrix [5,5] is non-degenerate and constant. Similarly, for the left-
invariant metrics we have

19 = %2R ® R (90)

They become identical and doubly-invariant when 3z, = 7,;. The corresponding
inverse contravariant metrics are given by

g =L, ® Ly, = 7PR, O Ry
g = Aabri pi, — NebRi i,
and similarly for the inverses of (89) and (90)
rg =L, ® Ly, 9 =31 RL O R,
The Laplace-Beltrami operator corresponding to the Killing metric (88) is given
b
’ A=~L. Lo = vPR Ry 1)

Quite similarly, for the right-invariant metric (89) and left-invariant metric (90) we
would have respectively

A= 2PL Lo A = PR, R,. (92)

Note that if (G is non-Abelian, these expressions are different when sz, # Yup-
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One can show that all these expressions coincide with the usual definition of the
Laplace-Beltrami operator [3]

A = ¢V, V, (93)

where V, denotes the Levi-Civita affine connection induced by the corresponding
vector tensors (88), (89), (90). Surely, this coincides with the analytical formula

1 9 O
Aw:mjgaﬂyMWaﬂ

where again for g the expressions (88), (89), (90) are substituted, their contravari-
ant inverses g/ are used, and |g| denotes the determinant of the matrix [g;;].

The Haar measure in (G is identical with the n-form
LN ANLY=RA...AR"

in the sense that
/f(g)dngfﬁl/\.../\ﬁn=/fR1/\.../\R”.

In this prescription it is implicitly assumed that the orientation of (G is chosen in
such a way that the integral of non-negative functions is non-negative. Analytically
we have that

/f(g)dg:/fdet[ﬁai]dkl...dk” :/fdet[R“i]dkl...dk”.

This integration coincides (up to a constant factor) with the usual Riemann inte-

gration
[ sman= [ r\/iglat . ax

where g denotes any of the metric tensors (88), (89), (90). The Laplace-Beltrami
operators (91), (92), (93) are formally self-adjoint (symmetric) with respect to the
usual scalar product in L?(G).

The properties (38)—(40) imply immediately that
Lo (F*xG)=(LF)*G, Ro(F+xG)=Fx(R,G). (94)

Again we conclude that £,, R, are not differentiations of the convolution alge-
bra, although they are so for the pointwise product algebra. If F'is constant on
equivalence classes of adjoint elements, i.e., if it is a linear combination or series
of idempotents £(«) or characters

then
A, FF =0 95)
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therefore

Lo F =R,F.
In particular, it is so for the Dirac distribution § which formally plays the role of
the convolution unity. Let us stress that in differential manifolds the distributions
are well defined. In any case, for any finite subset I C €

§(I) =) ¢(a)
a€el
is the well-defined unity of the two-sided ideal

M(I) = & M(a).

If J is a family of finite subsets of 2 ordered by inclusion and such that
Uma =0
IeJ
then § is the distribution limit of the generalized sequence J 5 I — §(I).
Equations (94) imply that
LoF =Ly (6xF)=(L,0) * F, RoF =Ry (F *8) = F x(Ry0)
for any differentiable function F'. This reduces separately to the ideals M («),
where the action of operators £,, R, reduces respectively to the left and right
convolutions with L,e(a), Rye(a).
Let us quote some important and intuitive commutation relations in the convolution
algebra
(La6) * (Lb8) — (L0) * (Lo8) = —CF o (L16)
(Rab) * (Ry8) — (Rpd) * (Rab) = —C*ap (Ry0) .
This is of course the same relation written in two ways, because £,0 = R 0.

Roughly speaking, the functions constant on manifolds of mutually adjoint ele-
ments are scalars of the group of inner automorphisms of G, they satisfy the con-
ditions

AF =0, A =0, Achas(oz) = 0.

It is no longer the case with their £,.-derivatives

L, F =R,F, L.0 = R0, ﬁaane(a) = Raans(a). (96)

Roughly speaking, they are vectors of the group of inner automorphisms, e.g.,
denoting

Qo = L40 =Ryd o7
we have

AaQb = _Ckaka
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and similarly, for all other quantities in (96) and their multiples by functions con-
stant on equivalence classes. Similarly, we have higher-order tensors, e.g.

Qap = LaLpd = (L40) % (Lpd) = Qq * Qp. (98)
They satisfy
AcQab = _Ckcan’b - Ckchak

and so on, for example, for

Qabc — »C(L»Cb»Cc(S — Qa * Qb * Qc (99)
we have
AdQube = —C* 1 Qrve — C* v Qake — C*acQupie

etc.

Casimir L-operators are polynomials of £; with constant coefficients, commuting
with all £,. They are expected to be polynomials of £, with coefficients built
intrinsically of structure constants C', like (70), (85), (86), (87) or rather their ver-
sions with ~y-raised indices. The most important example is the Laplace-Beltrami
operator (91). It is clear that

A L] =]A,R.] =0.
Other expected quantities of this type are

y(m)rtm L L

etc. The raising of indices is meant in the sense of the Killing tensor. In the group-
algebraic representation, these Casimir objects are given by functions/distributions
like
C(2) = 47 (L:0) % (L;0) = 47 LiL;6
C(m) = y(m)"r" (L3, 8) % - # (L4, 8) = y(m)""" L, ... L, 6.
They are expected to satisfy
Cm)x f—f+C(m)=0

(central elements of the convolution algebra).

To avoid distributions, one can consider their “a-versions”, built of elements of
M{a)

C(2,0) = 7 (£ie(0) * (£52()
C(m,a) = y(m)2' (L e(a)) *--- % (L;, e(a)).
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Similarly, for any fixed a € 2, the quantities (97), (98), (99), and so on become
usual functions

Qu(a) = Lye(a) = Rue(a) (100)
Qup(a) = LoLpe(a) = (Loe(a)) * (Lpe(ar)) = Qular) x Qp{a) (101)
Qabc(a) = Qa(a) * Qb(a) * Qc(a) (102)
Qab..r(a) = Qala) * Qp(a) * - -+ * Qr(a) (103)

etc. Evidently, Qu, Qup, Qabe, €tc., are distributions obtained as series (in the
distribution sense of limit) of all the above ()-s. One important circumstance must
be stressed: The quantities (... are tensors under the action of automorphisms,
however they are not irreducible tensors, because they are not symmetric if G is
non-Abelian. To obtain irreducible tensors one must take their symmetric parts,
skew-symmetric ones, and remove the y-traces from the symmetric parts.

For any fixed « the tensors 4, Qap, etc., form some basis of M («a) alternative to
e(a)i;. Of course, when « is fixed, the order of tensors () terminates at some
value, because dim M («) = n{«)? cannot be exceeded.

From some point of view one might suppose that the pointwise products of @),
e.g., Q.Qp, QuQpQ., etc., might be simpler and more convenient. And they are
tensors of A; as well. However, it is not the case, because Q,{a)Qs{«), etc., are
no longer elements of M («). Nevertheless, they may be useful in a sense. They
may become elements of M (') when multiplied by appropriate scalars under inner
automorphisms, i.e., multiplied by appropriate functions f(«a) constant on classes
of adjoint elements, thus, satisfying (95).

The matrices of irreducible representations D(«a) will be represented (at least lo-
cally, in some neighbourhood of the group identity), as follows

D(a)(g) = e (k%e{a),), g (k‘l, e k:") =e(k%,) (104)
where e(a) are n{«) x n{«) matrices which obey the commutation rules (68)

[e(@)a, e(a)s] = ()i C .

If D(«) are unitary, that is always assumed here, then e(«a) are anti-Hermitian, so
we have that

D(a)T = D(a)71, e(a)™ = —e(a).

In quantum-mechanical considerations the fundamental role is played by Hermit-
ian matrices



110 J. J. Stawianowski, V. Kovalchuk, A. Martens, B. Gotubowska and E. Rozko

which obey the commutation rules analogous to (78)—(80)
1
= [B(a)a, Ea)p] = C* S

Then we have the favourite formulas of physicists

D(a) (g (7)) = e (3hS(a)u)

L{gk)™) =e (%kaza) (105)

o) _ (e
R(gF)) =e (hk 2a>.
Note that the last two formulas are meant in an appropriate function domain, if to
be meaningful. The representation property and definition of operators L,, R,
A, and their Hermitian counterparts ¥,, ¥3,, A, imply that the matrix-valued

functions D(«) on G (equivalently (a) = n(a)D(«)) satisfy the following dif-
ferential equations

LoD(a) = e(a)oD(a) (106)
RoD(a) = D(a)e(a), (107)
A.D(a) = e(a)D(a) — D(a)e(a), = [e(a)q, D(a)] (108)

or, in terms of “Hermitian™ operators

.D(a) = B(a)oD(a) (109)
3.D(a) = D(a)E(a), (110)
AyD(a) = [E(a)a, D(a)]. (111)

Let C(L), C(R), C(A) denote the mentioned Casimir operators. Let us remind
that C'(£) commute with all £,-operators, C(R) commute with all R ,-operators,
and C'(A) commute with all 4,-operators. They are built in a polynomial way
respectively of £, R, A. Moreover, C'(L£)-Casimirs commute also with all R-
and A-operators and C'(R)-Casimirs also commute with £- and .A-operators. This
follows from the obvious fact that all £L-operators commute with all R-operators.
But attention: C'(\A)-Casimirs do not commute with all £- and R-operators. How-
ever, they do commute with C'(£)- and C(R)-Casimirs. For physical reasons one

uses often the C'(X)-, C (f]) -, and C'(A)-Casimirs. They are built of -, - and
A-operators just like C(L), C(R) and C(.A) are built of the indicated operators.

Usually there are a few ones of each kind. If necessary, some additional label is
introduced (e.g. polynomial degree, etc.).
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The use of differential operators acting on the functions on &, in particular, the use
of their associative products, enables one to avoid dealing with more abstract and
non-intuitive notion of the enveloping algebra of g.

The most important Casimirs are y-quadratic functions of £, R, A

C(L,2) = C(R,2) = A =+PL Ly = "R, Ry

C(A,2) = v A, A,

As mentioned, in addition to the obvious rules

[C(£,2), La] = [C(L,2),Ra] = [C(A, 2), Aa] =0
we have also

[C(L,2), A, = [C(L,2),C(A,2)] =0. (112)
The corresponding expressions for “Hermitian™ operators will be denoted by
C(32)=C(22), CA2), et

They are built according to the prescriptions for C'(L,2), C(R,2), C(A,2) with
3, 3, A substituted respectively instead of £, R, A, therefore, for quadratic
Casimirs we have

C(3,2) = —h*C(L,2), C (3,2) = —h*C(R,2), C(A,2) = —h*C(A,2)

and similarly for other Casimirs.

When we fix some « and act with our Casimirs on functions D(«a) (£(a)), they
simply suffer the multiplication by scalars, just the eigenvalues of Casimirs. This
follows from the Schur lemma, because D{«) are irreducible. Therefore, e.g.,
iterating appropriately (106)—(108), (109)—(111), we obtain

ab “ D — ab . D
Y LaLlyD(a) = v RaRpD(a) (113)

= fyabe(()z)ae(()z)bD(Ol) = 0(2, O‘)D(a)

V2B D(ar) = 78, 5D(a) = —h*C(2,a)D(a) (114)
where
’Yabe(a)de(a)b = C(Qa a)Idn(a)

and C(2, o) are elements of the spectrum of A (91). These eigenvalues are n(«a)?-
fold degenerate. It was mentioned that although v** 4,4, does not commute in
general with £, Ry, nevertheless, it does commute with

A =~7PL. Ly =7 R, Rs.
However, D(«);; are not their common eigenfunctions. Indeed

1A A D(a) = 20(2,a)D(a) — 2y%e(a)oD(a)e(a)y  (115)
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ie.,
Y ALAD () = —2C(2, 0)h2D(a) — 29 (@) D(a)E(a)s. (116)

Nevertheless, their common eigenfunctions do exist and are given by (100)—(103).
For any fixed o € (), the order of tensors (100)—(103) terminates at some fixed
value.

It is seen that in the action on functions
e(a)i; = n(a)D(a);

our differential operators become algebraic. This is just the obvious counterpart
and generalization of the well-known facts in Fourier analysis. Let us quote a few
obvious and practically important formulas.

It was mentioned earlier about the Peter-Weyl expansion (30). Let us write it a bit
more symbolically as

F =3 Tr(F(a)"e(a)) = 3 Tr (F(a)" D(a)) n(a).  (117)

€l a€efl

The general operations of group algebras are then represented in a suggestive way
by the corresponding operations performed on the matrices F'(a), cf. (32)—(33).
Together with the formulas (106)—-(108), (109)—(111), (113)-(114), (115), (116)
this implies that the action of differential operators may be expressed in the fol-
lowing way by the corresponding algebraic operations on the representing matrices
F(a)

Lo, X, Fla)— F(a)e(a),, F(a) — Fla)X(a), (118)
Ray B : Fla) = R(a) F(a), F(a)— S(a).F(a) (119)
Ag, Ay 0 Fla) — [F(a),e(a)y], Fla)— [F(a),Z(a).]. (120)

Therefore, the action of

Y'LaLy = ¥"RaRy = A
is represented by multiplication of matrices F'(a) by C(2,«), and similarly for
other Casimirs.

Let us mention that for some purposes the convention of transposed F'(«)-matrices
might be more convenient, namely

F =) Tr(F(a)e(a)) =Y Tr(F(a)D(a)) n(w). (121)
aefl acfl

A disadvantage is that then F' * G is not represented by the system of F'(a)G(«)
but G(a)F(«). But, and this is an aesthetic advantage, the matrix transposition is
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avoided, namely, the £,/X, act respectively as follows
Lo,Za: Fla) = Fla)e(a)s,  Fla) = F(a)S(a)q (122)
RarZa: F(a) = R(a)oF(a),  F(a) — Z(a).F(a) (123)
Au Ao o Fla) = [F(a),e(a)d],  Fla) — [F(a),5(a)].  (124)
But again, a disadvantage is that the left/right differential generators are repre-

sented algebraically by the right/left matrix multiplication, thus, conversely. Of
course, all this is a merely matter of convention.

If we use the convention (117), then the functions (97), (98), (99), etc., i.e.,
"Qabok = LaLlp.. . Lk6 = (La0) %% (L10) = Qo * Qp % -~ Qp  (125)
are represented by matrices
') ap..k = () Te(a)y” .. e(a)i”. (126)
And similarly, the functions
"Qab.k = RaRp .. . Rpbd = Ly .. . LpLod = (Rod) * (Rpd) * ... % (Ry0)
= (Lpd) *...x (Lpd) % (Lod) = Qr* ... xQp*xQy = "Qk. ba
are represented by matrices
"Qla) = e(a)p” ... ela)yTe(a),r. (127)
If we use the convention (121), then instead of (126), (127) we obtain respectively

1O(Q)ap..k = e(a)i ... e(a)pe(a),

T@(O‘)ab...k = e(a)qe(a)y. .. e(a)y.

The Hermitian version of (),, representing a physical observable, is obtained by
replacing the operators L, R, by (77), i.e., by

h -~ h
Za - T,Ca, Za — i—Ra.

(128)

They are given by
h
Yo = TQQ (129)

whereas (), themselves are anti-Hermitian.

Let us observe that if GG is non-Abelian (and here we concentrate mainly on semi-
simple ones), then in general the functions

"Quab..k "Qab...k

and the representing matrices

'Q() ab.. s "Q() ab.. k
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fail to be anti-Hermitian. Therefore, the corresponding monomials of X («) and
¥ (a)? are not Hermitian. But their symmetrizations

S(a) (g - - Sy, S(), - - D) (130)

are Hermitian and so are the functions

S ak) = G)p (ﬁ(aa) Kook (,ck)a) - (?)p (R(aa) oo x (Rk)é) (131)

where p is the order of tensors (the number of convolution factors). Note that (130)
are matrices of (131) when the conventions (121), (117) are used, respectively.

In realistic dynamical models Hamiltonians are usually given by simple algebraic
functions of the above Hermitian elements of group algebras. As a rule, those
Hamiltonians or their important terms are low-order polynomials. In special cases
of high symmetry they are built according to the Casimir prescriptions.

3.2. Abelian Lie Groups

Let us finish with some remarks concerning Abelian Lie groups. The only (up to
isomorphism) connected Abelian groups are

R, 1" =U(1)" =R"/Z"

and their Cartesian products R™ x 7™, i.e., linear spaces, tori and cylinders. The
group operation in R" is meant as the addition of vectors (null vector being the
neutral element). In 7™ it is meant as the quotient action obtained when R" is
divided by the “crystallographic™ lattice Z" C R".

Some conflicts between the above notational conventions and various customs
from the classical Fourier analysis appear, so one must be careful with an auto-
matic use of traditional formulas.

It is perhaps convenient to write down some formulas concerning R" in the lan-
guage of abstract vector space. So, let V' be a finite-dimensional linear space, and
V* be its dual. We put n = dimV = dim V*. We consider them as Abelian
additive Lie groups. So, G = V with the “+” composition rule, G is isomorphic
with V*. And the particular choice of this isomorphism is a matter of convention.
(' being non-compact, there is no standard of normalization. If V' is endowed with
some fixed metric tensor v € V* ® V¥, as it usually is in physical applications,
then, of course, the standard of Lebesgue measure is fixed

/f(x)d,u(x) = /fe1 Ao Ne”
where (...,e%,...) is an arbitrary orthonormal co-basis in V*

g= 5rij€i X ej.
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In arbitrary coordinates, including curvilinear ones, we have

/f(x)d,u(l') = /f(x)\/ det [gij] dz!...dz

The dual linear space V* parametrizes the dual group V with the help of the stan-
dard covering homomorphism of the (additive) R onto (multiplicative) U (1)

R 3 ¢ — e(ip) € U(1)
s0, x (k) € V is given by
(x (k),7) = e(i(k, 7))
where (k, T) is the evaluation of £k € V* on T € V. Analytically
(k,T) = kqx®.

Using the language of quantum momentum p = hk, one writes also

(x[e) 7) =e (5 (2m)) =e (5 ")

The corresponding conventions of Fourier analysis, particularly popular in quan-
tum mechanics, are as follows

) - %/f@ew,@)dnk
~ (2rh)n /f ( P >) dnp
F(k) = /f ( :r>) d,z. (133)

The convolution on V' is meant in the usual convention
(4 B) (@) = [ A@BE - )y,
We have then the following rules
X (E)*x (@ = @2m)"6(k—Dx (k) = (2m)"6 (k=D x (1
(x (B), x @) = (2m)"6 (k= 1)
x |p| #x |p| = @=0)"5 (p—p') x |p| = @7h)"5 (p—p') x ||

(x|e| x[e]) = @mmys (p-p)

rather unpleasant ones, because of the (27)"- and (27h)"-factors. But this has to
do with the use of traditional symbols of analysis. If we remember that it is not

(132)
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d,k, or d,,p, but rather
d, k d,p

(2m)n’ (2mh)"
that is a measure Fourier-synchronized with d,,x, that it is just

@o"s(k—1) o (2eh)"6 (p—p)

that is to be interpreted as a “true Dirac delta”, let us say
AE-E).  Alp-7)

respectively in the spaces of wave co-vectors and linear momenta.

There are various conventions concerning Fourier transforms and synchronization

of measures on GG, G, it is even stated in the book by Loomis [9], that it is “an
interesting and non-trivial problem”.

In classical analysis one often prefers the “symmetric” convention

A@) = s [ AW e (E7) dik

~

Ak = W [A@e i) de

An additional advantage of this convention is that the iteration of Fourier trans-
formation results in the inversion (total reflection) of the original function, with
respect to the origin

o~

A(z) = A(-2).
And, roughly speaking, Gauss function is invariant under Fourier transformation.
More precisely, we have

g@) e (-57-7). G —e(-5k-k)

where the scalar product in V' is meant in the sense of metric g € V* ® V*, and in
V* — under its contravariant inverse ¢~ € V@ V

7T =g(x.x) = gyr'e), k- k=gkk) =gz,
If we identify V = R"™ = V™, then the Gauss function is literally invariant under
the Fourier transformation.
The counterparts of Clebsch-Gordon series, i.e.,

e(a)ape(0)rs = Z % (apar|sck) (apbs|sl) e(3) ki (134)
ekl

and

Uu(a),®v(0),) = Z(a@aﬂ%k)w(%)k (135)
s,k
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are very simple now, because
x(B)x(l) = x(E+1)
‘el x[p) = x o7

XWX = [ 6E+1- mxm)dm
x[p] x[r] = [s0+ ¥ - Dxlxldur

Let us now fix some symbols concerning the compact case 7" = U(1)". Just
like R" is an analytical model of any n-dimensional linear space over reals, 1" is
parametrized by the system of angles (p!,. .., ") taken modulo 27, or uniquely,
by the system of unimodular complex numbers

(¢henm)s C=elip®).
Sometimes the convention “modulo 17 is accepted instead “modulo 277, i.e., one
puts
¢ =e(27i&").

This is often used when 7™ is realized as a quotient of V' modulo the “crystallo-
graphic lattice” generated freely by some fixed basis (..., e,,...) in V. Of course,
that discrete translation group is isomorphic with Z". The parametrization modulo
27 18 more popular in theory of Fourier series. Torus is compact and it is natural to
take the Haar measure normalized to unity, as usual. If the multiple Fourier series
on 7™ are meant in the convention

)= Y. f(me(im-p)

mez"
then the inverse formula for coefficients f reads
flm) = 5 [ F@e (-im- P .
Concerning notation, analytical meaning of the expressions above is as follows

= (m1,...,my) € Z", ¢=(901’---390")T

contractions in exponents are given by

m.@:ma(lpa:ml(p1+...+mn(pn

and the range of variables ¢ in the integration element

n

d, 7 =de'...dp
is given by [0, 27].
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It is seen that the occurrence of factors (27)~" is reciprocal to that in Fourier
analysis on R"™. This spoils the formal analogy, but suits the convention that the
Haar volume of compact groups equals the unity. To save the analogy, we would
have to replace (132)—(133) by

£@) = [ F@e ) duk

which, by the way, is sometimes used indeed, however, it is incompatible with
some other customs of physicists and their taste.

Characters on 1™ are labelled by multi-indices m € Z"

(x(m), @) = (¢1) ... (™ = eim- 7).

The idempotence and independence property is literally satisfied, because 1" is
compact and Z" is discrete

l ml
) = x(m+1) (136)
)

where the multi-index Kronecker symbol d,,; vanishes if m # [ (i.e., at least one
component of m differs from the corresponding component of /), and d,,,; = 1
when m = [. In other words

5ml — 5mlll e 5mnln.

Concerning the “Clebsch-Gordon™ rule (136), its representation in terms of (134),
(135) reads

x(m)x(1) = > (mlx) (mlx) x(x)

TEL™
where
(mUx) = dmrtx = (m1x)* .

Let us notice that in the non-compact case G = R", the counterpart of (134), i.e.,
the right-hand side of (135), fails because the square of Dirac-delta is not well
defined.

Note that if we take as an arena of our physics the discrete group Z", then its dual
group 1™ is compact and continuous. Again the mentioned problems with squared
delta-distribution appear.
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3.3. Byproducts of Group Structure

For certain reasons, first of all ones concerning quasiclassical analysis, it is inter-
esting to discuss certain byproducts of the group structure in G. It is well known
that the Lie algebra g of GG encodes a great amount of information about the global
structure of (G, although, of course, not the total information. This is due to the
very analytic structure of Lie groups. Making use of exponential mapping of g
into GG (not “onto” in general) one can “pull back” some structures of G and some
physics in G to its tangent space g = T.(G. But now, g as a finite-dimensional
linear space is an Abelian Lie group under addition of its elements. Therefore, we
can consider some physics, using the group algebra of g as an additive group of
vectors. But of course this would be completely non-physical and non-interesting
if we did not take into account the Lie-algebraic structure of g. This structure leads
to certain additional structures and relationships in the group algebra of g. Namely,
it is well know that the co-algebra g*, i.e., the algebraic dual space of g, carries the
canonical Poisson structure. Namely, Poisson bracket of differentiable functions
A, B on g* is analytically given by

0A 0B

8_01 0om

where o}, are linear coordinates in g* and C*,,,, are structure constants with respect
to these coordinates, or more precisely, with respect to the dual linear coordinates
in g. Notice that, being linear functions on g*, i.e., elements of the second dual
g**, functions oy, are canonically identical with some basis vectors e, in g and

{A, B} := 04C 1, (137)

ler, em] = exC* .

We might simply use the symbols o, instead of ey in this formula, however, this
might be perhaps a bit confusing, although essentially true.

It is obvious that the expression (137) is correct, i.e., coordinate-independent. It
is well known that it may be formulated without any use of coordinates. Namely,
take differentials dA,, d B, at the point o € g*. Being linear functions on g* ~
T,g*, they are canonically identical with some elements of g. We take their
bracket/commutator [dA,,dB,| € g and evaluate the one-form o € g* on this
vector, (o, [dA,,dB,]). One obtains the prescription assigning a number to any
point o € g*. The resulting function is just the value of {A, B} at o

{A, B}(0) = (0,[dAs,dB;]) . (138)
The skew-symmetry is obvious and the Jacobi identity follows from the identity

satisfied by structure constants, thus, finally from the Jacobi identity in Lie algebra.

It is worth to note that (137) and (138) are defined only for differentiable functions.
The associative algebra of smooth functions C'* (g*) in the sense of pointwise
product becomes simultaneously an infinite-dimensional Lie algebra under Poisson
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bracket. The two structures are compatible in the sense that the Poisson-bracket
ad-operation is a differentiation of the associative algebra

ado(AB) = {C,AB} = A{C,B} + {C,A}B = (ad¢A) B+ A(ad¢B) .

The both structures may be transported from the function space over g* into func-
tion space over g by means of the Fourier transform. The pointwise product in g*
becomes the convolution in g. All relationships are preserved. The new Poisson
bracket in g is a differentiation of the Abelian convolution.

Let us denote the corresponding Poisson bracket in g by [,]. More precisely, if F,
G are functions on g Fourier-expressed as

F(@) = (27fh)n Flo)e (5 0@)due

G(@) = ﬁ [ (5 2:3) due

then their bracket is defined as

7.6 @) = s [{F.GHee (25 due

One can show that

[F,G]| = % (AJF) * (w'Q) -

~ i
Concerning the last formula, let us notice that
Ao (f*9) = (Aaf) * g+ [ * (Aug)
but it may be also shown that for any G
Ay (W*G) = 0.

This explains why only one term appears in the middle expression in (139). An-
other, equivalent expression for [F, G| is

A, (F % wG) . (139)

[F,G| = —%Aa (W'FY*G) = —% (W'F) * (A.G) . (140)
Therefore, the more symmetric formula for [F, G| would be
1
[F,G] = o (AuF) * (07G) = (W F) * (AaG))
(141)
_ % (AaF) % (0°C) — (AaG) % (W F)).

Let us stress here some subtle point concerning the relationship between symbols
k%, w®. Roughly speaking, they denote almost the same, however, some delicate
difference in their meaning should be noted. In (72) the canonical coordinates k¢
are analytically used as coefficients at the basic elements e, of the Lie algebra g.
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Being used as a parametrization of g, they are functions on the group manifold G,
in general in a local sense. The exponential mapping e of g into (G establishes a
correspondence between k£ and w“, namely, w® = k% o e, when carefully taking
domains into account. One must remember however that strictly speaking, k“ as
functions on G are defined locally and the range of their values is not identical
with R"™. Unlike this, w® are global linear coordinates on the linear space g. Inter-
pretation of functions on & in terms of functions on g is also local. As a rule, the
global identification fails, even because of simple topological reasons. The point
is, however, that in the quasiclassical limit these obstacles become inessential. In
this limit we deal with “large quantum numbers”, i.e., with “quickly oscillating”
functions. One performs some truncation or cut-off procedure, namely, the total
group algebra over G is replaced by its subalgebra composed of ideals M («) the
generating units £(a) of which have the number of nods above some fixed value.
The higher is the truncation threshold, the more is the essential behaviour of admis-
sible functions concentrated in a small neighbourhood of the group unity e. The
admissible functions on G practically vanish far away from e, and “do not feel”
the topology of G. They may be in a good approximation represented by functions
on g, thus, on a linear space. More precisely, it is so for functions superposed in
a quasiclassical way of the basic quickly oscillating functions £(«);;. By that we
mean that the combination coefficients C'(«v);; are concentrated in a “wide range”
of the label o and are “slowly varying” within that range. To be more (even if
roughly) rigorous with such statements, one must specify what is meant when we
say that the labels «, 3 are nearby. Simply we mean then that the numbers of nodes
of (), e(3) are nearby (roughly speaking, the corresponding quantum numbers
are nearby). Functions on G constructed according to such prescription may be
reasonably represented by functions on the Lie algebra g. Operations in the group
algebra of G may be approximated by certain operations in the group algebra of g,
where, just as above, g is interpreted as an Abelian additive Lie group. Continu-
ous Fourier expansion approximates in a satisfactory way the discrete Peter-Weyl
expansion on the compact group G. Expanding in the convolution formulas the
group multiplication rule in Taylor series and retaining the lowest-order terms, we
obtain some asymptotic approximate formulas, namely

ih
FxH~F+«H-+—[FH 142
% " +2[, ] (142)

where [F, H] is just (140), (141) and the symbols zk; , * denote respectively convo-
g

lutions in the sense of GG and g (as an additive group). The use of the same symbols
F', H on the left and right sides of (142) is rough, however, the meaning is obvi-
ous: just the “identification” in terms of the exponential map. In the lowest order
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of approximation, the quantum Poisson bracket is expressed as follows
1
{F,H}q—E(sz;H—HéF>~[F,H]. (143)

We can notice that (142) and (143) is a counterpart of the well-known quasiclassi-
cal expansion of star products, first of all, the Weyl-Moyal product.

Some more details will be presented when discussing the physically important spe-
cial case G = SU(2) or G = SO(3,R), i.e., quantum description of angular mo-
mentum.

4. Group Algebra su(2), Quantum Angular Momentum and
Quasiclassical Asymptotics

In the previous sections of this paper we have investigated some general problems
of the formulation of quantum mechanics based on the H T-algebras. In particular,
we reviewed their important subclass, namely, the associative convolution algebras
of functions on locally compact topological groups, first of all, Lie groups. In the
final section below we concentrate on the main subject of this paper, namely, on
the theory of systems with quantum angular momentum. It is not decided what is
the nature of this angular momentum; it may be either orbital or spin or some their
superposition. The nature of the system as that of angular momentum is specified
by using the convolution algebra of once integrable functions on the group SU(2).

We begin with the usual expressions involving the Pauli matrices and canonical
coordinates of the first kind on SU(2), i.e., components of the rotation vector, ad-
mitting the doubled range of the angle of rotation. We also mention about the
projective parametrization based on the so-called vector of finite rotations, when
during the multiplication of matrices some purely algebraic rule of computation of
parameters is used. Operators L., Rq, Aq, introduced previously, i.e., generators
of the left and right multiplicative argument-wise action of SU(2) and its quotient
SO(3,R), are below explicitly expressed in terms of partial differentiation with
respect to the group coordinates on SU(2). Some algebraic formulas for the action
of those operators on our configuration space functions and the resulting differ-
ential equations satisfied by the unitary irreducible matrix elements D(j),, and
magnetic multipoles ()P, are below discussed.

As it is well known, there are various objections against the usage of the h — 0
limit transition from the quantum to classical mechanics. In our SU(2)-approach to
the theory of angular momentum this problem is particularly essential because, as
a matter of fact, apparently there is no use of the Planck constant at all. The method
of quasiclassical analysis we suggest below is based on some other limit transition.
Namely, instead of the h — 0 procedure, we perform the procedure of eliminating
the low quantum numbers in the group algebra on SU(2). So, the problem is to
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fix some value of L and to investigate only the sub-algebra of L{SU(2)) obtained
as the direct sum of all two-sided ideals with the value of the angular momentum
J > L. And then we perform the limit transition with L — oo.

After some manipulations one obtains in this “classical limit” a Poisson system in
the Lie co-algebra of SU(2). In the special case of the usual dipole model, one
obtains the traditional classical equations of motion. If the model is more compli-
cated, one obtains models with Hamiltonians containing, e.g., higher-order multi-
pole magnetic moments. It is interesting that when we perform the quasiclassical
analysis in this sense, then some classically strange maxima/minima of functions
on SU(2) for k = 27 approximately cancel each other for the neighbouring values
of large scalar angular moments j, j + 1.

4.1. Lie Algebra of SU(2) and SO(3,R)

Theory of angular momentum is based on the group SU(2) and its quotient, i.e.,
SO(3,R) = SU(2)/Z, (see, e.g. [14,15]). The two-element centre and maximal
normal divisor Zy of the simply-connected group SU(2) is given by

Zy = {I,—I2}
where I is the 2 x 2 unit matrix.
Let 0,, a = 1,2, 3 denote Pauli matrices in the following convention

01 0 —i 10
= l10]> 27 lio]" 77 ]o-1

They are basic traceless Hermitian 2 x 2-matrices. The Lie algebra of SU(2),
su(2), consists of anti-Hermitian traceless matrices. The basic ones are chosen as

1
€q ‘— 70q- (144)
21
The corresponding structure constants are given by the Ricci symbol, more pre-

cisely

lea, eb] = %avec
where €, 1S just the totally antisymmetric Ricci symbol, €193 = 1, and the rais-
ing/lowering of indices is meant here in the sense of the “Kronecker delta” d,; as
the standard metric of R3. So, this shift of indices is here analytically a purely
“cosmetic” procedure, however we use it to follow the standard convention.

We know that SU(2) is the universal 2 : 1 covering group of SO(3, R), the proper
orthogonal group in R®. The projection epimorphism

SU(2) 3 u— R =p(u) € SO(3,R)
is given by

uepu™! = uepuT = e, R%. (145)
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With respect to the basis (144) the Killing metric  has the components

Yab = —20ap-

Its negative definiteness is due to the compactness of the simple algebra/group
su(2)/SU(2). For practical purposes one eliminates the factor (—2) and takes the

metric
1

Fab — _§7ab — 6ab- (146)
In terms of the canonical coordinates of the first kind
_ k i k
u(k) = e (k%) = cos 512 — %sin 51{:“0@ (147)

where k denotes the Euclidean length of the vector k € R?

E=VE-E = /o kokb.

Its range is [0, 27| and the range of the unit vector (versor) @ := k/k is the total
unit sphere S%(0, 1) C R®. This coordinate system is singular at k = 0, k = 2,
where

u(Oﬁ) = I, u(27rﬁ) =-0
foranym € S 2(0, 1). Of course, the formula (147) remains meaningful for k > 2,
however, the “former” elements of SU(2) are then repeated.

Sometimes one denotes
gg = IQ, eg = 5[2.

Then (147) may be written down as follows

u = &*(k) (2e,) (148)
where the summation convention is meant over y = 0, 1,2, 3
2 2 2 2
() + (&) + (&) + (&) =1 (149)

and this formula together with the structure of parametrization (147), (148) tells
us that SU(2) is the unit sphere S3(0, 1) in R*. Roughly speaking, k& = 0 is the
“north pole” and k = 27 is the corresponding “south pole”.

This “pseudo-relativistic” notation is rather misleading. The point is that the ma-
trices o, e, above are used to represent linear mappings in C?, i.e., mixed tensors
in C2. In the relativistic theory of spinors, e.g., in Lagrangians for (anti)neutrino
fields, o, are used as matrices of sesqulinear Hermitian forms, thus, twice co-
variant tensors on C2. The space of such forms carries an intrinsic conformal-
Minkowskian structure (Minkowskian up to the normalization of the scalar prod-
uct). And then o, form a Lorentz-ruled multiplet. This is seen in the standard
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procedure of using SL(2,C) as the universal covering of the restricted Lorentz
group SOT(1, 3), namely
aaua+ =o, A",
describes the covering assignment
SL(2,C) 3 a — A € SO'(1,3).

The four-dimensional quantity (¢%, &1, €2, ¢3) in (148), (149) may be also inter-
preted in terms of the group SO(4, R) and its covering group, however, this inter-
pretation is relatively complicated and must not be confused with the relativistic
aspect of the quadruplet of o,-matrices as analytical representants of sesquilinear
forms.

The Lie algebra of SO(3,R), so0(3, R), consists of 3 x 3 skew-symmetric matrices

with real entries. The standard choice of basis of so(3,R), adapted to (144) and to
the procedure (145), is given by matrices F,, a = 1, 2, 3, with entries

(Ea)b c = _5abc

where again €, 18 the totally antisymmetric Ricci symbol, and indices are “cos-
metically” shifted with the help of the Kronecker symbol. Then, of course

[Eaa Eb] — 5CabEc~

In spite of having isomorphic Lie algebras, the groups SU(2) and SO(3,R) ~
SU(2)/Zy are globally different. The main topological distinction is that SU(2) is
simply connected and SO(3, R) is doubly connected.

Using canonical coordinates of the first kind, we have in analogy to (147) the
formula

R(E) = e (K"Ey).

Because of the obvious reasons, known from elementary geometry and mechanics,
k is referred to as the rotation vector, k = V'k - k is the rotation angle, and the unit
vector (versor)

k

E

is the oriented rotation axis. We use the all standard concepts and symbols of the
vector calculus in R?, in particular, scalar products @ - b and vector products @ x b.
The rotation angle k runs over the range [0, 7] and the antipodal points on the
sphere S%(0, 7) C R? are identified, they describe the same rotation

R(mm) = R{—7m). (150)

Therefore, this sphere, taken modulo the antipodal identification, is the manifold of
non-trivial square roots of the identity 75 in SO(3, R). It is seen in this picture that
SO(3,R) is doubly connected, because any curve in the ball K%(0,1) C R? joining

n =
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two antipodal points on the boundary S2(0, 1) is closed under this identification,
1.e., it is a loop, but it cannot be continuously contracted into a single point.

It is worth to note that formally the values £ > 7 are admitted, however, they
correspond to rotations by k£ < 7, taken earlier into account. By abuse of language,
in SU(2) the quantities &, k are also referred to as the rotation vector and rotation
angle. But one must “rotate” by 47 to go back to the same situation, not by 2x.
The matrix of R(k) is given by

_\a 1 1 .
R (k) p = cos ko, + = (1 — cos k) k% + 7 sin ke®pek®

ie.,

- _ _l—cosk /— _\— sink— _
R(k)x—coskx+T(k-x>k+ ? kXT
or, symbolically

=T+EkXT+

5|

R(k)- %Ex(%xf}+---+%%x(%x---x(EXT)--->+...
Let us distinguish between two ways of viewing, representing geometry of SU(2)
and SO(3,R) in terms of some subsets in R? as the space of rotation vectors k or,
alternatively, in terms of closed submanifolds and their quotients in R*.
As seen from (149), SU(2) is a unit sphere S*(0,1) C R*, SO(3, R) is obtained
by the antipodal identification. Then SO(3,R) is doubly connected because the
curves on S3(0, 1) joining antipodal points project to the quotient manifold onto
closed loops non-contractible to points in a continuous way. In R? the group SU(2)
is represented by the ball K2(0,27) and the whole shell S?(0, 27) represents the
single point —I € SU(2). Then SO(3,R) is pictured as the ball K2(0,7) C
R3 with the antipodal identification of points on the shell S2(0,7), cf. (150).
This exhibits the identification of SO(3,R) with the projective space RIP?. The
antipodally identified points on S?(0, 7) represent the improper points at infinity
in R3.
For certain reasons, both practical and deeply geometrical, it is convenient to use
also another parametrization of SO(3, R), using so-called vector of finite rotation
2 k-

7 = 2 tg 5 k. (151)
One can note that in the neighbourhood of group identity, when k ~ 0, 3z differs
from k by higher-order quantity. The practical advantage of 77 is that the com-
position rule and the action of rotations are described by very simple and purely
algebraic expressions

R (321) R (323) = R ()
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where
_ 1 Nt o1
= 1—Z%1-%2 %1+%2+§%1X%2
e LN 1
R[zZT =T+ 1+Z% 7 X :U+§%X.CB .

An important property of this parametrization is that it describes the projective
mapping of SO(3, R) onto the projective space RPP®. The one-parameter subgroups
and their cosets in SO(3, R) are mapped onto straight-lines in R3. The manifold of
w-rotations (non-trivial square roots of identity) is mapped onto the set of improper
points in RP?, i.e., it “blows up” to infinity.

The homomorphism (145) of SU(2) onto SO(3,R), u — R{u), may be alterna-
tively described in terms of inner automorphisms of SU(2) and the rotation-vector
parametrization

wk)u™t = v (R(u)E) : u € SU(2). (152)

Roughly speaking, inner automorphisms in SU(2) result in rotation of the rotation
vector. The same holds in SO(3, R)

OR(F)O~'=R(OF), 0 €SO(,R).

Therefore, inner automorphisms preserve the length k of the rotation vector k, and
the classes of conjugate elements are characterized by the fixed values of the rota-
tion angle (but all possible oriented rotation axes 7). This means that in the above
description they are represented by spheres S?(0, k) C R? in the space of rotation
vectors. There are two one-element singular equivalence classes in SU(2), namely
{I2}, {—I2} corresponding respectively to k = 0, k = 2x. Of course, in SO(3, R)
there is only one singular class {I5}. More precisely, in SO(3,R) the class k = 7
is not the sphere, but rather its antipodal quotient, so-called elliptic space. The
idempotents ¢(«a)/characters x{(a) = e(a)/n(a) and all central functions of the
group algebras of SU(2) and SO(3, R) are constant on the spheres S2(0, k), i.e.,
depend on k only through the rotation angle k. In many problems it is convenient
to parametrize SU(2) and SO(3, R) with the help of spherical variables k, 6, ¢ in
the space R? of the rotation vector k. Historically the most popular parametrization
is that based on the Euler angles (¢, 9, ). It is given by

u[p, 9, 9] = u(0,0, p)u(0,9, 0)u(0,0, ) (153)
Rp,9,9] = R(0,0,)R(0,9,0)R(0,0,). (154)

Historically ¢, 9, ¥ are referred to respectively as the precession angle, nutation
angle and the rotation angle.
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Sometimes one uses u(¥,0,0), R(¢,0,0) instead «(0, 9, 0), R(0,1,0) in (153),
(154). The only thing which matters here is that one uses the product of three
elements which belong to two one-parameter subgroups. The Euler angles are
practically important in gyroscopic problems. Canonical parametrization of the
second kind

u(aa B, 7) = u(aa 0, O)U(Oa B, O)U(Oa 0, 7)

are not very popular. One must say, however, that many formulas have the same
form in variables (p, ¥, ) and («, 3, 7).

4.2. Irreducible Unitary Representations

It is well known that in SU(2) irreducible unitary representations, or rather their
equivalence classes, are labelled by non-negative integers and half-integers,

13
=j=0,-,1,-,...
« j 127 727
i.e.,
N
Q={0}UJ5

where N denotes the set of naturals (positive integers). And
n{a) =n(j) =25 + 1.
On SO(3,R) one uses integers only
a=5=012,..., Q={0}JN
For any v = j, there is only one irreducible representation of dimension
n(a) =n(j) =2j+1

i.e., only one up to equivalence. It is not the case for many practically important
groups, e.g., for SU(3) or for the non-compact group SL(2, C).
Historically, the irreducible representations of SU(2), SO(3,R), SL(2,C), and
SO'(1, 3) were found in two alternative ways
1) algebraic one, based on taking the tensor products of fundamental represen-
tation (by itself),
i1) differential one, based on solving differential equations like (106)—(111),
(113), (107).
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The left and right generators £,, R,, i.e., respectively the basic right- and left-
invariant vector fields, are analytically given by

k k 0O E kN k kb O 1 0
L, = —ctg— l— —ctg— | ——— + = Ckb 155
a Cg26ka+( 2Cg2>kk6kb+2 g (15
kE k0O ko k\Ek,k® 0 1 , O
0 = —Cctg— 1— —ctg— | ——— — ¢ 1
Ra= 585 5k T ( 2Cg2)kk8kb 25 K gpe (159
and therefore
0
_ _ b
A, =Ly — Ro = e’k ETeh
In terms of explicitly written components
. [ E o E\ k, k' 1 .
za:_t_za 1 - Zetom va v azkb
L 20g25 +< 2Cg2)kk+2€b
, Eok. E E\ ke k* 1
za:_t_za 1 — Zetom _G___azkb
Rla = 5ctgg0 +< 2cg2)kk gcab
Azazgabzkb.

The shift of indices is meant here in the Kronecker-delta sense.

The corresponding Cartan one-forms are given by

. Sink sink\ kky ., 2 o k barc
LE = - dk +(1— p )kkdk —I—kQSln 55 pek’dk
sin k sink\ k%ky .., 2 . ok b
R = dk“ 1— dk’ — — —e% k’dk”
k +< k)kk gz S 5
i.e., in terms of the components
sin k sink\ k%k; 2 k
L% = 8%+ (11— - = 2 2ga kb 157
% +< k)kk+k2sm2” (157)
o sink _, sink\ k*k; 2 ok, b

The central functions on SU(2) and on SO(3,R), in particular the idempotents
(j)/characters x(j) satisfy the obvious differential equations

Ao.f =0, ie., Lof =Raf, a=1,2,3.

Then the analytical formulas (155)—(158) are formally valid both on SU(2) and
SO(3,R), and in general the calculus on SU(2) is simpler than that on SO(3, R).
It is convenient to rewrite the formulas (155)-(158) so as to express them explicitly
in terms of the angular and radial differential operations in the space of rotation
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vectors k. After simple calculations one obtains

0 1 k 1
»Ca = naa_k - §Ctg§5abcnbv4€ + §Aa

0 1 k 1
R, = naa—k — §ctg§€abcnbAc — §Aa

k
L, = n®dk + 2sin® §€abcnbdnc + sin kdn®

k
R, = n*dk — 2sin® §5abcnbdnc + sin kdn®.

Using the R3-vector notation, including also the vectors with operator components,
we can denote briefly, without using indices and labels

L = —% — %ctggﬁ x A+ %Z (159)
R = ﬁé% — %Ctggﬁ x A — %ﬁ (160)
£ = ndk + 2sin? gﬁ x dm + sin kdm (161)
R = ndk — 2sin® gﬁ x dm + sin kdm (162)
A=FkxV (163)

where V denotes the Euclidean gradient operator.

Let us note the following interesting and suggestive duality relations

(dk, Ag) = Aok = 0, <dk;, 3> —1

ok
c 0 ana .
<dnaaAb> = Apng = €qpen”, <dna, %> =5 0.

In R3, considered as an Abelian group under addition of vectors, the right-invariant
fields coincide with the left-invariant ones, and when using spherical variables we
have then

. _ 1 _

EZR:V:WQ——ﬁXA(T) (164)
or r

L =R = dr = ndr + rdn. (165)

This is in agreement with the formulas (159)—(163), namely, in a small neighbour-
hood of the group identity Iy € SU(2), i.e., for k ~ 0, expressions (159)—(163) up
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to higher-order terms in k, one obtains

8 1. _

~ dk = ndk + kdn.

The quantities 7, d7, A are non-sensitive to the asymptotics k — 0, because they
are purely angular (6, ) variables, independent of k.

SU(2) is the sphere S3(0, 1) in R*. Taking the sphere of radius R, S®(0, R) C R*,
and performing the limit transition R — oo, one obtains also the relationships
(164), (165) as an asymptotic limit.

The Killing metric tensor with the modified normalization (146) is given by

Q

PSR

Q

I~ 0

~
~o

4 Lk 4 L k\ KK
g’ij = k_2 Sln2 55@3 + (1 — ? Sln2 5) ?? (166)
and its contravariant inverse by
g k2 . L2 Lt Ld
gZJ — ) 5ZJ + 1 - . D - 5
4sin“ k/2 4sin“k/2 ) k k

The corresponding metric element may be concisely written as
ds? = dk? + 4sin? g (d92 + sin? 9d¢2) — dk? + 4sin? gdﬁ- dnm (167)
or, in a more sophisticated way
g = dk ® dk + 4 sin® g&ABdnA ® dn? (168)

and, similarly, for the inverse tensor
L0 01
I T3k T ok " 4sin? k/2

According to the standard procedure, the volume element on the Riemannian mani-

fold is given by
au (B) = \/lgla’F = [t [g; (F)|@°F.

It is easy to see that for our normalization of the metric tensor

4sin? k/2 43
12

where d®k is the usual volume element in R® as the space of rotation vectors k.

This volume element is identical with that given by (169), (170), (171). The reason

is that all these expressions are translationally-invariant and the Haar measure is

unique. We assume here that G is unimodular. In fact, we mean only the compact
semisimple groups and their products with Abelian groups (clearly, in the latter

§AP A4 0 Ap.

_ k _
du (k) = 4sin®  sin 6dkddd = 2 (169)
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case it is not the Killing tensor that is meant in the Abelian factor). Nevertheless,
any metric meant there is also assumed translationally-invariant, and so the total
Riemann measure also coincides with (169), (170), (171).

Let us mention that when the Euler angles (o, 9, 1) are used as a parametrization,
then the Riemann metric is given by

ds? = dv? + dy? + 2 cos Idpdy + di?. (170)
The measure element is then expressed
dp (¢, 9,1) = sin 9dddpdy. (171)

The metric element expression (170) may be diagonalized by introducing the new
“angles”

a=p+9, B=p—1
however, this representation rather is not used practically.

Let us remind that on SU(2) the range of Euler angles is [0, 4] for ¢, 1, and
[0, 27] for 9, on SO(3,R), it is respectively [0, 27] and [0, 7].

In some of earlier formulas we used the convention of the Haar measure on com-
pact groups normalized to unity, x{(G) = 1. When normalized in this way, it will
be denoted as p1. The label “(1)” will be omitted when the normalization is clear
from the context or when there is no danger of confusion.

After elementary integrations we find that on SU(2) the element of normalized
measure is given by
1 . Lk sin? k/2

dpay = —5 sin? = sin fdkdfdy =

T Q3.
472 2 472k

If we used the normalization (169), the “volume” of SU(2) would be 1672. With
the same normalization, the volume of SO(3,R) would be 872. It is intuitively
clear: SU(2) is “twice larger” than SO(3,R). So, we would have

1 o k sin k/2

dpmysoar) = 5 Sln 3 sin 0dkdfde d3k.

However, as mentioned, all formulas will be meant in the covering group sense
SU(2).

The metric tensor (166), (167) is conformally flat. It is seen when we introduce
some new variables g instead of k, namely

ol = ate’
= = —_
0=|0 g4a

R

ko (172)
= — =N
k
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where a denotes some positive constant. Then (167) becomes

_ 16a?

T (a2 + 0?)?
16a? 2 2.

- s o« o

or, using again the “sophisticated” form (168)

_ 16a?
9= (ar + 22

Apparently, (172) is a conformal mapping of SU(2) onto R? with its usual Euclid-
ean metric. The ball K2(0, 27) “blows up” to the total R? and the sphere S%(0, 27)
“blows up” to infinity. In other words, SU(2) is identified with the one-point com-
pactification of R? and the element —I> € SU(2) becomes just the compactify-
ing point. The ball K%(0, ) corresponding to the manifold of SO(3,R) and its
boundary sphere S?(0, 7) (non-trivial square-root of identity) become respectively
K?(0,a) and S2(0,a). If we put a = T, they are mapped onto themselves. From
the conformal point of view the particular choice of the constant a does not matter.

ds? (dg? + o? (d0? + sin? 9d<p2>)

(do® do+ *6apdn” @ dnb) .

The projective mapping (151) of SO(3,R) onto RP? maps geodetics of (167) onto
straight lines in R3. However, it is neither isometry nor the conformal transforma-
tion, instead we have that

4 4
ds? = 1.2 (4 2 dse? + 52 (d92 + sin? 9dg02>) .

On SU(2) the formulas (82), (84) take on the following form
o) = R@)WRYw),  La(u) = Ry(w)R(u) "1,
where the dependence
SU(2) 3 u — R(u) € SO(3,R)

is given by (145), (152). In orthonormal coordinates this is the same formula,
because inverses of orthogonal matrices coincide with their transposes. The corre-
sponding symmetric operators 3, 3,, denoted respectively by

h ~ h
Sa - T,Ca, Sa, — TRQ (173)

are interrelated by the same formula
Sa(u) = Sy(u)R(u)~,.

When interpreted in terms of action on the wave functions on SU(2), they are
operators of rotational angular momentum (spin) respectively in the spatial and
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co-moving representations. The corresponding operators of hyperspin

_h o h ., 0
Ao == poa Ve

are given by
Aa:Sa_ga, Ao =Ly —Ra.
The term “hyper” is used because this quantity tells us “how much” the spatial

components of spin exceed the corresponding laboratory ones. The operators .4,
generate rotations of the rotation vector and this is just the meaning of “hyper”.

According to (81), the corresponding classical quantities are given by

Sq = pj»cjaa §a = ijja, = SbRba

A, = ijja =5, — §a = 5abckbpc
where p; denote canonical momenta conjugate to k7 or rather to the corresponding
generalized velocities dk7 /dLt.
Evaluating differential forms on vector tangent to trajectories in the configuration
spaces SU(2), SO(3, R), we obtain the following quantities
dk’ dk’
dt’ dt’
They are respectively spatial (w®) and co-moving (%) components of angular ve-

locity. They are non-holonomic, i.e., fail to be time derivatives of any generalized
coordinates. The following duality relations are satisfied

w® = Eai (E) % = Rai (E)

w* (u, 1) = R{u)*p@* (u, ) .

R dk?
Sqw® = 5,0% = p; T
Let us quote the obvious commutators and Poisson brackets
[ﬁa, Eb] = - Eabc‘CCa [Raa Rb] = Eabc,}-\{m [ﬁaa Rb] =0
[A(La Eb] = — EabC‘CCa [Aaa Rb] = — 5abcT\yJCa [-Aaa -Ab] = - 5abC-Ac
1 1 ~ =~ ~ 1 ~
E[Saa Sb] = Z':.a,bCSCa E[Saa Sb] = - 8(LbCSCa E[Sa, Sb] = 0
1 1 ~ ~ 1
—(AL, S| = ‘S., — (AL, S| = ‘S., —[AL, A = — e A
ih[ .Sy = €ap ih[ b] = Eab ih[ b] Eab
{Saa Sb} = 5abCSCa {Saa Sb} = - 5abCSCa {Saa Sb} =0
{Aa. S} = ea”Se. {Aa. S} = ew”Se. {Aa, Ay} = — ea®A.

In the enveloping algebras built over Lie algebras of £- and R-operators there
exists only one Casimir invariant, namely, the second-order one

C(L,2) =C(R,2) = A =38%L,Lop = %R, Ry (174)
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In physical expressions like various kinetic energies and so on, one uses their
(—h?)-multiplies

§? = C(5,2) = C (5,2) = —h?A.

There is also only one Casimir in the associative algebra generated by the Lie
algebra of .A-operators

A? = C(A,2) = 6% A, A4, A2 = —h2A%
After some easy calculations one obtains for (174)

_ 0 tetgb O 12
~or2 T 00k T 4sin?k/2

A
For obvious reasons, when expressed by the spherical angular variables (0, ¢) in
the space of rotation vector k, A? has identical form with the operator of the
squared magnitude of orbital angular momentum. Its spectrum consists of non-
negative numbers h?[(l 1), where [ denotes non-negative integers, I = 0,1,2,. ...
As we saw in (112), A? = —h?A?% does commute with the Laplace-Beltrami
Casimir

S? = —h?8“°L Ly = —h*6R, Ry,

so they have common wave functions. Spectrum of the Laplace-Beltrami operator
consists of non-negative numbers 72 (j + 1), where j runs over non-negative half-
integers and integers

: 1 3 . : N
320,5,1,5,..., ie., JE{O}UE
where N denotes the set of naturals and j is just the label of irreducible unitary rep-
resentations of SU(2). When j is fixed, then [ runs over the range I = 0,1, ...,2j

for the possible common eigenfunctions of S? and A2. According to (106)—(111),
(113), (114), we have that

S°D(j) = h*j(j + 1)D(j),  S%e(j) = h*j(j + D)e(j)

i.e., all matrix elements of the j-th irreducible unitary representation, or, equiva-
lently, all elements of the minimal two-sided ideal M (), are eigenfunctions of

S% = §%°8,8;, = 6%S,,S;, = —h?Alg]

with eigenvalues A%j(j + 1).
Further, we have the following algebraization of operators

Sa = .E»Caa §a = iT:LRa
1 1
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in this representation

SeD(j) = S(1)aD(G),  SuD() = D()S()a (175)
AyD(j) = [S(j)a> D)) (176)

and similarly for elements of the canonical basis, because, as we saw, there is a
proportionality

g(j)km - (2] + 1)D(])km

Here S(j), are standard (2j + 1) x (2j + 1) Hermitian matrices of the j-labelled
angular momentum. According to (104), (105) we have that

D(j) (u(F)) =e (%k“sma) .

This algebraization of differential operators is very convenient because the matri-
ces of angular momentum are standard. Therefore, (117)—(120), or, alternatively,
(121)—(124), may be used, where the label « to be replaced by j and the symbols
Y(a)e by S(j)a-

Representations D(j) are irreducible, so, by definition

5°°S(j e = ZS(J 70+ DId(g;41).

The only Abelian Lie subgroups of SU(2), SO(3, R) are one-dimensional, just the
one-parameter subgroups. Therefore, one can choose only one L-type operator and
only one R-type operator to form, together with —h2?A[g], the complete system
of eigenequations for the functions £(j);/D(j)r;. Traditionally one chooses for
S(j)a such a representation that S(j)3 are diagonal. Then, of course, one should
choose the operators L3, R, or in terms of observables S, §3 This is certainly
the matter of convention. One could as well take any versor @ € R? and operators
neL,, nR, (or n®S,, nS,), assuming only that n®S(j), is diagonal for any
J. When we fix the quantum number j, then the eigenvalues of Ss, §3 have the
form hm, where m = —j,—j + 1,...,7 — 1,7, jumping by one. Therefore,
the matrix labels of D(j)mk, €(j)mk are not taken as 1,...,25 + 1, but rather as
—j,—j+1,...,7—1,j. The matrices S(j)3 are then chosen as

S(j)s = diag(—hj, —h(j —1),.... k(7 — 1), hj)
— hdiag(_ja _(j - 1)1"'1(j - 1)7j)'

Therefore, the basic functions

D(J)mka g(J)mk = (2..7 + 1)D(J)mk
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are defined by the following maximal system of compatible eigenequations

S*D(j)mp = PG + 1)D(j)mk (177)
S3D(j)mr = MhD(j)mk (178)
SsD(j)mk = kAD(§)mk- (179)

The solution is unique up to normalization and this one is fixed by the first and
third equations in (175), (176) with

n(a) =n(j) =2j + L.

Quite independently on the representation theory, the functions D(j),,x as solu-
tions of (177)—(179) were found as basic stationary states of the free symmetric
top, i.e., one with the following Hamiltonian (kinetic energy)

H= o7 (81) 57 (82) = 5 (89)
The corresponding energy levels (eigenvalues of energy) are given by

1 1 1
Ejr= ﬁh%'(j +1) + (ﬁ — ﬁ) h2k2.

Certainly, they are 2(2j + 1)-fold degenerate, i,e, they do not depend on m at all
and they do not distinguish the sign of k. If the top is spherical, K = I, they are
(2 + 1)2-fold degenerate. When the top is completely asymmetric, the energy
levels are (2j + 1)-fold degenerate (independence on the spatial quantum number
m).

Matrix elements D(j),,, of irreducible unitary representations, i.e., equivalently,
elements of the canonical basis

are common solutions of the system of eigenequations (177)—(179).

There is also another complete system of commuting operators, namely, S2, A2,
As. Of course, taking the third component is but just a custom, we could take as
well n®A,, where 7 is an arbitrary unit vector in R®. Any common eigenfunction
of A%, A3 has the following form

¥ (F) =4 (k,0,0) = F(&) Vi (7 (0, 0))

where f is an arbitrary function of the “rotation angle” k = |k|, Y},, is the standard
symbol of spherical functions, and 7 is the unit vector of the oriented rotation
axis. The eigenvalues are respectively given by h%l(l + 1), where I € {0} UN
is an arbitrary non-negative integer, and mh, where m runs over the range m =
—I,—=l+1,...,1—1,, jumping by one. The well-known system of eigenequations
is satisfied

A% = RAI(1 + 1), Agth = hmap. (180)
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The function f is arbitrary, because it is transparent for the action of A2, As.
The space of solutions of (180) is infinite-dimensional and this infinity is due to
the arbitrariness of f. Roughly speaking, for any fixed value of [, such a system
of functions represents an irreducible tensor of the group of automorphisms (152).
The value [ = 0 corresponds to scalars, i.e., functions constant on classes of adjoint
elements. They are linear combinations or rather series of idempotents/characters
£(7)/x(4)- Similarly, all higher-order tensors may be combined from their orthog-
onal projections onto ideals M (j). Those projections are common eigenfunctions

Q{itim = fu(R)Y o ()

of S2, A2, Ajs, therefore, the “radial” functions f;1 satisfy the following reduced
eigenequation

Sy kdf 10+ 1)
tgm S Gy - T Y=o, 181
a2 Ty TV Y - g ) (181

When j is fixed, then [ runs over the range
[=0,1,...,27—1,23

i.e., integers from O to 2j. It turn, any I-level is (2 + 1)-fold degenerate, thus, for
any fixed j, the number of independent functions Q{j },,, equals

2
i(2z+ 1) =(2j +1)?
[=0

just as expected, because dim M (j) = (25 + 1)2.
This is an alternative choice of basis, or rather of orthonormal complete system

in L? (SU(2)), tensorially ruled by irreducible representations of SO(3,R) as the
automorphism group of SU(2).

The corresponding finite transformation rule reads
Qi (9 (F) 97%) = Q{itim (w(R(9)F) = Q{j}im (k. R(g)7)
= > Q{5 (k, ) DD (R(9)) -
Infinitesimally this is expressed as
AaQ{5}m =D Q{5 S (D anm.

In terms of the convolution commutator

2208, QUbm| = [ F£0), Q]| = S QU W



Quasiclassical and Quantum Dynamics of Systems of Angular Momenta 139

Of course, the convolution commutator is meant in the sense

[f.gl=f*xg—gxf (182)

The use of spherical functions Y, () in (180) expresses explicitly the fact that
for a fixed [ we are dealing with an irreducible object of the group of inner auto-
morphisms. This is so-to-speak a non-redundant description of such objects, with
all its advantages and disadvantages. The obvious disadvantage is that the tensorial
structure is hidden. The point is that Y,,, (77) are independent quantities extracted
from the [-th tensorial power of the unit versor 7, Qli)ﬁ. Analytically such a sym-

metric tensor is given by the system of components
..n. (183)
The transformation rule under R € SO(3, R)

(Rm)™ ... (Rm)™ = R™y, ... R%yn® ... n"

nt .

is evidently tensorial and preserves the symmetry, however, it is reducible, because
orthogonal transformations preserve all trace operations. Irreducible objects are
obtained from (183) by eliminating all traces, e.g.,

V(©2)® = nnb — %5@5 (185)
1
y(3)abc — nanbnc . g (naébc + nbé-ca + n06ab) (186)

1
y(4)abcd _ nanbncnd - (nanbé‘cd + nancdbd + nandébc + nbnc5ad
7
(187)
1
35
and so on. The logic of those tensors is that they are algebraically built of n?, §¢,
are completely symmetric and traceless in any pair of indices (trace meant as a
contraction with an appropriate J,3).

4 nbndsac +ncnd5ab) 4 (5ab sed L gee sbd 4 sad 5bc>

Any Y(I) has only (2/+1) independent components, which are linear combinations
of Ylm, m = —I, ..., . Therefore, the representation is very redundant, however,
the tensorial structure is explicitly visible. Instead of functions Q{j};,, one can
use tensorial objects

Q{7 3 = fu(R)Y (1) ()™ . (188)

Infinitesimally, the tensorial character of quantities Q{j,1} is represented by the
following relationship

AbQ{j, l}al...CLl — [ﬁb(s, Q{], l}CLl...CLl] _ Z Ebach{j, l}al...ac_ldac+1...al
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for example

AQE 2™ = [ £,6,Q5, 2| = =5 Q1) 2™ — & aQ{j, 23

and so on. Surely, £;0 in these equations may be replaced by R;é and both may
be replaced by L,2(j) = Rae(j). Irreducibility implies that

5abv4av4bQ{j, l}al...az — 6ab [[faéa [£b5’ Q{], l}al~~~al”

= 0% [Lag(j), [Loe (), Q{4 3]
= —l(l+a)Q{j, 1}

with the (182)-meaning of the convolution commutator.

4.3. Some Problems Concerning Irreducible Tensors of Automorphism
Group

There are some subtle points concerning irreducible tensors of the automorphism
group, which were partially mentioned earlier in Section 2 devoted to general Lie
groups. Namely, the tensorial quantities (131) were introduced there. They were
obtained as convolution monomials of

h
Qo = L4060 =R,0 or Yo = TQG’

or rather as symmetrizations of these monomials. The symmetrizations of mono-
mials built of 3, are Hermitian in the sense of group algebra, just as 32, themselves.
However, in general they are not irreducible tensors, just the traces (in the sense
of Killing metric tensor) must be subtracted. The symmetrized monomials are
represented in the Peter-Weyl sense by matrices (130) alternatively, depending on
whether the convention (117) or (121) is used. And an important point is of course
that the monomials (125) are different from the pointwise products Q,Qp - . . Q-
In particular, the pointwise products Q(a),Q(a)p ... Q(a) of M («a)-projections
do not belong to M («), whereas the convolutions Q{a), * Q(a)p * - -+ * Q)i
certainly do.

Let us specialize the problem to SU(2). The distribution ¥, = (h/1)Q,, phys-
ically corresponding to the angular momentum, is suggestively expressed by the
operators (173)

1 1

and its projections onto ideals M (j) are given by

h h
S(f)a = ~Las(i) = TRac(j). (190)
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The above expression (189) is a series built of (190) with all possible values of
j = 0,1/2,1,3/2,... and the limit is meant in the distribution sense. But of
course X(7), themselves are well-defined smooth functions and

_ de(y) ka dx(j)

¥(j)a = T (25 + 1)Wna

because the idempotents (j)/characters x(j) depend only on k. The Peter-Weyl
coefficients of X, are given by the usual (27 + 1) x (25 + 1) matrices S(j)q
of angular momentum or by their transposes S(j)I, depending on which one of
conventions (121) or (117) is used.

The higher-order Hermitian SO(3, R)-tensors are again given by (131) and the
corresponding Peter-Weyl matrices (130) will be denoted by

S(]’ l)al---(ll = S(j)(al cee S(j)al)
S ey ar = S ay -+ SG)ay-

They are tensorial and symmetric, nevertheless, just like (183), they are still re-
ducible. To obtain irreducible objects, one must eliminate traces, in analogy to
(184)—(187). The corresponding traceless parts of (matrix-valued) tensors S(7,1),
S(5,1)T will be denoted by

S°(j,1) = Traceless (S(4,1)), S5°(y, l)T = Traceless (S(j, Z)T) . (191)

Let us observe that the very literal analogy with (184)—(187) is, nevertheless, mis-
leading, because in (180), (183), (184)—(187) we are dealing with the pointwise
products

nnb .. .n" or kDR
Because of this the shape factor f;;(k) in (180), (188) must be introduced and
subject to the “radial” Schrédinger-type equation. Unlike this, there is no problem
of “radial” equation when one deals with functions 3(j, [) on SU(2) with the Peter-

Weyl coefficients (191). Namely, for any fixed half/integer j and any [ < 27, the
following functions on SU(2)

T(, Day..ar = Tr (5°(J, Dar..ai€05)) = Tr (5°(4, a0, D(7)(27 + 1)) (192)

are eigenfunctions of 82 = —h?A with the eigenvalue h?j(j + 1), thus, they are
elements of M () and simultaneously are the eigenfunctions of A% = §**A A,
with the eigenvalue h2[(l + 1). Any element of M (j) may be uniquely expanded
as follows

2

F=3 PO)™ "T(j,Da..a (193)

1=0

where the tensor P(]) is totally symmetric and traceless.
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Its Peter-Weyl matrix of coefficients F' in the convention (121) has the following

form
27
F =% PO S, Day..ar- (194)
=0
Evidently, the function (193) is Hermitian in the sense of group algebra if and
only if the coefficients P(1)** % are real, because all the matrices S°(j,1)q,..q,
combined in (194) are Hermitian.

The above representation is tensorially symmetric, however, informationally re-
dundant. In non-redundant description, based on spherical functions Y7,,, we have
instead of (193) the representation

27 l
F=) % PuQ{i}n (195)

1=0 m=—I
where the functions Q{j};, are given by (180).
The obvious properties of spherical functions, i.e.,
Vi(=1) = (=1)'Vpu(@), Y=Y,
imply that F' is Hermitian in the sense of group algebra over SU(2) if and only if
P = (=1)' Py_py).- (196)

The Hermitian elements of the group algebra of SU(2) given by (192) are assumed
to represent some important physical quantities. They have very suggestive ten-
sorial structure and for [ = 1 they represent the angular momentum. Because
of this there is a natural temptation to interpret them physically in terms of mag-
netic multipole momenta [30]. Although in tensorial representation their system is
redundant, it is convenient to expand with respect to them the density operators.
The corresponding coefficients P(1)* -~ are directly related to the expectation
values of multipoles, and it is reasonable to interpret them physically as magnetic
polarizations of the corresponding order [30]. It is clear that the physical situa-
tions, characterized by the fixed label j of the Casimir invariant, possess multipole
momenta and polarizations of the orders [ = 0,1,...,2j. The algebraically non-
redundant description of these objects is based on (195)—(196).

4.4. Quasiclassical Asymptotic of “Large Quantum Numbers”

Let us now discuss the quasiclassical limit. By this we mean the limit of “large
quantum numbers” in equations like (180), (181) and others. An important as-
pect of this asymptotics is that the corresponding basic solutions are superposed
with coefficients which are “slowly varying” functions of their arguments in some
“wide” range of their values and practically vanishing outside this range. It is
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important that the range is simultaneously “wide” in the sense “much wider than
one”, but at the same time concentrated about some “large” mean value. This
enables one to perform approximate “continuization” of discrete labels/(quantum
numbers) and to replace their summation by integration.

For [ = 0 the substitution of
X0

o= A
fio sink/2’
to (181) leads immediately to the following result

- ,sin(2j + 1)k/2
Jo=4 sink /2

A = const

But
e(j)(0) = (27 + 1)?
thus, A = 25 + 1, and finally

e(j)(k)=(2j+1)smfﬂ/12)k/ 5, o) = Z(? 2ol %};/12%/2 (197)

One can easily show that

d l
fiser = (@ - setes ) I (198)

and therefore, iterating this recurrence formula one obtains the explicit formula for
the multipole basis (180)

S AN
fi="11 (@—5ctg2)e(y). (199)
n=I[-1

Let us discuss the asymptotic expansions of such expressions in a domain [0, a]
where ¢ < 27. One can show that for continuous functions f on [0, a] the follow-
ing holds

a

tim [ 70)

sin(2j +1)k/2  sin(2j + 1)k/2) &

j—00.J0 sink/2 k/2
s k/2 —sink/2 | ,_. k.
= j]ggo f(k:) (/2 sin k)2 sin(2j + 1)§dk =0. (200)

Incidentally, this statement is true for more general “sufficiently regular” functions
f, i.e., they need not be continuous. The equation (200) means that in the integral
mean-value sense in [0, a] the functions £(j) with “sufficiently large” j-s may be
asymptotically replaced by

sin(2j + 1)k/2
k/2 '

(25 +1) (201)
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And for “sufficiently large™ values of j the functions (201) are essentially concen-
trated about k£ = 0.

Therefore, for any € > 0 there exists ng € N such that for any n > ng the following

holds
sinnk/2 sm nk/2
k dk — —F——dk
/0 T =75 / k2 <€
and
_ smnk/2
lim / 5k = 71 (0)
Le.,
1 sinnk/2
Nan— — e 52

is a “Dirac-delta sequence”.

The functions e(j) = (27 + 1)x(j) are concentrated about & = 0 and have there
the maxima (2j + 1)2. At k = 27 they have the extrema #(2;j + 1)? depending on
whether j is respectively integer (+) or half-integer (—). For j — oo, (j) may be
replaced by

2 274+ 1)k
() = (2j + DESin% (202)
in any interval [0, a], a < 27. But it is also seen that £(j) may be replaced by
2 27 + )k
() = =(2j + 1) sin P TV (203)
27 — k 2

in any interval [a, 27|, a > 0. The signs +/— appear respectively for integer/half-
integer values of j. Therefore, globally, in the total SU(2)-range k € [0, 27, we
have the following asymptotics for j — oo

M (2 + (_1)2j

) = (27 + 1) si -
e(j) = (2j + 1) sin 5 -

T k) . (204)
The oscillating, sign-changing extremum at k£ = 27 is a purely quantum, spinorial
effect. Such an effect does not appear on SO(3,R), when the range of k is given
by [0,7] C R. However, when the functions £(j) are superposed with slowly-
varying coefficients concentrated at large values of j, then the subsequent peaks
approximately cancel each other. Nevertheless, for any fixed j, it does not matter
how large one, we have the asymptotic formula (204) with both peaks. We shall
write it symbolically

e(j) = €°(j) + () (205)
where £0(j), €2-(j) are concentrated respectively about & = 0 and k = 2x. The

same is true for all other “radial” functions appearing in the multipole expansion
(180).
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Figure 1. Asymptotic behaviour of functions £(7).

Approximate equation for f;; about & = 0 and for large values of j has the follow-
ing form

2 0 2d. (.. I+1)\ .
gl t ot (J(]+1)— T) fa=0. (206)
For £°(j) = f}, one re-obtains the known expression

() = (2 + ) HE 2,

One can easily show that

. d 1
Jjue1 = (& — E)

o= (11 (5-3) <0

in a complete analogy to (198), (199).

Another often used approximation for large j is

i+ (5+3)
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Then the differential equation (206) becomes approximately

d? 2 d o 1)? l(l+1)
dk2fﬂ+kdk;‘fﬂ+ ((J+§> fir=

Again one can show that the approximate solutions of rigorous equations for the
large values of j have the following form

fi= 1 +f3217r

5= (1 (&30

0
d n
2T . 27 /- ~ 2
filt = n:lz—l (—dk 27r—k>)5 () FAENE

One can note that £(j) in (197) has the profound geometric interpretation of the
generated unit of M (j) and x(j) = (1/(27 + 1))e(j) is the character of the j-th
irreducible unitary representation of SU(2). And seemingly, one might have an
impression that the asymptotic counterpart (202) is something “accidental”, non-
interpretable in geometric terms. However, as a matter of fact, it is an important
object of the Fourier analysis on R ~ su(2) ~ so(3, R).

where

Indeed, it may be easily shown that the Fourier representation of the Dirac delta
distribution on R? (as the Fourier transform of unity)

1
(W) = / e (izw) &3
@)= o [ o) @
after performing the integration over angels becomes

1 27 o0 ™
3 / de / dsesc? / dv cos ve (irw cos )
(27)° Jo 0 0

where (¢,1, ) are spherical variables in the space R® of vectors s, adapted to the
direction of W as the “z-axis direction”. After the substitution = = cos ¥ € [1, —1]
and > = (/2 and elementary integrations, one obtains the following formula

5(@):#/ CCsma/Q

0 (W) =

1672 w/2
Under substituting { = (2j + 1) it is turned into
- 1 © sin (2j + 1) w/2
5(@) = o /_1/2 4 (2 + 1) = [ 4 cans(i)). @07
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Expression
sin (27 + 1) w/2
w/2

is an obvious counterpart of (197) and of its expression for the Dirac distribution
on SU(2), and the all other analogies are easily readable. They are not merely
formal analogies, the point is that they are really true asymptotic approximations
and geometric counterparts. Discrete summation over the “quantum number” j
is now replaced by the integration over the continuous label j corresponding to
the non-compactness of R® ~ su(2) and well suited to the “classical” nature of
expressions.

5c1ass(j)(w) = (2.7 + 1) (208)

The superposed functions (208) play in the commutative group algebra su(2) ~ R3
the role of generating units of ideals M () composed of functions with the fixed
“square of linear momentum”

(G+1/2)°hR2~j(j+ 1) A%

The last approximate “equality” corresponding to the “large” values of j. This
ideal is not minimal. The minimal ones just correspond to the single exponents
with the wave vectors s, i.e., “linear momenta” hsc. In €4,4(j) superposed are
(with equal “coefficients”) all exponents e (i(j + 1/2)7 - ), where 7 runs over
the manifold S(0,1) C R? of all unit vectors. The ideals M (j) are minimal
ones invariant under the group SO(3, R) of outer automorphisms of SU(2). Those
outer automorphisms are not only algebraic automorphisms of R? as an Abelian
additive group. In addition they preserve the standard Euclidean metric in R3. This
metric just corresponds up to multiplicative constant factor to the Killing metric
of su(2) ~ R®. It worth to note that the above terms like “group algebra” are
now used rather in a metaphoric sense, because we are dealing with continuous
spectrum and are outside of L2 (R?) and L! (R3). Everything may be rigorously
formulated in terms of rigged Hilbert spaces and direct integrals of Hilbert spaces,
however, there is no place for that here.

The above limit transition and asymptotics are meant in the sense of truncation
procedure in the rigorous group algebra of SU(2).

Quasiclassical limit is based on the truncation procedure of the group algebra of
SU(2). Namely, we take the subalgebra consisting of all ideals M (j) with j > jg
for some fixed jg

M (j > jo) == @ M(j).
J2Jjo
As mentioned, for large values of j, the generated units £(j) € M(j) are essen-
tially concentrated about k = 0, k = 27

e(7) = &°(j) + 7 (5)
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cf. (202), (203), (204), (205), and the following holds
e(0) =2+ 1), ET()E2r) = (-1)¥ (25 + 1)°.

The larger truncation threshold jo, the better the generated unit of M (j > jo)

>0
e(j>7d0) =Y e(j) (209)
J=Jjo
is approximated by
. - m - .
Eclass (,7 > ]O) = / d] Eclass(]) (210)

J0

where e.1as5(7) 18 given by (208). Of course, the convergence of series (209) and
integral (210) is meant in the distribution sense.

Projections of functions A, B on SU(2) onto the truncated ideal M (j > jg) will
be denoted by

A=A > o), B=B(j>jy).
The abbreviations ﬁ, B are used when there is no danger of confusion.

For physically relevant functions A, B, the Peter-Weyl series expansions of A B
may be reasonably approximated by continuous integral representations like (207),
(210).

Let us go back to quantum states-densities represented in terms of non-redundant
multipole expansions as follows

oo 25 l

0= >3 P(mQ it (211)

7j=70 =0 m=—1

Q{7 }im (E) = [ix(k)Yin (%) (212)

where the expansion coefficients P(j);,, may be roughly interpreted as magnetic
multipole moments.

Quasiclassical states are represented by expressions (211), (212), where
® jgis “large”
e P(j); as functions of j are concentrated in some ranges

J—Aj/2,7+Aj/2], T>Aj>1
e within this range, P(j);,, are slowly varying functions of j
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Algebraic operations of group algebra on SU(2) attain some very peculiar rep-
resentation in quasiclassical limit in the above sense. So, let us write down the
convolution formula for “truncated” functions

(A(J = jo) * B(J = jo)) (U (E))
= [AG 2 o) (u (7)) B 2 o) (u () u (F)) 4811;2 V2 1(:::2‘

The terms concentrated about £k = 2, as it was seen, approximately cancel each
other. One can assume that the integrated functions are essentially concentrated in

a close neighbourhood of the unity in SU(2), i.e., the null of su(2). There, in the
lowest order of approximation, we have

= _ T
u () u (k) zu(z+k+§lxk>.
Performing the corresponding Taylor expansions in our integral formulas and mak-

ing use of the earlier mentioned relationship between the variables k and @, we
finally obtain

A(J > Jo) *su) B(J = jo) = A(j = jo) *rs B(J = jo) (213)
where the convolution symbols on the left- and right-hand sides are meant in the
non-commutative SU(2)- and commutative R® ~ su(2) ~ so(3,R)-senses, re-
spectively. Surely, (213) is meant in the sense of lowest-order approximation, the
terms with higher-order derivatives are neglected.

Similarly, for the quantum Poisson bracket we obtain the familiar expression

% (A xsuy B— B sy A) ~ % ((Aad) #gs (wB)) . (214)
Here again we mean the lowest-order approximation, when the higher-derivatives
terms following from the Taylor expansions are neglected. As usual, A4, is the
generator of inner automorphisms in SU(2), i.e., equivalently, of Killing rotations

in su(2) ~ R?

4.5] -

0
owe

A(L - gabcwb

So, in terms of Fourier representants A (o), we have
= 2 oA OB
k k
{oi,0;} = ore"s; {A B}:Jké? i
(20} 17 9 1] ao_z 80_‘7
In particular, for the evolution of density ¢ we obtain

00 ~ 82 = o
" (. G-fid
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where H denotes the Hamiltonian. Taking appropriate Hamiltonians one obtains
classical asymptotics of various dynamical models of the evolution of quantum
angular momentum, or rather systems of quantum angular momenta. This includes
complicated interactions between magnetic multipoles as described above.

4.5. Final Comments Concerning Quasiclassical Limit

Let finish with some comments concerning quasiclassical formulas which may be
helpful when operating with some geometrically and physically important quanti-
ties.

First of all, let us observe that (213) is a merely zeroth-order approximation. The
first-order approximation is given by

- S 1~ -
A*SU(Q)B@A*R33+§[A,B]R (215)

3

where, let us remind [ﬁ, E] - is the extreme right-hand side of (214). The second

term is the lowest-order approximation to the SU(2)-convolution commutator. It
is well known that the commutator, or more precisely quantum Poisson bracket,
describes infinitesimal transformations, in particular symmetries of quantum states
(as described by density operators). It is well known that the operator eigenequa-
tion for density operators
Ao =ap
implies that the operators A, o do commute, thus, their quantum Poisson bracket
vanishes )
{A 0}g = (Ao —0A) = 0.

It is assumed here that A represents a physical quantity, thus, it is self-adjoint,
AT = A. Therefore, the concept of eigenstate, in particular that of pure state
(one satisfying a maximal possible system of compatible eigenconditions), unifies
in a very peculiar way two logically distinct concepts: information and symmetry.
Information aspect is that the physical quantity A has a sharply defined value on
the state g, there is no statistical spread of measurement results. Symmetry as-
pect is that p is invariant under the one-parameter group of unitaries, i.e., quantum
automorphisms, generated by A. On the quantum level, symmetry properties are
implied by information properties, because the quantum Poisson bracket is alge-
braically built of the associative product. This is no longer the case in quasiclassical
limit and on the classical level, where the Poisson bracket and (commutative) asso-
ciative product are algebraically independent on each other. But information and
symmetry are qualitatively different things, therefore, on the quasiclassical level,
the two first terms of the expansion for the non-commutative associative product
should be taken into account when discussing classical concepts corresponding to
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eigenequations. Otherwise the physical interpretation of eigenconditions would be
damaged.

Let us remind, following (177)-(179), that differential equations satisfied by the
functions £(),,x may be written in the following form

S e(j)mn = J(J + DB e()mi
S3 e(J)mk = Mhe(J)mk
Ss () )mk = khe(f)mk

with the known spectra of quantum numbers 7, m, k. Rewriting these equations in
terms of SU(2)-convolutions we obtain

Y2 xe(Nmk = €(F)mr * 22 = 7(G + DA% () mr (216)
Y3 xe(§)mr = mhe(J)mr 217)
e(J)mk * Bz = kh () mk (218)

where ¥, are given by (189) and 32 denotes the convolution-squared vector X,
5% = 5 x5 + Do x X + Ty x N

To obtain the quasiclassical counterparts of (216)—(218) we must use the asymp-
totic formulas (215). It is more convenient to express them in terms of Fourier
transforms, which were defined as functions on the Lie co-algebra (su(2))* ~ R?.
So, we shall use the coordinates o; introduced above and the functions £(j)(o)
such that

Do = g [ EDnlede (3o7) ¥ @)

The left-hand sides of (219) are functions on the Lie algebra su(2) ~ R? used to
represent the approximate expressions for the elements of canonical basis (matrix
elements of irreducible UNIREPS) as functions on SU(2). The system (216)—(218)
is expressed in terms of these Fourier transforms as follows

o E(Nmn(e) = j(G + DR? E()mn(c)  (220)

73 8 () + 5 {75, 5 mn(e)} = M E)nn(o) @21)
75 6 un(0) = 5 108, Emn()} = 1 E(un(0). )

The last two equations imply that
{03,€(1)mn(a)} = (M — )R E(J)mn(2).

It is convenient to use the polar angle ¢ in the plane o3 = 0 of variables o1, o9 in
su(2) ~ R?
02

tgp=—:
J1
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Instead of cylindrical variables o3, ¢ = Vo012 + 022, ¢ in the Lie co-algebra
(su(2))* ~ R3, we shall use the modified, spherically-cylindrical coordinates

02
o= Vo2 + 092 + 052, o3, @ = arctg —-
o1

They coincide with the canonical Darboux coordinates in (su(2))* as a Poisson
manifold. Their Poisson brackets have the following form

{p, 03} =1, {o,0} =0, {o,03} = 0.
In particular, 0“ = ¢ ¢ is the basic Casimir invariant. Its value surfaces o = const
are canonically two-dimensional symplectic manifolds. The exceptional “s-state”
value o = 0 is the singular co-adjoint orbit of dimension zero, just the origin of
coordinates.

2

In these coordinates the following holds

0
{0’3, f(g)} = %f(oa 03, 90)
therefore, the system (220)—(222) is solved as follows

S = N(3)3 (o2 = 1255 + 1)) 8 (03—

m-+n
2

N(j) ( P ) ( m -+ n) .
= dlo—h +1)}d|os—h e(ilm—n
T ViG+ D)8 (o5 = B2 ) e i(m = m))
where N (7) is a j-dependent normalization factor. It is defined by the demand that
5(j)mn|—:() - (2] + 1)5mn (224)

As already mentioned above, in quasiclassical situations the quantum-mysterious

7(j + 1) is not very essential and may be replaced by (j + 1/2)? or just by ;2.

)eitm — )
(223)

Let us observe an interesting analogy with some formulas from the Weyl-Wigner-
Moyal formalism for quantum systems with classical analogy. The “basis” of the
wave function space consisting of non-normalizable, or rather “Dirac-d-norma-
lized”, states |7) of fixed linear momentum 7 implies the following H T-algebra
“basis” in the space of phase-space functions (including the Moyal quasi-proba-
bility distributions)

1 i
Oy .my (@2_7) =0 (29 ) (my + E2)) € (ﬁ (w1 — £2)§> -
There is an obvious analogy with the term
1 i
0 (03 — 5+ M2)) e (ﬁ (1 — p2) @)

in (223), if we put p1 = hAm, po = hn. This analogy is not accidental. However,
there is no place here for more details.
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Equation (223) and normalization condition (224) imply finally that

1\? 1\?
E()mn ~ 1672R* (j + 5) ) <02 — h? (j + 5) )

5 (ag - ") e (itm —n)p)

D()yn ~ 872K (j + %) b (02 — K (j + %)2>
5 (03 _ hm”) e (i(m — n)e) .

In the above formulas we mean the same as previously asymptotic “indifference”
concerning j(j + 1), (j + 1/2)? ;2 for large values of j.

therefore

Warning: It must be stressed that the above functions are not literally meant as-
ymptotic expressions for £(7)mn, D{J)mn for “large” values of j. They may be
used instead of rigorous £(j) . D(j)mn When superposing them with coefficients
“slowly varying” as functions of j. And the very important point: The discrete
quantum number j may be then formally admitted to be a continuous variable and
the summation with “slowly-varying” coefficients may be approximated by inte-
gration. In this way the compactness of SU(2) is seemingly “lost”. This procedure
is well known in practical applications of Fourier analysis, where often Fourier
series may be approximated by Fourier transforms.
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