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Preface

This is a monograph intended for people interested in a more complete understand-
ing of the relation between quantum and classical mechanics, here explored in the
particular context of spin systems, that is, SU(2)-symmetric mechanical systems.
As such, this book is aimed both at mathematicians with interest in dynamics and
quantum theory and physicists with a mathematically oriented mind.

The mathematical prerequisites for reading this monograph are mostly elemen-
tary. On the one hand, some knowledge of Lie groups and their representations can
be helpful, but since the group considered here is SU(2), with its finite dimensional
representations, not much more than lower-division college mathematics is actually
required. In this sense, Chaps. 2 and 3 can almost be used as a particular introduction
to some aspects of Lie group representation theory, for students of mathematical
sciences. On the other hand, some knowledge of symplectic differential geometry
can be helpful, but again, since the symplectic manifold considered here is the
two-sphere with its standard area form, some of Chap.4 can be seen as a concise
presentation of the concepts of Hamiltonian vector field and Poisson algebra. As
the remaining chapters of the book are built on these first three, the very diligent
upper-division undergraduate student in mathematics, physics or engineering, with
sufficient knowledge of calculus and linear algebra already acquired, should not find
many serious difficulties in reading throughout most of this book.

Motivation is another story, however, and this monograph may not appeal to
those not yet somewhat familiar with standard quantum mechanics and classical
Hamiltonian mechanics. Rather, in fact, for those who have already taken a regular
course in quantum mechanics with its standard treatment of angular momentum,
some of the contents in Chap.3 will look familiar, although most likely they will
find the material covered in this chapter more precisely and explicitly treated than
in other available texts. In particular, our detailed presentation of the rotationally
invariant decomposition of the operator algebra of spin systems is not so easily
found elsewhere. Similarly, a person with minimal knowledge of symplectic
geometry and Hamiltonian dynamics may also find Chap.4 too straightforward,
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and perhaps somewhat amusing when he looks at the detailed presentation of the
rotationally invariant decomposition of the Poisson algebra on the two-sphere, but
again, we were not able to find this last part in any other book.

Thus, this book is mainly addressing a person — student or researcher — who has
pondered on the question of whether or how quantum (Heisenberg) dynamics and
classical Hamiltonian dynamics (also called Poisson dynamics) can be precisely
related. However, since this rather general question has already been asked and
studied in various ways in many books and research papers, it is important to clarify
how this question is addressed here and what is actually new in this book.

To this end, we must first emphasize that most ways of studying the above
question are of two major types: the first one, proceeding from quantum dynamics
to Poisson dynamics, and the second, proceeding in reverse order from Poisson
dynamics to quantum dynamics, the latter also widely known as the process of
“quantization” of a Poisson manifold. This monograph proceeds in the first way,
which in its own turn can be approached according to two distinct methodologies:
one which studies the so-called semiclassical limit directly from the quantum
formalism, and another and more detailed approach, which first translates the
quantum formalism to the classical formalism, in a process also referred to
as “dequantization”, and then studies the semiclassical limit in the dequantized
setting. This more detailed methodology is the one we shall follow in the present
monograph, albeit here we are limiting ourselves to the context of spin systems.

The advantage of working in the context of spin systems for this purpose is
twofold: on the one hand, all quantum spaces are finite dimensional, which greatly
simplifies the quantum formalism, and, on the other hand, since each process of
dequantization depends on a choice of symbol correspondence, it is important to
classify and make explicit all such possible choices, which is easier in the finite
dimensional context, and this is fully done for the first time in Chap. 6.

The comparison of all such choices of symbol correspondences is continued in
Chap. 7, which presents a detailed study of spherical symbol products, and Chap. 8,
which starts the study of their asymptotic limit of high spin numbers. Together,
Chaps. 6-8 of this book present for the first time in the literature a systematic study
of general symbol correspondences for spin systems, with their symbol products and
asymptotic limit of high spin numbers. In so doing, as far as we know these chapters
also present the first systematic study, in books as well as in research papers, of
how classical mechanics may or may not emerge as an asymptotic limit of quantum
mechanics, in a rather simple and precise context.
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Chapter 1
Introduction

Non-relativistic quantum mechanics was formulated in the first half of the twentieth
century by various people, most prominently by Heisenberg [38] and Schrodinger
[66] who independently followed, in the mid 1920s, on the preliminary work of
Bohr [17]. The latter attempted to modify non-relativistic classical mechanics, as
introduced by Newton in the seventeenth century and developed in the following
two centuries by Euler, Lagrange, Hamilton, Jacobi and Poisson, among others,!
in order to be compatible with the energy and momentum quantization postulates
presented first by Planck and then by Einstein and de Broglie in the 1900s.

While the pioneering work of Heisenberg with the help of Born and Jordan
introduced what at first became known as “matrix mechanics” [19, 20], the work
of Schrodinger produced a partial differential equation for the “wave function”.
Although Schrodinger was soon able to link his approach to Heisenberg’s, the two
approaches were fully brought together a little later by von Neumann [76, 78]. His
final formalism for non-relativistic quantum mechanics is based on the concepts of
vectors and operators on a complex Hilbert space. In many cases these are infinite
dimensional spaces and, in fact, the complete formalism had to expand on these
concepts in order to accommodate distributions and functions which are not square
integrable, thus leading to Gelfand’s rigged Hilbert spaces [31], quite later.

From the start, Bohr emphasized the importance of relating the measurable quan-
tities in quantum mechanics to the measurable quantities in classical mechanics.
However, his so-called “correspondence principle” was not so easily implemented
at the level of relating the two mathematical formalisms in a coherent way. At first,
the basic mathematical concepts for describing classical conservative dynamics,
functions on a phase space of positions and momenta (a symplectic affine space),
were brought in a very contrived way to the quantum formalism through a series of
cooking recipes called “quantization”. Conversely, the “classical limit” of a quantum

"Poincaré, for instance, came a little later and his name is perhaps better associated to two other
contemporary revolutions in dynamics: chaos and relativity.

© Springer International Publishing Switzerland 2014 1
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dynamical system, where classical dynamics should prevail, is often a singular limit
and in the initial formulations of quantum mechanics it is not the phase space, but
rather either the space of positions or the space of momenta, that is present in a more
explicit way.

Some of these problems were addressed by Dirac [25, 26] already in his PhD
thesis, but a clearer approach for relating the classical and the quantum mathematical
formalisms was first introduced by Weyl [85] via a so-called symbol map, or symbol
correspondence from bounded operators on Hilbert space Lé(R”) to functions on
phase space R?", these latter functions depending on Planck’s constant . Soon
after, Wigner [90] expanded on Weyl’s idea to produce an %-dependent function
Wy € L§(R®) as the phase-space representation of a wave function ¢ € LZ(R").
While real and integrating to 1 over phase space, Wy, is only a pseudo probability
distribution on R?" because it can take on negative values, as opposed to |y/|> which
is a true probability distribution on R”".

Despite this shortcoming, Wigner’s function inspired Moyal [50] to develop an
alternative formulation of quantum mechanics as a “phase-space statistical theory”,
following on Weyl’s correspondence, where the Poisson bracket of functions on
R?" was replaced by an #-dependent bracket of %-dependent functions on R?",
whose “classical limit” is the Poisson bracket. Moyal’s skew-symmetric bracket
still satisfies Jacobi’s identity and, in fact, can be seen as the commutator of
an Ai-dependent associative product on the space of %-dependent Weyl symbols.
Although Moyal’s product is written in terms of bi-differential operators, an
integral formulation of this product had been previously developed, first by von
Neumann [77] soon after Weyl’s work, then re-discovered by Groenewold [35].
This Weyl-Moyal approach was further developed by Hormander [27,39,40], among
others, into the calculus of pseudo-differential and Fourier-integral operators. It also
inspired the deformation quantization approach started by Bayen, Flato, Frondsal,
Lichnerowicz and Sternheimer for general Poisson manifolds [9].

However, while the Hilbert space used to describe the dynamics of particles in
3-dimensional configuration-space of positions is generally infinite dimensional, if
one restricts attention to rotations around a point, only, the corresponding Hilbert
space is finite dimensional. Historically, the necessity to introduce an independent,
or intrinsic finite dimensional Hilbert space for studying the dynamics of atomic
and subatomic particles stemmed from the understanding that a particle such as an
electron has an intrinsic “spinning” which is independent of its dynamics in 3-space.
An extra degree of freedom, therefore.

After the hypothesis of an extra degree of freedom was first posed in 1924 by
Pauli [52] and 1 year later identified by Goudsmit and Uhlenbeck [71, 72] as an
intrinsic “electron spin”, the spin theory was developed around 1930, mostly by
Wigner [88, 89, 91], but also by Weyl [86], through a careful study of the group of
rotations and its simply-connected double cover SU(2), and their representations.

Because this intrinsic quantum dynamics in a finite-dimensional Hilbert space
had no obvious classical counterpart, at that time, the necessity to relate it with a
corresponding classical dynamics was not present from the start. In fact, to the extra
degree of freedom of spin, there should correspond a 2-dimensional phase space
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and, by SU(2) invariance, this phase space must be the homogeneous 2-sphere S2.
Thus, the fact that its classical configuration-space cannot be products of euclidean
3-space or the real 2-sphere was at first interpreted as an indication that a physical
correspondence principle for spin systems was impossible.

This may explain why the mathematical formulation of a Weyl’s style correspon-
dence for spin systems was developed much later. Thus, while Weyl’s to Moyal’s
works are dated from the mid 1920s to the late 1940s, an incomplete version of
a symbol correspondence for spin systems was first set forth in mid 1950s by
Stratonovich [67] and a first more complete version was presented in mid 1970s by
Berezin [10-12]. Then, in the late 1980s, the work of Varilly and Gracia-Bondia [73]
finally completed and expanded the draft of Stratonovich. Its contemporary work of
Wildberger [92] was followed by the relevant works of Madore [47], in the 1990s,
and of Freidel and Krasnov [30], in early 2000s. All these works produced a very
good, but in our view, still incomplete understanding of symbol correspondences
and symbol products, for spin systems.

From the mathematical point of view, such a late historical development is
surprising because quantum mechanics in finite-dimensional Hilbert space, on top
of being far closer to Heisenberg’s original matrix mechanics, is far simpler than
quantum mechanics in infinite-dimensional Hilbert space. On the other hand, the
corresponding phase space for the classical dynamics of spin systems, the 2-sphere
S2, has nontrivial topology, as opposed to R?". Nonetheless, one should expect
that a mathematical formulation of Bohr’s correspondence principle “a la Weyl”
would have been developed for spin systems in a more systematic and complete
way than it had been achieved for mechanics of particles in k-dimensional Euclidean
configuration space. However, despite the many developments in the last 50 years,
such a systematic mathematical formulation of correspondences in spin systems was
still lacking. In particular, we wanted a solid mathematical presentation unifying
the main scattered papers on the subject (some of them based also on heuristic
arguments) and completing the various gaps, so as to clarify the whole landscape
and open new paths to still unexplored territories.

Here we attempt to fulfill this goal, at least to some extent. This monograph,
written to be as self-contained as possible, is organized as follows.

In Chap. 2 we review generalities on Lie groups and their representations, with
special attention to the groups SU(2) and SO(3).

In Chap. 3 we present the elements for quantum dynamics of spin systems, that
is, SU(2)-symmetric quantum mechanical systems. First, we carefully review its
representation theory which defines spin-j systems and their standard basis of
Hilbert space. Then, after reviewing the tensor product and presenting the space
of operators, with its irreducible summands and standard coupled basis, we recall
how the operator product is related to quantum dynamics via Heisenberg’s equation
involving the commutator and then we present in a very detailed way the SO(3)-
invariant decomposition of the operator product, its multiplication rule in the
coupled basis of operators, with its parity property.
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Almost all choices, conventions and notations used in this chapter are standard
ones used in the vast mathematics and physics literature on this subject. In particular,
we introduce and manipulate Clebsch-Gordan coefficients and the various Wigner
symbols in a traditional way, without resorting to the more modern language of “spin
networks” which, in our understanding, would require the introduction of additional
definitions, etc., which nonetheless would not contribute significantly to the main
results to be used in the rest of the book.

In Chap. 4 we present the elements of the classical SU(2)-symmetric mechanical
system. After reviewing some basic facts about the 2-sphere as a symplectic mani-
fold and presenting the key concepts of classical Hamiltonian dynamics and Poisson
algebra of smooth functions on S2, defining the classical spin system, we present
in some detail the space of polynomial functions on S2, the spherical harmonics,
followed by a detailed presentation of the SO(3)-invariant decomposition of the
pointwise product and the Poisson bracket of functions on S2.

Chapter 5, Intermission, pauses the study of spin systems. Here we present a
brief historical overview of symbol correspondences in affine mechanical systems,
in preparation for the remaining and most novel chapters of the book.

Thus, in Chap.6 we present the SO(3)-equivariant symbol correspondences
between operators on a finite-dimensional Hilbert space and (polynomial) functions
on S2. After defining general symbol correspondences and determining their
moduli space, we distinguish the isometric ones, the so-called Stratonovich-Weyl
symbol correspondences. Then, we present explicit constructions of general symbol
correspondences, particularly the ones via coupled-standard basis and via an
operator kernel, introducing the key concept of characteristic numbers of a symbol
correspondence, and the general covariant-contravariant duality for non-isometric
ones. Besides correspondences of Stratonovich-Weyl type, special attention is
devoted to the non-isometric correspondence defined by Berezin via Hermitian
metric, which is then generalized to correspondences defined via coherent states.

In Chap. 7 we study in detail the products of symbols induced from the operator
product via symbol correspondences, the so-called twisted products. After definition
and basic properties, we produce explicit expressions for some twisted products
of cartesian symbols, valid for all » = 2j € N. Then, we describe the formulae
for general twisted products of spherical harmonics, Y;”, discussing some of their
common properties. Next, we present a detailed study of integral trikernels, which
define twisted products via integral equations. We state the general properties
and produce various explicit formulae (including some integral ones) for these
trikernels. In so doing, we arrive at formulae for various functional transforms
that generalize the Berezin transform and we also see that it is not so easy to
infer a simple closed formula for the Stratonovich trikernel in terms of midpoint
triangles (in a form first inquired by Weinstein [83] based on the analogy with the
Groenewold-vonNeumann trikernel) unless, perhaps, asymptotically.

Then, in Chap.8 we start the study of the asymptotic j — oo limit of sym-
bol correspondence sequences and their sequences of twisted products. In this
monograph, we focus on the high-j asymptotics for finite /, here called low-/
high- j -asymptotics, leaving high-/-asymptotics to a later opportunity. We show that
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Poisson (anti-Poisson) dynamics emerge in the asymptotic j — oo limit of the
standard (alternate) Stratonovich twisted product as well as the standard (alternate)
Berezin twisted product, but this is not the generic case for sequences of twisted
products, not even in the restricted subclass of twisted products induced from
isometric correspondence sequences. Thus, we characterize some kinds of symbol
correspondence sequences based on their asymptotic properties and also discuss
some measurable consequences.

In Chap.9 we present some concluding thoughts. For spin systems, adding to
Rieffel’s old theorem on SO(3)-invariant strict deformation quantizations of the
2-sphere [56], one now also has to take into consideration the fact that generic
symbol correspondence sequences do not yield Poisson dynamics in the asymptotic
limit of high spin numbers. In light of these results, old and new, we reflect on the
peculiar nature of the classical-quantum correspondence.

Finally, in the Appendix we gather proofs of some of the propositions and a
theorem, which were stated in the main text.
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Chapter 2
Preliminaries

This chapter presents basic material on Lie groups and their representations, with
emphasis on the Lie groups SO(3) and SU(2), as a preparation for next chapters.
The reader already very familiar with the subject may skip or just glance through
this chapter. For the reader unfamiliar or vaguely familiar with the subject, we refer
to [2,6,28,32,41,69,75], for instance, for more detailed presentations.

2.1 On Lie Groups and Their Representations

The notion of “symmetry”, expressed mathematically in terms of groups of trans-
formations, plays a fundamental role in classical as well as quantum mechanics.'
Recall that a group is a set G together withamap u : G x G — G , (g1, g2) —

(g1, g2) = g142, satisfying

(i) (2182)83 = 81(8283).Yg1.82.83 € G,
(ii)Jee Gst.eg=ge=g, Vg €,

(i))Vge G,Ag e Gst.gg ' =g lg =e.

If the set G is a smooth manifold and the map A : G x G — G , (g1, &) — gl_lgz
is smooth, then G is called a Lie group. The concept of subgroup is the natural one,
so, H C G is a subgroupof G if g7'g, € H, Vg1,82 € H.

Recall also that given two groups G, H, a group homomorphism from G to H is
amap ¥V : G — H satisfying W(g122) = V(g1)V¥(g2). If G, H are Lie groups and

! A more general but in some respects weaker algebraic structure that can be used to describe partial
symmetries is that of a groupoid (cf. [84]). We shall meet a groupoid that plays an important role
in the context of this monograph later on, cf. Definition 7.1.19.

© Springer International Publishing Switzerland 2014 7
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W is smooth, then it is a Lie group homomorphism. If W is also bijective, then it is
a (Lie) group isomorphism.

Now, we say that a group G acts (from the left) on a set M if there is a map
®:Gx M — M, such that

(i) em = m and (ii) g2(g1m) = (g2g1)m , forallm e M, g; € G,

where we have used the simpler notation gm for ®(g,m).> In other words, there is
a group homomorphism

O:G— SM), d(g) :m+— gm, 2.1

where S(M) is (a subgroup of) the group of invertible maps M — M.
Associated with the above action of G on M there is the induced (left) action on
the set of scalar functions on M :

geG:f— f5 f&m) = f(g"'m). 2.2)

In the typical applications in geometry and physics, G is a Lie group, M is a
smooth manifold, and the above maps and functions are smooth. M might also
have some specific algebraic or geometric structures and S(M) is the group (or
a subgroup) of transformations preserving (some or all of) the relevant structures.

2.1.1 Classical Groups over the Classical Fields

Many of the familiar examples of Lie groups arise from considering matrix groups,
which are subgroups of GLk(n), the group of invertible matrices over K = R, C,
or H (quaternions), which is isomorphic to the group GL(V') of invertible linear
transformations of an n-dimensional K-vector space M = V ~ K", via the usual
left action of matrices on column vectors. Note, however, in the case K = H scalar
multiplication must act on the right side of column vectors to ensure that matrix
multiplication from the left side is an H- linear operator. K" has the usual Hermitian
inner product (u, v) = Zj‘:l u;v; and norm |u| = (u, u)l/z.

The natural extension of scalars, from real to complex to quaternion, has several
important consequences for representations of groups. First of all, for n > 1 there
are natural inclusion maps ¢, ¢ and linear isomorphisms r, ¢’

R' -C'"=R"+iR" ->"R"® R", 2.3)
C" 4 /" = " +](Cn _)c’ (ol @Cn’

20f course, there is a similar definition of an action from the right.
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where ¢ and r (resp. ¢ and ¢’) are R-linear (resp. C-linear) maps.® Then there are
corresponding injective homomorphisms of groups

GLgr(n) —° GLc(n) =" GLg(2n), (2.4)

GLc(n) =9 GLu(n) —< GLc(2n).

Again, ¢,q in (2.4) denote inclusions, whereas r and ¢’ replace each entry of a
matrix by a 2-block, as follows:

r:(X+iy)—>(; _xy) e (1 +jz2)—>(Z‘ _22). (2.5)

22 2

The terminology explained in the last footnote also makes sense for the above
groups and homomorphisms.

Of particular interest to us is the unitary group U(V) C GL(V) consisting of
operators preserving the norm of vectors. Its conjugacy class consists, in fact, of all
maximal compact subgroups of GL(V'), as follows directly from Lemma 2.1.1 (i)
below. In terms of matrices, the K-unitary group Ux(n) C GLx(n) consists of the
matrices A whose inverse A~ is the adjoint A* = AT (conjugate transpose), or
equivalently, ||Au|| = ||u| for all vectors u. For the three cases of scalar field K,
these are the compact classical groups

O(n) C U(n) C Sp(n) (2.6)

called the orthogonal, unitary, and symplectic group,* respectively. The special
orthogonal and special unitary groups SO(n) C SU(n) are constrained by the
additional condition det(4) = 1. Observe that the map r in (2.5) yields an
isomorphism U(1) ~ SO(2) by restriction to x> + y> = 1, whereas the map ¢’
yields an isomorphism Sp(1) ~ SU(2) by restriction to |z;|> + |z2|*> = 1.

In fact, these are particular cases of the following observation: since at each
“doubling procedure” R” — C" — H" a new algebraic structure is introduced,
which needs to be preserved by the symmetry group, we also have the inclusions

Spu(n) = Sp(n) C U2n) = Uc(2n),
Uc(n) = U(n) C 0(2n) = Or(2n).

3The mappings ¢, ¢, r, ¢’ are generally referred to as complexification, quaternionification, real-
reduction, and complex-reduction, respectively.

“The reader should not confuse the symplectic group Sp(n) = Spy (1), which is a compact group
over the quaternions, with the group Spy (2n) C GLg(2n) which is a noncompact group over the
reals, often also called the symplectic group, in short for the real linear symplectic group — we will
briefly mention a few basic things about this latter in the intermission, Chap. 5.
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2.1.2 Linear Representations of a Group

Let us recall the basic definitions and results about finite dimensional linear
representations of a group G. Namely, a representation of a (Lie) group G on
V ~ K" is a (Lie) group homomorphism

¢:G — GL(V) ~ GLk(n). 2.7

We also say that ¢ is a K-representation to emphasize that G acts on V' by K-
linear transformations. Recall from elementary linear algebra that an isomorphism
of the groups GL(V) and GLk(n), as indicated in (2.7), amounts to the choice of
a basis for V. The representation is said to be orthogonal, unitary, or symplectic if
the image ¢(G), viewed as a subgroup of GLk (n), lies in the corresponding unitary
group (2.6).

Two representations of G on vector spaces V; and V, are said to be equivalent (or
isomorphic) if there is a G-equivariant linear isomorphism F : V; — V,, namely
satisfying F(gv) = gF(v) forall g € G, v € V;. In terms of matrices, if ¢; : G —
GLk(n),i = 1,2, are two matrix representations, then their equivalence’ >~ ’ (as
K-representations) is defined with respect to some fixed A € GLk(n), as follows:

o1~ = p(g) = Api1(9) A~ Vg € G. (2.8)

However, the shorthand ¢; = ¢, is often used to mean ¢; >~ @,.

For simplicity, a representation ¢ of G on V' is sometimes denoted by the pair
(G, V), with ¢ tacitly understood. A subspace U C V is said to be G-invariant
if gv € U for each v € U, and the representation (2.7) is irreducible if there is
no G-invariant subspace strictly between {0} and V. In representation theory, the
classification of all irreducible representations of G, up to equivalence, is a central
problem. More generally, the K-representation (G, V) is said to be completely
reducible if V decomposes into adirectsum V =V @V, @... @ Vj of irreducible
G- invariant K-subspaces V;, each defining an irreducible representation (G, V;)
with homomorphism ¢; : G — GL(V;).

Henceforth, we shall assume the group G is compact, which in view of the
following lemma simplifies the representation theory considerably.

Lemma 2.1.1. For a compact group G the following hold:

(i) All K-representations ¢ are K-unitary, namely ¢ : G — U(V) for a suitable
Hermitian inner product on V.
(ii) All representations are completely reducible.

The standard proof is often referred to as “Weyl’s unitary trick”, using the fact
that (G, V') has a G-invariant Hermitian inner product (, ). It is found by averaging
a given inner product (, ) over G, namely we set
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(o) = [ (g, @9)
G

Here dg denotes the (normalized) Haar measure on G, which is bi-invariant in
the sense that the functions f(g), f(kg), f(gk) on G have the same integral, for
k € G fixed. Now property (ii) follows from the observation that for any G-
invariant subspace U C V, the orthogonal complement U~ is also G-invariant.

From complete reducibility one can show that any representation has a unique
decomposition ¢ = Z(p,- into a (internal) direct sum of irreducibles, often written
as an ordinary sum ¢ = @1 + @2 + ... + ¢r. Some of the ¢; may be equivalent, of
course, so the notation such as ¢ = 2¢; + 3¢, should be clear enough.

Note, however, that the internal splitting (or direct sum) as explained above
is different from the notion of an external splitting of a representation (G, V),
or equivalently an external direct sum of representations (G;, V;). Namely, G is
the product of the groups G; and V is the direct sum of the V;, each G; acting
nontrivially only on the summand V;. For example, with two factors we have

(G,V)=(G1 xG, Vi@ V) =(G1, V1) @ (G2, V2), ¢ = @1 D ¢s.

Moreover, in the case G = G, = H so that G = H x H, restriction of the
above external splitting to the diagonal subgroup AH ~ H of G yields an internal
splitting ¢|ag = @1 + @; of the representation (H, V).

Clearly, an irreducible representation may become reducible by extension of
the scalar field K. For example, a real irreducible representation iy may split after
complexification,

ey : G =V GLg(n) =< GLc(n), (2.10)

say cy = @1 + ¢2. As an example, consider the standard representation 1t of the
circle group U(1) = {z € C; |z| = 1} acting by scalar multiplication on the complex
line C. Realification of p; yields the standard representation p, of SO(2) ~ U(1),
acting by rotations on R?. Next, complexification of p, means regarding the rotation
matrices as elements of GLc(2), and here they can be diagonalized simultaneous.
Refering to (2.4) we illustrate the effect of the two “operations” r and ¢ as follows:

. X — x4+ 0 _
(x+ly)_>r(y xy)_>c( ny_iy),m_)pz_wﬁ,“ @.11)

Here, in the last step we have changed the basis of C? so that the matrices become
diagonal. Thus, in particular, the irreducible representation p, becomes reducible
when complexified.

Next, note that conjugation of complex matrices yields a group isomorphism

t:GLe(n) = GLc(n), A — A.
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Therefore, a C-representation ¢ composed with ¢ is the complex conjugate repre-
sentation ¢ = ¢ : g — (g); for example see (2.11). In a similar vein, there is a
closely related construction, namely the dual (or contragradient) representation ¢
of ¢, acting on the dual space V* = Hom(V, C) and defined by

o' () =pg™H, (2.12)

where ®7 denotes the dual of an operator ® on V. However, since G is compact
it follows that the dual representation is the same as the complex conjugate
representation. In fact, in terms of matrices with respect to dual bases in V' and
V*, for ¢(g) unitary the left side of (2.12) is the matrix @(g), hence ¢’ = ¢.

Together with the homomorphisms in (2.4) we now have the six “operations”
r,c,c’,q,t,1, where 1 denotes the identity, being performed on representations of
the appropriate kind, and it is not difficult to verify the following relations

cr=1+t,cg=1+t,rc=2q9d =2, tr=r, (2.13)

tc=c, tcd =c, qg=gq, 1> =1.

For example, returning to the above splitting example, ¢y = ¢ + ¢, in (2.10), the
relation rc = 2 tells us that 2y = r¢; + r¢,, namely ¢ = ro; = ro;.

As we have seen, a real representation v <— (G, U) can be extended to a
complex representation ¢ <— (G, V') by the process of complexification, namely
weset V =UC = U + iU asin (2.3), and we set ¢ = cy. Conversely, we say that
a complex representation ¢ <— (G, V) has a real form  <— (G, U) if ¢y = ¢,
that is, (G, V) is equivalent to (G, U (C). In the same vein, a complex representation
¢ < (G, V) has a quaternionic form n <—— (G, W) if ¢'n = ¢, thatis (G, W) is
equivalent to (G, V) where G acts by H-linear transformations on V¥ = V 4 jV.

Note that distinct real representations are mapped to distinct complex represen-
tations when they are complexified, and distinct quaternionic representations have
distinct complex-reduction. Consequently, all the representation theory is actually
contained in the realm of complex representations ¢, regarding ¢ as real (resp.
quaternionic) if it has a real (resp. quaternionic) form. The following general result
is valid (at least) for compact groups G (for a proof, see e.g. [2]):

Lemma 2.1.2. (a) Let ¢ be a complex representation of G. If ¢ is real or
quaternionic, then ¢ is self-conjugate, that is, to(= @) ~ @. Conversely, if
@ is irreducible and self-conjugate, then it is either real or quaternionic (but
not both!).

(b) @ is real (resp. quaternionic) if and only if (G,V) has a G-invariant non-
singular symmetric (resp. skew-symmetric) bilinear form V x V — C.

For any two representations of G on K-vector spaces V| and V), respectively, set
HomG(Vl, V>) to be the vector space of G-equivariant linear maps F : V; — V5.
The following result is classical but of central importance.
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Lemma 2.1.3 (Schur’s lemma). Let ¢; : G — GLc(V;), i = 1,2, be two
irreducible representations of G on C-vector spaces V;. Then Hom® (Vy, V,) ~ C if
¢1 >~ @y, and HomG(Vl, V2) = 0 otherwise.

Proof. As F : Vi — V, is equivariant, it is easy to see that both ker(F') and Im(F’)
are G-invariant subspaces and, from irreducibility, F = 0 or F is an isomorphism.
In the latter case the two representations are equivalent, so let us assume V| = V5.
Since F has at least one eigenvalue and its corresponding eigenspace is G-invariant,
it follows from irreducibility that F' is a non-zero multiple of the identity. O

2.1.3 The Infinitesimal Version of Lie Groups
and Their Representations

Next we turn to the infinitesimal aspect of a connected Lie group G, namely the
fundamental reduction to its Lie algebra G, which is an R-vector space, identified
with the tangent space of G at the identity element e, endowed with a specific
bilinear product

[.]:GxG—>¢G
called the Lie bracket, which is skew-symmetric and satisfies the Jacobi identity
[X.Y]=—[Y.X], [[X.Y].Z]+[[Y.Z]. X] +[[Z.X].Y] = 0.

The Lie bracket is, in fact, the “linearization” of the product in G, and this
relation is more precisely understood via the so-called exponential map exp: G —G,
which provides the linkage between a connected group and its Lie algebra. It is a
local diffeomorphism mapping a neighborhood of X = 0 onto a neighborhood
of e € G. This also explains why the Lie algebra is determined by any small
neighborhood of ¢ € G, and consequently locally isomorphic groups have
isomorphic Lie algebras. In particular, the Lie algebra of a disconnected Lie group
G depends only on the identity component subgroup G° of G.

Now, let us again focus attention on linear or matrix groups. The set g/(V') of
all K-linear operators 7 : V' — V, resp. the set glx(n) = Mg(n) of matrices, are
vector spaces as well as associative algebras over R with regard to the usual product
of operators, resp. matrices, and with the commutator product [S,T] = ST — TS
they are the Lie algebras of GL(V') and GLg(n), respectively. In these cases the
exponential map is defined by the (usual) power series expansion

1 1 1
exp(X)zeX:I+X+§X2+§X3+...+FX]‘+.... (2.14)
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The inverse map is the logarithm

®  1yk+1
1og(1+Y)=Z( 112

k=1

Yk, for |Y| < 1.

It follows, for example, that det(e*) = e™X), where tr(X) is the trace of X.
For closed matrix groups G C GLg(n), there is the following commutative
diagram of groups, Lie algebras, and vertical exponential maps &

G C Mg(n)
el lé
G C GLk(n).

Namely, the exponential map for G is the restriction of the matrix exponential
map (2.14), and moreover, the Lie algebra G can be determined as

G ={X € Mx(n); exp(tX) € G forall ¢}. (2.15)

As we shall mainly focus attention on orthogonal groups SO(n) C O(n) C
GLgr(n) and unitary groups SU(n) C U(n) C GL¢(n), we first note that O(n)
has two connected components; the component different from SO(#n) consisting of
the matrices with determinant —1. By (2.15), the Lie algebras of SO(n) and SU(n)
consist of traceless skew-symmetric and skew-Hermitian matrices, respectively.

For compact connected groups G, such as SO(n), SU(n), U(n), the exponential
map is, in fact, surjective. But more generally, a connected Lie group G is still gen-
erated by its 1-parameter subgroups {exp(zX), ¢ € R} and hence is determined by its
Lie algebra, up to local isomorphisms. In fact, for a given basis { X;,..., X} of G,
G is generated by the corresponding 1-parameter groups {exp(zX;)}. Therefore, the
elements X; are sometimes referred to as the infinitesimal generators of the group
G, a terminology dating back to Sophus Lie in the nineteenth century.

Finally, an n-dimensional unitary representation ¢ of G yields by differentiation
an associated representation ¢, of the Lie algebra G, and there is the following
commutative diagram

G —** Un)
Leé leé (2.16)
G —* Un)

where U(n) is the Lie algebra of U(n) consisting of the skew-Hermitian matrices,

and @« is a Lie algebra homomorphism, namely a linear map preserving the Lie
bracket,

ex([X. Y]) = [@x(X), (Y] .
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In effect, for a given set of infinitesimal generators X; € G for G, the
representation ¢ is uniquely determined by the skew-Hermitian matrices X; =
@+ (X;). In many cases, kerg is a finite group, so that G is locally isomorphic
with the image group G = ¢(G) in U(n), wheras ¢s : G — G = ¢«(Q) is an
isomorphism between G and the Lie subalgebra G of U(n).

Conversely, a Lie algebra homomorphism of G is not always derived from a
Lie group homomorphism ¢ of G, unless G is simply connected, such as the
group SU(n). In the general case, let us first replace G in (2.16) by the unique
simply connected group G which is locally isomorphic to G, the so-called universal
covering group. Then G = G /K for some discrete group K of G, and the Lie
algebra of G is still the same G. Now, every homomorphism of G is derived from
some ¢ for G as in the diagram (2.16), and this Lie algebra homomorphism will
also exponentiate to a Lie group homomorphism of G if and only if K C ker ¢.

2.1.4 The Adjoint and the Coadjoint Representations

Let G be any Lie group with Lie algebra G. Then G acts on itself by inner
automorphismsi, : G — G, i,(h) = ghg™!, and differentiation of ig at the identity
e € G yields a homomorphism

Adg : G — GL(G), Adg(g) = (ig)«: G — G, (2.17)

where in fact Adg(g) is a Lie algebra isomorphism. Adg is called the adjoint
representation of G and the dual representation

AdL : G — GL(G*)

is often called the coadjoint representation. These are real representations, and they
are not necessarily equivalent, unless G is compact.

But in the latter case one can construct an equivalence, that is, a G-equivariant
isomorphism ® : G — G*, by defining ®(v) = v* to be the linear functional
w — (v, w), where (, ) denotes a G-invariant inner product on G. The equivariance
condition ®(gv) = g ®(v) amounts to showing that ®(Ad(g)v) = Ad" (g)®(v), and
this is easily checked by applying both sides to a vector w € G.

For a compact connected Lie group, a characteristic property of the adjoint (or
coadjoint) representation is that all orbits O are of type G/H , where H is a subgroup
containing a maximal torus 7. In fact, the principal orbits, filling an open dense
subset of G (or G*), are all of type G/ T . For a description of all these subgroups H
of G = SO(n),SU(n), or Sp(n), we refer to Table 1 in [68].
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Finally, we recall that every coadjoint orbit O (and hence also an adjoint orbit
when O = G/H ) naturally carries a G-invariant symplectic structure w, as follows:
Forany u € O C G* andv,w € G, via (Adg)* identify v,,, w, € T,,O. Then,

oWy, wu) = (v, w)) (2.18)

defines a G-invariant nondegenerate closed 2-form @ on O, uniquely up to sign
(cf. [48] for instance, for more details).

2.2 On the Lie Groups SU(2) and SO(3)

In this section we shall explore in greater detail the Lie groups SU(2) and SO(3),
which have isomorphic Lie algebras; they are locally isomorphic groups since
SO(3) ~ SU(2)/{xId}, with SU(2) being the universal covering group of SO(3).

2.2.1 Basic Definitions

Let Mk (n) be the n x n-matrix algebra over K = R or C. First we focus attention on
particular elements of Mc(2) and Mg (3) in order to exhibit the relationship between
the groups SU(2) and SO(3), especially from the viewpoint of quantum mechanics.
We recall that these groups are defined as follows:

SUQ2) ={g € Mc(2) | g"g = g¢" =1d. detg =1},

S0(3) ={ge Mr(3) | g" g =g¢" =1d, detg =1} .
However, from the viewpoint of Lie group theory, the crucial fact is that SO(3) =~
SU(2)/Z,, where Z, = {£Id} is the center of SU(2).

Thus, we introduce the 3-vectors o = (01,02,03), L = (L1, Ly, L3) whose
components are specific matrices

o — ((1) (1)) oy = (? —Ol ) o3 = ((1) —Ol) (Pauli spin matrices)  (2.19)

00 0 001 0-10
Li=]100-1]),L,=| 000],Lz3=(100 (2.20)
010 —-100 000
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which provide natural bases for the Hermitian matrices and two Lie algebras,

HQ2):1,01,02,03
SZ/{(Z) 1101,i072,103
SO@3): Ly, Ly, Ls.

We will also use the notation

n-o =an0k, n-L:anLk

to denote any element of H(2) or SO(3), where the vector n € R? is to be
interpreted as pointing in the direction of the axis of rotation, in the case of SO(3).
To make this more precise, first observe that the commutation rules

[Uj’ Uk] = 2i€jklo—[
% [Lﬁ Lk] = ijzL[ (2.21)

lead to a Lie algebra isomorphism
81%0’1 — L
dy @ SUR) — SOB); | e2500 — L, (2.22)
53%03 — Ls
for any choice of signs ¢; = =£1 with [[e; = —1. Our standard choice will be

g; = —1 forall j, and in terms of the exponential map, A — exp(A) = e, there
is the geometrically suggestive notation

Un,0) = exp(—%@(n -0)), R(n,0) =exp(f(n-L))
which yields a “standard” homomorphism
Y SUQ2) — SO(3), U(n,0) —R(n, ). (2.23)
We observe that, given a unit vector n, R(n, 6) is the rotation in euclidean 3-space
through the angle 6 (in the right-handed sense) around the axis directed along n,
namely
RMm,0):v— (cosf)v+ (I —cosB)(m-v)n+ (sinf)n x v.

In view of this, U(n,0)eSU(2) receives the quantum mechanical interpretation of a
spinor rotation with respect to the axis determined by n.
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Since the homomorphism ¥ is one-to-one for small 6 (and n fixed), one can
easily deduce the adjoint formulas

Un-o)U' = (Rn)-0, RMm-L)R™' = (Rn)-L, (2.24)

valid for any pair U € SU(2) and R = (U). In particular, this establishes a natural
equivalence between the adjoint representation of G = SU(2) or SO(3), acting on
its Lie algebra, and the standard representation of SO(3), acting by rotations on
euclidean 3-space R3.

Now, let e;,i = 1,2, 3, be the usual orthonormal basis of R?, for which e; =
(0,0, 1) is identified with the north pole of the unit sphere

S2CcR X242+ =1. (2.25)

The classical way of expressing a rotation in terms of Euler angles (o, 8, y) is
frequently used in quantum mechanics. We refer to [63], Chapter 13 or [74],
Sect. 1.4. The idea is to express a rotation as a product of three “simple” rotations,
namely rotations around two chosen coordinate axes. A widely used definition
amounts to setting

R(a, B, 7) = R(es, @) R(es, B)R(es, y) = e*L3ePl2ers (2.26)
Ule, B.7) = Ules, a)U(es, B)U(es, y) = e §73¢71 20271 503 2.27)
and then the above homomorphism (2.23) is expressed as

VU, B,y) = R, B,y).

We point out, however, that there is no canonical choice of homomorphism
between SU(2) and SO(3). However, the various choices only differ by an auto-
morphism of SU(2) (or SO(3)). For example, complex conjugation in SU(2) is the
automorphism¢ : U(e, B,y) — U(—a, B, —y), which composed with ¥ yields the
homomorphism

V' =y oc :SUR) — SOQ3), Ue, B,y) > R(—a, B,—). (2.28)

In the following subsection we shall derive the two homorphisms ¥ and ¥’ in a
more geometric way, in terms of equivariant maps between spaces.

2.2.2 Hopf Map and Stereographic Projection

Now, SU(2) acts by its standard (unitary) representation on the 3-sphere

S cCnl + |l =1, (2.29)



2.2 On the Lie Groups SU(2) and SO(3) 19

and the following diffeomorphism

V:SUR)— S°, g= (Zl __22) > W(g) = (Zl) ~@GLn) =z  (2.30)
22 2 22

which identifies SU(2) with the 3-sphere, is equivariant when the group acts on
itself by left translation (in Eq. (2.30) above, the symbol ~ means that we identify
a column vector with a line vector whenever the distinction is irrelevant, in order to
save space). More precisely, equivariance under left action means that, for all g and
W(g) as in (2.30) above, and for all

h= (W‘ __WZ) € SUQ) , W(h) = (xl) esicc,
1 2

wy w

we have that

_ (a2 wi) 21— wi —wp .
g = (Zz 21 ) (Wz) =V ((Zz Z ) (Wz wi )) b

Let us recall the classical Hopf map

z=(z1,22) > n=(x,),2)

X +iy =222, 2 = |2’ — |22)?
(2.31)

which yields a fibration of the 3-sphere (2.29) over the 2-sphere (2.25). As indicated
in (2.31), 7 also identifies S? with the orbit space of U(1) = {e’?} where ¢'? acts
by scalar multiplication on vectors z €C2.

Now, SO(3) acts by rotations on the 2-sphere, and associated with the map 7 is
a distinguished homomorphism

7:8°—> S~ 8%/ U(1)=CP', {

v SU(2) — SO(3) (2.32)
defined by the constraint that 7 is 1/-equivariant, namely
7(gz) = ¥ (g)m(z), for g € SU(2). (2.33)

In fact, ¥ coincides with the homomorphism ¥ in (2.23). Moreover, by writing z; =
X1 + iy, 22 = X2 + iy,, a straightforward calculation of the homomorphism (2.32)
gives the explicit expression

(P =x3—yl+y) 2xiy1—x202) X
v(g) =| =2y +xy) (F+x3-yI—y)y (2.34)
=2(x1x2 = y1y2)  —2(x1y2 + x2y1) 2



20 2 Preliminaries

where the third column is the vector n in (2.31). For historical reasons, the pair
(21, 22), subject to the condition |z;|* + |z2]|* = 1, is also referred to as Cayley-Klein
coordinates for SU(2) and SO(3).

Next, let us also recall the stereographic projection to the complex plane C

X+ iy

7' 8% —{est > C, (x,y,2) > £ = 1

(2.35)

and the action of SU(2) on C by fractional linear (or M6bius) transformations

21§ —2

wE+u (230

Associated with the map (2.35) is a homomorphism SU(2) — SO(3) which
makes (the inverse of) the 1-1 correspondence 7’ in (2.35) equivariant, and by
straightforward calculations the homomorphism is found to be ¥’ in (2.28).

The identity Id € SU(2) corresponds via ¥ in (2.30) to the basic vector z =
(1,0), which by 7 is mapped to the north pole e; of S2, and the corresponding
isotropy groups H = U(1) >~ SO(2) in G = SU(2) and SO(3) are related by

SU(2) > {e—" %"3} = U(1) >V 50(2) = ("2} C S0(3). (2.37)
This also realizes the 2-sphere as a homogeneous space in two ways,

SUQ) = S3\~
Ly S = G/H = SU(2)/U(1) = SO(3)/S0(2) (2.38)
S0(3) /=

where 7 : SO(3) — S? projects a matrix to its third column n = (x, y, z).

SO(3) acts by orthogonal transformations on R?; this is the standard representa-
tion p3. The adjoint representation Adso3) is the action by conjugation, Ad(g)S =
gSg™!, on skew symmetric matrices S € SO(3). We set up the following 1-1
correspondence between SO(3) and R?

0 z vy X
S=| -z 0x]|<«—|y
-y —x0 z

which is, in fact, SO(3)-equivariant, and this proves that p; identifies with the
adjoint, hence also the coadjoint representation of SO(3).

The orbits are therefore all concentric spheres S 2(r) of radius r > 0, which for
r > 0 are of type SO(3)/SO(2), as in (2.38).

It is often convenient to have expressions for functions and various other
structures defined on S? written in local coordinates. Here we shall mostly write
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them in local spherical polar coordinates (6, ¢) where, for simplicity, we identify
S? with the unit sphere in R3 according to (2.25), so that (6, ¢) are defined by

x =singcosf, y =singsinf, z=cosg (2.39)

where ¢ is the colatitude, 6 is the longitude and the origin of the polar coordinate
system is the north pole e3 = ny = (0,0, 1) € S(1) C R>.

Note that, since the radius of any 2-sphere in R? is an SO(3)-invariant quantity,
we are free to rescale all spheres of radius r > 0 to the unit sphere. Or equivalently,
by using angular coordinates (6, ¢) we can simply forget about radii.

In particular, the G-invariant symplectic (or area) form, cf. (2.18), is (locally)
expressed in terms of spherical polar coordinates as

w = sinpdp A dO . (2.40)

Of course, instead of polar coordinates we could use complex coordinates on
S2, but a relation between these two local coordinate systems is straightforwardly
obtained from (2.39) and (2.35).

2.2.3 Prelude to the Irreducible Unitary Representations
of SU(2)

The irreducible (unitary) representations of SU(2) are finite dimensional and
typically denoted by [/] in the physics literature, but we shall also use the notation

@; =11, j=0,1/2,1,3/2,...:dimcp; =2/ + 1, (2.41)

These are SO(3)-representations only when j is an integer /, in which case they
have a real form

v, 1=0,1,2,3,....dimgy; =2 + 1, (2.42)

that is, ¢; = [w;](c is the complexification of v;. However, if j has half-integral
value, ¢; has a quaternionic form, so, in both cases ¢; is actually self-dual, that is,
@; >~ @; forall j (another issue is the precise relation of a given basis with its dual
and the precise form of this equivalence).

It is a basic fact about compact connected Lie groups G that its maximal tori T
constitute a single conjugacy class (7'), and each element g € G can be conjugated
into a fixed torus 7', say hgh_1 =1t € T forsome h € G. In particular, for the matrix
groups SU(n), U(n) this is the diagonalization of matrices, when T is chosen to be
the diagonal matrices with entries e’%. As a consequence of this, a representation
of G is uniquely determined by its restriction to the torus 7.
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In the case of G = SU(2), the diagonal group U(1) in (2.37) is our chosen
maximal torus 7. By Schur’s lemma (cf. Lemma 2.1.3), a unitary representation
¢ of SU(2), when restricted to U(1), splits into 1-dimensional representations and
clearly each one is determined by a homomorphism U(1) — C* of type

diag(e'?,e7 %) — 1 g eZ

where the “functional” ¢@ is called the weight of the above U(1)-representation.
Thus, there are altogether (n + 1) = dim ¢ weights ¢;0, and the totality of weights

Q) = {q00.410.9:20. . ...9,0} (2.43)

completely determines ¢ and is referred to as the weight system of the SU(2)-
representation (with respect to U(1)).

Remark 2.2.1. The collection (2.43) must be regarded as a multiset, namely the
elements are counted with multiplicity, since the n 4+ 1 weights are not necessarily
distinct but the total multiplicity equals n + 1. For example, as multisets we write
identities of the following type:

{a,a,b,c,b,a,c,b,d,e} =3{a,b} + 2{c} + {d,e}.

Now, a well-known way to build an (n + 1)-dimensional representation of SU(2)
explicitly from its standard 2-dimensional representation is by mapping C? to the
space of complex homogeneous polynomials of degree n in two variables:

z=(z1,2) € C* - C"t >~ "Pl(z1, ) = Spanc{z ™" 2 }o<k<n -

Then, as SU(2) acts on C2 via its standard representation, this induces an action of
SU(2) on hP(g (z1,22) and the SU(2) representations obtained in this way turn out
to be irreducible. A choice of orthonormal basis for th (z1, z2) is the ordered set
{v(n,k)}, where

v(n, k) = (Z)z';—kzg k=01, .n. (2.44)

However, such a basis is often written in terms of j = n/2andm = j — k.

As will be made clearer further below, Eq. (2.44) defines the basis {v(n, k)}, for
each n = 2j, only up to an overall phase factor. In fact, accounting for a scaling
freedom for the inner product on th (z1,22) implies that two such bases given
by (2.44) can be identified, for each j, if they differ from each other by an overall
non-zero complex number (cf. Schur’s Lemma 2.1.3), and the basis introduced by
Bargmann [7] differs from (2.44) above by the Vn! factor.
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Finally, note that one can map these concrete representations of SU(2) on
hPE (z1,22) to concrete representations on the space of n-degree holomorphic
polynomials on S2, Hol" (S?), by composing with the projective maps

C*—{0} - CP' ~ §%, (z1.22) = (1.E = 22/71), or ({ = z1/22. 1).

Composing (2.44) with the projective map (z1,22) +> ¢ yields the basis used by
Berezin [12], while the map (z1, z2) + § and Bargmann’s normalization convention
yields the basis used in the book of Vilenkin and Klimyk [75], where explicit
expressions for irreducible representations of SU(2) are presented.

In the next chapter, the irreducible representations of SU(2) shall be studied in
great detail in terms of infinitesimal techniques involving weights, operators and Lie
algebras, which is the approach commonly used in quantum mechanics.



Chapter 3
Quantum Spin Systems and Their Operator
Algebras

This chapter presents the basic mathematical framework for quantum mechanics
of spin systems. Much of the material can be found in texts in representation
theory (some found within the list of references at the beginning of Chap.?2) and
quantum theory of angular momentum (e.g. [13, 14, 16, 23, 46, 63, 65], some of
these being textbooks in quantum mechanics which can also be used by the reader
not too familiar with the subject as a whole). Our emphasis here is to provide
a self-contained presentation of quantum spin systems where, in particular, the
combinatorial role of Clebsch-Gordan coefficients and various kinds of Wigner
symbols is elucidated, leading to the SO(3)-invariant decomposition of the operator
product which, strangely enough, we have not found explicitly done anywhere.

3.1 Basic Definitions of Quantum Spin Systems

In line with the standard formulation of quantum affine mechanical systems, we
define quantum spin systems as follows:

Definition 3.1.1. A spin-j quantum mechanical system, or spin-j system, is a com-
plex Hilbert space H; =~ C"*! together with an irreducible unitary representation

0; :SUQ)— G CUMH,;) ~Um+1), n=2j €N, 3.1)

where G denotes the image of SU(2) and hence is isomorphic to SU(2) or SO(3)
according to whether j, called the spin number, is half-integral or integral.

Remark 3.1.2. Unless otherwise stated (as in Appendix 10.8), throughout this
monograph we shall always assume the Hermitian inner product of a Hilbert space
is skew-linear (conjugate linear) in the first variable.

© Springer International Publishing Switzerland 2014 25
P. de M. Rios, E. Straume, Symbol Correspondences for Spin Systems,
DOI 10.1007/978-3-319-08198-4__3



26 3 Quantum Spin Systems and Their Operator Algebras

A vector in H; is also called a j-spinor. For our description of bases, operators
and matrix reprentations we will use familiar terminology and notation from
quantum mechanics. The representation (3.1) is normally described at the infinites-
imal level by Hermitian operators Ji, J,, J3 satisfying the standard commutation
relations for angular momentum, namely

[Jas Jb] = i€apede (3.2)
together with the basic relation
P=Jt+3+03=jG+DI. (33)

Indeed, by (3.2) the operator sum J> commutes with each J;, so by irreducibility
it must be a multiple of the identity. All this is equivalent to saying that the group
G with the Lie algebra

g = linR {i.ll, iJz, iJ3} ~ 8[/[(2) (34)

of skew-Hermitian operators acts irreducibly on H ;.
In analogy with ¢ and L in (2.19), (2.20), the vector of operators

J=U1J205) (3.5

is referred to as the fotal angular momentum (or spin) operator of the quantum
system, and its components satisfy the standard commutation relations (3.2) for
angular momentum. The commutation relations are also symbolically expressed as
J x J = iJ, and the square J? is the operator sum (3.3).

Remark 3.1.3. In the physics literature, one usually finds Planck’s constant 7,
resp. %2, explicitly multiplying the r.h.s. of Eq.(3.2), resp. Eq.(3.3), which also
guarantees that J has the dimensions of angular momentum. However, since this
factor can be removed by an appropriate scaling of J, we will omit it throughout
almost the whole book.

Note that the infinitesimal generators —iJ;,k = 1,2, 3, of the operator group
G satisfy the same commutation relations as the operators Ly in (2.21), that is, the
correspondence Ly — —iJy,1 < k < 3, is a Lie algebra isomorphism, and for a
unit vector n in euclidean 3-space we shall refer to the operator

Jo=n-J=Y nJj (3.6)

as the angular momentum (or spin) in the direction of n. The corresponding
homomorphismin (3.1) is

0; < p3ifmo) _ ,ib(m]) (3.7)
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3.1.1 Standard Basis and Standard Matrix Representations

The above operators on H ; will be represented by matrices with respect to a suitable
choice of orthonormal basis, unique up to a common phase factor. We’ll adopt the
generally adopted convention, expressed in the partial definition below:

Definition 3.1.4 (partial). A basis that diagonalizes the operator Jy, = J3, for ng
identified with the positive z axis, shall be referred to as a standard basis for H;.!

This basis will be fully characterized below in terms of the action of angular
momentum operators. Starting with the simplest case, for a spin-% quantum system
the angular momentum (3.5) is defined to be the following vector of operators

1 1
J =50 = 5(01,02,03), (3.8)

namely the Pauli matrices with the factor 1/2. Then G = SU(2) in (3.1), and ¢y, is
the identity. In particular, the cartesian basis {e; e} of H;» = C? diagonalizes J;
with eigenvalues £1/2, and this is a standard basis, see below.

Next, for a spin-1 quantum system the angular momentum is defined to be

J=iL

and a standard basis is typically chosen to be

1 1
— —=(e; +ier).e3, —=(e; —iey). (3.9)

V2 V2

(Note that the first and last elements in this standard basis are complex linear
combinations of e; and e,, cf. Remark 3.1.8, below).

In general, for a spin-j system one would like to “measure” the angular
momentum of J in a chosen direction n. The eigenvalues of J, are sometimes
referred to as magnetic quantum numbers.

By choosing the direction n to be the positive z axis ng, cf. Definition 3.1.4,
one obtains a standard orthonormal basis for 7{; ordered by the magnetic quantum
numbers m of J,, = J3, denoted as follows:

u(j,m)=|jmy, m=j,j—1,....,.—j+1,—j, (3.10)
consisting of eigenvectors of J3 whose eigenvalues constitute the string of numbers

m as indicated in (3.10), where Dirac’s “ket” notation for the vectors is displayed.
Thus, with the above ordering of the basis, J3 has the matrix representation

"When ny is seen as a point on the unit sphere S? C R3, it is also called the “north pole”.
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Js=1]: = : : (3.11)

So far, however, the vectors in the above basis (3.10) are only determined modulo
an individual phase factor.

Thus, in terms of weights we consider the circle subgroup {e'?7*} of SU(2)
(cf. (2.37)), consisting of the spinor rotations around the z-axis, acting on H; with
the vectors (3.10) as weight vectors and 2m6 as the associated weight, namely

2mif

®; (€'97%) = %% s u(j, m) — e*"u(j, m). (3.12)

Therefore, by definition, the weight system of ¢; is the set
Q) =1{2j0.2(j —1)0,...,-2j6}. (3.13)

Hence, in order to fix a phase convention for a standard basis (3.10), which also
fixes our standard matrix representation of the operators J;,i = 1,2, 3, let us first
invoke the structure of the algebra (3.4), expressed by the commutation rules (3.2).
To this end one introduces the mutually adjoint pair of operators

Jy=Nh+il J-o=L-ily (3.14)
called the raising and lowering operators, respectively, whose commutation rules
[+, J-] =2J3 [J3,J+] = £J4, (3.15)
yield the following identity between nonnegative Hermitian operators
J_Jy =J> =N+ 1). (3.16)
The relations (3.15) also imply
Jyu(j,m) =a;u(j,m+1), Ju(j,m)=B;u(jm—1), (3.17)

for some constants o, 8;,» Which are non-zero, except that oy = B;_; = 0
(since there is no eigenvector outside the range (3.10)).
Then we finally arrive at our complete definition:

Definition 3.1.5 (complete). A standard basis {u(j,m)} of H;, ordered as
in (3.10), is defined by choosing the first (and highest weight) unit vector u(j, j)
and inductively fixing the phase of u(j,m — 1) so that 8;,, in (3.17) is always
nonnegative.
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Consequently, a standard basis is unique up to one common phase factor e'’. The
above commutation rules yield the formulae

Aim =G —m(G +m+1), Bim=+(+m(—m-+1). (3.18)

With respect to a standard basis the mutually adjoint matrices representing J+
have nonnegative entries, so they are the transpose of each other, with all non-zero
entries on a subdiagonal, as illustrated (where n = 2j):

0 0 0 0 0 0
vl 0 0 0 0 0
I R (3.19)
0 0 0y2(n—-1) 0 O
| 0 0 0 0 V1n0 |
From this, one calculates the Hermitian matrices
1 1
Si=-(Us++J), ==t —-Jo),
2 2i
and in the initial case j = 1/2 the identity (3.8) is recovered.
Finally, consider also the induced action of SU(2) on the dual space
H; = HOWl(Hj, (C) ZH]‘, (3.20)

namely the dual representation ¢;. This is isomorphic to ¢;, so we may regard
the two spaces in (3.20) as being the same underlying Hilbert space. Then the two
cases are distinguished by their actions, namely g € SU(2) acts by its complex
conjugate g in the dual case. The resulting effect on infinitesimal generators is that
J, is invariant, whereas J; and J3 are multiplied by —1, and thus the raising and
lowering operators in the dual case are

Jp=—J_, J_=-J,.

Consequently, in view of (3.17) a standard basis of (¢;, H;) is not a standard basis

of the dual representation (¢;, H i) = (@), H’]'-‘). However, the standard basis with
vectors in the opposite order and with alternating sign changes is a dual standard
basis. Our choice of sign convention is specified as follows:

Definition 3.1.6. The dual standard basis, dual to {u(j,m)}, is the ordered collec-
tion of vectors

u(j,m) = (-1/*"a(j,—m), —j<m=<j. (3.21)
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Remark 3.1.7. Observe that the standard duality (3.21) is not “involutive” when j
is half-integral, since applying the dual construction twice amounts to multiplying
the original vectors u(j, m) by (—1)%.

The unitary operators ¢;(g) on H; are represented by well-defined unitary
matrices D/ (g). Using the notation (2.27) for elements g € SU(2), we shall denote
the corresponding unitary operators ¢, (g) on H; by D/ (g) or D/ (o, B, y), namely
we have the homomorphism

;1 U@.B.y) > Di(a.B.y) = e e Fle=iv)s, (3.22)

The associated matrix of D’/ with respect to a standard basis (3.10) is the matrix

D/ = (D,{11 ,mz) whose entries are the following functions on SU(2):

D}y (8) = <u(j, m1), D7 (g)u(;. mz)>, (3.23)

also called the Wigner D-functions, cf. [74], Chap. 4.

Remark 3.1.8. The reader should be aware that even when j is an integer, so that the
SU(2)-representation is effectively a representation of SO(3), the standard represen-
tation is a complex representation. Thus, for instance, the standard representation of
SU(2) for j = 1 consists of complex 3 x 3 matrices. Namely, by conjugation with
the unitary transition matrix from the basis e;,i = 1,2, 3, to the basis (3.9), the
real matrix group with Lie algebra generated by (2.20) becomes a complex matrix

group.

3.2 The Tensor Product and the Space of Operators

For a given spin-j quantum mechanical system 7, let us identify the Hilbert space
with the complex (n + 1)-space C" ™!, n = 2, by the correspondence

ex=|j.j—k+1), k=12,....n+1, (3.24)

which identifies a given standard basis (3.10) of ; with the usual standard basis of
C"*!, namely the column matrices

e, =(1,0,...,007 e, =(0,1,0,...,0)7, etc.
For two systems H;,,/H ;,, the space of linear operators Hom(H ;,, H ;,) identifies

with the full matrix space Mc(n; + 1,n, + 1), linearly spanned by the one-element
matrices
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Ex1 = exe! (matrix product), (Ey)pg = SkpSig» (3.25)
and there is the linear isometry
C" ' @C™T - Me(n + Lna+ 1), e @e — Ey (3.26)
where the matrix space has the (Hilbert-Schmidt) Hermitian inner product

(P, Q) = trace(P*Q) = Re(P,Q)+iIm(P, Q) (3.27)

and P* = P is the adjoint of P. The real part in (3.27) is a euclidean metric for
the matrix space viewed as a real vector space.

We are primarily interested in the case n; = n, = n, in which case the
matrix space, denoted by Mc(n + 1), is also an algebra and has the orthogonal
decomposition

Mc(n + 1) = ASym(n + 1) & Sym(n + 1) (3.28)

into skew-symmetric and symmetric matrices. Moreover, as a real vector space there
is the real orthogonal decomposition (w.r.t. the real part in (3.27))

Mcin+ 1) =Un+1D)@RC=Un+1)®H(n + 1), (3.29)

where U (n+1) is the Lie algebra of U(n+1) consisting of skew-Hermitian matrices
and H(n + 1) =i U(n + 1) is the space of Hermitian matrices.

3.2.1 SU(2)-Invariant Decomposition of the Tensor Product

Let p,+1 be the standard representation of U(n + 1) on C"*!, and let ji,4; be
its dual with g € U(n + 1) acting by the complex conjugate matrix g on C"*!,
Consider the tensor product representations fty,+1 ® Uny+1 and [y, +1 & fln,+1
of U(n; + 1) x U(ny + 1) acting on C"'+! @ C"*+!. The matrix model of these
representations follows from the isometry (3.26), when the group acts on matrices
P € Mc(n; 4+ 1,n, + 1) by matrix multiplication, as follows:

(i) Mny+1 ® fnyt1 © (8. h)P — gPh" (3.30)
(i) fin+1 ® flny+1 (g, h) P — gPh_l-

Composing with irreducible representations ¢;, : SU(2) — U(n; + 1), yields the
following tensor product representations of SU(2) and its action on matrices:
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(i) @), ® @), : (8. P) = ¢, (8)Ppj,(8)", (3.31)
(i) v, ® (/_’jz (g, P)— Djy (g)P(pjz(g)_l-

However, since the SU(2)-representations ¢; and ¢; are equivalent for any j, so
are the two tensor products and their equivariant matrix models (3.31). Combin-
ing (3.24), (3.26), and Definition 3.1.6, we are led to the following:

Definition 3.2.1. For the two matrix models (3.31) of the tensor product C"' ! ®
C™*!, the uncoupled standard basis is the following collection of one-element
matrices (cf. (3.21)):

model (i): [jimyjoma) = u(ji,my) @ u(j2,ma) = Eji—m+1.j5—my+1.  (3.32)

model (id): |jimyjomz) = u(ji,my) @ U(ja.mz) = (—1)2T"2E; Ly 41 jotmrt1.

where —j; < m; < j;, and all j; — m; are integers.

At the infinitesimal level the angular momentum operators J;,k = 1,2,3, of
SU(2) act on matrices P in the two models by

(i) Ji-P=J0"P+ PUINT, (i) Ji- P = IV P —PIP, (3.33)

where the matrix Jk(j ) € Mc(2j + 1) represents J; acting on H ;= C¥+*' In
particular, for 1 <k <n; + 1,1 </ <np;+1,

@) 3= 1+ p+2—k=D&, (@) J3-Eu=(1—ja+l-K)Eu (3.34)

and this tells us that the uncoupled basis of Mc(n; + 1,n, + 1) diagonalizes J3,
with the eigenvalues as shown in (3.34).

Remark 3.2.2. Thus, in model (i) the eigenspace of quantum magnetic number m =
my + m; consists of the “anti-subdiagonal” matrices spanned by matrices &; with
k+1 = (j1+ j2 +2—m), whereas in model (ii) the eigenspace is the “subdiagonal”
spanned by the matrices &y with [ —k = j, — j; 4+ m, so that in model (ii) & is the
actual m-th subdiagonal when j; = j».

Next, let us decompose the tensor product (3.30) into irreducible summands, by
first calculating the weight system of the tensor product and then determining its
decomposition, using the fact that a representation ¢ is uniquely determined by its
weight system €2(¢). For convenience, let us formally define

{ar,az,....am} @ {b1,b2, ..., 0y} ={(a;i +b;);1 <i <m,1 < j <n}
to be the “tensor product” of two multisets (cf. Remark 2.2.1). Observe that the

vector | jim jomy) in (3.32) is a weight vector of weight 26 (m; + m5) in the tensor
product (3.31). Setting A = j; + j» — |j1 — j2| + 1 and omitting (for convenience)
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the factor 26 of the weights, then, by writing a union of multisets additively (again,
see Remark 2.2.1), we have by (3.13)

Qe ®ep)={jLji—1....—ji}®{j2. o —1,...,— )2}
A JitJj2
=Y k{x(i+p-k+Di= Y {jj-1l...—j}
k=1 J=lji1—=Jjal
(3.35)
Jit+j2
= > Q).
J=lji1—=Jjal

Remark 3.2.3. A neat way to describe the range of j in the sum (3.35) is to
state 8(J1, jo, j) = 1. This is the “triangle inequality” condition, involving three
nonnegative integral or half-integral numbers. Namely,

81, j2. 3) =1 <
@) lj1—J2l < J3 < ji+ Jjo and (i) j1 + jo + j3 € Z, (3.36)

and 8(j1. j2, j3) = 0 otherwise. We must note that the condition is symmetric, that
is, independent of the order of the numbers.

It follows from (3.35) that

) ®¢j = Z i (3.37)
3. j2.0)=1

and each of the summands ¢; in (3.37) has its own standard basis, denoted by
|(rjo)jm)y,m=j,j—1,...,—j+1,—j (3.38)

in the literature, and this basis is unique up to a phase factor for each j. By (3.32)
these vectors are identified with specific matrices in Mc(n; + 1,n, + 1), and as
pointed out this can be done naturally in two different ways depending on the choice
of matrix model. In any case, there is the orthogonal decomposition

Jitj2
Me(+ 1+ D)= Y Mc(p))
J=lir—jal

where Mc(¢;) has the standard orthonormal basis (3.38), for each j. The totality
of these vectors (or matrices) constitute the coupled standard basis of the tensor
product (or matrix space).
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Clebsch-Gordan Coefficients

To describe the connection between the coupled and uncoupled basis the following
definition is crucial.

Definition 3.2.4. The Clebsch-Gordan coefficients are, by definition, the entries
of the unitary transition matrix relating the uncoupled and coupled standard basis,
namely the inner products

Collszn = ((Grio)imljim jams) (3.39)
which are the coefficients in the expansion

JitJj2 J
limijama) = Y Y GRS | (ua)im) - (3.40)

J=lii—jalm==j

Remark 3.2.5. Clebsch-Gordan coefficients, also called Wigner coefficients, have
been extensively studied in the physics literature; we refer to [13,24,74] for surveys
of their properties. First, they satisfy the following non-vanishing conditions:

m=mi+ my

. . 3.41
§(j1,j2j) =1 G4

C i #£0 = {

mp,ma,m

Also, they are uniquely determined once a phase connvention for the coupled
basis is chosen, and on the other hand, such a convention follows by choosing the
phase of some of the coefficients. We shall follow the generally accepted convention
(cf.e.g. [13,24,74])

ijljizjljj > 0 whenever §(ji1, j2,j) =1, (3.42)

which, in fact, also implies that all the coefficients are real. Then, it follows from
their definition that they satisfy the following orthogonality equations:

J1sJ2. J JuJ2. ] __ g . J1, J2. ] J1.J2. ] __
: : le,mz,m le,mz,m/ - Sjsj/gmsm/ ’ 2 :le,mz,m Cmi,mé,m - Sml,mq szqmé'
j.m

my,m

(3.43)

Consequently, the unitary transition matrix in the above definition is orthogonal,
so the inversion of (3.40) is the formula

Grjaim) = Y Gl | jimy jams) (3.44)

(my+ma=m)
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In particular, when m = j; + j, there is only one term in the expansion (3.40),

so C j{ ! jzj;’}r jzjz = 1. Moreover, when j, = 0 or j, = 0, there is no reason to

distinguish between ¢;, @9 ® ¢;, and ¢; ® ¢o, and so anl%in = C&i’fn =1
On the other hand, there is a connection between Clebsch-Gordan coefficients

and the Wigner D-functions defined by (3.23), given by the following coupling rule:
Proposition 3.2.6. For a fixed g € SU(2),

J1 J2 — J1:J2.J J1:J2.J J
DMIJ"IDMZJ”Z - ZCMI’M,M+M2Cm1,mz,m1+m2DM1+uz,m1+m2 (3.45)
J
whose inversion formula reads
Jo= JLJ2d e Jj2
DW” - Z Z C’"l*mz*mcﬂlquzﬂDm,mlDMz,mz : (3.46)
123 1

We refer to Appendix 10.1 for a proof of Proposition 3.2.6.

Remark 3.2.7. The above proposition shows that the Wigner D-functions are
essentially determined by the Clebsch-Gordan coefficients and vice-versa.

Thus, starting from the trivially available four functions {D,:l/ 2} one can use the
formula (3.46) to determine successively the functions Dfml forall j.

Conversely, starting from the expression (3.19) and formulas (3.14)—(3.15)
and (3.22)—(3.23) which produce formulas for the D {Lm , one can use formula (3.46)
to compute all Clebsch-Gordan coefficients explicitly. This is the way these
coefficients were first explicitly computed, by Wigner in 1927 [88, 89].

In fact, iterating the recursive Eq.(3.68) below, properly generalized to
|(j1j2)jm), gives another way to obtain explicit expressions for all Clebsch-Gordan
coefficients, as explored by Racah. Thus, there are various equivalent explicit
expressions for the Clebsch-Gordan coefficients, see for instance [13,74]. Here we
list a rather symmetric one, first obtained by van der Waerden in 1932:

Cov s = Smamima V27 + VAU 20 J3) Sl d " (3.47)

(=1)*
ZZ!(jl + 2= 3= (J1—m 1= (j2+mr—2)!(j3— ja+m1+2)(j3—j1—m2+2)!

Z

where by definition

, (3.48)

oL 1+ Jo = j)Gs + 1= j )G + j3 — ji)!
A(ji. jas J3) = —— ,
(14 j2+ j3+ D!

S = G+ m)Gr—m)(a + m2)!(ja — m2)!(js + m3)!(jz — m3)!
(3.49)
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Remark 3.2.8. We recall that the Clebsch-Gordan coefficients are non-zero and
satisfy Eq. (3.47) above only if the conditions (3.41) are satisfied. Also, in the sum
Y. of formula (3.47), the summation index z is assumed to take all integral values
for which all factorial arguments are nonnegative, with the usual convention 0! = 1.
In the sequel we shall also encounter similar summations, and the same convention
on the summation index is tacitly assumed unless otherwise stated.

By inspection of this and other equivalent formulae, one obtains the symmetry
properties for the Clebsch-Gordan coefficients. Here we list some of these:

Cli2i = (_1)j1+jz—jzcj1~,jz,js — (_1)j1+jz 3 J2:J1.J3 (3.50)

miy,ma,ms3 —my,—ma,—m3 my,my,m3’

, [2js+1 . . .

C;{qlljyrfzjgng = (=1)~2tm mcj%%;_ml, (3.51)
i —m 23+ 1 . . .

Cokh, = (1)) 1,/mc,,f,g;fj;,4§,_m2. (3.52)

3.3 SO(3)-Invariant Decomposition of the Operator Algebra

We shall further investigate the special case j; = j» = j and resume the terminology
from the previous section. In particular, the matrix algebra Mc(n 4 1) represents
the space of linear operators on H; = C"*!, on which the unitary group U(n + 1)
acts by two different (inner) tensor product representations

(i) [t ® Pnt1 = A2ty + S ot 2 (g P) — gPg” . (3.53)
(i) pnt1 ® flny1 = Ad(((j:(n.l,_]) =g 2Adym+1) : (8. P) — gPg .

The splitting in the two cases corresponds to the U(n + 1)-invariant decomposi-
tions (3.28) and (3.29), respectively. In case (ii) the splitting is over R and U(n + 1)
acts by its (real) adjoint representation Ady(,41) on bothU(n + 1) and H(n + 1).

Composition of the above representations with the irreducible representation ¢; :
SU(2) — U(n + 1) yields the following two equivalent representations

(i) ¢, ®@; =~ (N pnt1 + S*ar1) 0 @; 1 (8. P) > 0;(8)Po;(9)".  (3.54)
(ii) ¢; ® §j =~ Adf,11y 00 : (2. P) — ¢;(9)Py;(g)~".
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According to (3.37) this representation splits into an integral string of irreducibles
Y ®ce; =@+ @1+ ....+ @, h=2j. (3.55)

Let us denote the corresponding decomposition of the matrix space as

Mc(n+1) =) Mc(o), (3.56)
=0

where the summands consist of either symmetric or skew-symmetric matrices,
depending on the parity of / and according to the splitting

S Un11SUR) = @0 + @ns + Gra + ...,

AU 41|SUQR) = @ut + @u3 4 Gu—s + ...
The above tensor product (3.55) is, in fact, a representation of SO(3) = SU(2)/Z,

and hence it has a real form. Such a real form can be embedded in Mc(n + 1) in
different ways; for example as the space of real matrices

Mg(n +1) = Mx(y), (3.57)

=0

where the irreducible summands consist of either symmetric or skew-symmetric
matrices, depending on the parity of / as in (3.56), cf. (2.41) and (2.42).

Definition 3.3.1. In order to agree with the standard framework in quantum
mechanics (see Remark 3.3.13), we henceforth stick to the matrix model (ii)
in (3.54) and therefore SO(3) acts via the adjoint action of U(n + 1) on M¢(n + 1).

Thus, the above representation of SO(3) on the matrix space (3.56) splits into
real invariant subspaces

Un+1) =Y U  Hin+1) =D HW). (3.58)
=0 1=0
H) = Hn + 1) N Mc(g) , UY) = U + 1) N Mc(gr).
At the infinitesimal level the angular momentum operators Ji, represented as
matrices in H(n + 1), act on Mc(n + 1) via the commutator product

Jk~P :Cldjk(P) = [Jk,P] = JkP—P]k, k = 1,2,3
S-Eu=1hEl =0~k 1<k l=<n+1
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For example, the summand Mc(gpg) (resp. Mc(pp)) is linearly spanned by the
identity matrix / (resp. the matrices Ji).
Let us introduce the Js-eigenspace decompositions

Mc(+1)= > Ac(m), Mg +1) = ) Ag(m) (3.59)

where A(m) consists of the m-subdiagonal matrices, spanned by the one-element
matrices & ; with [ —k = m (cf. (3.25) and Remark 3.2.2). Clearly

dimy Ak(m) =n+1- |m| .

In particular, the zero weight space A(0) consists of the main diagonal matrices,
and A(n) (resp. A(—n)) is spanned by the one-element matrix &; ;41 (resp. E,41.1)
with its non-zero entry positioned at the upper right (resp. lower left) corner. It
is sometimes convenient to denote an m-subdiagonal matrix P = (P;) with m-
subdiagonal entries x; as a coordinate vector

P=(x1,x2,....%)m k=n+1—|m|, (3.60)

3.3.1 The Irreducible Summands of the Operator Algebra

We shall further investigate how the irreducible summands Mc(¢;) (resp. U (1))
and H (1)) are embedded in the operator (or matrix) algebra Mc(n + 1). It suffices
to consider the Hermitian operators since U (v;)) = i H(y;) and

Mc(pr) = H(Y) + iH(Yr).

To this end, consider the subspace
Hm+ 1) CHmA+1)

of Hermitian operators formally expressible as real homogeneous polynomials
P, Q. of degree [ in the non-commuting “variables” J;. As generators of the Lie
algebra SO(3) the operators L, = —iJ act as derivations on polynomials,

Clde(PQ) = ade(P)Q + Pdde(Q); adLu (Jb) = &apede

and this action preserves the degree of a polynomial, leaving H(n + 1); invariant.
The non-commutativity of the operators Ji can be handled by considering
ordered 3-partitions of /,
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w=.h1) =0 =1

For each such partition 7 there is a symmetric polynomial expression in the
symbols J;

P=J" kb 4 (3.61)

obtained from the leading monomial by symmetrization, as indicated in (3.61), that
is, P, is the sum of all monomials with the same total degree /. for each Ji. For
example, associated with 7 = (1,2, 0) is the polynomial J,J? + JoJ1J> + J3Ji.
The monomials in (3.61) are actually equal as operators, modulo a polynomial of
lower degree, due to the basic commutation relation (3.2). Also, for / = 0 the only
operator of type (3.61)is P = Id.

Let us denote by §; the number of partitions 7 of the above kind. We claim that
for [ < n the operators P, constitute a basis for H(n + 1);, and consequently

1
dimH(n + 1) =8 = S+ 1D +2).

The crucial reason is that the (Casimir) operator J 2 = le + J22 + J32, which
by (3.3) acts as a multiple of the identity, yields by multiplication an SO(3)-
invariant imbedding

H(n+ )12 — J*H(n + 1) C H(n + 1),

and there is a complementary and invariant subspace V; C H(n + 1);, namely
Vi = H(¥;), of dimension

dimV, =8, — 6, =21 + 1.
Thus, we have
Y dimV, =) "2 +1) = (n+1)* = dimH(n + 1)
1=0 1=0
and in fact,
Hi+1) =) Vi=) H)
1=0 1=0

is the splitting (3.58). In particular, each monomial of degree n + 1 is actually an
operator expressible as a linear combination of monomials of degree < n.
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Example 3.3.2. For fixed n > 1 the operators

Ay = NLJs+ 3, Ay = B+ IiJs, A3 = D1 + LUy
Bi=J}—J}, B=J]—J} By=J}—-J} (Bi+By+B;=0)
in the 6-dimensional space H(n + 1), span a 5-dimensional SO(3)-invariant

subspace V), whose orthogonal complement is a trivial summand, namely the line
spanned by the operator J2.

3.3.2 The Coupled Standard Basis of the Operator Algebra

The last example does not provide any clue to the calculation of standard bases for
the irreducible summands Mc(¢;) of Mc(n + 1). What we seek is a collection of
matrices

e/ (l,m)=|(jlm), —1<m<1,0<]<n=2j (3.62)

such that for each [ the matrices e/ (/,m) constitute a standard basis for Mc(¢;).
Moreover, with the phase convention (3.42), namely the positivity condition

CJJI_JJIZ > 0 foreachl!, (3.63)

the basis will be uniquely determined.

Remark 3.3.3. In what follows, we sometimes drop the superscript j for the
coupled basis vectors e/ (I, m), when there is no ambiguity about the total spin ;.

Now, we shall construct the coupled standard basis (3.62), expressed in terms of
the matrices J4, see (3.19). Consider the repeated product of J with itself

(J4) € Ar(l) € Mr(n + 1),

noting that the product vanishes for / = n + 1, and by definition, (J+)° = I
For a fixed n, the norms of the above matrices yield a sequence of positive integers
depending on n,

W = || = Yrace((I-) (7)), 0 <1 <. (3.64)
where
po = ~n+1, pt=n!, (3.65)

and moreover, for / > 0 there is the general formula
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_ oy

(,u’l’)Z_(21+1)!(11—1+1)(n—l+2)---n(n+l)(n+2)---(n+l+1). (3.66)

As a function of » this is, in fact, a polynomial of degree 2/ + 1.

Definition 3.3.4. For fixed / > 0, define recursively a string of real matrices of
norm 1,

e/(l,m)e Ag(m), —1<m<I (3.67)
by setting
j (_l)l i i 1 j
D) = e m =) = o e (m)]. (3.68)
l lm

where f ,, is the number defined in (3.18).

Proposition 3.3.5. The above family of real matrices €’ (I, m) constitute a coupled
standard orthonormal basis

|Giim) =€/ (I,m); 0<l<n=2j,~l<m<I,
for Mc(n + 1) in agreement with the phase convention (3.63)

CHl = DU D, &) = (1)l (L D11 > 0. (3.69)
For fixed 1, the family of vectors e/ (I, m) is a standard orthonormal basis for the
irreducible tensor summand Mc(¢;), and as matrices satisfy the relations

e, —m)= (D" (,m)T, —l<m<I, (3.70)

and in particular,

e(,—1) = in(J_)’.
!

Proof. For a fixed [, if we have a unit vector u(/,!) € Mc(¢;) with maximal J3-
eigenvalue m = [ and thus belonging to the /-subdiagonal Ac(/), then successive
application of the lowering operator J_ and normalization of the vectors will
generate an orthonormal basis {u(/, m)} for Mc(¢;) which, by Definition 3.1.5, is a
standard basis. The “higher level” vectors u(! + 1,/), ..., u(n,l) span a hyperplane
of Ac(l), so knowledge of these vectors would uniquely determine u(/,/) up to a
choice of phase.

We claim that one can take u(/, m) to be the above matrix e(/, m) for all (I, m).
The point is that
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Ar(l) = linfe(l, 1), e(l +1.1),....e(n. 1)} 3.71)

where the listed vectors, indeed, constitute an orthonormal basis. To see this, we may
assume inductively that the “higher level” vectors e(/ + k, /) in (3.71) are already
known to be perpendicular, and then it remains to check that e(/, ) is perpendicular
toalle(l +k,[), k > 0. However, their inner product with e(/, /) is (modulo a factor

+0)
trace((J,))T ad(J_)*(J1+5)) = trace(J! [J_, . [J_, J’++k] N .]) —0,

by successive usage of the rule trace(XY) = trace(YX).

Observe that the real matrix (J4)' is /-subdiagonal and with positive entries. In
particular, its inner product with &£ ;4 is positive. On the other hand, by model (ii)
in (3.32)

e(j.l —j) = (=1)'&um
and thus the factor (—1) in (3.68) is needed because of the sign convention (3.69).

Finally, the identity (3.70) can be seen from symmetry considerations using that
J_ is the transpose of J, but with due regard to the sign convention. O

Now, we shall obtain an explicit general expression for the coupled basis vectors
e(/,m). But first, let us look at the unnormalized matrices E (I, m), namely

E(l.m) = (=D uj el.m). pj, =|ELm)]| . (3.72)
They are constructed recursively, as follows. For 0 <[ <n,—[ < m <[, define

E(l.1)=J., E(0,0)=1d, (3.73)
E(l,m—1)=[J_,E(,m)] = ad;_(E(l,m))

and hence there is the general formula
i [ —m
E(l,m) = (ad; ) ™(J}) = Z(—l)k< B )Ji"”‘k JLIE. (3.74)
k=0

It remains to determine the norm ,ud;”m of E(I,m), see (3.72). First, we remark
there is the following identity

[J+. E(.m)] = o}, E(,m+1),cf. (3.18) (3.75)

and next, for fixed / define positive numbers p; , recursively by
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pro=1. prms1 = pim, 0<m<1.
Then, the matrices E(/,m) and E (I, —m) are related via transposition by
E(l,—m) = (=1)"pimE(l.m)", m>0. (3.76)
Finally, it follows from (3.73), (3.64), and (3.18) that
Hip = 1 s Kim—1 = KnBim

and consequently

I m+1+1D [ —m)
no_ ,0<m<I, 3.77
M = BT\ =0 \/(z+m)! == e

where we used Eq. (3.66) for uj. Thus, from (3.74) we obtain:
Theorem 3.3.6. The coupled standard basis vectors of Mc(n + 1) are given by

e/ (I,—m) = (—1)"e/ (I,m)" for —1 <m <0, wherefor 0 <m <1,

_1l m _
e/ (I,m) = ( nl) Z(—l)k<l km)Ji_’""‘JJ’rJf, (3.78)
Pim =

with uj, given by (3.77)and J+ € Mr(n + 1) given by (3.19).

Remark 3.3.7. In accordance with Eq.(3.68) in Definition 3.3.4, the matrices
e/ (I, m) given explicitly by (3.78) above satisfy

[Ji. e/ (l.m)] = a;me/ (I.m), [J—.e/(I,m)] = Brme (I, m), (3.79)

with o7, and By, asin (3.18) and J+ given by (3.19). However, one can also verify
the following relations:

3
[J3.€/ (1.m)] = me/ (1.m) . Y [Ji. k. €/ (l.m)]) = 1L+ 1)e/ (I.m) .~ (3.80)
k=1

where J; = (J+ + J-)/2, J, = (J4+ — J-)/2i and J; is given by (3.11).

Now, for the sake of clarifying another interpretation for this basis, let us rewrite
the usual adjoint action of an operator A on an operator B as the action of a
“superoperator” A associated to 4 as follows:

A-B =[A, B]=ad(B).
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Then, we can rewrite (3.80) as
Js-e/(I,m)=me/(I,m), J*-e(I,m) =1( + 1)e(I,m), (3.81)

so that the (2/ + 1)-dimensional subspace V; C M¢(n + 1) is the eigenspace of the
“superoperator” J? = J? + J% + J3 of eigenvalue /(I + 1).

In the physics literature, one usually interprets the tensor product ¢, ® ¢;, as a
“sum”, so that the coupled invariant spaces are eigenspaces of “addition of angular
momenta”. But in our context, we take the tensor product ¢; ® ¢; and therefore
“J” is better interpreted as the “difference of angular momenta” (we thank Robert
Littlejohn for this point).

Ilustrations
We shall illustrate the general formula (3.78) above by generating the matrices

e/ (I,m) in the lower dimensional cases, showing explicitly that each e/ (I, m) is
in fact an m-subdiagonal matrix.

Example 3.3.8. j =1/2:

e(l,1) = (8_01) e(1,0) = Lz ((1)_01) e(l,—1) = (?8)

Example 3.3.9. j = 1:

001 L (0-10 L (100
€2.2)= 000 e2.=—100 1] eC.0=—={0-20
000 2\0 0 0 6\o o1
(010 L (100
e(l.)=—]001]e1.00=——|000
V2000 2\00-1
Example 3.3.10. j = 3/2:
000 -1 001 0
000 0 1 |ooo-1
= 2)= —
€33I=1 000 0 | **?P= 5| 0000
000 0 000 0
0-10 0 1000
110030 1 [0-300
3 1)=—— 3,0)= ——
€GD="7=lo0 0 -1 |2 550030
00 0 0 00 0-1
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0010 0-100 10 00
1 {0001 1loooo 1{o=100
2,2)=— 2, 1)=— 2,0)=~
€22="7210000|**P=5l00 01 |**72]0 0 10
0000 0000 00 01
0430 0 300 0
~1loo02o0 1 o010 o
L1)=—— 1,0)= ——
e D="=1000v3| Y= 55l 00-1 0
0000 00 0 —3

Remark 3.3.11. Let us also make the observation that all non-zero Clebsch-Gordan
coefficients (3.39) with j; = j, can be read off from the entries of the matrices
e/ (I, m), namely by (3.32) and (3.44) there is the expansion

e/ (Lom) =Y ()" e ek (3.82)
k

where the summation is in the range

k=1,2,....n+1—m, whenm > 0,
k=|m|+1,|m+2,...,n+1, whenm < 0.

Therefore, the m-subdiagonal matrix (3.82), presented as in (3.60), is

e/ (I,m) = (e1.es...€nt1—mm (3.83)
where
—1yntk=1c ) A , whenm > 0,
ey = { ( )k_l j'j’I]—k+l,m—j+k—l,m = (3.84)
(-1 Cj—\m\—k+1,—j+k—1,m ,when m < 0.
Let us illustrate this for j = 1 (see above), where there are 17 coefficients
1.1,/ . R
C, L oam for the appropriate range of indices, namely
Cnl{ll,;iz,m, |mi| < 1,m=m; +my, |m| <[ <2.

Thus, for example,
e(1.1) = (-1/v2,-1¥2)1 = (=C}3. Colhn.
e(1,0) = (1/+/2,0,-1/+/2)¢ = (Cll,’i’ll,m —Col,bl,’017 Cl’ll,’ll,o)o’
e(0,0) = (1/v/3,1/3/3,1/8/3)g = (C}'1{. —Co5 . CLi Yo
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and among the above 17 coefficients only COI,’OI”O1 vanishes.

3.3.3 Decomposition of the Operator Product

Linearly, the algebra M (n 4+ 1) is spanned by the matrices e(/, m), so it is natural to
inquire about their multiplication laws. But these are normalized matrices, namely
the scaled version of the matrices E (I, m), cf. (3.72).

The Parity Property

Let us first state a parity property, to be established later, for the commutator
[P, Q] = PO—QP and anti-commutator [P, Q]] = PQ+ QP of these unnormalized
basis vectors E(I,m), as follows:

Proposition 3.3.12 (The Parity Property for operators). The following multipli-
cation rules hold for the matrices E(l,m) :

(i) : [E(h.my). E(b.m)] = > KESLE( my +my), (3.85)
I =h+h+1

i) : [E(m), E(.mp)]) = > Kibh E(my + m)), (3.86)
I =L+

with sums restricted by §(11,12,1) = 1, and | = k means congruence modulo 2.

Remark 3.3.13. The importance of commutators in quantum mechanics stemmed
from Heisenberg-Born-Jordan’s matrix mechanics. Given a preferred Hermitian
matrix H, called the Hamiltonian matrix, it generates a flow on Hilbert space
defining the dynamics of a time-dependent matrix M by Heisenberg’s equation:

M

1 oM
dt ih

[H. M+ 5. (3.87)

where % is Planck’s constant, and we emphasize that the Hamiltonian matrix H is
always a time-independent (constant) Hermitian matrix.

When M does not depend explicitly on time, Eq. (3.87) is the time derivative of
the map (Adjoint action, or action by conjugation, cf. (ii) in (3.54))

M > exp(—itH/h)M exp(itH /h) (3.88)
and the one-parameter subgroup of U(n + 1) given by

®y = {exp(—itH/h),t € R}
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determines the flow of H on H; which defines the dynamics of the spin-j system.
By allowing the entries of M to have an extra, explicit dependence on time, one
obtains (3.87) as the time derivative of the r.h.s. of (3.88).

We also recall that, in accordance with the first part of (3.87), commutators act
as derivations on the algebra of operators, thatis, VH, M, N € Mc(n + 1),

[H,MN] = M[H,N] + [H, M]N . (3.89)

Finally, we remark that Eq.(3.87) generalizes to contexts other than spin-j
systems, as in affine mechanical systems, to define quantum dynamics of bounded
operators on other (finite or infinite dimensional) Hilbert spaces.

Remark 3.3.14. For a fixed n, the multi-indexed coefficients K in the expan-
sions (3.85) and (3.86) are seen to be rational numbers. In fact, they are polynomials
in n whose degree increases stepwise by 2 as [ decreases by 2.

Example 3.3.15. Forn > 5,

EB.2)EQ.1) = k3E(3,3) + k4E(4,3) + ksE(5,3),
EQ2,1)E(3,2) = ksE(3,3) — ks E(4,3) + ksE(5,3)

where k3 = %nz + %n —22,ky =3/2,and ks = 4/15.

We shall give two proofs of Proposition 3.3.12; one at the end of this chapter, a
corollary of the full product rule to be developed below, and an independent one in
Appendix 10.2.

The Full Product Rule

Indeed, it is possible to obtain in a very straightforward way the full multiplication
rule for the standard coupled basis vectors given by Theorem 3.3.6, conveniently
denoted in different ways such as

e(l,m) = e/ (I,m) = |(ji)im) . (GDI'm'|(j)lm) = 81.1/8mm.

from their Clebsch-Gordan expansions in terms of the uncoupled basis vectors
| jim1 jamy). Thus, from Definition 3.2.1 (model (ii)) and Egs. (3.40) and (3.44),
together with the multiplication rule for one-element matrices

Eij&i =8x&il, (3.90)

we are straightforwardly led to the following result:

Theorem 3.3.16. The operator product of the standard coupled basis vectors
decomposes in the standard coupled basis according to the following formula:
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2j

e/ (li.my)e/ (h.my) =Y M[jl0 2] el (1.m) (3.91)

=0

where m = m + my and the product coefficients can be expressed as

I 1 + ! ! !
MULEEL = 3 3 O G AR Gl
p==j pp=—j p3=—j
(3.92)

Remark 3.3.17. At first sight, there should be a summation in m from —[ to /
in Eq. (3.91). However, it follows straightforwardly from Eq.(3.92) and the non-
vanishing conditions for the Clebsch-Gordan coefficients (cf. (3.41)), that the
product coefficients M|j] vanish unless m = m; + mj, implying no summation
in m in Eq. (3.91), in agreement with Egs. (3.85) and (3.86).

In fact, as we shall see more clearly below (cf. Egs.(3.97) and (3.111)),
the product coefficients satisfy non-vanishing conditions similar to those of the
Clebsch-Gordan coefficients, (cf. (3.41)), namely

m=mi+ my

S(h,b,)y=1" (3.93)

MUYt m #0 =

my,mz,m

and clearly 6(J, j,l;) = 8(j, j, /) = 1 also holds.

Wigner Symbols and the Product Rule

It is convenient to introduce the Wigner 3jm symbols (ct. [74]), which are closely
related to the Clebsch-Gordan coefficients.

Definition 3.3.18. The Wigner 3jm symbol is defined to be the rightmost symbol of
the identity

Clins = (C1yhhms T 1‘( jt 2 Ja ) . (3.94)

my my ms3

As a substitute for the Clebsch-Gordan coefficients, the relevance of the Wigner
3jm symbols is largely due to their better symmetry properties:

Jv 2 3\N_ (203 i N_ (3 )2 (3.95)
my my ms3 my m3 my ms my m '

= (1)t (Jz E ) _ (_1)j1+j2+j3( o2 s )

my my ms —my —my —ms
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which are obtained directly from (3.94) and the symmetry properties (3.50)—(3.52)
for the Clebsch-Gordan coefficients. Furthermore, the non-vanishing conditions for
the Wigner 3jm symbols analogous to (3.41) are more symmetric:

J1. )2 J3 my+my+m3 =0
0 = C (3.96)
(Im ms m3) 7 { 8t jar j3) = 1.

Thus, let us also introduce another symbol, in analogy with (3.94).

Definition 3.3.19. The Wigner product symbol is defined to be the rightmost
symbol of the identity

ML = (=X [ hobh I }[ 1. (3.97)

my my ms

From Egs. (3.92), (3.94) and (3.97), the Wigner product symbol is also defined
by its relation to the Wigner 3jm symbols according to the identity

[ bl }[/] (3.98)

mip mp ms
j .
=L+ DL+ D@ +1) Y (=Y

M1 M2, u3=—]

,(jll j)(jlz j)(jl3 j)
M1 my —2 M2 my — L3 n3 m3 —y

With the above definition, Eq. (3.91) can be restated as:

2j
ef(ll,ml)ef(zz,mz)=Z(—1)2f+'"[’1 bl }[j]ef(l,m). (3.99)

mp; mp —m
=0 1 /2

In order to re-interpret the Wigner product symbol defined by Eq.(3.98) via a
sum of triple products of Wigner 3jm symbols, it is convenient to introduce another
kind of Wigner symbol already studied in the literature. These are the Wigner 6;
symbols, which are related to the re-coupling coefficients that appear when taking
triple tensor products of irreducible SU(2)-representations.

For simplicity, let us refer to three representations ¢;,,¢;,, ¢, as ji, j2, j3,
respectively. Thus, if | jim1 jom;jzms) is an uncoupled basis vector of the triple
tensor product of ji, j», j3, a coupled basis vector for the tensor product can be
obtained by first coupling j; and j, and then coupling with j3, or first coupling j,
and j3 and then coupling with jj, or still, first coupling j; and j; and then with j,.
Symbolically we describe the three coupling schemes by
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@) h+i=ju., jut+iz=/
@) p+js=jn, jas+ji=]
@) js+j=Jjsu, jaa+jo=]

and the coupled basis vectors arising from the three coupling schemes (i), (ii) and
(iii), respectively, are given by

Ji J2 J3
Gagim) = D" 0 Y Cavkde Gl | jimi jama jsms).,

my=—ji my=—j2 m3=—j3

Ji J2 J3
Gosn)im) = D D0 D CRs Gl | jumi jama jams),

my=—ji my=—j2 m3=—j3

J1 J2 J3
i — J3:J1.J31 J3J2d | i i
|(J31/2)jm) = E E E Gl Gy il Jumi jama jams),
my=—j| my=—jr m3=—j3

(3.100)

where in case (i), for example, the left side is a coupled basis vector arising from the
tensor product of Hilbert spaces with standard basis {|(j1 j2) j1om12)} and {| jzm3)}.
The range of ji, is determined by the condition 6(j1, ja, j12) = 1.

Definition 3.3.20. The inner products between these coupled basis vectors are the
re-coupling coefficients and they define the Wigner 6 symbol as the rightmost
symbol of the identity

((12/3)im|(j23 j1)jm) (3.101)

= (_1)j1+j2+j3+j \/(21'12 + 1)(2j23 n 1) { ].1 ]2 ]‘12} .
J3 J J23

Therefore, using (3.100), the Wigner 65 symbols can be written as

(3.102)

{ jl j2 jlz} (_1)j1+j2+j3+j
i) JQjn+ D@ + 1)

J1 J2 J3
. J1sj2.J12 J12.J3.J  ( J2.J3.J23 J23.J1.J
Z Z Z CWH,mz,mlzlez,ms,mcmz,m,mzs Cmmﬂlm

my=—ji my=—j,m3=—j3

with similar equations for the Wigner 6 symbols obtained by the re-coupling
coefficients ((j23/1)jm|(Jj31/2)jm) and ((j31j2)jm|(j12J3)jm).

Replacement of the Clebsch-Gordan coefficients in (3.102) by the Wigner 3jm
symbols using Eq. (3.94) yields the following symmetric expression for the Wigner
6/ symbols (cf. [74]):
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{ 2 12 ;} _ Z(_l)d+e+f+8+e+¢. (3.103)

(abc ae f d b f d e c
apy)\ae—¢ )\ )\5—€y
where the sum is taken over all possible values of «, B, y, §, €, ¢, remembering that

only three of these are independent. For example, since the sum of the numbers in
the second row of a 3jm symbol is zero, we have the relations

a=—€+¢,p=06—¢,y =€—0.

We should note that the six numbers in a Wigner 6 symbol are on an equal footing,
representing total spins and not projection quantum number ;.

Now, we shall use an identity (cf. [74]) which can be obtained from the
orthonormality relation for Wigner 3jm symbols. The latter is derived from the
one for Clebsch-Gordan coefficients (3.43) and combined with the symmetry
properties (3.95) of the Wigner 3jm symbols one obtains the identity

(a b c)%abc}
—a—-p-y/)ldef

— _1\d—8+e—e+f— eaf fbd dc e
=2 T W(éa—¢)(¢ﬁ—5)(5y—e)'

8.6,
Together with Eq. (3.98), this yields the following result:

Proposition 3.3.21. The Wigner product symbol is proportional to the product of a
Wigner 3jm symbol and a Wigner 6j symbol, precisely as

[ b i }[j] (3.104)

my mz ms3

=«/(211+1)(212+1)(213+1)(_lnl1 Lo I ){11 L 13}.

v—ma—m3 ) jJJ
Then, from Eqgs. (3.99) and (3.104) we have immediately:

Corollary 3.3.22. The operator product of the standard coupled basis vectors
e/ (I, m), stated in Theorem 3.3.16, is given by

2j
e/ (11, m)e/ (l,mz) = ) (=Pl + DL + D@L + 1)
=0

( L b l)%l}llzl.}ej(l’m).
—mp; —mym J ]




52 3 Quantum Spin Systems and Their Operator Algebras

Remark 3.3.23. (i) By linearity, given operators, F = Y'_ > _  F,.e/(I,m)
andG = > |_, len=_, Gine/ (1, m), with F,,,, G, € C, their operator product
decomposesas FG = > |_, Z[ _(FG) €’ (I, m), with (FG),, € C given by

m=

mi np —m

n 11
(FG)m = (_1)n+m Z Z |:ll bl i|[j]F11M1G12m2
1

11,[2=0 mp=—

where my = m —m and the sum in /1, [, is restricted by §(/1, »,1) = 1.

(ii) One should compare the above equation with the equation for the product
of operators F and G decomposed in the orthonormal basis of one-element
matrices & ; so that, for F = /7L Fy& ;. G = Y171, Gyé&i . Fy. Gy € C,
from (3.90) one has the usual much simpler expression for the matrix product

n+1

(FG)ij =Y FuGy .
k=1

Of course, the problem with this familiar and simple product decomposition is
that it is not SO(3)-invariant. However, our main justification for going through
the SO(3)-invariant decomposition of the operator product in the coupled basis
e/ (I, m) will become clear later on, in Chap. 7.

Explicit Formulae

Now, in view of the above remark, it is interesting to have some explicit expressions
for the Wigner product symbol. However, from Proposition 3.3.21, this amounts to
having explicit formulae for the Wigner 3jm symbol and the particular Wigner 6;
symbol appearing in Eq. (3.104).

The first ones are obtained from (3.94) and the expressions for the
Clebsch-Gordan coefficients. For completeness, we list here the one obtained
from (3.47):

my mo ms 1.m2,m3 mj,mz,m3 >

(ll 12 13 ) — A(ZI,ZZ,Z:’,)S I, 1y, I3 Nll,lz, I3 (3105)

where A(ly,15,13) and S, "2 5 are given respectively by (3.48) and (3.49) via

miy,ma,m3
substitution of j; for /; and

N bbb (3.106)

mip,ma,ms3

(_ 1)11 —l—m3+z
Xzzzl(ll-i-lz — L=l —my =)W a+mr — ) (I3 — b+mi+2)(l3 — [} —ma+2)!
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with the usual summation convention (cf. Remark 3.2.8).

We recall that Eq. (3.105) holds only under the non-vanishing conditions (3.96)
for the Wigner 3jm symbols. Also, it is immediate from Eqs. (3.48) and (3.49) that
A(ly, 1>, 13) and S,,'1; 2. 5 are invariant under any permutation of the columns in the
Wigner 3jm symbol and any change in sign of the magnetic numbers m;. Therefore,
it is the latter function N,/- - s that carries the symmetry properties of the Wigner

miy,ma,m3
3jm symbol, namely,
hobols _ bl b h4b+i a7 b, 1, 13
Noplmymy = Ny = =1 Ny s (3.107)

— (_1)11+12+13N I, b, 13

—mj,—mz,—m3 *

Explicit expressions for the Wigner 6 symbol in Eq. (3.104) can be obtained as
a particular case of the known explicit expressions for general Wigner 6 symbols
which have been obtained from equations like (3.102) and (3.103) and are listed (cf.
e.g. [13,74]). The expression obtained by Racah in 1942 yields:

{ ljl 1]2 ’]3} = LIL!GIALL L, 13)\/(;1 " ll(i_l)l!l()z;(iz_zli)!l(ﬁ(; ?53 —
_ 1)tk '
. Xk: (n+k (— 111)— 12(i Z)l!;(lli)}z, l3;k) ' (3.108)
wheren = 2j, and
Ry, 1, 13:k) (3.109)

=k =IDk =Dk =)L+ L=+ 1=k + 1 —k)!

We note that the function A(/y,/2,/3) given by (3.48) appears in both expres-
sions (3.105) and (3.108). Therefore, by Proposition 3.3.21 and Eq.(3.104) this
function appears squared in the expression for the Wigner product symbol.
Symmetry Properties of the Product Rule
Now, the following is immediate from (3.108)—(3.109):

Proposition 3.3.24. { ljl IJZ 1]3 } is invariant by any permutation of (l11113).

This property can also be obtained directly by algebraic manipulations starting
from Eq. (3.103), as shown in Appendix 10.3.
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Remark 3.3.25. In fact, Proposition 3.3.24 is a particular case of the more general
statement: every Wigner 65 symbol is invariant under any permutation of its
columns and under any exchange of the upper and lower numbers in any given
column. A proof of this statement, which follows from the symmetries of the 3jm
symbols and the associativity of the triple tensor product, is found in [13].

From Proposition 3.3.24 and Eq. (3.104) in Proposition 3.3.21, we have:

Corollary 3.3.26. The Wigner product symbols (3.98) have the same symmetry and
non-vanishing properties as the Wigner 3jm symbols, namely (cf. (3.95)),

L L L. L I3 L. i L L.
[‘ ’ 3}m=[2 ’ ‘}mz[?’ ! 2}[/] (3.110)
miy mo ms myp nms3 mg ms mip myp

= (—1)lHts [ L L }U] _ (_1)11+12+13[ L L I }[j],

map my ms3 —mjy —my —ms

m;+my+m3 =0

L L I3
111
[ §(l1 I l5) = 1 G-

Jnzo =
mi nip ms

Proof of the parity property: Together with Eq.(3.99), the identities (3.110)
and (3.111) imply the parity property for operators, as stated in Proposition 3.3.12.

Remark 3.3.27. By comparison with the direct proof of Proposition 3.3.12 pre-
sented in Appendix 10.2, a look at the above proof is enough to indicate the great
amount of combinatorics that is encoded by the Wigner 3jm and 6 symbols. We
refer to [13,74] for overviews of their further properties.



Chapter 4
The Poisson Algebra of the Classical Spin
System

This chapter presents the basic mathematical framework for classical mechanics
of a spin system. Practically all the material in the introductory section below can
be found in basic textbooks on classical mechanics and we refer to some of these,
e.g. [1,5,34,37,48], for the reader not yet too familiar with the subject, or for
further details, examples, etc. (Ref.[34] is more familiar to physicists, while the
others are more mathematical and closer in style to our brief introduction below).
Our emphasis here is to provide a self-contained presentation of the SO(3)-invariant
decomposition of the pointwise product and the Poisson bracket of polynomials,
which are not easily found elsewhere (specially the latter).

4.1 Basic Definitions of the Classical Spin System

In this section we collect some basic facts and definitions concerning the Poisson
algebra of functions on the 2-sphere G/H = S2, whose homogeneous space
structure was exploited in (2.38), namely G = SO(3) or SU(2) acts by rotations,
and in the latter case G acts via a (fixed) covering homomorphism (cf. (2.23) and
(2.32)):

¥ SUQ2) — SO(3).
We recall that the homogeneous 2-sphere carries a G-invariant symplectic (or
area) form w, cf. also (2.18), which is (locally) expressed in terms of spherical polar
coordinates (2.39), measured with respect to the “north pole” ny, as in (2.40), that is,

w = sinpdp A dO . 4.1

In other words, the 2-sphere is a particular case of the following:

© Springer International Publishing Switzerland 2014 55
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Definition 4.1.1. A symplectic manifold (M, ®) is a smooth manifold M endowed
with a closed nondegenerate two-form w, which is called a symplectic form.

Remark 4.1.2. Tt follows from the definition that the dimension of a real symplectic
manifold M is an even number 24 . If a mechanical system is modeled on M (see
more below), then d € N is called the number of degrees of freedom of the system.

Remark 4.1.3. We often write @ = dS to indicate that w is the surface element,
but we emphasize that this is a shorthand notation: @ is not an exact form. The
local expression (4.1) for the SO(3)-invariant symplectic form @ on the sphere
is canonical up to a choice of orientation, or sign =£. For the standard choice of
orientation on R* = SO(3) = SU(2), dx Ady Adz > 0, the induced orientation for
w is via the identification

o = (xdy Ndz + ydz ANdx + zdx Ndy) oy oy oy 4.2)

and is the one with the choice of + sign given by Eq. (4.1). Formula (4.2) above
also provides a direct way to verify that @ is symplectic and G-invariant.

For a complex-valued continuous function on S2, its normalized integral over S?
equals its integral over G, namely

1 1 2 b4
/ F(gny)dg = —/ F(n)dS = —/ / F(6,¢)sinpdedb 4.3)
G 4 S2 47 0 0

where dg denotes the normalized Haar integral, and ny € S? is the “north pole”
fixed by H = SO(2), cf. (2.37). For functions F; on S? the L>-inner product is

1 _
(Fi. F) = E/Sz Fi(n) F>(n)dSs, (4.4)

in particular, the constant 1 has norm 1. On the other hand, the metric on S 2 and the
gradient of a function f are given in local spherical coordinates by

. of 8 1 of o
ds> = dg? + sin’ pd6?, Vf = L2 LA
v =dem sy F = 3000 T sty 90 96

(4.5)

Besides the ordinary pointwise multiplication of functions on the sphere, which
is commutative, another classical product of smooth functions on the sphere is
defined using the symplectic form and this turns out to be anti-commutative, or
skew-symmetric.

In what follows, if « is an n-form and v is a vector field, let vua denote the
(n — 1)-form obtained via interior product of v and «. Then, we have the following:
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Definition 4.1.4. For any smooth function f on S2, its Hamiltonian vector field
X is defined by

Xrow+df =0. (4.6)

In local spherical coordinates, the Hamiltonian vector field has the expression

1 (8f8 8f8)

sin ¢

30 90 90 9

;= 4.7)

Definition 4.1.5. The Poisson bracket of two smooth functions is, by definition,

Ul =Xn(f) = =Xp(f) = (X5, Xp) - (4.8)

In local spherical coordinates, it is written as

_ L (afhdfr 0fidfs
Ui fa} = sing (8<p 90 a0 8g0) ’ 4.9)
In particular, it follows that
x.y}=z{.g=x{zxt=y (4.10)

and, furthermore, it follows immediately from (4.8):

Proposition 4.1.6. The Poisson bracket is a derivation with respect to the ordinary
pointwise product of functions:

o Lk =10 Ly i+ AN B (4.11)

Finally, while the ordinary commutative product is associative, for the skew-
symmetric Poisson bracket we have:

Proposition 4.1.7. The Poisson bracket satisfies the Jacobi identity:

Uh b B+ U A AV UG i) 20 =0 (4.12)

and thus defines a Lie algebra on the space of smooth functions on the sphere.

Proof. First, note that for any Hamiltonian vector field X ; defined by (4.6), using
Cartan’s “magic” formula

ﬁx‘fa) =Xsido +d(Xriw),

it follows from closedness of w, dw = 0, and from (4.6) that
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Ly, w=0. (4.13)

f

But then it follows from (4.8) that

Lx,({g. 1) = Xy({g.h}) = {Xs(2). 1} +{g. Xy (M)} .

And from (4.8) this equation above is equivalent to

{itg.hiy = gl hy +{g. U byl

which is equivalent to (4.12). O
Corollary 4.1.8. The Jacobi identity (4.12) is equivalent to

(X7, Xg] = Xiygy - (4.14)
Proof. By definition,

(X7, Xel(h) = X5 (Xg(h) = X (X 5 (h))
= Xr({g.h}) — X (/. 1))
= {f{g.h}) —{g. U/ h}}
=/ ghh}
= Xy (h)

where we have repeatedly used (4.8) and once used (4.12). And similarly,
from (4.14) we get (4.12). O

Because of (4.12)—(4.14), the Poisson algebra is also called the Poisson-Lie
algebra of smooth functions on a symplectic manifold.

Definition 4.1.9. The Poisson algebra of S? is the space of smooth complex
functions on S? with its commutative pointwise product - and anti-commutative
Poisson bracket { , } defined by the SO(3)-invariant symplectic form @ given
by (4.1) and (4.2), via (4.6)—(4.9), satisfying (4.11) and (4.12), which shall be
denoted by {C°(S?), w}.

Remark 4.1.10. The importance of Hamiltonian vector fields on S? is that they
generate dynamics of time-dependent smooth functions on the sphere in the same
sense of usual Hamilton-Poisson dynamics derived from Newton’s laws.

Thus, given a preferred smooth function 4 : S? — R, usually called the
Hamiltonian function, it generates a flow on the 2-sphere that defines the dynamics
of any smooth function f : S? x R — R via Hamilton’s equation:
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daf f

a
= =X, - 4.15
=X+ (4.15)
which can be rewritten, using (4.8), as
df aof
=~ = {h, - 4.16
dt e f+ ot ( )

These equations extend naturally to define the dynamics of a complex-valued
smooth function f : S x R — C.

Note that the flow of X}, defining the dynamics, denoted ®;, = {®;(¢),t € R},
in view of (4.13) satisfies

¥ (Hw = w, Vi €R, 4.17)

and is therefore a one parameter subgroup of the group of all symplectomorphisms
of the 2-sphere, that is, the subgroup of all diffeomorphisms of S? preserving the
symplectic form w, which is denoted Symp(S?, w).

Finally, one must remark the close resemblance of Eq.(4.16) to Heisenberg’s
equation (3.87), a resemblance which is at the core of Bohr’s correspondence
principle, which will be further explored in Chap. 8.

We recall that Poisson algebras can also be defined on spaces of smooth functions
on manifolds of a more general type, called Poisson manifolds. Thus, in the context
of G-invariant algebras, G = SU(2), let us now take a closer look at the Poisson
algebra of smooth functions on G* ~ G = R3 (cf. [48] for more details).

Referring to the extended Hopf map C*> — R3 given by (2.31), and regarding
R3 as G*, (x, y,z) can be seen as the “angular momentum” coordinates, so that the
Poisson bi-vector field on G* is given up to a choice of sign by

IMT=x0, A0, +y0; A0, +20, A O,
and the Poisson bracket of two smooth functions F, H : G* = R? — C is given by
{F,H} =TI(dF,dH) .

Now, except at the origin, the foliation of this Poisson manifold (G*, IT) by
symplectic leaves is regular: all symplectic leaves are 2-spheres centered at the
origin, which are G-invariant submanifolds of G* = R? via the coadjoint action.

That is, each of the invariant spheres is a coadjoint orbit of G = SU(2) with its
G-invariant symplectic form, defined as in (2.18).

Moreover, from Hamilton’s equation (4.16), each of these spheres is also an
invariant space under the Poisson dynamics, in other words, the classical dynamics
of a SU(2)-symmetric mechanical system defined on (G*, IT) restricts to Poisson
dynamics given by (4.16) on each G-invariant symplectic sphere.
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From another viewpoint, let us decompose G* — {0} = R? — {0} ~ S x Rt
and consider the Poisson algebra {CZ°(S 2xR™T), IT}. It follows that this “extended”
Poisson algebra decomposes under the coadjoint action of SU(2) into a (continuous)
sum of G-invariant Poisson subalgebras {CEO(SZ),Q),}, r € RT, which are all
isomorphic, i.e. {C2(S?), w,} ~ {CX(S?), w}, Vr € R, under rescaling of w,.

Therefore, taking appropriate cautions, as restricting to the space of smooth
functions f : §? x R™ — C with compact support in RT, etc., we can write:

{C(S? x RY), I} ~ {CX(5?), 0} ® CX(RT),
with G = SU(2) acting trivially on the second factor, that is,
GxCERY) = CECRT). (8. /) > g f =1 (4.18)

and this trivial group action (4.18) on CZ(R™) is the action of every one-parameter
group G = ®y obtained by the flow of each specific real Hamiltonian vector field
Xy = TI(dH, "), H € C(S? x R™), defining such an extended dynamics.

Thus, for a classical spin system, that is, G = SU(2)-symmetric classical
mechanical system, not much is actually gained by extending the G-invariant
Poisson algebra {C2°(S?), w} to the Poisson algebra {C2°(S* x R™), IT}.!

On the other hand, as G = SU(2) acts through SO(3) on S?, this action extends
to a G-action on 7*S? which is symplectic for the canonical symplectic form d7n
on T*S? and this defines another G = SU(2)-invariant Poisson algebra, which can
be denoted by {C(T*S?), dn}.

But this algebra is “too big” to be the Poisson algebra of the classical spin system
because 7*S? is a real 4-dimensional symplectic manifold and this corresponds to
a classical dynamical system with 2 degrees of freedom (cf. Remark 4.1.2), while
quantum spin-j systems are dynamical systems with 1 degree of freedom.? Similarly
or worse in dimensional counting if we consider S 2% 82, T*S3, etc... In view of
the above discussion, it is natural to make the following definition:

Definition 4.1.11. The classical spin mechanical system, or the classical spin
system, is the homogeneous 2-sphere with its Poisson algebra {CZ°(S 2), w}.

Following standard physics terminology, the homogeneous 2-sphere with its
SO(3)-invariant area form is called the phase space of the classical spin system.

Remark 4.1.12. The homogeneous 2-sphere S? with its SO(3)-invariant area form
w and metric, given by (4.1) and (4.5) respectively, is also a Kdhler (or complex)

'But more generally, when the foliation of a Poisson manifold by symplectic leaves is irregular, or
singular (cf. [82]), the whole Poisson manifold must be used to describe the mechanical system.

Recall that the operator algebra of a spin-j system is generated by the set {J;, J,, J3} of three
mutually noncommuting Hermitian operators, cf. Eq. (3.61), which furthermore can be reduced to
a set of just two noncommuting operators using the commutation relation (3.2), cf. Appendix 10.2
for instance.
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manifold and this reflects in the fact that

(X5, Xp) =o(Vfi,VLh).

We note that the phase space of an affine mechanical system, (R*,w), can
also be seen as a Kihler manifold, CK. However, this identification depends on the
choice of a complex structure and the full group of symmetries of a classical affine
mechanical system does not preserve a complex structure.® This situation contrasts
with the case of the classical spin system: the full symmetry group SU(2), which
acts on S? via SO(3), preserves the symplectic form (4.1) and the metric (4.5) and
therefore it preserves the complex structure that is compatible with both.

At this stage, it is important to emphasize the distinction between the full
symmetry group of a mechanical system and its full dynamical group. In the context
of the classical spin system, the full symmetry group SU(2), effectively SO(3),
is the group of all transformations of the sphere preserving all structures of the
classical spin mechanical system, that is, preserving the symplectic form w and the
homogeneity of S2, thus also preserving distances in this case.

On the other hand, the full dynamical group of the classical spin system is the
group of all possible Hamilton-Poisson dynamics on S2. From Remark 4.1.10, each
Hamiltonian function defines a specific dynamics, which is a one-parameter sub-
group of Symp(S?, w) determined by the flow of its Hamiltonian vector field. There-
fore, the full dynamical group of the classical spin system is the group of all such
Hamiltonian flows on S? starting from the identity, which is denoted Ham(S?, ).
From a general perspective, Ham(S?, ) C Symp,(S?, w) C Symp(S?, w), where
Symp,(S?, w) is the connected component of Symp(S2, ). But for S? we have
equality, Ham(S?, w) = Symp,(S?, w) = Symp(S?, w).*

The Lie algebra of Ham(S?, w) is the Lie algebra of real Hamiltonian vector
fields, which from (4.14) is (modulo constant functions) isomorphic to the Poisson
algebra of real smooth functions on S2. And as this Poisson algebra is infinite
dimensional, so is Ham(S?,w) = Symp(S?, ). Therefore, we see that the full
symmetry group is a very small subgroup of the full dynamical group.

Remark 4.1.13. The same distinction applies to a quantum spin-j mechanical
system. Its full dynamical group is the group of all possible Heisenberg dynamics
on H;. From Remark 3.3.13, each Hermitian matrix generates a one-parameter
subgroup of U(n + 1) which defines a specific dynamics on ;. Therefore, the
symmetry group SU(2) is a proper subgroup of the full dynamical group of the
spin-j system: the connected component of U(n + 1), which is the whole U(n + 1).

3We refer to the next chapter, Intermission, for the definition of a classical affine mechanical system
(R?*, @) with its symplectic form w, as well as its symmetry group, etc.

4The first equality follows from S? being a simply connected compact manifold and the second
from Symp(S?, w) being homotopic to SO(3), which is path-connected. For general symplectic
manifolds, these inclusions are often strict and not always well understood. We refer the interested
reader to some texts in symplectic topology, e.g. [49, 54].
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4.2 SO(3)-Invariant Decomposition of the Poisson Algebra

Having defined the Poisson algebra of the classical spin system, we now study how
it decomposes under the action of SO(3), as this will be fundamental for what will
follow later on. To this end, we must look at the polynomial algebra on S?.

4.2.1 The Irreducible Summands of the Polynomial Algebra

Let R [x, y,z] be the algebra of real polynomials on R?. Their restriction to S
defines a distinguished class of functions densely approximating smooth functions,

Rx,y.2] = R[x,y,2 / (x* + y? + 22 — 1) = Polyg (S?) C CE(S?).  (4.19)

We regard these spaces as the real form of the spaces of C-valued functions, that is,
of their complexified versions

Clx,y.2/(x* + y* + 22 — 1) = Polyc(S?) C C&(S?). (4.20)
These function spaces are SO(3)-modules with the induced action
F — F&, Fém) = F(g 'n) . 4.21)
In particular, g € SO(3) transforms a polynomial Y by substituting the variables
Y(x,y,2) = Y(x'. ). d) = Y¥(x, y.2)

where (x', y’,7)) = (x, y,2)g (matrix product).

Remark 4.2.1. Fixing a positive orientation for {x, y,z}, we adopt the universal
convention of identifying the positive z direction with the “north pole” ny € S2.

Then with the basis {x, y, z}, linear forms transform by g € SO(3) according to
the standard representation ¥, on R3, that is, ¥;(g) = g, and the action on forms
of degree [/ is the /-th symmetric tensor product of v/, with the splitting

Rlx,y, 2, : SV =1 + Yima + Yima + .. ..

On the other hand, multiplication by (x? + y? +z?) is injective in the polynomial
ring, and clearly the lower summands lie in the subspace

Rx,y,2jo * 4+ 3 +22) CR[x, y, 2, Yi—a + Yr—a + ...
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Consequently, when we restrict functions to S? we identify them according
to (4.19), and then there will be a unique irreducible summand of type ; for each /,
spanned by polynomials of proper (minimal) degree /. In this way, we have obtained
the following result:

Proposition 4.2.2. Real (resp. complex) polynomial functions of proper degree < n
on S? constitute a SO(3)-representation with the same splitting into irreducibles as
the space of Hermitian matrices (resp. the full matrix space) in dimensionn + 1 :

Polyz(S?)<n = Y Poly(yr) ~ Y M) =H(n+ 1), cf(3.58).  (4.22)

=0 1=0

Polyc(S%) <y = Y _Poly(g) =~ Y Mc(g) = Mc(n + 1), ¢f(3.56).  (4.23)
=0 =0

Definition 4.2.3. Poly(y;) (resp. its complex extension Poly(¢;)) denotes the space
of spherical harmonics of type y¥; (resp. ¢1), 0 < [ < n. In view of the relation
x2 + y2 4 72 = 1 these are polynomial functions of proper degree /.

4.2.2 The Standard Basis of Spherical Harmonics

For the sake of completeness, let us also give a procedure for the calculation of
spherical harmonics, namely polynomials of proper degree / which constitute a
standard orthonormal basis

Yii,Yii-1,... Y0, Yi—i41. Y1 (4.24)

for the representation space Poly(¢;) ~ C**!,[ > 1. Sometimes we also use the
notation ¥;" for ¥; .

The basic case is / = 1, where g € SO(3) transforms linear forms, expressed
in the basis {x, y, z}, by the same matrix g. Namely, the infinitesimal generators
Ly € SO(3) are the matrices in (2.20), and the angular momentum operators act
linearly on C {x, y, z} ~ C? with the matrix representation

Jo=iL, k=123, Jr=J1xiJ,,

for Ly given by (2.20). Then, for example, J3(x) = iy, J3(y) = —ix. The operators
Jx and J4 act as derivations on functions in general, for example

J((x + i) = 10x + iy)!

and consequently Y;; must be proportional to (x + iy)’.
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Remark 4.2.4. As in the definition of the standard coupled basis of operators
(cf. Sect. 3.3.2), the definition of a standard orthonormal basis for each
Poly(¢;) ~ C?*! depends on a choice of overall phase (one for each Poly(g;)), see
Remark 3.2.5 and Proposition 3.3.5.

We set Yoo = 1 and choose the phase convention by setting

I
— 1
Y= ( (x + iy)l, VieN, Yimo1 = —J-Yin), for 0 <|m| <,
1 Bim
(4.25)
where A; = A;; > 0is calculated by
I
, 1 I\ (=D (InH22%
A2 = ’2=—/ 1—2)ds = = .
= et = LD ;;) k|2k+1 = @ +1)
(4.26)
With reference to (3.17), (3.18), (3.77) and (6.17), we also conclude
(1) - N na! (I —m)!
Yim=—=J""(x+1i), Am= ,0<m<I,
T R e A ]
4.27)
and changing m — —m has the effect
Yiew=ED"Ym, 0<m<1. (4.28)

Finally, we have the following relations, that set Y ,, as eigenvector of J3 and J 2.

3
Yo =mYim . Y JZYim =10+ DY . (4.29)
k=1

It should be mentioned that ¥; o depends only on z. For easy reference we list the
resulting functions for/ = 1,2,3 :

3 ) 3 .
Yii= —\/;(x +1iy), Y10 = V3z, Yi-1 = \/;(x —iy),

15 15 NG
Yon = g(x +iy)? Yo, = — 7(x +iy)z, Yoo = 7(3z2 —1), (4.30)

/35 . 3 /35 .
Y53 = —T(x +iy)’, Y, = 3 z(x + iy)’z.

e

21 V7
Yig = ===+ )52 — 1), Y3p = —(57 = 32).
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Remark 4.2.5. As exemplified above, we recall that all spherical harmonics may be
homogenized by using the relation x? 4+ y* +z? = 1. Thus, if n € S? has cartesian
coordinates (x, y,z), so that Y;,,, = ¥;,,(x,y.2) = ¥;,»(n), and —n € S? denotes
the antipodal point to n, with coordinates (—x, —y, —z), then

Yim(-n) = (=1)" ¥, (n). (4.31)

Because it is not always so easy to determine the proper degree of a spherical
polynomial expressed as a polynomial in the cartesian coordinates (x, y, z), in view
of the relation x> + y% + z> = 1, it is useful to have formulae for the spherical
harmonics which are expressed in terms of spherical coordinates (¢, 8), cf. (2.39).

These are well known and, with our previous scaling convention, we have

[ —m)! )
Yim=Y"=+v2[+1 ﬂPIm(cos @)e™? (4.32)
( +m)!

Yim(0,60) = 8mov/2l + 1 (4.33)

where the functions P;" are the so-called associated Legendre polynomials, which
are “classical” well-known polynomials in cos¢ = z and sing = (1 —z%)"/? and
the identity (4.33) simply means that Y; ,, vanishes at the north pole, except when
m = 0, in which case the value is ~/2/ + 1.

More precisely, the functions P; = on are the Legendre polynomials, normal-
ized so that P;(1) = 1. As polynomials in z, they are defined by

[1/2] 1—2k
1 21 —2k)! z
Pi2) ==Y (—D)F , 4.34
1) 21};( ) R =W = 28] (4.34)
where [¢] denotes the integral part of ¢ € Q, or by Rodrigues’ formula:
P = Ly (4.35)
1\Z) = 2 dzl V4 . .

They can also be written as polynomials in (1 + z) by

! T+k\ (1) [1+2) DT+ 142\
— 1\ +k —
Pie) =3 (=) ( k )(k)( 2 ) _kz (k1) (Z—k)!( 2 )

k=0 =0
(4.36)

and they satisfy the following differential equation:
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d%PHl(Z):(zl +DP@)+Q2U —-2)+ DP2@+Q2U —4) + 1) Pi—4(z) + -+
(4.37)

—  Q@+DPE = d%m“(z) P 4.38)

Furthermore, the Legendre polynomials are orthogonal in the interval (—1, 1)

1
2
/_1 Pi(z2) Py (2)dz = 51,1(21—_*_1 . (4.39)

The associated Legendre polynomials P;" are defined for m > 0 by

dm
W@=Gﬂwrﬁwﬁﬁﬂ@,my) (4.40)

and for negative m by the identity

_ (I —m)!
P = (—1)"— ) pm. 4.41
! =D (+mn'! .41
By setting P = 1, P/" = 0 for/ < m, and
Pl(x) = (=1)/ 2l = D1 = 2)?, (4.42)

the polynomials P;" can also be derived by the recurrence formula
(I =m)P"(2) = (21 = 2P &) — (I +m — ) P",(2) | (443)

The first polynomials are given by:

1

Pl=z, Pl==(1-2)"7 P)=2(2 = 1), Py==32(1-2) %, P}=3(1-2),
1 3

P3()=§Z(5Z2 —-3), P31:§(1 — 52 (1=2)"?, P2=15z(1-2%), Pi=—15(1-7%)*?

As mentioned before, the Legendre and associated Legendre polynomials are
“classical” very well-known polynomials. Our concise presentation above is meant
for partial self-containment of the monograph and the interested reader can find
ample material on these polynomials in various books, handbooks and websites.



4.2 SO(3)-Invariant Decomposition of the Poisson Algebra 67
4.2.3 Decompositions of the Classical Products

The space of complex polynomials on the 2-sphere defined by (4.20), Poly(S?),
densely approximates the space of smooth functions on the 2-sphere, CZ°(S 2), and
therefore it densely approximates the Poisson algebra of the classical spin system,
{C2(S?), w}, cf. Definitions 4.1.9 and 4.1.11, by letting n — oo for

Polyc(S?)<, C C(S?).

Thus, although the classical products of functions on the sphere, the pointwise
product and the Poisson bracket, are defined for general smooth functions on S2, for
what follows it is useful to have formulas for these classical products as decomposed
in the standard orthonormal basis of spherical harmonics Y}, satisfying

(Yl,ms Yl’,m/> = 81,1/8m,m/ .

The formula for the pointwise product has long been known, although it is not
so commonly presented with its proof. Here we prove it following the approach
outlined in [63], which uses a connection between the above functions and the
Wigner D-functions. On the other hand, as far as we know, the formula for the
Poisson bracket appeared for the first time only in 2002, in a paper by Freidel and
Krasnov [30], on which we based our proof (further below, in Appendix 10.4).

Decomposition of the Pointwise Product

Proposition 4.2.6. The pointwise product of spherical harmonics decomposes in
the basis of spherical harmonics according to the following formula:

L+

5 QL+ DL+
20 + 1 e

Yoy Yoy = Coldd'Yim (444

[=|l1=D|
=0 +lz(m0d 2)

Proof. The elements g € SO(3) rotate the points p in the Euclidean 3-space and its
unit sphere S2, but fixing the points we can also view a rotation as a transformation
of the coordinate system (x, y, z) to another system (x’, y’,Z’). Then a function ¥
on the sphere is transformed to a function Y ¢ such that

Yé(x,y,2) =Y(x'.y'.2), Y3(p.0) = Y(¢',0),
and on the other hand

Yf, =Y Dl (&)Y, (4.45)
m
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since g — D!(g) is, by definition, the matrix representation of SO(3) on the space
spanned by the functions {Y; ,,}. Now, for a fixed positive integer / and two points
p1 = (¢1,61), p2 = (¢2, 6,) on the sphere, we claim that the quantity

0= Z?I,m (1. el)Yl,m (92, 6,) (4.46)
m
is invariant under rotations. In fact, by (4.45) and the unitary property of the matrix
D' = D'(g),

—
O =" "D Dl Y1y (01,011, (2. 60)

mo L1 H
= Y S Yoy (01,00 Y10 (02.02) = Y Y1001 0)Y1u(02.62) = ©
Hisp2 M

In particular, let ¢ be the spherical distance between p; and p,, and choose g to
rotate the coordinate system so that ¢| = 0 and 6} = 0. Then p; is the new north
pole and hence ¢} = ¢, and by (4.33) the quantity (4.46) becomes

© =7Y:0(0,6)Y10(¢,0) = V2I + 1¥1 (¢, 0).
Combined with the first formula (4.46) of ® this yields the general formula

1 _
Yi0(p,0) = le:_HZY/,m(%, ) Y1 (@2, 62) : (4.47)

On the other hand, let us evaluate the identity (4.45) with m = 0 at the point p,
and obtain the following identity similar to (4.47):

Y10(¢5,0) = Yio(g5, 65) = Y D}, o(2)Yim(@2, 65). (4.48)

Now, choose the rotation g = R(«, 8, 0) with Euler angle y = 0 (cf. (2.26)), which
rotates the (old) north pole (0, 0, 1) to the point

p1 = (x1,¥1,21) = (cosa sin 8, sin e sin B, cos ),
namely the new north pole is p; = (¢1,6;) = (B, «) and therefore its spherical

distance to p; is ¢5. Consequently, the left sides of (4.47) and (4.48) are identical,
both expressing the same general coupling rule, so we conclude

Yim(Boo) = v/2I + 1D}, (. B.0).
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Combining the above identity with the coupling rule (3.45) for D-functions, we
deduce the formula (4.44) as follows:

—] —
Yiym (@, 0)Yiomy (9. 0) = /(211 + 1) (2L + 1)D,, 4(6,9.0)D,, o(6.¢,0)

=D)L+ D) ChEL L CHID L 0(6.0.0)
/

L+

_ Z Qh+1D)Q2L+1) clibi

2[ + 1 ml,mz,mc(i,ld%’l Yl,m((/), 9)

I=|li—h|

In the above sum the range of / is also restricted to / = [ 4+ [;(mod 2), since the
coefficient Cé}(;{é’l vanishes when [ + [; + [, is odd. O

Remark 4.2.7. We note that the particular rightmost Clebsch-Gordan coefficient
appearing in Eq. (4.44) has a simple closed formula (cf. [74]):

clilzls — (—D)HL=2 D TA b, ) (L + b+ 13)/2)! (4.49)
0.0.0 )

(L + L+ L)/ =L+ L)Y/ + L —15)/2)

for L =1} + [, + I3 even, and Cé}d%’h = 0 for L odd, where A(ly, [, [3) is given
by Eq. (3.48). We also note that the vanishing condition above follows from one of
the symmetries of the Clebsch-Gordan coefficients (cf. (3.50)), namely,

Coish = (~phtirhelbt (4.50)

Decomposition of the Poisson Bracket

Proposition 4.2.8 ([30]). The Poisson bracket of spherical harmonics decomposes
in the basis of spherical harmonics according to the following formula:

h+1h—1

Aomy wm ChL+1D)2L+1) 4 1
! {Yll E lez} - Z 2] +1 lel’,réi,mp(ll’lz’l) Ylm
I=|l1—h|+1
1=l +—1
4.51)
where, by definition,
P(ly,12,13) (4.52)

L ()R AETAC, b, ) (L + D((L — 1)/2)!
C(h+ L+ L=/ =L+ =D/ + L —1—1)/2)!

for L =1) + 1, + I3 0dd, and P(ly,15,13) = 0 for L even.
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The proof of Proposition 4.2.8 for the decomposition of the Poisson bracket is a
bit more technical and considerably longer than the proof of the decomposition of
the pointwise product, so it has been placed in Appendix 10.4.

Remark 4.2.9. One should note the close resemblance between formula (4.44) for
the pointwise product and formula (4.51) for the Poisson bracket, in view of the
close resemblance between formulas (4.49) and (4.52) for the coefficients (which
depend only on the I's) multiplying C12 " in each case.

Note also that, since the Poisson bracket is skew symmetric, the summation

in(@.5)starts withl = |l, —lj| + 1 =max{ |l — L —1]|,|lL—1; —1|}.

Remark 4.2.10. Of course, by linearity, for f and g decomposed in the basis of
spherical harmonics, one obtains the coefficients of the expansion in spherical
harmonics of fg and { f, g} straightforwardly from (4.44)—(4.49) and (4.51)—(4.52).



Chapter 5
Intermission

Brief historical overview of symbol correspondences in affine mechanical
systems The names of Pythagoras, Euclid and Plato' can perhaps best summarize
the dawning of the “mathematization of nature” process, that took place in ancient
Greek civilization when the Pythagorean school boosted the philosophy that
numbers and mathematical concepts were the key to understand the divine cosmic
order. While Euclid’s Elements set forth the axiomatization of geometry, what we
now call “flat” geometry, it was Plato, however, who first applied the Pythagorean
philosophy to the empirical science of the time: astronomy.

Inspired by the “divine geometrical perfection” of spheres and circles, in his
dialogue Timaeus Plato set forth the notion of uniform circular motions to be the
natural motions of heavenly bodies, as each of which being in possession of its own
anima mundi, or “world soul”, would continue on such an eternal motion.

Plato’s “circular inertial motions” had to come to terms with the empirical
astronomical data of his historical period, however, and thus a whole mathematical
model was developed, based on uniform circular motions, in which circles upon
circles upon circles . .. were used to describe the apparent motions of the sun, moon
and known planets, culminating in the treatise of Ptolemy called the Almagest. The
latter was used by professional astronomers for centuries with adequate precision,
as it realized the first “perturbation theory” to be used in history, wherein new tinier
circles could always be added to better fit new and more precise data, in a process
akin to our well-known Fourier series decomposition of periodic functions.

Many centuries later, when Galileo discovered empirically that a principle
of inertial motions applied to earthly motions as well, he then followed Plato’s
principle, so that Galileo’s inertial motions were still the circular inertial motions
of Plato, only extended to sub-celestial motions (after all, a uniform straight motion
on the surface of the earth is actually circular) [43].

IThis list is by no means exclusive and other names could/should be added, like for instance,
Eudoxus, Archimedes, Apollonius. ..

© Springer International Publishing Switzerland 2014 71
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DOI 10.1007/978-3-319-08198-4__5
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It was Descartes who reformulated the universal principle of inertia in terms
of uniform linear motions. But then, the approximately circular planetary motions
(which at that time had already been found by Kepler to be much more simply
described/approximated by ellipses) had to be re-explained as resulting from the
action of a “force”, as emphasized by Hooke, culminating in Newton’s mechanical
theory of universal gravitation set forth in his Principia.

Thus, following Descartes, Newton placed uniform linear motion, or the straight
line, as the first mathematical axiom of his new mechanics, greatly increasing in
importance Euclid’s axiomatics of geometry, so that Euclidean 3-space became
synonymous with universal space.

And as Newtonian mechanics developed mathematically throughout decades,
straight lines retained their primordial predominance so that, at the turn of the
twentieth century, when Planck first set forth the hypothesis of quantized energies,
the mechanics of conservative systems was modeled on what we now understand
as the Poisson algebra of functions on a symplectic affine space, which doubled the
dimensions of the configuration space of positions. This latter was seen as some
product of Euclidean 3-spaces, or in simplified versions as an Euclidean k-space
R’g, including k = 1, a straight line (in our notation, R¥ is the kth power of R,
while R¥ also carries the Euclidean metric ).

In this way, the most fundamental symmetry of these spaces are straight linear
motions, also referred to as rectilinear motions, or affine translations, and so we can
call mechanical systems which are symmetric under such affine translations as affine
mechanical systems.

For an affine symplectic space (R*, ) = R2, where R* > (p,q), p,q € R¥,

k
o = de,- Adg;

i=1

the group of affine translations is R* with usual vector addition as the group
product, and such that for any fixed £ = (a, b) € R?* the affine translation is

TE) :RX > RX . (p.g)—> (p+a.q+b). (5.1)

In fact, it is well known that the full group of symmetries of an affine symplectic
space R2* is actually much larger and is called the affine symplectic group,
aSpg (2k) = R* x Spg (2k), the semi-direct product of R* and Spy (2k), the latter
being the group of linear symplectic transformations of R2*, which is the maximal
subgroup of GLg(2k) that preserves the symplectic structure w.

Therefore, when a mathematical formulation of quantum mechanical systems
began taking shape in early twentieth century, it also followed the form of an affine
mechanical system. However, in contrast to classical affine mechanical systems,
which are defined by the Poisson algebra of functions on a finite dimensional affine
symplectic space, quantum affine mechanical systems are defined by the algebra
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of operators on an infinite dimensional Hilbert space, H = LZ(R¥), where RF is
usually identified with either the space of positions ¢ or the space of momenta p.

Because, while quantum symmetries have to be implemented by unitary opera-
tors, according to the mathematical framework established by von Neumann, some
of these arise from the symmetries of R¥ itself, whose symmetry group is the
Euclidean group Eg(k) = RF x O(k), the semi-direct product of R¥ and the
orthogonal group O(k), the latter being the maximal subgroup of GLg(k) that
preserves distances (and hence also angles).

Now, O(k) is compact and thus admits faithful finite dimensional unitary
representations, but R¥ and hence Eg (k) are noncompact, so that both only admit
almost faithful unitary representations that are infinite dimensional. This is the
geometrical explanation of why the Hilbert spaces of quantum affine mechanical
systems have to be infinite dimensional.

Letting Er(k) act “in the same way”, or diagonally, on the p and ¢ subspaces of
R2*| Eg (k) is naturally a subgroup of aSpg (2k), the latter group being much larger.
Let us denote this embedding of Er (k) into aSpy(2k) by Er(k). Then,

Er(k) C Er(k ® k), R* C Ep(k & k),
Er(k ® k) C Ec(k) C aSpg(2k),

where Egr(k @ k) = R* x O(k), with O (k) denoting the embedding of O (k) into
Spr(2k) obtained by diagonal action on the p and g subspaces, and where Ec(k) =
Ck x U(k) is the “complex Euclidean group”, which is the subgroup of aSpy (2k)
that preserves a complex structure on R%* ~ Ck, with U(k) ~ Spg(2k) N O(2k).

By first restricting attention to affine translations and noting that the group of
translations of Ri" has the double dimension of R¥, a natural question was how to
extend the unitary action of R* on 7 to a unitary action of R* in a way to account
for Heisenberg’s canonical commutation relations [p;, §;] = ihd;;.

A nice approach to solving this problem is by presenting the Heisenberg group
HZF, which is a U(1) central extension of R?*, with product

(§1.exp(i01)) - (52, exp(i62)) = (61 + &2,exp(i (01 + 62 + (w(§1.52)/2h)))) ,
5.2)

where §; € R, exp(if;) € U(1), j = 1,2. Working with a unitary action
of HOZk on H, and the Fourier transform, we can formally set up Weyl’s symbol
correspondence between operators on H and functions on Ri", the latter “almost
identified” with HOZk , as the commutator of (5.2) does not depend on phases 6;.
More concretely, let § = (a,b) € Ri", as in (5.1), and recall that €; denotes the
Euclidean metric on Rf , in other words, the usual scalar product. Defining

Th(E exp(i0)) : H — H.,
V(q) — ¥ (g —b)exp(i® + ex(a,q)/h — ex(a,b)/2h) (5.3)
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one can verify that Toh (&,exp(i0)) is an element in a unitary representation of HOZk ,
acting on H (see e.g. [45]). Choosing Toh (£, 1) to represent the equivalence class
[Toh (£)] defined by the equivalence relation Toh (&,exp(if))) =~ Toh (&, exp(i6,)),
then via Fourier transform we can formally define the “reflection” operator on H by

1
RIi(x) = W/Tg’(g, Dexplio(x,&)/h)dE + H—>H, (5.4)

where d£ is the Liouville volume element on R%* > x, .
Then, if A is an operator on H, the Weyl symbol of A4 is the complex function
Wj’ on Ri]‘ formally defined by (see [64], also [51]):

Wj’ (x) = trace(ARg (%)), (5.5)
in such a way that, if the action of A on H is described in integral form by

AV(q) = / S q" (") e . (5.6)

then, writing x = (p, g), the integral kernel Sf’l and the symbol Wj’ are related by

1
W) = G [ Sha=vi2ea +vDexptatpyiaty. 60
1
S0 = e [ WA+ 402 explian(p.q’ = ") /B p.

(5.8)

where d*q”, d*v, d* p denote the usual Euclidean volume d* p = dp,dp - --dp;.
Whenever well defined, Weyl’s correspondence, seen as a map A +— Wj’ that
assigns to an operator A a unique function Wj’ on affine symplectic space, satisfies:

(i) Itis alinear injective map;
(i) Wh = Vj’ , where A™ is the adjoint of 4;
(@ii) It is equivariant under action of aSpy (2k),

where the action on functions is the usual one, while the action on operators is
the effective action of aSpy(2k) obtained via adjoint action of a (co-dimensional)
unitary representation of the affine metaplectic group, the latter being a U(1) central
extension of aSp(2k) containing as subgroups HY and the metaplectic group
Mp(2k), which is a double covering group of Spg (2k) [81]

(iv) trace(A) = ﬁ/Wj’(x)dx, (5.9
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where again, dx stands for the Liouville volume on R>*, dx = d*pd*q. Further-
more, Weyl’s symbol correspondence in fact also satisfies the stronger property:

1
Qrh)k

(v) trace(A*B) = / W)W (x)dx . (5.10)

Clearly, a symbol correspondence satisfying all above properties is a very
powerful tool in relating the quantum and classical formalisms of affine mechanical
systems, especially because property (v) allows us to compute quantum measurable
quantities entirely within the classical formalism of functions on affine symplectic
space Ri]‘ in a way that is equivariant under the full group of symmetries of
this space, in accordance with (iii). Furthermore, we can “import” the product of
operators to a noncommutative associative product » of functions on Ri]‘ , by

Wh =wh«wh, (5.11)

which is called the Weyl product, or the Moyal product, whose commutator is
precisely the bracket originally introduced by Moyal [50].

With such a powerful tool in hands, one can thus proceed to study quantum
dynamics in the asymptotic limit of high quantum numbers, where classical Poisson
dynamics should prevail, entirely within the mathematical framework of functions
on R, That is, in this way one first proceeds with a “dequantization” of the
quantum mechanical formalism and then studies its semiclassical limit. For affine
mechanical systems, this semiclassical limit is often studied by treating # formally
as a variable and looking at the asymptotic expressions for the symbols, their
products and commutators, measurable quantities, etc., as i — 0.

However, when trying to make a more rigorous mathematical sense of Weyl’s
symbol correspondence obtained via (5.2)—(5.8), it became clear that one has to be
very careful as to which classes of operators on  and functions on R2* should
be considered. In fact, although Weyl’s correspondence has been presented as a
map from operators to functions, in practice equations like (5.8) together with (5.6)
have often been used in the opposite direction, that is, of defining new classes
of operators, as pseudo-differential or Fourier-integral operators (see Hormander
[27,39,40], or in the proper Weyl context see [36] and also [79] for asymptotics).
Therefore, this inverse direction of using a symbol correspondence, often also
referred to as “quantization”, has actually become more familiar to many people.

Moreover, it was soon realized that the symbol correspondence rule obtained
via (5.2)—(5.8) is not unique (and it was not the one originally used by Hormander).
In fact, note that choosing Toh (&, 1) to represent the equivalence class [Toh ()] seems
to be arbitrary, but more importantly, note also that R2* can be more generally
“almost identified” with a large family of Heisenberg groups H2¥, which are defined
by modifying the product (5.2) to the more general one given by

(61, exp(i01)) - (52,exp(i6r)) = (51 + &, exp( (01 + 02 + (@ + ] (61, §2)/2R)))) .
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where « is a symmetric bilinear form on R? and different choices of o are
related to different choices of “orderings” for products of operators p; and ;. In
this respect, Weyl’s ordering is the symmetric one, p;q; < (p;4; + 4;p;)/2,
but other popularly used orderings are p;jq; < p;g; and pjq; < §;p;
(normal ordering). Similarly, one can define different symbol correspondences using
complex coordinates z; = ¢; +ip; andz; = ¢; —ip; on R2¢ ~ Ck, by considering
different orderings for products of a; = §; +ip; and aj. = §j —ipj,or by using
coherent states, etc.

Furthermore, for affine mechanical systems it is not obvious for which group
one should impose equivariance for all possible symbol correspondences. If Wt is
another symbol correspondence satisfying (i)—(iv) but not (v), then from (5.11) we
see that it also satisfies the weaker property

(V) trace(A*B) = ﬁ /W_j’/ * Wg'/(x)dx, (5.12)

so that this property (v’) can be used, instead of (v), to compute quantum expectation
values within the classical formalism of functions on affine symplectic space. Then,
one can consider relaxing (iii) to an equivariance under some subgroup of aSpy (2k)
containing Eg (k) and all affine translations, like Er(k @ k) or Ec(k), as long as
(v’) is still invariant under the whole affine symplectic group aSpg(2k) (symbol
correspondences define via & # 0, like Héormander’s normal ordering, are usually
not equivariant under the full group aSpy(2k) in the strong sense of (iii)).

In other words, there are many other symbol correspondences in affine mechan-
ical systems satisfying all or most of properties (i)—(v) above and it would be
desirable to classify all such correspondences, study their semiclassical asymptotic
limit, see how these correspondences agree or disagree in this limit, etc.

For affine mechanical systems, such a complete and systematic study is not
known to us. However, in contrast to quantum affine mechanical systems, for
quantum spin-j systems the Hilbert spaces are finite dimensional, allowing for an
independent mathematical formulation of such systems, as was done in Chap. 3, and
there is never any ambiguity about which classes of operators to consider. Moreover,
for spin systems there is no doubt about the natural group of symmetries to impose
equivariance: the 3-sphere SU(2), acting effectively via SO(3).

Therefore, going back in time over two millennia, so to speak, and replacing
straight lines and k-planes by circles and spheres as the fundamental geometrical
objects, we can provide the complete classification and begin a systematic study
of symbol correspondences for spin systems, as is presented below in Chaps. 6-38.
But it is somewhat curious, perhaps, that while ancient Greek philosophers looked
outwards to the far sky in search of circles and spheres, modern physicists found
them by looking deeply inwards into matter.



Chapter 6
Symbol Correspondences for a Spin-j System

In Chaps.3 and 4, quantum spin-j mechanical systems and the classical spin
mechanical system, respectively, were defined and studied in fully independent
ways. In this chapter, the two formulations are brought together via spin-j symbol
correspondences. Inspired by Weyl’s correspondence in affine mechanical systems
we investigate, for a spin-j system, symbol correspondences that associate operators
on Hilbert space to functions on phase space, satisfying certain properties.

Here we define, classify and study such correspondences, presenting explicit
constructions. Our cornerstone is the concept of characteristic numbers of a symbol
correspondence, cf. Definition 6.2.22, which provides coordinates on the moduli
space of spin-j symbol correspondences. As we shall see below, for any j a (quite
smaller) subset of characteristic numbers can be distinguished in terms of a stricter
requirement for an isometric correspondence. However, a more subtle distinction
is obtained in the asymptotic limit n = 2j — oo, to be explored in Chap. 8. As
we shall see there in detail, not all n-sequences of characteristic numbers lead to
classical Poisson dynamics in this asymptotic limit.

6.1 General Symbol Correspondences for a Spin-j System

6.1.1 Definition of Spin-j Symbol Correspondences

Following Stratonovich, Varilly and Gracia-Bondia (cf. [67, 73]), in the spirit of
Weyl we introduce the following main definition:

Definition 6.1.1. A symbol correspondence for a spin-j quantum mechanical
system H; ~ C"*!, where n = 2j, is a rule which associates to each operator

P € B(H;) a smooth function Wf{ on S2, called its symbol, with the following
properties:

© Springer International Publishing Switzerland 2014 77
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(/)  Linearity : The map P — Wli is linear and injective.
(i)  Equivariance : Wp, = (W})&, for each g € SO(3).
(i) Reality : Wj.(m) = W] (n). (6.1)

. . . . 1 _
(iv) Normalization : ;- 5{ WidS = —trace(P) .

By dropping the injectivity requirement in (i), any map
W/ B(H;) — C(S?),

satisfying properties (i)—(iv), except that it may not be injective, shall be called a
pre-symbol map. In this way, the symbol correspondences characterize a distin-
guished family of pre-symbol maps.

On the other hand, the injectivity requirement in (i) can be transformed to a
bijectivity requirement by reducing the target space of every map

W/ B(H;) ~ Mc(n + 1) — Polyc(S?) <, C C&(S?) (6.2)

which associates to each operator P its symbol ng . We shall assume the symbols
W,{ are polynomial functions, as indicated in (6.2), unless otherwise stated.

Remark 6.1.2. In addition to the above four axioms (6.1) one may also impose the
axiom

(v) Isometry : (WI_{, Wé> = (P, 0); (6.3)
as a “metric normalization” condition, where the right-hand side of Eq. (6.3) is the
normalized Hilbert-Schmidt inner product of two operators, given by

1

1 *
(P.Q); = P (P,Q) = . 1trace(P 0), (6.4)

n = 2j, and the left-hand side of (6.3) is the normalized L? inner product of two
functions on the sphere, given by (4.4). Thus, condition (iv) is just a special case of
(v), namely (iv) can be stated as

(iv)’ <1,W;'> —(LP); .

Berezin [10-12] was the first to investigate symbol correspondences for spin-j
systems in a more systematic way. His correspondence satisfies axioms (i)—(iv),
but not axiom (v). Varilly and Gracia-Bondia [73] were the first to systematically
investigate the rules P — W} satisfying all five axioms, as previously outlined by
Stratonovich [67] for the spin-j-system version of the Weyl correspondence.

Definition 6.1.3. A Stratonovich-Weyl correspondence is a symbol correspondence
that also satisfies the isometry axiom (v).
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Remark 6.1.4. Varilly and Gracia-Bondia’s justification for axiom (v) is the need
“to assure that quantum mechanical expectations can be calculated by taking
integrals over the sphere”. However, this justification is not entirely proper, as
these latter integrals can be defined for any symbol correspondence (cf. Eq. (6.25)
and Remark 6.2.25, as well as Remark 7.1.4 and Eq. (7.3), below). This situation
mimics, in fact, the situation for symbol correspondences in affine mechanical
systems: while Weyl’s symbol correspondence satisfies property (v) given in (5.10),
many other useful symbol correspondences in affine mechanical systems do not.

6.1.2 The Moduli Space of Spin-j Symbol Correspondences

We recall that the action of SU(2) on operators in Mc(n + 1), as explained in
Chap. 2, is by conjugation via the representation ¢; : SU(2) — SU(n + 1),

geSUR): A— A* = ¢;(g)Ap; (g™,

which factors to an effective action of SO(3), while the action of SU(2) on
polynomial functions in Poly:(S?)<,, as explained in Chap. 3, is obtained from the
standard action of SO(3) on the two-sphere:

geSUQ): F— F¢, F¢m) = F(g"'n),

so that in both spaces we have an effective left action of G = SO(3).

Furthermore, by Proposition 4.2.2 these two spaces are isomorphic and have the
same splitting into G-invariant subspaces, both in the complex and the real case.
Therefore, by the classical Schur’s lemma (Lemma 2.1.3) applied to (4.23),

Hom®(Mc(n + 1). Polyc(S*)<y) = [ [Hom® (Mc(¢y). Poly(g))) ~ C"*',
=0
(6.5)

and similarly, by restricting to the real case (4.22),

Hom® (H(n + 1). Poly (S*) <) = [ [Hom® (H(yn). Poly(y)) ~ R"*'. (6.6)
=0

Now, note that (i) + (ii) in Definition 6.1.1 is the condition that W/ is a
G-isomorphism, and (iii) assures that W/ preserves the real structure. Therefore,
we have the following:

Corollary 6.1.5. Each R-linear G-map which takes Hermitian matrices to real
polynomials may be identified with a unique (n + 1)-tuple



80 6 Symbol Correspondences for a Spin-j System

(co.C1,...,cp) € RPTL (6.7)
In particular, the tuple corresponds to a G-isomorphism

H(n +1) = Polyg(S?)<n.
n n (6.8)
Mc(n +1) ~ Poly(C(SZ)S,,,

ifand only ifeachc; 0,1 =0,1,...,n.

Remark 6.1.6. The above correspondence is not canonical since there is no natural
choice of isomorphism by which one may identify matrices with functions on S
equivariantly. This multitude of choices is a central topic in the next section, where
the numbers ¢; will be defined in a precise way.

But note also that the symbol W/ of the identity operator is a constant function,
say equal to ¢y, and then condition (iv) clearly implies

co=1, (6.9)

namely, the symbol map respects the unit elements of the two rings in (6.2). In this
way, we can identify each W/ by its real n-tuple representation:

W/ < (ci,....cn) € (R*)", where R* = R — {0}, (6.10)

(cf. Remark 6.1.6). For an explicit definition of the numbers ¢; we refer to
Theorem 6.2.7 and Definition 6.2.22 below. To summarize, we have obtained the
following:

Theorem 6.1.7. The moduli space of all spin-j symbol correspondences satisfying
conditions (i)—(iv) in Definition 6.1.1 is (R*)".

Note that nothing has yet been said with respect to the isometric spin-j symbol
correspondences, i.e. the Stratonovich-Weyl symbol correspondences, which also
satisfy condition (v).

In our general setting to be developed below, we fix a representation (6.10), either
by coupled basis decomposition or more systematically in terms of operator kernels,
and relate the metric properties of W/ to the numbers ¢; (further below, we also
present a direct way to define the symbol map introduced by Berezin).

Then, it will be seen below that condition (v) determines each ¢; up to sign.

6.2 Explicit Constructions of Spin-j Symbol
Correspondences

We consider the general category of spin-j symbol correspondences.
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Remark 6.2.1. The objects of this category are the symbol correspondences, while
the morphisms are induced from the transition operators to be defined later, cf.
Definition 7.1.18. Because all morphisms in this (small) category are invertible, this
is actually a groupoid, cf. Definition 7.1.19.

As a basis point on S 2 we choose the north pole nyp = (0,0, 1), the positive z
direction (cf. Definition 3.1.4 and Remark 4.2.1), assuming that its isotropy group
is the circle group U(1) C SU(2) in (2.37) whose fixed point set in Mc(n + 1)
consists of the diagonal matrices, namely the m = 0 eigenspace of J3 = Jy, (cf.
Eq. (3.34) and the discussion following Definition 3.3.1).

From now on, we shall often write W for W/, for simplicity, whenever
suppressing the spin number j = n/2 is not a cause for confusion.

6.2.1 Symbol Correspondences via Standard Basis

Following on the same reasoning that led to Corollary 6.1.5 above, a natural and
simple way to establish a symbol correspondence between operators and polynomial
functions is obtained by relating appropriately chosen basis for each space.

Thus, remind that for a given n = 2j, the operator space B(H;) has the
orthogonal decomposition

Mc(n+1) =) Mc(o)
1=0

where each summand Mc(g;) has its standard basis e/ (I,m),—] < m < [, in
accordance with Proposition 3.3.5 and Theorem 3.3.6.

On the other hand, the space of polynomial functions on S? of proper degree < n
has the orthogonal decomposition

Polyc(S%)<n = »_Poly(pr)
=0

where each summand Poly(¢;) of polynomials of proper degree [ has its standard
basis of spherical harmonics Y; ,,, — <m <.

Consequently, for a given value of n and signs & = =1, l=1,2,...,n, wecan
set up the 1-1 correspondence

,uoej(l,m)<—>8}1Y/,m; —l<m<l<n, p=+n+1. (6.11)
Such a correspondence is obviously isometric, therefore, if it extends linearly to

a symbol correspondence in the sense of Definition 6.1.1, then clearly all the 2"
Stratonovich-Weyl symbol correspondences are obtained in this way. In fact, by
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relaxing on the isometric requirement and allowing for scaling freedom, we have
the more general result, whose formal proof is deferred to the next section:

Proposition 6.2.2. Any symbol correspondence W/ satisfying Definition 6.1.1 is
uniquely determined by non-zero real numbers c}, | =1,2,...,n, which yield the
explicit 1-1 correspondence

Wi =W!:poe/(l.m) >} Yim: =1 <m=<1=<n, c eR* (6.12)

where ¢ is a shorthand notation for the n-string (ci',c5, ..., cl). Furthermore, wi
is a Stratonovich-Weyl symbol correspondence if and only if ¢} = e} = 1,1 =
1,2,...,n.

Remark 6.2.3. We can now understand better the moduli space of symbol
correspondences W. Starting with the isometric ones, recall from Remark 4.2.4
that each respective standard basis of Mc(¢;) and Poly(¢;) is uniquely defined
up to an arbitrary overall phase. Therefore, an isometric correspondence between
Mc(¢;) and Poly(g;) is uniquely defined modulo a relative phase z; € S' c C.
However, the reality requirement (iii) in Definition 6.1.1 fixes this phase to be real,
thus z7 = & = =1. For the non-isometric correspondences, we have the further
freedom of a relative scaling p; € R™ and, therefore, a correspondence between
Mc(¢r) and Poly(g;) is uniquely defined modulo a number ¢; = pe; € R*.

6.2.2 Symbol Correspondences via Operator Kernel

In order to study general symbol correspondences more systematically, observe that
a diagonal matrix K gives rise to a function K(n) on S such that K(ng) = K, and
K(n) = K¢ forn = gny.

Proposition 6.2.4. For each symbol correspondence W = W/ there is a unique
operator K € Mc(n + 1) such that

Wp(gng) = trace(PK?) (6.13)
or equivalently,
Wp () = trace(PK(n)) = (P*, K(n)) .

Moreover, K is a diagonal matrix with real entries and trace 1.

Proof. The linear functional

W Mc(n +1) - C, P+ Wp(ng)
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is represented by some K such that W(P) = trace(PK), since the pairing
(K*, P) = trace(PK) is a Hermitian inner product. Therefore, (6.13) holds for
g = 1 and hence also in general by equivariance

W (g 'ng) = (Wp)2(ng) = Wpe(no) = trace(P¢K) = trace(PK® ).

On the other hand, for g € U(1) we have gny = ng and then trace(PK?%) =
trace(PK) holds for each P, consequently K¢ = K. That is, K is fixed by U(1)
and hence K = diag(Ay,...,A,+1). By choosing P to be the one-element matrix
Exr it follows that Ay = Wp(ny) is a real number, due to the reality condition (iii).
Finally, by the normalization condition (iv) W; = 1 and hence trace(K) = 1. O

Definition 6.2.5. An operator kernel K € Mc(n + 1) is a diagonal matrix with the
property that the symbol map W defined by (6.13) is a symbol correspondence.

It follows from Proposition 6.2.4 that K has an orthogonal decomposition

1
K:
n+1

I+Ki +Ky+---+ K, (6.14)

where for [ > 1 each K; is a zero trace real diagonal matrix belonging to the zero
weight (or m = 0) subspace of the irreducible summand Mc(¢;) of the full matrix
space (3.56), namely K; = k;e(l, 0) for some non-zero real number k;.

Conversely, each matrix K of this kind defines a symbol map P — Wp by (6.13)
whose kernel (as a linear map) is a G-invariant subspace, namely the sum of those
Mc(¢;) for which K; = 0. Therefore, by axiom (i) in (6.1) each K; must be
non-zero for a symbol correspondence.

Lemma 6.2.6. Let K be a real diagonal matrix with trace(K) = 1, and define a
symbol map W by the formula (6.13). Then W satisfies the normalization condition,
namely

1
4 S2

1
WpdS = trace(P). (6.15)
n+1

Proof. Let (6.14) be the orthogonal decomposition of K, where K; € Mc(¢;) may
possibly be zero, and let dg denote the normalized measure on SU(2). Then

1
— WpdS = Wp(gng)dg = / trace(PK®)dg =
4 Js2 SUQ) SU(2)

1 n
= trace (P Kgdg) =trace| P| ——1I + Z (/ (Z);(g)dg) K],
SUQ) n+1 = \Usvo

where the operator ¢;(g) € GL(Mc(¢;)) is the action of g on the vector space
Mc(¢p), in particular
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1)K = Kf = pi(g)Kigi(g)™"

Since the representation g — ¢;(g) is irreducible, it follows by standard represen-
tation theory that

/ #1(g)dg = 0,
SUQ)

and this proves the identity (6.15). O

Putting together the above results yields the following classification of all
possible symbol correspondences:

Theorem 6.2.7. The construction of symbol maps W = W/ in terms of operator
kernels K = K/ by the formula (6.13) establishes a bijection between symbol
correspondences and real diagonal matrices in Mc(n + 1) of type

, 1 n 20+1
K/ = 1 /(1,0), 0 real, 6.16
" +[;czﬁn+le( ), ¢ # Orea (6.16)

where e/ (1,0) € Mc(¢;) is the traceless diagonal matrix of unit norm given by

(1,0 = = 1) ——Val+ mZ( 1)"( )Ji—"JiJf (6.17)

(c¢f. Theorem 3.3.6). In particular, the symbol correspondence W/ defined by
formula (6.13) is determined by the n-tuple (cy, ¢, . ..,c;) € (R*)".

Definition 6.2.8. The non-zero real numbers ¢y, ¢, . . ., ¢, will be referred to as the
characteristic numbers of the operator kernel K.

In the general context of Theorem 6.2.7, we now distinguish the symbol
correspondences of the kind originally defined by Berezin, as follows.

Definition 6.2.9. A Berezin symbol correspondence is a symbol correspondence
whose operator kernel K is a projection operator IT (cf. e.g. [57]).

Since the trace of a projection operator is its rank, it follows that IT must be a
one-element matrix [Ty = &y forsome 1 < k < n 4+ 1 = 2j 4+ 1. Namely, the
expansion (6.16) of IT in the coupled standard basis reads

M = (=D |jmj(=m)) = 7351 + (- 1)k+12Cm’ L e(l,0), (6.18)

where m=j—k+1,
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(cf. (3.32) and (3.40)) and hence each Clebsch-Gordan coefficient in the above sum
must be non-zero in the Berezin case. We state this result as follows:

Proposition 6.2.10. For a spin-j quantum system H; = C"*1 the Berezin symbol
correspondences are characterized by having as operator kernel a projection Iy =
ik, 1 <k < n—+1, for those k such that the following Clebsch-Gordan coefficients
are non-zero:

Cllg#0. m=j—k+11<l<n=2j. (6.19)

Equivalently, the kth entry of each diagonal matrix e(1,0),] = 1,2,...,n, must be
non-zero.

Remark 6.2.11. The traceless matrix e(/, 0) has the following symmetry
e(l, 0) = diag(dl, dz, Caey dn+l)7 di = :bdn+2_,'.

When n = 2j is odd, namely half-integral spin j, we conjecture that the
Berezin condition (6.19) holds for each k. We have checked this for all n < 20
say, since for these cases the above matrices e(/, 0) can be calculated easily using
computer algebra. However, for integral values of j the Berezin condition fails
for the projection operator I1; when k = n/2 + 1. Moreover, d, = 0 holds for
n=1I1({+1) = 6,12,20,..., so in these dimensions the Berezin condition also
fails for IT, and IT,. We will come back to this discussion in Sect. 6.2.4.

On the other hand, d; # 0 always holds, and consequently the Berezin
condition (6.19) is satisfied fork = 1 and k = n+1. Therefore, foralln =2j € N,
the operators I1; and IT,+; always yield Berezin symbol correspondences.

Definition 6.2.12. The symbol obtained via the projection operator IT; will be
called the standard Berezin symbol.

Remark 6.2.13. The standard Berezin symbol correspondence generalizes to spin
systems the method of correspondence via “coherent states” originally introduced
for affine quantum mechanics [33, 70]. In fact, this method can be applied in more
general settings (cf. [53]) and the original papers by Berezin were already cast in the
more general context of complex symmetric spaces [10—12]. Actually, the originally
defined coherent state in affine quantum mechanics is one of many, so it can be
called the standard one. Similarly, we shall call Berezin’s the standard coherent
state of a quantum spin-j system when we generalize it, in Sect. 6.2.4.

General Metric Relation

Now, the following proposition sets a general “metric” relation, similar to axiom (v)
in Remark 6.1.2 which is valid for all symbol correspondences.
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Let K in (6.14) and (6.16) be given, write e(0,0) =
and consider the orthogonal decompositions

1
S+l

M=
~

n l n n
P = =3 X amel.m). K = Y K= ye(l.0). (6.20)

=0 1=0m=~—I

Proposition 6.2.14. Any symbol correspondence W satisfies the metric identity

nooyf U (61)2

(WP’WQ)=[§021+1 P, Q) = ;

P, Q1) (6.21)
where the y; and c; are related by

21 +1
Y= ¢ %, cf. (6.16) and (6.20), Theorem 6.2.7.
n

Proof. From (6.13) and (6.20), we have that
n non i
Wp(gng) = Y trace(PK®) = > > > ayutrace(e(l,m)K})
1=0

1=0l"=0m=—I

n n ! n !
=X X X apnyptrace(e(l,mye(l’,0)¥) = 3 3 (=1)"aimyiDL,,(2)

[=0/"=0m=—I |=0m=—1
where the inner product
Dl_m’o(g) = (e(l,—m),e(l,0)%) = trace((—1)"e(l,m)e(l,0)*)

is a Wigner D-function, namely a matrix element of the unitary matrix D/(g)
representing the action of g on the irreducible operator subspace Mc(¢;) ~ C**1,
Consequently, expanding Q € Mc(n + 1) similarly to (6.20) we obtain

L W Wom)dS = [Wpe(gno)Wo (gno)dg
G

47rS2

n n 4

=X Z > aimbim /)/IVI/f DL, (&) D", o(8)dg
[=0l"=0m=—Im'=—1'
n ! B

=2 % am bzmmle_mo(gn dg
=0m=
n ! _ n

= Z Z am Y trace(P/ Q1) ———

- 1’”21+1 = 2z+1
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where we have used the well-known Frobenius-Schur orthogonality relations for the

matrix elements D,ln’m/ (g) of irreducible unitary representations. O
From (6.21) we also deduce the formula

W
IPI?

(c)=@m+1) for any non-zero P € Mc(¢;). (6.22)

Corollary 6.2.15. For each j, W/ is a Stratonovich-Weyl symbol correspondence
if and only if the characteristic numbers are

a=¢g==x1,1=1,...,n=2j (6.23)

and consequently there are precisely 2" different symbol maps W/ of this type, in
agreement with Theorem 1 of [73].

Remark 6.2.16. Formula (6.22) also gives (cp)> = 1, but the value ¢ = —1
in (6.23) is already excluded by the normalization axiom (iv), cf. (6.1) and (6.9).

Summary 6.2.17. It follows from (6.21) that each symbol correspondence becomes
an isometry by appropriately scaling the (Hilbert-Schmidt) inner product on each
of the irreducible matrix subspaces Mc(¢;). The moduli space of all symbol
correspondences is (R*)", having 2" connected components, and each symbol
correspondence can be continuously deformed to a unique Stratonovich-Weyl
symbol correspondence in the moduli space (Z,)".

Covariant-Contravariant Duality

Given an operator kernel K in the sense of Deﬁnit~ion 6.2.5 and Theorem 6.2.7, it is
also possible to define a symbol correspondence W via the integral equation

n+1
4

n—+1
4

P =

/ Wp(gno)K2dS = / Wp(n)K (n)dS (6.24)
S2 S2

wheren = gng € $? = SO(3)/SO(2) and K¢ = K(n), cf. also (6.13).
Definition 6.2.18. The symbol map
W = WK B(H;) ~ Mc(n 4 1) = Polyc(5%)<, C CX(S?)

defined implicitly by Eq. (6.24) is called the contravariant symbol correspondence
given by the operator kernel K. On the other hand, the symbol map

W = W/K:B(H;) ~ Mc(n + 1) — Polyc(S?)<, C CS(S?)

defined explicitly by Eq. (6.13) is called the covariant symbol correspondence given
by the operator kernel K.
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Remark 6.2.19. This terminology of covariant and contravariant symbol correspon-
dences was introduced by Berezin [12]. See also Remark 6.2.25, below.

Proposition 6.2.20. Let K be the operator kernel for a Stratonovich-Weyl covari-
ant symbol correspondence Wik that is, ¢; = £1 ,1 < | < n. Then,
Wik = Wik that is, for any operator P € B(H;), Wp = Wp € Cgo(Sz).
In other words, for a Stratonovich-Weyl symbol correspondence, the covariant and
the contravariant symbol correspondences (defined by K) coincide.

Proof. From (6.24) and (6.13), we have that

trace(PQ) = !

+1 / Wp ()W (m)dsS . (6.25)
4 S2

but, since W/-K is an isometry (cf. (6.4)),

1
trace(PQ) = - / W () Wo (n)dS .
4 S2
Since both equations are valid VP, O € B(H), it follows that Wp = Wp. O

On the other hand, by analogous reasoning from Eqs. (6.24) and (6.13) and the
metric identity (6.21), there is the following more general result:

Theorem 6.2.21. Let K be determined by the characteristic numbers cy, 2, . . ., Cp,
as explained by Theorem 6.2.7, and let

WK L B(H;) 2 Mc(n + 1) > Polyc(S%)<, € C2(5?)
be the covariant symbol correspondence defined explicitly by Eq. (6.13). Then,
Wik = Wik BH,) - C2(S?). (6.26)
where
Wik B(H;) ~ Mc(n + 1) — Poly(S?)<, C C(S?)

is the contravariant symbol correspondence defined implicitly by equation

1 ~ ~
p="% / Wp(n)K4dS (6.27)
4 S2
with the operator kernel K determined by the characteristic numbers ¢y, Ca, . . ., Cp,
where
. 1
¢ =—. (6.28)
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In other words, (6.27) and (6.28) hold iff Wff%(n) = trace(PK%) = Wf(n).

As a direct consequence of the above theorem, the relation between the covariant
symbol correspondence W given by an operator kernel K and the associated
contravariant symbol correspondence W given by the same operator kernel K can
be expressed as follows. Forany P = Y /_, P; € B(H;), we have

n n
- - 1
Wep=> Wp=> —Ws, (6.29)
1=0 1= (@
n n 5
Wp = Wp=> (c)*Wp . (6.30)
1=0 1=0
Definition 6.2.22. The non-zero real numbers c¢i,c¢s,...,c,, which are the

characteristic numbers of the operator kernel K defining the covariant symbol
correspondence W : B(H;) — C&°(S?) explicitly by Eq.(6.13), will also be
referred to as the characteristic numbers of the symbol correspondence W .

Definition 6.2.23. A symbol correspondence is characteristic-positive if all ¢; > 0.

Definition 6.2.24. The unique characteristic-positive Stratonovich-Weyl symbol

correspondence, for which all characteristic numbers are 1, ie. ¢; = 1,1 =
1,...,n, is called the standard Stratonovich-Weyl symbol correspondence and is
denoted by

W/ 1 B(H;) ~ Mc(n + 1) = Polyc(8%)<, C CX(S?) .

Remark 6.2.25. There is a duality W <— W between symbol correspondences,
namely for a given K the covariant symbol correspondence W Xand the con-
travariant symbol correspondence WK are dual to each other. According to Theo-
rem 6.2.21, the passage to the dual symbol correspondence is described by inverting
the characteristic numbers, that is, by the replacement ¢; —> ¢/ I Thus, if K

(resp. K) has characteristic numbers {c;} (resp. {c;'}), then WK = WK and,
as observed in Theorem 6.2.21, W K coincides with WX . The Stratanovich-Weyl

symbol correspondences are precisely the self-dual correspondences for a spin-j
system.

We now turn to the formal proof of Proposition 6.2.2 of Sect. 6.2.1.

Proof of Proposition 6.2.2. To see why the choice ¢/ = ¢; in (6.12) yields an
operator kernel K given by the formula (6.16), we apply formula (6.13) with
P = e(l,0) and g = e, and use the fact that Y; takes the value /2] 4+ 1 at
the north pole ny = (0,0, 1). The second part of the proposition is immediate (cf.
Corollary 6.2.15). O
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Remark 6.2.26. The numbers ¢; = ¢} of Proposition 6.2.2 are precisely the char-
acteristic numbers of W in the sense of Definition 6.2.22. The notation ¢} instead
of ¢; is to emphasize their dependence on n = 2, whenever this dependence is an

important issue. We also denote by ¢ the n-string (c1, ¢2,...,¢;) = (cf.ch,....cn),
as in (6.12), and by % the n-string (ﬁ, é, el Cl). The notation Wz for WK will be

heavily used in the sequel. In particular, the dual of W is W; = Wi.

6.2.3 Symbol Correspondences via Hermitian Metric

Letn = 2, as usual. We shall construct a symbol map
B :B(H;) ~ Mc(n + 1) — Polyc(S?)<, C C(S?)

with the appropriate properties, using the Hermitian metric on the underlying Hilbert
space H,; =~ C"*!, which we may take to be the space of binary n-forms.
First of all, consider the following explicit construction of a map:

;:C*—C', C?* o S - sy c et (6.31)

~ n n
2= (21,2) > ®;(z) = Z = (7, (1>Z’I_IZz,..-, <k>z’f_kz§,..-,zg)

where the components of 7 can be regarded as normalized binary n-forms, so that,
for S3(1) being the unit sphere in C?, S?"*1(1) is the unit sphere in C"*! (cf. the
discussion at the end of Sect.2.2, in particular Eq. (2.44)). As a consequence, as
SU(2) acts on C? by the standard representation ¢; /2, the induced action on n-forms
is the irreducible unitary representation

; :SUR2)— SUm +1)
and the map ®; is ¢;-equivariant. Next, consider the Hopf map
7:8°(1) > S?~CP', 7(z) = [z1.22] = n, (6.32)

also described in (2.31), which is equivariant when SU(2) acts on S? by rotations
via the induced homomorphism v : SU(2) — SO(3), cf. Sect. 2.2.

And finally, let 4 : C"™! x C"*! — C be the usual Hermitian inner product
which is conjugate linear in the first variable. Then we have the following:

Theorem 6.2.27. The map B that associates to each operator P € Mc(n + 1) the
function Bp on S? defined by

Bp(n) = h(Z,PZ), (6.33)
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is a symbol correspondence, according to Definition 6.1.1, whose operator kernel,
according to Definition 6.2.5, is the projection operator I1;.

The proof of Theorem 6.2.27 follows from the set of lemmas below:
Lemma 6.2.28. The function Bp is well defined and SU(2)-equivariant.

Proof. First, note that Bp is well defined because
O(e'%2) = ™7, h(e™Z,Pe"7) = h(e™Z,e"PZ) = h(Z,PZ).
By the identity ®(gz) = ¢, (g)Z, SU(2)-equivariance of B is seen as follows:

Bpe(n) = (Z, P*Z) = W(Z.¢;(g)Pp;j(g) ' Z) = hip;(g) ' Z. Py;(g)"'Z)
= h(®(g™'z), PO(g™'2)) = Bp(n(g~'2)) = Bp(g~'m) = (Bp)*(n).

Lemma 6.2.29. The map B : P — Bp satisfies the reality condition.
Proof. By the definition of Bp,

n n
Bpm)=h(Z.PZ)=)_Y bib;pizi "'z /%’

i=0=0
= > B pula PN+ Y bib | P e [py @) T+ pia) T,
i

j<i

where we have written b; = (7) for simplicity. Now, the replacement P — P*
means p; — p; and

[pij(HZZ)i_j + pji(ZIZ)i_j] — [pij(ﬁzz)f—j + Pji(le)i_j],

and consequently Bpx(n) = Bp(n). O

Lemma 6.2.30. The map B : P — Bp is injective.

Proof. The kernel of B is Ker(B) = K = {P € Mc(n + 1); Bp = 0}, which is an
n

SU(2)-invariant subspace of Mc(n + 1) = ZMC (¢1), so assuming IC # 0 it splits
1=0
as a direct sum of irreducible subspaces

k
Ker(B) =K =Y K(o) ,

i=1
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then each of the summands has a zero weight vector |/;0 >, namely there is some
non-zero diagonal matrix

D = (d(),dl,...,dn)() ek
and consequently, for each n € S? there is the linear equation

n n
Bpm) =h(Z,DZ) =) dibjZi " s =) dib]la " |nl =0
i=0 i=0
for the “variables” d;. Clearly, the only common solution is d; = 0 for each i, so
we must have K = 0. |

Lemma 6.2.31. The map B can be expressed by the formula
Bo(gng) = trace(QT1}), g € SU(2), (6.34)
where ng = (0,0, 1) € S? is the north pole, and I1, is the projection operator
IT, = diag(1,0,0,...,0).

Proof. Referring to (6.31) and (6.32), we have

®(1,0) = Zo = (1,0,...,0) and 7(1,0) = no,
consequently for O = (g;), 1 <i,j <n+1,

Bo(ng) = h(Zo, QZo) = qi1 = trace(QTy).
Therefore (6.34) holds for g = e, and hence by the equivariance of B, Bp(gng) =

BQg—l (mg) = trace(Qgill'Il) = trace(QTIY) O

Corollary 6.2.32. The map B is the standard Berezin symbol correspondence (cf.
Definition 6.2.12).

Remark 6.2.33. Berezin [12] introduced his symbol correspondence in a manner
similar to, but not equal to the one presented here. Instead of using the space of
homogeneous polynomials in two variables hPE (z1,22), Berezin used the represen-
tation on the space of holomorphic polynomials on the sphere Hol" (S?). As the two
representations are intimately connected (see the discussion at the end of Sect.2.2),
it is not hard to see that the symbols obtained by Eq. (6.33) coincide with Berezin’s
original definition of covariant symbols on the sphere.

Now, the characteristic numbers of the standard Berezin symbol correspondence
are the characteristic numbers of the symbol map whose operator kernel K is the
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projection operator I1;. Thus for each n = 2 there is a string b of n characteristic
numbers possibly depending on 1, which in this case shall be denoted by b, namely

b=®blb. ... b.....bY.

According to (6.16), these numbers are expressed by the inner product

n+1 . n+1 .
;= I1 J = J )
bl =\ g (M€ (L 0)) = |/ e (L O, (6.35)

where e/ (1, 0); 1 denotes the first entry of the diagonal matrix e/ (/, 0).
From Remark 3.3.11, Egs. (3.83) and (3.84), we have that

n+1Cj’j’]

It 6.36
20 +1 /770 (6:36)

Thus, the explicit expression for b} can be obtained from the general formulae
for Clebsh-Gordan coefficients, as (3.47). But it can also be obtained directly by
induction, as shown in Appendix 10.5. The result is expressed below.

Proposition 6.2.34. The characteristic numbers b}’ of the standard Berezin symbol
correspondence are given explicitly by

L[ =D a—1+1n YO aard
PN +)m 3.1+ 1) \/(n+§+1) o+l + D=0
(6.37)

Corollary 6.2.35. The standard Berezin symbol correspondence is characteristic-
positive and, V1 € N, its characteristic numbers b} expand in powers of n~!as:

PR YRS\ SV RS\ (R
I n\ 2 n2 |2\ 2 2
Vi1 a1 (141
B : 6.38

According to Summary 6.2.17, the standard Berezin symbol correspondence,
with operator kernel being the projection operator I1;, can be continuously
deformed to the standard Stratonovich-Weyl symbol correspondence. On the other
hand, according to Remark 6.2.11, Vn > 1, the projection operator II,4; is also
the operator kernel of a Berezin symbol correspondence. Can it be defined via the
Hermitian metric #? What are its characteristic numbers?
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Proposition 6.2.36. Let o : C> — C? be given by
o:z2=(21,22) = (—22,21)
andlet ®~ = ® oo : C> — C'"", for ® asin (6.31). The map
B™ :Mc(n+1)— C>®(S*, P~ By,
defined by
By(m) =h(® (z), PP (2), (6.39)
is a symbol correspondence with operator kernel 11, | and characteristic numbers
by = (=)', (6.40)

for b} given by (6.37).

Proof. We note that, under the Hopf map 7 : §° € C?> — S? given by (2.31), the
conjugate of o, given by 7 o0 = « o 7 , is the antipodal map « : S — S2,

o:nk— —n.
It follows that the function B}, given by (6.39) satisfies B, = Bp o o, that is,
VP € Mc(n+1), Bp(n) = Bp(—n), (6.41)

where Bp is the standard Berezin symbol of P. Thus, clearly, all properties of
Definition 6.1.1 are satisfied for the map B™.

Now, if P = e/ (I, m), then, according to (6.12), By (n) = b_Y/"(n). On
the other hand, by (6.12) and (4.31), Bp(—n) = b}Y/"(—n) = (—1)lb7 Y/ (m).
Therefore, (6.40) follows from (6.41).

Finally,

By (ng) = h(P®(1,0),97(1,0))
= h(P(0,0,...,0,1),(0,0,...,0,1))
= Pm+1)(n+1),
for P = [py]. Thus,

By (ng) = trace(PIl,41)

and, by equivariance, I1, 4 is the operator kernel for B~. O
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Definition 6.2.37. The symbol correspondence defined by the characteristic num-
bers b)' = (1) b} is called the alternate Berezin symbol correspondence.

According to Summary 6.2.17, the alternate Berezin symbol correspondence can
be continuously deformed to a Stratonovich-Weyl symbol correspondence:

Definition 6.2.38. The unique Stratonovich-Weyl symbol correspondence contin-
uously deformed from the alternate Berezin symbol correspondence is called the
alternate Stratonovich-Weyl symbol correspondence and is given by the character-
istic numbers ¢} = ¢ = (=1)". It shall be denoted by

W/ B(H;) ~ Mc(n + 1) = Polyc(S%) <, C CX(S?).

Definition 6.2.39. If WCJ is any characteristic-positive symbol correspondence
given by characteristic numbers ¢/ > 0, the symbol correspondence ng_ with

characteristic numbers ¢! = (—l)lcf is a characteristic-alternate symbol corre-
spondence. More generally, we say that two symbol correspondences defined by
characteristic numbers ¢ = (¢},--+,¢!)and ¢’ = (¢}, -+, ") stand in alternate-

relation, or antipodal-relation to each other if ¢}’ = (1) ct,Vl <n.

6.2.4 Symbol Correspondences via Coherent States

Although the Stratonovich-Weyl symbol correspondences satisfy all properties (7 )—
(iv) of general symbol correspondences plus the isometry property (v) and therefore
seem to be preferable or “better” correspondences, they all seemingly fail to satisfy
a property that is satisfied by all Berezin correspondences.

To look into this, let us first recall and state some basic definitions.

Definition 6.2.40. A Hermitian operator M € M¢(n+1) is positive (resp. positive-
definite), if all of its eigenvalues are nonnegative (resp. positive).! A real function
f € Cc(S8?) is positive (resp. strictly-positive) if f(m) > 0 (resp. f(n) > 0),
Vn € S2. Then, a pre-symbol map Mc(n + 1) — Cc(S?) is a positive map if it
takes positive(-definite) operators to (strictly-)positive functions.

Definition 6.2.41. A symbol correspondence WCJ : Mc(n + 1) — Polyc(S%)<, is
mapping-positive if it is a positive map.

Now, we know that

spangil,e(l,0)}1<i<n = spang{lli}i<k<n+1 = Ar(n + 1)

I'This definition can be generalized for a non-Hermitian operator by looking at its Hermitian factor,
but we’ll stick here to the simpler definition which requires the operator to be Hermitian.
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is the space of all real diagonal matrices inside Mc(n+1). A subset of Agr(n+1) ~
R"*! is the set (affine hyperplane) of all trace-one real diagonal matrices

1
Ap(n+1) = ml @ spangie(l,0)}1<i<n C Ar(n + 1),

which via (6.13) is isomorphic to the space of pre-symbol maps Mc(n + 1) —
Cc(S?). Then, a subset of Aﬁ(n + 1) >~ R” is the set of operator kernels of a
symbol correspondence, which is defined via (6.13), so let us denote this subset by

Wil C Ah(n + 1)

and we know from Theorem 6.1.7 that W[j]| >~ (R*)" (we recall that a pre-symbol
map is a symbol correspondence if it is injective, cf. Definition 6.1.1).

If Wk and W*2 : Mc(n + 1) — Polyc(S?)<, are two Berezin correspondences
defined respectively by projectors I, and I, € W[j] C AL(n + 1), it follows
from (6.13) that K = aTlly, + (1 — a)TIx, C Ak (n + 1) is the operator kernel of a
symbol correspondence if the characteristic numbers of K are all non-zero.

More specifically, by taking convex combinations K = ally, +(1—a)Ilg, , a €
[0, 1], all characteristic numbers of K are convex combinations of the characteristic
numbers of I1, and 1, with the same a € [0, 1] and, for at most n values of a, at
least one of the characteristic numbers of K vanishes. For the remaining values of
a (a dense subset of [0, 1]), K defines a symbol correspondence via (6.13).

Following standard terminology in quantum mechanics, we have:

Definition 6.2.42. If IT; is the projector on the 1-dimensional subspace generated
by v € H; =~ C"*!, then IT; is a pure state. Given two pure states, I1; , IT;,, any

vy? v

convex combination S, = all;, + (1 — a)II;,, a € [0, 1], defines a mixed state

if a # 0,1. More generally, S € B(H;) =~ Mc(n + 1) is a generalized state, or
simply a state, if S is any convex combination of any number of pure states.

Proposition 6.2.43. An operator S € B(H;) =~ Mc(n + 1) is a state if and only if
S is a positive Hermitian operator of trace 1.

Proof. The “only if” direction is immediate from Definition 6.2.42. On the other
hand, if S is a positive Hermitian operator of trace 1, then it can be diagonalized
and all its eigenvalues ay satisfy ax > 0 and furthermore a; +a +---+ a4+ = 1.
Hence, S is a convex combination of its eigen-projectors. O

Thus, for the standard spin-j basis, let
Conv{Tli}41 C AL(n + 1)
denote the convex hull of all 1-dimensional projectors Ili, that is, P €

Conv{Il}p41iff P = a 11 +as Iy +- -+ ap 1 Mgy, stoay +ay+- - ape = 1,
R>a, >0,VEk.
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Then, Conv{I1i},4+1 C Ag(n + 1) defines the set of all states which are fixed by
the 1-torus, or circle group U(1) = {exp (itJ3), t € R}, and therefore defines the
set of all J3-invariant states. Then we have the following:

Theorem 6.2.44. An operator kernel K € W|j] defines a mapping-positive symbol
correspondence W/ : Mc(n + 1) — Poly(S?)<y via Eq. (6.13) if and only if K is
a Ji-invariant state, that is, K € W[j] N Conv{I1j},+1.

Proof. First, recall from linear algebra that a Hermitian operator M € Mc(n+1) is
positive ifft M = S*S§, forsome S € Mc(n+1),and M = S*S is positive-definite
iff det(S) # O (in this latter case, there is a unique upper triangular matrix S
with positive diagonal elements and this factorization of M is called the Cholesky
decomposition).

Now, if IT is the projector onto the 1-dimensional subspace spanned by a unitary
vector v € C"*!, then IT = IT; = (¥)(¥)*, where () is the (n + 1)-column vector
representing v in a certain basis. It follows that

trace(TI; M) = trace((v)(v)*S*S) = trace(S()(S(V))*) = |SV* > 0,
(6.42)

with strict inequality if S is non-singular, i.e. M is positive-definite.
Then, from (6.13) and (6.42) we have that

trace(TI{M ) = trace(p; (g)Tip;(g)*S*S) = trace(Sp; (&) Mxp; (g)*S™)
= trace(TT1; T*) = trace(II, T*T) > 0, (6.43)

where T = S¢;(g) and, again, strict inequality follows if det(7") = det(S) # 0.
Since (6.43) holds for all g € G = SU(2), it follows that the pre-symbol map

Bk - Mc(n + 1) — CC(SZ) M= trace(HiM),g € G,

is a positive map, that is, B/X(M) = B]{,}k € Cc(S?) is a positive function if M is
a positive operator. And it follows immediately that if K € Conv{I1;},+1, then the
pre-symbol map M +> trace(K8$M), g € G, is a positive map.

Therefore, this pre-symbol map is a mapping-positive symbol correspondence if
all characteristic numbers are non-zero.

We have proved that if K € W[j] N Conv{Il;},+;, then K defines a
mapping-positive symbol correspondence via (6.13).

On the other hand, if K € W[j]\ Conv{I1;},+1,then K = a 11| +a, 1, +---+
ay4+111,41 such that a; 4+ a; + ---a,4+1 = 1, but at least one a; < 0. Then, if M
is a positive diagonal matrix whose only positive eigenvalue is the k”* eigenvalue,
it follows that trace(K M) < 0 and therefore K does not define a mapping-positive
symbol correspondence via (6.13). O
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Remark 6.2.45. We recall from Definition 3.1.4 that a standard basis of H; is a set
of eigenstates of J,, = J3 and, since this universal convention of singling out J3
is used throughout the whole book, one might wonder why we are emphasizing in
the statement of Theorem 6.2.44 that these states are J3-invariant states. The reason
will become clear a bit further below, after Definition 6.2.50.

The following corollary of Theorem 6.2.44 is immediate:

Corollary 6.2.46. Every Berezin spin-j symbol correspondence is a mapping-
positive symbol correspondence.

Remark 6.2.47. On the other hand, clearly not all mapping-positive spin-j symbol
correspondences are of Berezin type. Although there are at most n + 1 Berezin
spin-j symbol correspondences, clearly the set W[j] N Conv{Ili},+ is dense
in Conv{Ily},+1, which has positive measure in the space of pre-symbol maps
Aj(n + 1) >~ R" (for its standard measure, say), so the set of all mapping-positive
symbol correspondences has positive measure in the moduli-space (R*)" of all
spin-j symbol correspondences (with its induced measure from R").

However, we seem to have the following:

Conjecture 6.2.48. No Stratonovich-Weyl spin-j symbol correspondence is a
mapping-positive symbol correspondence.

We have verified this conjecture for small j, namely in the range 1/2 < j < 3,
but we leave the general case as an open problem. Here we show the argument for
J =< 3/2, using the matrices exhibited in Examples 3.3.8-3.3.10.

Thus, we must check that if K is the Js-invariant operator kernel of a
Stratonovich-Weyl symbol correspondence in the sense of (6.13), then K is not
a Js-invariant state, i.e., K ¢ Conv{I1;},+1.

We start with j = 1/2,ie. n = 1. In this case, K is the kernel of a
Stratonovich-Weyl symbol correspondence iff K = %(I + +/303). On the other
hand, K € Conv{Il}, iff K = (I + no3). n € [~1,1]. But clearly, /3 ¢
—1,1].

We now look at j = 1,i.e. n = 2. From Example 3.3.9 and (6.16) we have that
K is the operator kernel of a Stratonovich-Weyl symbol correspondence iff

K = («/54-381 +\/§82) Hl+(1—m82) H2+<\/§—381 +«/§82) M.

3v2 32

where &; = £1. Butif a; 1} 4+ a, 1, 4+ a3 113 € Conv{I1;}s, then necessarily every
ai € [0, 1]. But clearly, 1=1%2 ¢ [0, 1].

Similarly for the case j = 3/2,i.e. n = 3, from Example 3.3.10 and (6.16), K
is the operator kernel of a Stratonovich-Weyl symbol correspondence iff
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K — («/§+3«/§81 + 56, + «/753) o, + («/§+ «/351 —552—3ﬁ£3) ,

45 45
N V5 =381 — 561 + 34783 - V5 =338 4 56y — /Te3 -
45 ’ 45 !

where again ¢; = 1. But again, K € Conv{I1;}4 only if all coefficients a; of ITj
lie in [0, 1], which one can verify not to be the case for any choice of ¢;’s.

We have checked the validity of this conjecture up to j = 3,1i.e.,n = 6, but no
further. Thus, one way to prove (or disprove) the conjecture for the general case, is
to show that for every n € N there is no choiceof g = +1, 1 <] <n = 2j , (or
there is at least one such choice) such thatall ¢, € [0,1], 1 <k <n + 1, where

2041
=+ (DY e [T = k1. (644)
: G,

Remark 6.2.49. For affine mechanical systems, a statement partially analogous to
Conjecture 6.2.48 is well-known to be true. Namely, the Weyl symbol correspon-
dence, which satisfies a similar isometry condition (cf. (5.10)) and is the analogue
of the standard Stratonovich-Weyl symbol correspondence, also does not satisfy
a similar positivity condition. In that context, the Weyl symbol of a pure state ¥
is called the Wigner function of v and the very well-known fact that the Wigner
function of a pure state takes on negative values has important consequences.

Hence, assuming the validity of Conjecture 6.2.48, the set of isometric spin-j
symbol correspondences is disjoint from the set of mapping-positive ones. This
latter property (mapping-positivity) often plays a helpful role in some analytical
investigations of the symbols, while the isometry property simplifies and clarifies
matters considerably in other aspects, so we have a competition between these two
kinds of spin-j symbol correspondences and none seems to possess both properties.

For the sake of further clarity, it is useful to recall some other standard
terminology from quantum mechanics:

Definition 6.2.50. If S is a J3-invariant state, that is S € Conv{Il},+1, let
S =9;(2)S¢;(g)" = S(n), n = gn,. (6.45)

Then, S& = S(n) is a coherent state.

More precisely, S8 = S(n) is actually a family of states parametrized by the
points on the 2-sphere, such that for each n € S2, S¢ = S(n) is a state which is
fixed by the circle group U(1) = {exp (itJ(n)), ¢t € R}, where

Jm) = J§ = ¢;(g))3¢;(g)"". n= gn,. (6.46)
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The point being that, as n varies along the sphere, the state S(n) also varies in a
“coherent” way, that is, equivariantly with respect to the SU(2) group action.’

Lemma 6.2.51. The operator-valued function on S? defined in (6.46) is “the
component of total angular momentum J in the direction n”, that is, J(m) = J, =

n-J.

Proof. Both functions agree at the north pole, J(ng) = Jy, = J3, and are defined
as functions on S? via left action of SO(3). O

Definition 6.2.52. If S is a state (cf. Definition 6.2.42 and Proposition 6.2.43) and
P € B(H;) is an operator, then trace(SP) is the expectation value of the operator
P in the state S, or simply the expectation of P in S.

It follows that every mapping-positive symbol correspondence is defined as the
set of expectation values of operators in a certain coherent (family of) state(s).

That is, if W/ is the symbol correspondence defined by the operator kernel K =
S € Convi{Ili},+1 N WIj] via (6.13), then for any operator P € Mc(n + 1), its
symbol Wlf is the function whose value at any point n € S? is the expectation value
of P in the state S(n) = S¢.

For the standard Berezin correspondence, S-(n) = S = Hf is called the
highest-weight or standard coherent (family of) state(s), cf. Remark 6.2.13. For the
alternate case, S-(n) = S¢ = Hﬁ 11 18 the lowest-weight coherent state.

Thus, one important subset of general spin-j symbol correspondences is the set of
all symbol correspondences defined by coherent states (the mapping-positive ones)
and another important subset of general symbol correspondences is defined by the
isometric ones. But assuming Conjecture 6.2.48, these two subsets are disjoint.

Now, in view of the above discussion, it would be interesting to have other
explicit examples of spin-j symbol correspondences that are defined by coherent
states. To this end, let us start from the pre-symbol maps defined by projectors,
and denoting the characteristic numbers of the standard and alternate Berezin
correspondences by

bl =b"(1), bl =b'(n+1),

we have from (6.16) and (6.18) that

1o ,
bj' (k) = (—D"*H/ZTCm{’_% cm=j—k+1, (6.47)

are the characteristic numbers of a Berezin correspondence defined via (6.13) by
K = Iy , provided that b} (k) # 0 ,¥l = 1,2,---,n. So, the decisive question
is whether the Clebsch-Gordan coefficients in (6.47) vanish or not.

2 Although in the literature it is more common to find the term “coherent state” referring to a
coherent family of pure states, for our purposes such a strict restriction is not appropriate.
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However, even though these coefficients are special cases, closed formulae for
anlj m.o are not known for every m. But irrespective of the latter non-vanishing
condition, we will still refer to b} (k) as the characteristic numbers of the Berezin
pre-symbol map defined by K = I1; via (6.13).

Let us consider some cases of (6.47). First note that m lies in the range —j <
m < j, and the extreme cases m = j and m = —j refer to the well-known
standard and alternate Berezin cases, k = 1 and k = n + 1, respectively, which
as mentioned above, refer to the highest-weight and lowest-weight coherent states.
Therefore, these symbol correspondences could also be called the highest-state and
the lowest-state spin-j symbol correspondences.

From the cases k = 1 and k = n + 1 one can easily determine the coefficients
for k = 2 and k = n using some recursive formulas (cf. [74]), so we get forn > 2,

b (2) = (1 _d : 1)) b, b (n) = (1 _d : 1)) b (6.48)

Consequently, both IT, and I, fail to be the operator kernel of a symbol corre-
spondence whenever n = 2j can be expressed as the productn = I(l + 1) > 2
for some integer /, namely n = 6, 12,20, 30, ... (cf. Remark 6.2.11, where these
obstructions were stated without explicit formulas for the characteristic numbers
and it is observed that, at least for n < 20, no b} (k) vanishes when 7 is odd).

To investigate other cases, it follows from the symmetry properties of the
Clebsch-Gordan coefficients (cf. (3.50)) and (6.47) that we have the general relation

bi(k) = (=1)'b'(n +2—k), (6.49)

that is, b7’ (k) and b} (n + 2 — k) stand in alternate relation to each other.

Therefore, it suffices to look at the cases k < [j + 1], where [j + 1] denotes
the integral part of j + 1. So, let us now look at the other extremal possibility from
k = 1, in other words, let us look for a symbol correspondence which is defined by
a coherent state that is as far as possible from the highest coherent state, while still
within the convex hull of the “first half” of projectors.

Consider first the case k = j + 1, so j is integral and m = 0 in (6.47). The
Clebsch-Gordan coefficients COJ Oj o are described in Remark 4.2.7 (cf. (4.49)); in

particular, Co,o,o is zero if and only if 2j + [ is odd, that is, [ is odd. In other words,
when j is an integer, the pre-symbol map defined by K = II; 4 via (6.13) is very
far from defining a symbol correspondence. Nonetheless, we shall see that IT;
and IT; can be combined to define a symbol correspondence via (6.13), whereas for
Jj half-integral, IT; 1/, does, in fact, define a symbol correspondence.

Thus, noting that ITj; +1; = IT; 4 when j is integer and I1j; y{} = II; /> when
Jj is half-integer, but that in the latter case we can write I1; 11/, = IT[;41/2), while
in the integral j case we have I1[; 11,2 = IT; , we define:

Definition 6.2.53. For every n = 2j € N, the upper-middle coherent state is the
coherent (family of) state(s) Sj/2(m) = S f/z , where Sy/2(ng) = S2 is given by
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(Tgj41/2 + Mjg) - (6.50)

=

Si2 =

Thus we note that Sy, is a pure state when j is half-integer, but it is a mixed
state when j is integer. The notation S/, comes from the fact that the magnetic
moment m for this state is m = 1/2 when j is half-integer, while in the integral j
case the value 1/2 is the average (expected) value of J3 in this state, that is

trace(S1/2J3) = trace(S1,>,(m)J(n)) =1/2, Vn e S?, Vn = 2j eN. (6.51)

On the other hand, clearly the value 1/2 will not generally be the expectation
value of J(n) in the state S5 = S1/2(1g), if n # ng, or equivalently, 1/2 will not
generally be the expectation value of J3 = J(ny) in the state S;/»(n), if n # ny.

Proposition 6.2.54. For everyn = 2j € N, the operator kernel K = S/, given
by (6.50) defines a spin-j symbol correspondence via (6.13), whose characteristic
numbers c}', henceforth denoted pj (1/2), are given below.

When n=2k—1,1=2q, pl(1/2) = p3i'(1/2) =

Tl e o e €2
When n=2k—1,1=2q+1, pi(1/2) = pii(1/2) =

=V (2?;!321)! % V(2K Jikz;r i) il)c(;rqur_zlq))'-'-'-((kzk_ :])2(] Ey (€53
When n=2k,l=2q, pi(1/2) = pi(1/2) = (6.54)

=n?

29)! (l_q(2q+1)) V2k + 1k +q)k +g—1)---(k—q+1)
(¢")? k(k +2)) Jk +2q + )2k +2q)--- 2k —2q + 1)

When n=2k,l=2q+1, Pl (1/2) = py,i(1/2) =

g+ 1! VQk +1)2k +2g +2)(k + @)k + g —1)---(k — q)
(¢")? 2k(k +1)/2k +2¢ + D2k +2q) --- 2k —2q)

=7

(6.55)

Definition 6.2.55. The spin-j symbol correspondence defined by the operator
kernel K = §,, shall be called the upper-middle-state symbol correspondence.
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The proof of Proposition 6.2.54 is found in Appendix 10.6.

Remark 6.2.56. While the projector I1j; 1) fails miserably to define a symbol cor-
respondence when j is any integer, the projector IT[; 1/ fails to generally define a
symbol correspondence by not much. Apart from defining a symbol correspondence
for all odd values of n, it only fails to define a symbol correspondence for even
values of n = 2j when j(j + 1) = 2p(4p + 1), for some p € N (the first case is
p =5, j = 14). For these integer values of j, the characteristic number is zero for
I = 4p (thus, the first instance of ¢/ = 01is forn = 28,1 = 20).

In view of relation (6.49), we can define the lower-middle coherent state as

S_1/2(n) = 551/2 , where S_i/» = = (Hu4o—j+1/21 + Mago—fj+11) «

1
2
and the characteristic numbers of the symbol correspondence defined by this state,
called the lower-middle-state symbol correspondence, satisfy

pi(=1/2) = (=)' p}(1/2). (6.56)

Remark 6.2.57. Although the upper and lower-middle-state correspondences are
mapping-positive symbol correspondences which stand in alternate relation to each
other, we see from Proposition 6.2.54 that they are neither characteristic-positive nor
characteristic-alternate correspondences, contrasting with the cases for the standard
and alternate Berezin correspondences (highest and lowest states).

This same observation applies to the Berezin correspondences with characteristic
numbers b} (2) and b} (n), cf. (6.48), which are always well defined when j is half-
integer or when j is an integer different from 3, 6, 10, 15...(=I(/ + 1)/2,1 > 2).

However, apart from the fact that the characteristic numbers pj(1/2) never
vanish, in contrast to b}’ (2), note from (6.48) that

lim b7(2) = lim b/ =1,
n—>oo n—>oo

while
. (29)! .
n = (=1)1 —— =
nlggo p/(1/2) = (1) 2%’ when/ = 2¢q iseven
=0, when/=2¢+1 isodd (6.57)

and this other distinction shall be explored in Chap. 8.

Finally, we remark that there is a way to fully define the upper-middle coherent
state in an n-invariant way, complementing Eq. (6.51), by recalling another standard
definition from quantum mechanics:
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Definition 6.2.58. If S is a state and P € B(H;) is an operator, then

V/ trace(SP?) — (trace(SP))?

is the standard deviation of the operator P in the state S, or simply the deviation of
PinS.

And then the following fact can be easily checked:

Proposition 6.2.59. For any n = 2j € N, the upper-middle coherent state
Si2(m) = Sf/z , withn = gng and S1/2 = S1/2(ng) given by (6.50), is the unique
coherent state of minimal deviation for J(n) = J3g that satisfies (6.51).

Namely, when j is half-integral, the deviation is zero, and when j is integral, the
deviation is 1/2. For any other coherent state S’(n) satisfying (6.51), the deviation
of J(n) in that state will be higher, foranyn = 2j € N.

Of course, the same definition applies for the lower-middle coherent state, with
the obvious change in the value of (6.51) from 1/2 to —1/2.



Chapter 7
Multiplications of Symbols on the 2-Sphere

Given any symbol correspondence W/ = ZJ , the algebra of operators in B(H;) =~
M (n+ 1) can be imported to the space of symbols WZJ (B(H;)) =~ Polyc(S*)<n C
Ce(S 2). The 2-sphere, with such an algebra on a subset of its function space,
has become known as the “fuzzy sphere” [47]. However, there is no single “fuzzy
sphere”, as each symbol correspondence defined by characteristic numbers ¢ =
(c1,...,cn) gives rise to a distinct (although isomorphic) algebra on the space of
symbols Poly:(S?)<,, as we shall investigate in some detail, in this chapter.

This fact has important bearings on the question of how these various symbol
algebras, or ¢-twisted j-algebras as they shall be called, relate to the classical
Poisson algebra in the limitn = 2j — oo, as we shall see in Chap. 8.

7.1 Twisted Products of Spherical Symbols

Definition 7.1.1. For a given symbol correspondence (6.2) with symbol map W/ =
Ej , the twisted product x of symbols is the binary operation on symbols

* 2 W (B(H;)) x W (B(H;) — W (B(H;)) = Polyc(S) <u
induced by the product of operators via W/ = sz , that is, given by
WPJQ = W] * Wé , (7.1)

forevery P, Q € B(H;), where Wlf = W(P)’ etc.
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Remark 7.1.2. We often write *" and % instead of x for the twisted product of
symbols to emphasize its dependence on n = 2j and ¢ = (cy,...,c,). Also, we
follow [73] in calling the product induced by a symbol correspondence a twisted
product of symbols and not a star-product of functions, or formal power series,
because the latter product, introduced in [9], is defined from the classical data on
S2, as opposed to the former. The relationship between these two different kinds of
product, in the limit n — oo, will be briefly commented later on, in the concluding
chapter.

The following properties are immediate from Definitions 6.1.1 and 7.1.1:

Proposition 7.1.3. The algebra of symbols defined by any twisted product is:

(i)  An SO(3)-equivariant algebra : (fi * )¢ = ff = fF,
(i)  An associative algebra : (fi * f2) * 3= fi *x (2 *x f3),
(iii)y A unital algebra: 1 x f = f x1 = f,

(iv) A staralgebra: fi x f» = E * E,

(7.2)

where g € SO(3) and fi, f2, f € W/ (B(H;)) =~ Polyc(S?*)<n C C(go(Sz).

Remark 7.1.4. In view of Definition 7.1.1, we can use the normalization postulate
(iv) in Definition 6.1.1 to define an induced inner product on the space of symbols:

. , 1 — .
J J R J J
(wi wg) = i | Wh e as (7.3)

With this induced inner product, the isometry postulate can be rewritten as:

(v) Isometry : <W1{ ; Wé> = <W1{ ’ Wé>

*

7.1.1 Standard Twisted Products of Cartesian Symbols on S?

Definition 7.1.5. The twisted product obtained via the standard Stratonovich-Weyl
correspondence is called the standard twisted product of symbols and is denoted by
*/, or simply ;.

Thus, for £, g € W} (B(H,)) = W/ (B(H;)) ~ Polyc(5%)<, C C&(5?)
x =% (f.g) > frlg=frx1g € W (B(H,;)) = Polyc(S*) <, C C(S?) .

For a given symbol correspondence W, a basic problem is to calculate the twisted
product of the cartesian coordinate functions x, y, z and exhibit its dependence on
the spin parameter j. These coordinate functions form a basis for the linear symbols
on S2, i.e. homogeneous polynomials in x, y, z of degree 1.
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Here we shall do this calculation in the basic case W = W}, that is, the standard
Stratonovich-Weyl correspondence. In the initial case n = 2j = 1, it follows from
Example 3.3.8, the identities (4.30), and (6.11) with ¢; = 1,

el L (o1y L i(o=1y 1 (10
NASTTAAREVATE YA NAUETA
from which one deduces

l 1
—2Z, X% X =

NE

and these identities hold after a cyclic permutation of (x, y,z). For j > 1 there is
the following general result.

1 1
X* P =—)* X= -
1y Y * 3

Proposition 7.1.6. For the standard Stratonovich-Weyl correspondence, let n =
2j > 2, and for {a,b,c} = {x,y,2} let e,po = £1 be the sign of the permutation
(x,y.2) — (a.b.c). Then

Eabcl

ax{b=m,-(ab) + ———c, (7.4)
! ) Jvn(n +2)
1- n
a*’l‘aznn-(az)—l-—; , (7.5)
axfa+bxb+cHlc=1 (7.6)

where

o V304, _ [(r=Dm+3) 7.7
Y Un+ In(n + 2) nin+2 .

The proof of Proposition 7.1.6 follows readily from the general formula for the
standard twisted product of spherical harmonics to be presented in the next section
(cf. (7.10)), but in Appendix 10.7 the reader can find a more direct proof.

Remark 7.1.7. According to (10.41), via the standard Stratonovich-Weyl corre-
spondence, the cartesian coordinate functions are identified (modulo a scaling) with
the angular momentum operators in the same coordinate directions, namely

1 1 1
[ S A ——— (7.8)

D e R D

On the other hand, for a symbol correspondence with characteristic numbers ¢;' one
must also divide the operator on the right side by ¢/ (see below).
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7.1.2 Twisted Products for General Symbol Correspondences

In order to study general twisted products of spherical symbols more systematically,
we start with the twisted product of spherical harmonics. According to (6.12)
and (3.99), for a symbol correspondence ng with characteristic numbers ¢
I =1,2,...n = 2j, denoting the twisted product " by *2 we have

2
m m ,LL / j
Y 'l Y, 2 0 (1, my)el (Ir, my)

n .n
LSl

2j
=(—1)2f+mc“—3nZ[h bl }mef(l,m)

n —
L g Lmyma —m

2 2j n
) L b 17y om
(=m0 E:[ b [j1 Ly,
c,lcl2 —o mi my —m Mo

where m = m + m, and

[Z‘ bt }m
miy nmyp —m

is the Wigner product symbol given by Egs. (3.98) and (3.104) in terms of Wigner
3jm and 6 symbols (cf.(3.105)—(3.109)). Thus, we arrive immediately at the
following main result:

Theorem 7.1.8. Forn = 2j € N, let W : B(H;) — Polyc(5%) <y C C&(S?) be
the symbol correspondence with characteristic numbers ¢ # 0, that is,

W;:Moej(l,m)<—>c;’Y,’”; —l<m<l<n.

Then, the corresponding twisted product of spherical harmonics Yl'l"‘, Y[;"z, induced
by the operator product on B(H;), is given by

my; my —m c;’lc;’Z

m 0 ym nm ST LTy o
Yy = (=1t \/n—i—lZI: bn }[,] Ly, (7.9)
=0

where m = my +my and §(11,15,1) = 1.
Corollary 7.1.9. The standard twisted product of spherical harmonics is given by

Ylllnl X! Yllznz _ (_1)n+m /n + 12[ i|[j] Y". (7.10)
=0

L L 1
miy nipy —m
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and the twisted product induced by the standard Berezin correspondence defined by
the characteristic numbers b € R asin (6.37) is given by Eq. (7.9) above, via the
following substitution:

G _ [

AN B O TR T

[+ L+ D+ b+ D= 1) —b)!
- m+L+Dn—0)n+1)n!

(7.11)

’

Remark 7.1.10. (i) By linearity, given two symbols, f = >, ¢,Y," and g =
> 1mVimY[", their twisted product expands as

ftg= )" Z Z B Vom, Y, *E Y[ (7.12)

[1 lz 0m1=—l1 mz—_IZ

where YI’I"1 *2 Y[;"z is given by formula (7.9), and also by the integral
formula (7.101) below. Expanding the product (7.12) as f % g = > 1P Y]
the coefficients py, € C are given by

(f *’51* &)im = Pim

n 11
L L |
=(=1 n+m / 1 1 2 . . .
(=1 n—+ IE] . E I |:ml — U] = cllclz Dty Viom,
1.L=0m =~

(7.13)

where m, = m —m and the sum in /1, [, is restricted by §(/;, »,1) = 1.

(ii) By comparing (7.9) and (7.10), or directly from (7.13) above, we see that
the expansion of any twisted product of spherical harmonics is immediately
obtained from the expansion of the standard twisted product of spherical
harmonics by multiplying each term of the standard expansion by ¢;'/ (¢} cf,).

To illustrate Theorem 7.1.8, Corollary 7.1.9 and Remark 7.1.10, let us first list
the standard twisted product of linear spherical harmonics, which can be obtained
directly from Theorem 7.1.8, or from Proposition 7.1.6 and Remark 7.1.10.

2
L (7.14)

6
YE S YE = 7, \/;Y;Z, (7.15)

0. nvy0 _
Y'Y = 7,
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., |3
Ylo * lel:l Ty * \/;Yzil + mylil, (716)
3 3
N EAS — v}, 7.17
Ty 5t :F\/n(n—}-Z)l (7.17)
YE YT = nn-LYf F ;Y{) -1 (7.18)
: NG n(n +2)

Then, from Remark 7.1.10, or directly from Corollary 7.1.9 we obtain that the
standard Berezin twisted product of linear spherical harmonics is given by

w

+1 ,n O
Y& o« Y

n—1 2 n+2

YO nYO — ,_YO _ 719
1 *b 1 _n 5 2 + n ( )
-1 6
YA« vE = n .\/jyziz, (7.20)
n 5
-1 3 1
n 5 n
-1 3 1
n 5 n
—-1 1 1 n—+2
ytlmyF 1 YY) F —/3Y0 — ) 7.23
oy e F LV ; (7.23)

Thus, again from Remark 7.1.10, we finally get

Corollary 7.1.11. The standard Berezin twisted product of the cartesian coordinate
functions {a,b,c} = {x,y,z} is given by

_1 'ac
axih="""qp4 L, (7.24)
b n n
-1 1
axa= " a’+ =, (7.25)
n n
+2 i+ 1
a*f‘.a—i—b*f‘.b—i—c*@c:n :J—,. (7.26)
b b b n j

Remark 7.1.12. Note, in particular, the distinction between Eq.(7.26) for the
Berezin product and Eq. (7.6) for the standard Stratonovich-Weyl twisted product. In
other words, from Remark 7.1.7 and (6.37), for the standard Berezin correspondence
we have the identifications (compare with (7.8)):

1
Jj+1

1
X = Ji, y=- Jr, z= Js.

j+1 j+1
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The Parity Property for Symbols
The relationship between twisted products for the standard and the alternate
Stratonovich-Weyl (resp. Berezin) symbol correspondences is described as follows:

Proposition 7.1.13. Let Wl]_ be the alternate Stratonovich-Weyl symbol correspon-
dence given by characteristic numbers ¢} = & = (=1)! (cf. Definition 6.2.38), and
denote by x'{_ its corresponding twisted product. Similarly, let B/ be the alternate
Berezin symbol correspondence B/, with characteristic numbers b = (—1)’b;’
(cf. Definition 6.2.37), and denote by *g_ its corresponding twisted product. More

generally, denote by % _ the twisted product induced by the symbol correspondence

with characteristic numbers ¢/ = (=1)! c;'. Then, we have that
myp . n my __ my . n my
Yz Y R =Y 2 Y (7.27)

Proof. Using the symmetry property (3.110) for the Wigner product symbols,
the above identities follow from Eq.(7.9) and the fact that ¢} /cfl _cfz =

(=)= hepfepep = (=D Rt er fepep o

Now, the parity property for operators (Proposition 3.3.12) has a neat version for
any twisted product of symbols, to be stated in the proposition below. But first, let
us make some definitions.

Definition 7.1.14. For any point n € S? let —n denote its antipodal point. We say
that /' € C(S?) is even if

f(m) = f(-m), Vne §?
and f € C(S?) is odd if
f(m) =—f(-n), Vne S°

In particular, the null function O is the only function that is both even and odd.
For a given symbol correspondence and associated twisted product f x g of
symbols, let us denote its symmetric product (or anti-commutator) by

[fgllh=frg+tegxf
while its commutator is denoted in the usual way by
[fglh=Ffrg—gx [

With these preparations, we state the following result.

Proposition 7.1.15 (The Parity Property for symbols). With regard to the parity
of symbols, the behavior of the above products is expressed as follows:
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[[ even, even ]|, = even [odd,odd ], = odd,
[ odd, odd ]|, = even [ even, even ], = odd, (7.28)
[ even, odd ]|, = odd [ even,odd ], = even,
where, for example, [[ even, even ||, = even means that the anti-commutator of two
even symbols is an even symbol, and so on.

Proof. From Eq. (4.31), note that if the symbol f is even, then it can be written as
a linear combination of even spherical harmonics,

f=" alk,m) Yy

k,m

and if the symbol g is odd, then it can be written as a linear combination of odd
spherical harmonics,

g =Y Blk.m) Yy,
k.m

Therefore, the relations (7.28) follow immediately from (7.9) and (3.110). ]

Algebra Isomorphisms

The fact that the parity property for operators (Proposition 3.3.12) can be generally
re-expressed for symbols (Proposition 7.1.15) follows essentially from the fact that,
via any symbol correspondence ng , the linear space Poly¢(S?)<, C CZ°(S?) with
its twisted product 7 is isomorphic to the matrix algebra Mc (n+1).

Definition 7.1.16. For each symbol correspondence ng , with characteristic num-
bers ¢ = (cf,ch,....cl), the space of symbols WCJ (B(H;)) = Polyc(SH <y C
Ceo(S 2) with its usual addition and the twisted product 7 shall be called the twisted
Jj-algebra associated to ng , or simply the c¢-twisted j-algebra.

Proposition 7.1.17. All twisted j-algebras are isomorphic to each other (same j)
and no twisted j-algebra is isomorphic to any twisted j'-algebra, for j # j'.

Proof. This follows immediately since every ¢-twisted j-algebra is isomorphic to
Mc(n + 1), whereas the latter is not isomorphic to Mc(n’ + 1), forn # n’. O

Definition 7.1.18. If (Poly(C(Sz)Sn,*;) and (Poly(C(SZ)S,,,*g,) are two distinct
twisted j-algebras, then the isomorphisms

Ul = W3 o (W)™t (Polyc(S?) <n. *2) —> (Polyc(S?) <p. *2). (7.29)
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Vio= W) oW Mc(n + 1) > Mc(n + 1) (7.30)

and their inverses UEJ, ;and VE] =» respectively, define the transition operators.

The transition operator UEJ, 2 on Polyc(S%)<, (resp. VE]',E on Mc(n + 1))
has properties reflecting the properties listed in Definition 6.1.1, such as SO(3)-
equivariance and preservation of real functions (resp. Hermitian matrices). There is
the following commutative diagram relating the two types of transition operators

Vi 1d
Mcn+1) — Mc(n+1) — Mc(n+1)
, - , 731
Wl LWl i (731)
1d E

PolyC(SZ)S,, — Poly(C(Sz)Sn — PolyC(SZ)S,,,

Definition 7.1.19. The (small) category of general spin-j symbol correspondences,
whose (invertible) morphisms are induced by the transition operators as in (7.31),
shall be called the dequantization groupoid of a spin-j system (cf. Remark 6.2.1).

Remark 7.1.20. Although all twisted j-algebras are isomorphic (for fixed j), the
fact that distinct symbol correspondences define distinct twisted j-algebras has
nontrivial consequences when we consider sequences (in n = 2j € N) of twisted
Jj-algebras and their limits as n — 0o, as we shall see in the next chapter.

7.2 Integral Representations of Twisted Products

Just as the Moyal product of symbols on R?*" has an integral version, the
Groenewold-von Neumann product [35, 77], it is interesting to see that twisted
products of spherical symbols can also be written in integral form:

Frgm) = /f £(n)g(mo)L(ny. ny, n)dmydn; . (7.32)
S2x 82

Integral forms for twisted products in principle allow for a direct definition of
general twisted products of arbitrary symbols f, g € Poly(S?)<, without the need
to decompose them in the basis of spherical harmonics.

In such an integral representation, all properties of the twisted product are
encoded in the integral trikernel

L:S*xS?xS8*—C. (7.33)
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Therefore, for each symbol correspondence ng , there will be a distinct integral
trikernel Lg .

7.2.1 General Formulae and Properties of Integral Trikernels

For the standard Stratonovich-Weyl symbol correspondence W/, from Egs. (6.13),
(6.24), and Proposition 6.2.20, we immediately have the following result:

Proposition 7.2.1. Let f.g € C2°(S?) be such that [ = Wi (F), g = W/ (G),

for F,G € B(H;), where le is determined by the operator kernel K] with all
characteristic numbers ¢; = 1, for0 <1 <n = 2j, in Eq. (6.16). Then,

Felgm = // F)g)L! (1. 0y, m)dnydn; | (7.34)
S2xS2

where

. 2
L{ (. np.m) = (2’ : 1) trace(K! (n) K/ (n) KJ (n) (7.35)

is the standard Stratonovich trikernel.

Corollary 7.2.2. The Stratonovich trikernel is, in fact, a polynomial function L{ S
(Polyc(8?)<p)® C CR(S? x 82 x S?) which can be written as

L{ (Ill , My, n3) (736)
(=D)"Vn+1 L I 1 T (e NV T
= T amr > |:m11 mz mS :|[ 1Y, ()Y, ()Y, ™ (n3)

li mj
with the summations in l; and m; subject to the constraints

0<li<n=2j, - <m; <Il;, 8(l1,1,13) =1, m +my+m3 =0. (7.37)

Proof. This follows straightforwardly from the decomposition of symbols in the
standard (orthonormal) basis of spherical harmonics, using formula (7.10) for the
standard twisted product of basis vectors, and Eq. (4.28). O

From the above formula, using (3.110) we immediately obtain:
Corollary 7.2.3. The Stratonovich trikernel is symmetric, in the sense that it

satisfies

L{ (n;,ny,n3) = ]L{ (n3,n;,m) = ]L{ (m2,n3,my) . (7.38)



7.2 Integral Representations of Twisted Products 115

General Formulae for Trikernels

For a general correspondence ng , with operator kernel K Cf as in (6.16) and charac-
teristic numbers ¢ = (cf.ch,...,c}), we obtain from Eq. (6.13) and Theorem 6.2.21
the generalization of Proposition 7.2.1 and Corollary 7.2.2.

Theorem 7.2.4. A general twisted product of f, g € Polyc(S*)<, is given by

f *z g (m) =// f(nl)g(nz)Ljé(nl,nz,n)dnldnz, (7.39)
S2xS2
with
. 2
L’ (ny.ny.n3) = (2/4;r 1 ) trace( K. (1) K () KZ (n3)) (7.40)
_ (=1)"v/n +1 L L L T T, T
a (4m)? Z [ml my m3:|[ ]cfl ["ZY (n)¥;,* () ¥, (n3)

as the corresponding integral trikernel, where K; and Iecf are the operator kernels

given by Eq. (6.16) with characteristic numbers ¢ = (c}') = (c},....c}) and < L —
%, e ,7) respectively, and with the restrictions (7.37) for the l;, m; summatlons
Note that the trikernel Lg is a polynomial function, and in general it is not
symmetric, namely (7.38) does not hold. More explicitly, the trikernel (7.40) has

the full expression

L’ (n;,nz, n3) (7.41)

B (n =1 — L) (n —13)! 2 11741
B (471)2 Z\/(n +h+D)n+L+ D +5+ 1)'A (b IR

(=Df(n +1+k)!
D I

11 lz -1 _12_13)!R(11312313;k)

L, I, [ Iy, Ih, | m m m
Y S BN e Y () Y (o) Y ()

with A(ly, 1, [3), S,,{} mlzsz‘ N,f,‘l ,1132 fj”, and R(ly,0,15;k) given respectively
by (3.48), (3.49), (3.106), and (3.109), with restrictions on the summations over
l;,m;, k according to (7.37) and Remark 3.2.8.

In particular, the explicit expression for the Stratonovich trikernel is obtained

from (7.41) by setting all ¢; = 1 and we obtain explicit expressions for the
integral trikernel IL]]; of the standard Berezin twisted product by performing the
substitution (7.11) in (7.40)—(7.41).
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General Properties of Trikernels

Since ]Lg is a polynomial function it also follows from the general formulae (7.39)—
(7.41) that we cannot use the integral formulation to extend a twisted product
defined on Poly(S?) <, to a larger subset of C2°(S?), namely we have:

Corollary 7.2.5. Let f,g € C(S?), L € CX(S? x S? x §?), and define a binary
operation e : CZ(S?) x CL(8?) — C&°(S?) via the integral formula

fegm= /S O L mo s (7.42)

IfL = L. € (Polyc(S?) <)’ C CR(S? x §2 x §2), then o = %% : Polyc(5?) < x
Polyc(S*)<n — Polyc(S?)<, and, in particular, if either f or g € C&(S?) \
Polyc(S?)<y, then f o g = 0.

Proof. We prove that, if £ = Lé € (Poly:(S?)<n)?, then f e g = 0 if either f or
g€ Ce(S 2) \ Poly:(S?)<,. From this it follows immediately that = *2.

Now, if g € C(SO(SZ) \ Polyc(S5?)<n, then g can be expanded as a series of Y/™s,
with all / > n. But from (7.39)—(7.40), with the restriction (7.37), f e g = 0 follows
from orthogonality of each Y¥;” in the g series and every Y,’/”/, forn <l #1' <n.

O

The integral trikernels L of twisted products have some common properties that
we shall spell out, as follows.

Proposition 7.2.6. If L = I[,é is the integral trikernel of a twisted product
according to Eq. (7.32), then it satisfies:

(i) L(n;,ny,n) =1L(gn;,gny, gn),

(i) / L(n1. 1y, n)L(n, 03, ng)dn = / L@y, n, ng)L(nz. 3. m)dn,
S2 S2

(iti) / L(n;,np,n)dny =Rj(n2,n),/ L(n;,ny,n)dn, = R/ (n;,n),
S2 S2
(iv) L(nmg,n;,n) = L(n;,ny,n),

where g € SO(3), and R’ (ny,n) € (Poly(S?)<,)? is the reproducing kernel of the
truncated polynomial algebra (twisted j-algebra) Poly:(S?)<n, characterized by

/S RI(om) f(m)dmy = f() .V f € Polyc(S)z. (7.43)
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Corollary 7.2.7. The reproducing kernel has the expansion

2j 1
' 1 _
RI(mmo) = =30 3 ¥/ (m)Y"(mo) (7.44)
=0 m=—I
1 &
= E;w + DP(n-m) = R/ (np.my) (7.45)

where functions P, are the Legendre polynomials (see Sect.4.2.2, also [74]), and
n; - n, denotes the euclidean inner product of unit vectors in R3. In particular,
R/(n;,mp) = R/ (np,m).

Proof. From Eq. (7.32), properties (i)—(iv) in Proposition 7.2.6 follow directly from
properties (i)—(iv) in Proposition 7.1.3, together with Corollary 7.2.5.

Next, we observe that (7.44) is equivalent to (7.43). But (7.44) follows from
Eq. (7.40) and property (iii) in Proposition 7.2.6, using that

/ Y! (m)dn = 0, if (I, m) # (0,0),
SZ

together with the identity

(01 1){011}_ (=) *m

0—mm JJJ VQi+ D@l +1)

(cf. Egs. (3.94) and (3.104), and equations 8.5.1 and 9.5.1 in [74]).
Finally, to obtain (7.45) we use the identity

I
QL+ Py -m) = Y Y (m)Y/" (np), (7.46)
m=—/
which follows from Eqs. (4.32) and (4.47). O

Remark 7.2.8. (i) If ]Lg is the integral trikernel of a characteristic-positive symbol
correspondence, then by (7.27), (7.39), and Proposition 7.2.6, property (iv),
the integral trikernel of the characteristic-alternate symbol correspondence is
given by

L =1, (7.47)

(ii) For a symmetric integral trikernel I/ (cf. Eq.(7.38)), as for example the
standard Stratonovich trikernel (cf. Eq. (7.36)), we also have that
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/ , L{(n;.n,n)dn = R’ (n;.m), (7.48)
S

but this identity does not hold for nonsymmetric integral trikernels.

Explicitly SO(3)-Invariant Formulae for Trikernels

Now, we turn to the SO(3)-invariance of the integral trikernel, namely, according
to property (i) in Proposition 7.2.6, ]Lé can also be expressed in terms of SO(3)-
invariant functions. First of all, let us recall the following basic fact, whose proof is
found in a more general setting in Weyl [87].

Lemma 7.2.9. Every SO(3)-invariant function of three points on the 2-sphere S?
represented by unit vectors n;,i = 1,2, 3, in euclidean 3-space, can be expressed
as a function of the three euclidean inner products ny-ny, ny-n3, N3-Ny, together with
the determinant

[n;, ny, n3] = det(n;, ny, n3) . (7.49)
Thus, we introduce two SO(3)-invariant functions of type (7.33), namely
T(n1.m. m3) = (nrny) — (nrm3)(mym3) — iy mo.mg] . i = v/—1,
and the following function depending on three integers /; > 0:

L1, 1,.05(n1, My, M3) (7.50)

RS

= L + D)L + D)(2ls + 1)-[(0 0o

) Py (ng - n3) P, (n;y - n3)

+mmi’lz}(_1)m L b I 13[ (e —m)!  P"(n;-m3)
— m—m 0 ). "\ (I +m)!(1— (ncn3)*)"/2

AT (1, m))" + (~D) (T (2, m1,m3))"} ]

where L = [} + [, + [3. In particular, £;, 1, ;, has the following property which is
obvious from (7.50) and the fact that

. Ll
L dd =0.
is o :(OOO) 0

Lemma 7.2.10. Ly, 4, 1, is real when L is even and L, 1, 1, is purely imaginary when
L is odd.

With these preparations, we can state the following result.
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Theorem 7.2.11. The ¢-correspondence trikernel Lé can also be written as

L (. ) (7.51)
2j .
= ( )2] (4 )2 Z l 2 3 c zn £11,]2,13 (nl,nz’n?))'
I1,1,13=0 '] ‘] ‘] L~

5(11,12,13)=1

Proof. By SO(3)-invariance, we may assume n; = ny = (0,0, 1) € R3. Then the
formula (7.51), including the expression (7.50) for £y, 4, 1,, are obtained in a rather
straightforward way from formulae (7.40)—(7.41). O

Remark 7.2.12. Formula (7.50) for the function £;, ;,;, looks asymmetric with
respect to /3 and n3, in comparison with /1, /; and n;, n,. However, such asymmetry
is only apparent and reflects the asymmetrical way in which the formula for £
was derived. The situation resembles some well-known formulae for the Wigner
6/ symbol, which do not manifestly exhibit some of the symmetries of the symbol.
Indeed, we have the following symmetry properties when (/1, [>, [3) and (n;, ny, n3)
are permuted covariantly:

£11,12,13 (nl , Mo, n3) = (_1)L£[2,11,13 (n27 np, n3) = (_1)L£11,13,12 (nls ns, n2)-
(7.52)

Example 7.2.13. Inview of Eq. (7.52) above, we list the functions £;, 4, ; for [ <2
subject to 6(/1, 2, 13) = 1, as follows:

Lopomi,ny,n3) =1,

Li10(np,nz,03) = =33 - my),

. 3
Li11(,ny,n3) = 19\/;[111, n, N3,

15
Loy (n,mp,m3) =34 > {3(mym)(n;-n3) — (Np-m3)},
55
L2501, m0,13) = 5v/5P5(ni-ny) = 7{3(111'112)2 — 13,
. 15

Loo1(n,mp,m3) = —il5, 7(111-112)[1117112,113] ,

Lr22(np,my,m3) = —25\/5{3{[1117112,113]2 + (npmy)(mp-n3)(n3-0y)} — 1}-
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The following SO(3)-invariant function will be used in various formulas below,
in this chapter, so we denote it here as

X(nl,nz,n3) =n;-n;+n-n3+n3-n. (7.53)
Example 7.2.14. We can now calculate the Stratonovich trikernel L{ for the two

values j = 1/2, 1, by substituting the appropriate expressions for £;, ;, ;, listed in
Example 7.2.13 into Eq. (7.51):

L%, ny.n3) = (4 )2{1 +3X(ny, m, n3) + i3+/3[n;, o, ms]}, (7.54)
]L%(nl,nz,m) an )2 {1 + 3X(ny, ny, n3) + Z(nl, ny, n3) (7.55)
+%((3X(n1, ny,n3) — 1) —24Z(ny,ny,n3) — 45[n, ny, n3]2)

+i 9;/5 (I +5X(ny,m,n3))[ny, 0y, ng]},

where X (n;, ny, n3) is given by (7.53) and
Z(m,m,n3) = (n; -m)* + (np-m3)* + (n3-my)* — 1.

Using Eq.(6.37) for the Berezin characteristic numbers ¢/ = b}, we can
similarly calculate the Berezin trikernel L;; for the two lowest values of j:

1
L}l;/z(nl,nz,ng,) = Gy {1+3X"2(ny,m,m3) +i9[ny, my, 3]} (7.56)
Li(n.my.ng) = —— i {(1 — X'(n1.my.my))’ (7.57)
b bl bl 3 (4]{)2 4 bl 9 .

— 6((n2-m3)> + (n3-n1)” — 2(n;-ny)) — 25[n;, my, 03]

+i2(1 45X (a1, mp,m)) g mo, m]|
where

X/ (m,m,m3) = (4j + D0y -mp) + (2 -m3) + (03 -my).
1/2 . . 1/2
Except for IL,"", which was first presented in [67], and LE
inferred from [92], the formulae in Examples 7.2.13 and 7.2.14 were originally
obtained by Nazira Harb, who also worked out formulae for £ for some higher
values of /; and formulae for IL{ and ILIJ; for some higher values of ;.

, which can be
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7.2.2 Recursive Trikernels and Transition Kernels
Recursive Trikernels

A recursive trikernel associated to the standard Berezin correspondence has been
defined by Wildberger [92]. This trikernel is symmetric, in the sense of Eq. (7.38),
but is not the trikernel of a bona-fide integral equation for the twisted product in the
sense of Eq. (7.39); rather, it is the trikernel of a recursive integral equation for the
standard Berezin twisted product.

Let B be the standard Berezin symbol correspondence, given by Eq.(6.33) in
Theorem 6.2.27. We recall from Remark 7.1.4 that, because this symbol correspon-
dence is not isometric, there are two natural S U(2)-invariant inner products on the
space of symbols Poly:(S?)<,, namely

¢ The usual L?-inner product on CZ(S?) D Poly:(S?) <, (cf. Eq.(4.4)):

(fi. fo) = % /S 2 fifrds = % /S 2 fi(m) fa(n)dn, (7.58)

* The induced inner product on Poly:(S?)<, C C(S?) (cf. Eq.(7.3)):

(/1. )

n
b

1 [ — 1 [ ——
= E/SZ Sixg frdS = H/Sz Si(m) +% fr(m)dn. (7.59)

Associated with each of these two inner product on Poly(S?)<, defined by
integration, one can define an integral trikernel I, cf. (7.33). The first one is the
Berezin trikernel L:; , also defined implicitly by (cf. Eq. (7.39)):

S = [ A0 AL e, mdndn, (7.60
§2xS§2

Definition 7.2.15. Wildberger’s recursive trikernel is the function
T%:SszszZ—MC

defined implicitly by

A *Z. fo(n) = /52 {/32 Tg(nhnz,n) *’;j Ji(my)dn, *% Sa(m)dn, (7.61)

where each twisted product *; on the r.h.s. of the above equation is taken with
respect to the variables being integrated.

One obtains, of course, an explicit expression for the Berezin trikernel ILi from
the Eqgs. (7.40)—(7.11). Similarly, Wildberger’s trikernel also has such an explicit
expression.



122 7 Multiplications of Symbols on the 2-Sphere

Proposition 7.2.16. Wildberger’s recursive trikernel is given by:
T/ (n1, 2, m3) (7.62)

_ =D)"v/n+1

L I I L L e AL (e \ VT3
o Z[l 2 -”}w,lbhbl} T (00 7 () V7 ()

my my ms

iMi

where b} are the characteristic numbers of the standard Berezin correspondence,
given by Eq. (6.37).

Proof. From Eq.(7.61), we reason analogously to the proof of Corollary 7.2.2,
with the difference that, for the induced inner product (7.59), the orthonormal basis
vectors are not Y;”*, but b Y, with b} given by (6.37). O

Wildberger’s recursive trikernel can be generalized to a recursive trikernel for
any symbol correspondence by obvious analogy to the Berezin case:
Corollary 7.2.17. Let WZJ be the symbol correspondence given by characteristic

numbers c] € R*. Its recursive integral trikernel is the polynomial function 'I['é €
(Poly:(S*)<n)? given by

T/ (n;, ny, n3) (7.63)
—-1)"Vn+1 L L1 o YL e ANV (e \ VT3
= e etet, V) T ) V7 o

li m;

with the usual (7.37) restrictions on the i, my summations. It is symmetric in the
sense of (7.38) and is implicitly defined by

fist o = [ [ honmm o fimndm{ 2 pmam, (.69

where each twisted product 7. on the r.h.s. of the above equation is taken with
respect to the variables being integrated.

Every recursive trikernel can be written more explicitly, by performing the
following substitution into Eq. (7.41),

n
[3 n _.n .n
— €], CL,Cl, - (7.65)

NN

¢,

Cc

Or it can be rewritten in terms of SO(3)-invariant functions, by performing the
substitution (7.65) into Eq.(7.51). For Wildberger’s recursive trikernel, the above
substitution to be performed in Eqgs. (7.41) and (7.51) reads:
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N

3
‘L 3T 1
- bbb = (m!v/n+1 | | . (7.66)
chep, = N ey ]

Next, we will express the integrand in (7.64) using only ordinary (commutative)
multiplication of functions, th~at is, no twisted product involved. To this end, we shall
invoke the duality f <—> f between symbols in Poly.(S?)<,, with reference to
Remark 6.2.25 and Eq. (7.29).

Lemma 7.2.18. If f, g € Poly-(S?)<,, then
/ £(n) +2 g(n)dn = / F()zm)dn = / F@)gm)dn,
S2 S2 S2

where f denotes the contravariant dual of | with respect to WE] , that is,

f=UL () or f=U] ) (7.67)

¢

cf. Definition 7.1.18.

Proof. Assume P, Q € Mc(n + 1) correspond to f, g via ch, respectively, and
hence by (6.25)

/ f(n) x% g(n)dn:/ Wz(PQ)dS = ! trace(PQ) = ! trace(QP)
S2 ¢ S2 1 1

n—+ n—+

— [ F@wipras = [ wi@)wipyas
52 §2 c

- / #(n) f(n)dn = / Fm)gmdn.
52 52

O

By applying this lemma twice, the recursive integral equation (7.64) can also be
written as

fier o= [ Tl i) fmdmdn,. (7.68)
S2xS2

Transition Kernels
On the other hand, we shall also make special use of the transition kernel

Ué 1 8?2xS? > C

1
¢
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which is associated with the integral form of the transformation f — f (cf. (7.67)),
as follows:

Proposition 7.2.19. The duality transformations (7.67) can be written in integral
form as

Fon) = [ UL mm) £y (7.69

fm) = [ U oo ey (1.70)

with the following transition kernels:

' 20 +1

UL, (1. m) = Z Ty Pm ) .71)
, 1 <

U{ .(ny,my) = EZ(c;l)z(zz + Py -m). (1.72)
< 1=0

Proof. Let P € Mc(n+ 1), P = _j_, P;, where each P; € M¢(¢;) decomposes
as P = Zin:_l pme(l,m). Let f € Poly-(S?)<, be the symbol of P via the
correspondence determined by characteristic numbers ¢. Then, f = Y /_, fi,

where each f; € Poly(¢;) decomposes as f; = Zﬁn__l % T DimYim-
It now follows stra1ghtf0rwardly from (7.44)—(7.45), (7.69), and (7.71) that f =

Yo fi, where f; = Zm__, ﬁp"” Y. Therefore, f is the contravariant dual

of f. Similarly for (7.70) and (7.72). |

Note that in the above proof, we may as well replace % by any other string

¢ 'of characteristic numbers. In other words, by similar reasoning we generalize
Eqgs. (7.69) and (7.70), as follows:

Proposition 7.2.20. The transition operator Ugj v = WE]’ o (ng)_l, cf. Eq.(7.29),
which takes the symbol f = WCJ [P] of P in correspondence defined by ¢ to the

symbol [’ = WE{ [P] in correspondence defined by ¢ ', can be written in integral
form as

7o = [ 0L o) fydm,. (1.73)
where

U" "/(nls n2) - ar Z (Ccll[ )

=0 !

1+ 1)P/(ng-my) . (7.74)
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Moreover, for any pair (C,¢') the transition kernels Ug & and Ué,g yield the
reproducing kernel by the formula ’ '

R/(n,m) = / UL, (. m)U -(n.my)dn, cf (7.44)~(7.45). (7.75)
s2 ’

Furthermore, the composition of transition operators UZ., yields the following
.. .. c.c
“composition” rule for transition kernels

‘/ UL, (. 02, ., (mo. ms)dms = UL, (my. ) (7.76)
sz @ : :

Remark 7.2.21. Note that the reproducing kernel R/ (n;, n,) is an SO(3)-invariant
function on S? x §? which decomposes as

21 +1
47

n
RI(mim) =Y R/(m.m), R/ (m.m)=
1=0

Pi(n; - ny), 7.77)

so that for every symbol f € Poly:(S?)<, which is decomposed into the -invariant
subspaces as f =Y ;_, fi, we have

/Sz f@)R] (1, m)dn; = fi(my) . (7.78)

Combining Eqgs. (7.68)—(7.70), we obtain

Proposition 7.2.22. The bona-fide and the recursive integral trikernels for a
wwisted product % are related by the integral equations

Lé (n;,mp,n) = /2 i Uéé(nl,n’l)Uéé(nz,n’z)Té (n},ny, n)dnidn,,  (7.79)
s2xs? ©F

’H‘é (n;,ny,n) = /52 . Uiqg(nl,n/l)Uiqg(ng,n/z)Lé (n},n},n)dnjdn’,.  (7.80)
X c c

The following proposition is obtained straightforwardly from the above
Eq.(7.74) for the transition kernels Ué 2> See also Eq.(7.46), and the general

formula (7.40) for the twisted product integral trikernels Lé

Proposition 7.2.23. The bona-fide integral trikernels of two distinct twisted prod-
ucts x> and %%, are related by

L. (n;, ny, n3) (7.81)

= /2 ) ) Ug’ Z,'/ (nl ’ nll).[Ug' Z/(n27 n/z).[Ué/ Z,’(n3v ng)Lé/ (nll k) n/2’ ng)dn/ldnlzdng )
S2x82xS ’ ’ ’
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Similarly for the relation between recursive trikernels of different symbol
correspondences and also for the relation between the bona-fide trikernel of one
correspondence and the recursive trikernel of another correspondence, by appropri-
ate use of transition kernels (7.74) and (7.71)—(7.72).

Duality of Twisted Products

In this way it is easy to see that, for any non-self-dual symbol correspondence, with
its twisted product *%, the covariant-contravariant duality is not a twisted product
homomorphism, but instead, we have the following

Corollary 7.2.24. The covariant-contravariant duality satisfies

fx

g=f+"g. (7.82)

oI
U=

Proof. This follows straightforwardly from Eqs. (7.68)—(7.81). O
Definition 7.2.25. In view of Eq.(7.82) above, the twisted product % shall be

called the dual twisted product of *’E’., also denoted Z’E’». The dual of thé standard
Berezin twisted product shall be called the standard Toeplitz twisted product,

denoted by »'{ , and similarly for the dual of the alternate Berezin twisted product.
b

Remark 7.2.26. For a given symbol correspondence with characteristic numbers
¢, the twisted product 7 is the natural product of covariant symbols, while the
dual twisted product '} is the natural product of contravariant symbols, which are

induced from the operétor product. In the literature, the association of an operator
to a function via the contravariant Berezin symbol correspondence (as given by
Eq. (6.24), but see also Theorem 6.2.21 and Remark 6.2.25) is known as Toeplitz
quantization (see, e.g. [18,21] and references therein).

Definition 7.2.27. According to Definition 7.2.25 and Remark 7.2.26 above, the
symbol correspondence with characteristic numbers % shall be called the standard

Toeplitz symbol correspondence and the one with characteristic numbers };L shall

be called the alternate Toeplitz symbol correspondence.

Explicit expressions for the standard Toeplitz twisted product of spherical
harmonics and the standard Toeplitz integral trikernel are obtained from
Eqgs. (7.9), (7.39), (7.41) and (7.50)—(7.51), via the following substitution:

o bioh | GG
ey b (TG

(7.83)

B m+L+Dn—105)H+ 1)n!
TN+ L D+ L+ D=1 =)



7.2 Integral Representations of Twisted Products 127

7.2.3 Other Formulae Related to Integral Trikernels
Integral Formulae for Trikernels

Returning to Wildberger’s recursive trikernel (i.e., for the standard Berezin corre-
spondence), its nicest feature is its simple closed formula, presented in the following
proposition, whose proof is delegated to Appendix 10.8.

Proposition 7.2.28 ([92]). Recalling the notation from Lemma 7.2.9, Wildberger’s
recursive trikernel is the function T}]; 1 §2x 8% x 8% — C given by

n+1
245

2 n
T}];(nl,nz,n,z) = ( ) ( 1 + X(n;,ny,n3) + i[ng, ny, N3 ) (7.84)

where i = +/—1 and X(ny,ny,n3) is defined by (7.53) and [ny,ny,n3] is the
3 x 3 determinant. One should compare the simple closed formula (7.84) with the
formulae that are obtained from (7.41) and (7.51) via substitution (7.66).

Then, an integral equation for general bona-fide trikernels is obtained from
Wildberger’s recursive trikernel (7.84) and Eqgs. (6.37) and (7.69)—(7.81).

Theorem 7.2.29. The ¢-correspondence trikernel Lg is itself also expressed by the
following sum of integrals:

2 n n
. n+1 &} 1
J _ 3 n
Lg (ny,m,n3) = (2”47t ) E C}’ C? —b;’ b? b? 111,12,13 (ny, 0z, n3)
I, l3=0 112 "1 72703

/—l’l+1 n C]n 3
= GDF Gy > ?;? [[V@+ ik + Dl =) 7y, (1. mp.m3)
I1,02,l3=0 1 2k=1

(7.85)

where

3
I} 4,0, (1 My, m3) = [ @l + D Py (o -np) (7.86)
k=1

),
(47)3 Js2xs2xs2 _
-(1+Xﬁmn&%)+ﬂmJ&nﬁ)dmd%d%.
The standard Stratonovich trikernel is obtained from the above formula by setting

all ¢ = 1, whereas for the standard Berezin case, ¢] = b,” is given by (6.37), so
that

1 4L+ D =)+ b+ D — b))
el el bbby (b)) (b)? (n + 1)2(n1)*
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and the summation in /3 yields the reproducing kernel (cf. Eq.(7.45)), which
eliminates one integration on S2. Thus, the standard Berezin trikernel is given by

L;)' (n;, 0y, 03) (7.87)

1 n
:W“;O(n + LD a=ID'QL + D+ b+ Di(n = b)!1(2L + 1)

'/32 . Py, (n -n’l)Plz(nz-n/Z)( 1 + X(nj,n5,n3) + i[n/l,n’z,ng]) dndn), .
X

On the other hand, the integral trikernel for the standard Toeplitz twisted product
(cf. Definition 7.2.25) is obtained from (7.85) by setting ¢}’ = bl”’ so that
1

c, 1 1 4L+ D —1)!
el by bl by, (bf})2 (n + 1)(n))?

and now both summations in /; and /, yield reproducing kernels that eliminate two
integrations on 2. Therefore, the standard Toeplitz trikernel is given by

n

i n+1
L/ = / D(n—=1:)!(2 1
{ 1P ) = Gy 2 DI =)k )
/ P, (n; - ng)( 1 + X(ny,np,n5) + i[ng, ny, ] )na’n’3 ) (7.88)
S2

Special Functional Transforms

Note that formulae (7.87)—(7.88) could have been obtained directly from

Eqgs. (7.69)—(7.79). Note also that, in these two formulae above, we have used

the covariant-to-contravariant transition kernel for the standard Berezin symbol

correspondence, namely

1 n (n+/+l)
i

3 4 (’;)

2l + 1)P/(n-n). (7.89)

Its inverse transition kernel has a simple closed formula, as follows:

Proposition 7.2.30. The contravariant-to-covariant transition kernel for the stan-
dard Berezin symbol correspondence is given by
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A 1 () n+1(1+n-n\"
j "N —
U% (n,n) = EZ(HHI)(ZZ +1)P/(n-n’) = = ( > )
=0\ I
(7.90)
Remark 7.2.31. (i) Formula (7.90) can be readily obtained from [11, 12], but in
Appendix 10.9 we present a proof of this formula following more closely
to [92].
(i) Note that Eq. (7.90) is the “inverse” of Eq. (4.36), that is,

1+2) () e QL+ DPI)
( 2 ) _;(”f“)n @ = ')Z( + 1+ D=1
(7.91)

(iii) However, a simple closed formula for [U;; . (n, n’) remains unknown to us.

Similarly, a simple closed formula like (7.84}5 for general values of j is not yet
known for the Berezin trikernel or even for the Toeplitz trikernel. The situation
is the same for the Stratonovich trikernel.

Definition 7.2.32. Due to the simple closed form for Ui P the integral equation
i

s =" [ (FE) Fwan = B0 (7.92)

is known as the Berezin transform of a function f on S2.

In view of (iii) in the above remark, no such simple expression as (7.92) is known
to us for the inverse transform f — f. Nonetheless, it follows from (7.89) that the
inverse Berezin transform of a function f on S? is given by

- 21
B Lf )= ()= an)

Z(n+l+l)’( —)! /P( a') f(n')dn’

(7.93)

(n ')2( +1)

Remark 7.2.33. (i) The reader should be aware that the term “Berezin transform”
of an operator is also sometimes used in the literature to indicate the standard
Berezin (covariant) symbol of an operator. Also, the Berezin transform of a
function on S? is more commonly presented using holomorphic coordinates on
C, which is identified with S? via the stereographic projection (2.35), as was
originally done by Berezin [11, 12].

(ii) Clearly, both the Berezin transform of a function on S2, B defined by (7.92),
and its inverse, B~! defined by (7.93), depend on n. Also, they both vanish on
the complement of Polyc(S?)<,, so that composing the Berezin transform with
its inverse (or vice-versa) amounts to orthogonally projecting any function on
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S2 to the subspace Poly:(S?)<,. In fact, this follows as a particular case of
Eq.(7.75),for¢ = b, ¢’ = %

In the category of characteristic-positive symbol correspondences, the stan-
dard Stratonovich symbol correspondence is naturally singled out, standing in a
prominent position together with its twisted product. For this reason, the standard
Stratonovich trikernel is also singled out. We also observe from Theorem 7.2.29
that the equation which yields the standard Stratonovich trikernel from Wildberger’s
recursive trikernel can be written more simply as follows:

L{ (n;,ny. n3) = (7.94)

/52 e Ul’;l(nl,n/l)Ui.l(nz,n’z)Ul’;l(m,né)']l’}’;(n’l,n’z,ng)dn/ldn’zdng
X X ’ ’ ’

and this, in turn, singles out the importance of the transition kernel Ug l(n, n').

Definition 7.2.34. The Berezin-Stratonovich transition kernel

» 1 <20 +1
U. (n,n =—§ Pi(n-n
b,l(nn) 4”1=0 by 1(n -0

defines the Berezin-Stratonovich transform
BS : Polyc (%) <y — Polyc ()<

via the integral equation

1 " 21 +1
BS[f](n) = mz\/(n +I1+D)!n— l)!(4—j;) /Sz P;(nn) f(n')dn’ .
' =0

(7.95)
Its inverse, the Stratonovich-Berezin transform SB = (BS)~! is given by
. 1 I +1)
SB[f](n) =n!vn + 1 / Py(nn’) f(n)dn' .
1) = n1/ ;\/(n+l+1)!(n—l)! o ), ) fa)
(7.96)

The following lemma, whose straightforward proof is analogous to the proof
of the equations in Proposition 7.2.20, gives the relation between the two special
transforms on Polyc(S?)<, defined above.
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Lemma 7.2.35. The Berezin transform is the square of the Stratonovich-Berezin
transform,

B=(SB)?=8B0SB. (7.97)

Remark 7.2.36. One should note, however, that although SB is the unique positive
square root of B, there are (Z,)" distinct square roots of B, one for each choice
of Stratonovich correspondence with characteristic numbers & = (g}), ] = %1,
J

defining transition kernels [Ug _and U 2
€ €,

Again, just as for B!, simple closed formulae like (7.92) for either SB or BS
are yet unknown to us.

Integral Formulae for Twisted Products of Spherical Harmonics
Now, for symbols f, g € Poly:(S?)<, which are decomposed into the /-invariant

subspaces as f = >/, fi, & = _j—o& we have from Remark 7.2.21 (cf.
Eqgs. (7.77)—(7.78)) and Eqgs. (7.39) and (7.85)—(7.86), that

2 n n
n n + 1 C13 1 213 + 1
A 2 7.98
f *2 g(n3) (2”4]{ ) et BT hT Ax ( )
I1.12,13=0 Ll "h7h™l

n
o 000 o) (14X 0 ) )

which for the standard Berezin case reduces to

n n+li+1\ (n+hL+1

2
[t gng) = (” - 1) > M (7.99)

2an 11.1,=0 (11)(/2)
n
./S2><Sz f/l(n/l)glz(nlz)( 1 4+ X(n},n}, n3) + i[n}, n}, ;] ) dndn, .

In particular, Egs. (7.98) and (7.99) above yield alternative expressions for the
twisted products of spherical harmonics.

Corollary 7.2.37. The standard Berezin twisted product of spherical harmonics
can also be written as

(n+ 1+ DI =D + b+ DI —b)!

DiF ) (7.100)

Y Y[ (n5) =

./Sz . Y,’l’“(n’l)Yl;"z(n/z)(l+X(n/1,n’2,n3)+i[n/1,n/2,n3]) dn dn)
X
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while a general twisted product of spherical harmonics is given by

NV 11 Gl 2+ 1
n+) o 2B (7.101)

24w ) el bl b b” 4
Lh~h I3

Y™ R Y (ng) = (
123 =

[ @ Py oend) (14X )+ ) )

§2x52x52
Sfrom which the standard Stratonovich product is obtained by setting all ¢} =1, as
Yl’lﬂl *f Ylmz(n_o,) (7.102)

_ Wt
(134 (4m)? |

l—[\/(n + I+ Dl(n — lk)'ZJ(n + 154+ DI(n—13)!2 + 1)

=0

@ @) Py ) (14X )+ 6] ]

§2x§2x 52

Relationship with Spherical Geometry

Finally, we note that the above formulae (7.84)—(7.88) and (7.98)—(7.102) can also
be rewritten in polar form, in terms of the geometry of the vertex spherical triangle
spanned by the triple (n, ny, n3) of unit vectors. To this end, let us write

coso; =m; -m, o € [0, 7], for {i, j,k} ={1,2,3},

Bi =ai/2€(0,7/2]

and consider the geodesic triangle with vertices n; and opposite edges of length «;,
positive orientation given by n; — n;4;(i mod 3), and oriented (symplectic) area
denoted by © :

—27 <O, m,n3) <2

Lemma 7.2.38. Let n; € S*(1),k € {1,2,3}, be points on the standard unit
sphere of total (symplectic) oriented area 4r, and consider the geodesic triangle

with vertices ny and arcs of length 28 and signed area ©, as explained above.
Then

1
cos By cos B, cos B3 = 7 | 14 X(nj,np,m3) + i[ng, np, n3] | (7.103)

O(ny,ny,n3) = 2arg(l + X(ny, ny, n3) + i[ng, my, n3)) (7.104)
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where X(ny,mp,n3) is given by (7.53) and [ny,ny,n3] is the 3 X 3 determinant

(cf (7.49)).

Proof. The Eq. (7.104) for the area ®(n;, ny, n3) of the vertex geodesic triangle on
S? has long been known (at least since Euler, probably much earlier, see also [62]).
To prove Eq. (7.103), we use another known identity (see [61]),

1, m, n3]%> = 1 —cos? o) —cos? ay —cos® a3 + 2 cosay cosar cosas ,  (7.105)

which is readily seen to imply (7.103). O

Corollary 7.2.39 ([92]). For everyn = 2j € N, Wildberger’s recursive trikernel
'H‘l{; 182 x 8?2 x 8?2 — C, cf (7.84), can be written in polar form as

n+1
41

2
Tg (ny,my,m3) = ( ) Ay (ny,mp, m3) exp {i Dy, (ny, my, n3) (7.106)

where the amplitude and phase functions are given respectively by

Al (ny,m,m3) = cos” By cos” B; cos” Bs (7.107)
1
= Smpl(l+nm)(1+n; - n3)(1 +n;- n,)]"/?
n
Dy (n1, m, m3) = 5®(n1,n2,n3). (7.108)

In view of the fact that the standard Stratonovich-Weyl twisted product can be
seen as the spin version of the ordinary Moyal-Weyl product, whose integral form
obtained by Groenewold and von Neumann [35,77] can be written in terms of the
geometry of triangles described by their midpoints (see e.g. [60, 62]), one could
hope that a result similar to Corollary 7.2.39 above would hold for the Stratonovich
trikernel, with vertex spherical triangles replaced by midpoint spherical triangles
(i.e. spherical triangles described by their midpoints, with its area function). This
possibility was first set forth by Weinstein [83] and has been partially investigated
by Tuynman in collaboration with one of the authors [62].

However, by comparing with the geometrical formulae for midpoint triangles
(area function, etc.) presented in [61, 62], it is clear from Eqgs. (7.54)—(7.55) in
Example 7.2.14, as well the more general Eqgs. (7.50)—(7.51), (7.85)—(7.86), that
such a very simple closed “midpoint formula” in the style of Corollary 7.2.39 only
has a chance of holding for the Stratonovich trikernel L{ asymptotically, as n — oo,
as in a WKB-style approximation.

But such an asymptotic study of the Stratonovich trikernel lies outside the scope
of this monograph. The more basic asymptotic study to be presented in the next
chapter does not touch on this matter.



Chapter 8
Beginning Asymptotic Analysis of Twisted
Products

As mentioned in Remarks 3.3.13 and 4.1.10, while the quantum dynamics of an
operator F' € B(H;) is governed by Heisenberg’s equation (3.87), the classical
dynamics of a function f € C2(S?) is governed by Hamilton’s equation (4.16).
Now, via a symbol correspondence WCJ , Heisenberg’s equation can be trans-
formed into a dynamical equation for the symbol of F, f € Polyc(S*)<, C
C(SO(SZ), by substituting the commutator of operators [H, F] by the twisted
commutator of symbols, [h,f]*; = h % f — f *% h, where h € Polyc(S?)<n

is the WCJ -symbol of the preferred Hamiltonian operator H .

Therefore, a natural question is whether Hamilton’s equation, which can be
defined via the Poisson bracket, can be obtained from Heisenberg’s equation for
symbols, which is defined via the *’51‘ commutator, in a suitable limit.! In other words,
whether Poisson dynamics emerge from quantum dynamics in a suitable asymptotic
limit, the so-called (semi)classical limit.

Historically, this question was first addressed in the context of operators on
infinite dimensional Hilbert space L?(R¥) and functions on affine symplectic space
R?*_ In that context of affine mechanical systems, the (semi)classical limit, the limit
of very large quantum numbers, can be formally treated as the limit # — 0.

However, in the context of spin systems, the (semi)classical limit, the limit of
very large quantum numbers, is the limit 2j = n — oo and, in this context, % is
best treated as a constant which can be omitted by scaling (cf. Remark 3.1.3).

Thus, in order to address Bohr’s correspondence principle for spin systems, we
must investigate the asymptotic limit and expansions, as n — oo, of the symbol
correspondences WCJ , their twisted products and the symbols themselves.

'0One should also note from (3.89) and (4.11) that the " commutator is a derivation on the *:l_
algebra, while the Poisson bracket is a derivation on the algebra of functions under pointwise
product.

© Springer International Publishing Switzerland 2014 135
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As we saw in the previous chapter, each symbol correspondence ng defines a
¢-twisted j-algebra on Poly.(S?)<,. However, despite the fact that all ¢-twisted j -
algebras are isomorphic for each finite j, we shall see below that only a subclass of
symbol correspondence sequences yield Poisson dynamics in the asymptotic limit
of high spin numbers (j — o0). This subclass realizes Rieffel’s “strict deformation
quantization” of the 2-sphere in reverse order (from quantum to classical). However,
as we shall see below, this subclass is far from being generic.

8.1 Low-/ High-j-Asymptotics of the Standard Twisted
Product

If we recall from Proposition 7.1.6 the formulae for the standard twisted product
of the cartesian coordinate functions, and try to compute the asymptotics for these
formulae as n — oo, the first question is how to expand these formulae. A natural
asymptotic expansion is in power series, but, power series of what? From Eq. (7.4),

one could guess that 1/+/n(n + 2), or rather 1/+/j(j + 1), is a natural expansion

parameter (as suggested in [73]). In this case, expanding in negative powers of

v Jj(j + 1) we have

n isabc Py -1
axlb — ab+ ——=c+ O0((j(j + 1)), (8.1)
: 2/jG+1)
axta — a>+0((j(j +1)H. (8.2)

On the other hand, looking at the formulae for the Berezin twisted product of the
cartesian coordinate functions, as described in Corollary 7.1.11, a more natural
expansion parameter seems to be 1/n. Then, the standard twisted product of the
coordinate functions in negative powers of n becomes

ie abc

ax!h — ab+ c+0m™), (8.3)

axia — a*>+ o(mn™?). (8.4)

We also observe that in the equivalent expressions (8.1)—(8.2) and (8.3)—(8.4),
the zeroth order term is the classical pointwise product, while the first-order term is
the Poisson bracket (multiplied by 7).

Thus we are led to inquire whether the zeroth and first-order expansions of any
twisted product of any polynomial functions always coincide with the pointwise
product and the Poisson bracket of these functions, respectively.

We start this investigation by studying more closely the standard Stratonovich-
Weyl twisted product. But first, we have the following:
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Theorem 8.1.1 ([22,30]). Forn =2j >> 1, I1,1,] << 2],

(_1)2,~+m\/(2j+1)(2z+1) [11 Lol }m

QL+ 1DQRL+1) | m my—m
1
— C11~[2sl Cll,lz,l + Cll,lz,[ P l 7[ ,l + O ey +1 —1
my,mz,m~0,0,0 2 j(j T 1) miy,ma,m ( 1,62 ) ((./(./ )) )
(8.5)
1 _
= Ccplal cosl ¢ mc,{;;{f,;g’mp(zl, L.1)+ O((n+1)7?) (8.6)
1
= Cplal | cosl ;c,f;;{,a;g,mp(zl, L)+ 0(n™?) (8.7)

where Cé}d%’l and P(ly,13,1) are given explicitly by (4.49) and (4.52), respectively,
and satisfy Céfd{(z)’l =0ifli+0+1lisodd P(l,,b,]) =0ifly + 1, + | is even.

One can say that the zeroth order term in Eqs. (8.5)—(8.7) was first obtained by
Brussard and Tolhoek in [22], though not in the form of these equations. The first
order term was first obtained by Freidel and Krasnov in [30].

For the proof of Theorem 8.1.1 we refer to Appendix 10.10.

Corollary 8.1.2. For nonnegative integers 11,1, the standard twisted product of
spherical harmonics Y|"' and Y| satisfies

(i): lim (Yl’l"l LYY Y,’l'”) -0, (8.8)
(ii) s Tim (Y] Y2 Y ) = 2 (8.9)
(i) : Tim (nY)" 4 Y07 — Y YN) = 2041 Y, (8.10)
(iv): tim (n[Y" #1 Y2 ¥RV =20 ]) =0, 8.11)

where the limits above are taken uniformly, i.e. we have uniform convergence of the
sequence of functions on the L.h.s. to the function on the r.h.s.

By linearity, properties (i)—(iv) apply to the product of any f, g € Polyc(S?)<,
where k € N is finite.

Proof. First, for fixed [y, my, [, m», let us write

Pl — oy L —b| <l <h+bh, -l <m=m +my<I}

mip.,my

and start by rewriting Eq. (8.7) as
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1 \/(21+1)(21+1> [zl Lol }m

QL+ 1DQRL+1) [ mymy —m
=t Cos! + %c,{;;{,a;gﬁmp(zl, b 1) + n—lzD,’,;;{g,{z(n) , (8.12)
where D]1-21 (n) € R is such that
|D}2 (n)] < K e RY, Vn eN. (8.13)

mi,myz

We will show (iii), the others follow similarly.

Let || f|| = sup(]f(m)|,n € S?) denote the sup-norm on the space of smooth
functions on the sphere. From Theorem 8.1.1, Propositions 4.2.6 and 4.2.8 and
Eq. (8.12) we have that, Vn > [} + I,

) 1
[ (Vi 1 Y =Y S ) =20V Y = Rl (8.14)
where
L+
s 11,1
R} (n) = Z DLl (Y™, m=m+m;.
I=|l1—1|
Then,
L+ li+h
s 1.1
IR} ()] < Z Do, MY"| < K Z Y"1,
1=l —l) I=|l—1|

where we have used (8.13). Now, let

M = max{||Y"||. Y/" € PIi2 3

mi,my
then
IRl < KMy + b+ 1= |1y = b)) (8.15)

and (iii) follows immediately from (8.14) and (8.15). The other statements (i), (ii)
and (iv) are proved similarly. O

Remark 8.1.3. For finite n >> 1, the following is a valid expansion in powers of
1/n,aslongas ly,l, << n:

i
VY = VY Y o1 .16
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where ;"' Y/"*|, denotes the n'" degree truncation of YY) and (Y)Y,
denotes the n'* degree truncation of {Y['l"‘, Y['Z"Z}, that is, the truncations [ < n of
the /-summations in formulas (4.44) and (4.51), respectively.

However, the asymptotic (n — oo) expansion of the Wigner product symbol
presented in Theorem 8.1.1 is invalid without the assumption I;,l, << n (I},
remaining finite as n — o0) and other asymptotic expansions of the Wigner product
symbol are in order if, for instance, we let n — oo while keepingn/ly, n/l,, n/l
finite.

8.2 Asymptotic Types of Symbol Correspondence Sequences

As the classical products of spherical harmonics appear as the zeroth and first order
terms in the expansion of the standard twisted product in powers of n™! (or (j(j +
1))~!/2), we want to investigate which of all possible symbol correspondences have
the same property, namely that their twisted products are related to the classical
products of functions on the sphere, as n — oo. By linearity, it is enough to
investigate this for the products of spherical harmonics.

However, again turning to the standard Berezin twisted product of linear
spherical harmonics or cartesian coordinate functions (cf. Corollary 7.1.11), we note
that the zeroth order term inthe 1/n (or 1/4/j(j + 1)) expansion coincides with the
pointwise product, whereas the first-order term does not coincide with the Poisson
bracket of functions. Therefore, first we introduce the following:

Definition 8.2.1. Let

ATINY) ={(n,)eN*|n>1>0}
and C : AT(N?) — R* be any given function. We denote by W¢ = [ng]zj =neN
the sequence of symbol correspondences defined by characteristic numbers ¢/ =
C(n,1),¥(n,l) e AT(N?), ¢! = 1,Vn € N. We denote by

We(S?, %) = [(Polyc(S?) <. %) ]nen

the associated sequence of twisted algebras (cf. Definitions 6.2.22 and 7.1.16).

8.2.1 Symbol Correspondence Sequences of Poisson Type

Definition 8.2.2. A symbol correspondence sequence W¢, with its associated
sequence of twisted algebras W¢ (S?2, %), is of Poisson type if, V1,1, € N,
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(): fim (Y Y- YY) =0, (8.17)
Giy: tim (Y A2V YY) = 21 Y (8.18)
Gii) : lim (n[Y[" #2 Y2 = Y[ w2 Y]) = 2000 V), (8.19)

W is of anti-Poisson type if it satisfies properties (i), (ii) above and
>iii’) : nlgrc}o (n[Yl:”‘ *3 Y,;”z — YI’Z"2 *7 Yl’lﬂl ) = —2i{Y,'1'”,Y,;"2 , (8.20)

and W¢ is of pure-(resp. pure-anti)-Poisson type if, in addition to properties (i), (i),
and (iii) (resp. (iii’)) above, the following property also holds:

(v): lim (n[V 2 ¥ Y2V 20 YR]) =00 82D

Again, all limits above are taken uniformly, i.e. we consider uniform convergence
of the sequence of functions on the Lh.s. to the function on the r.h.s.

Remark 8.2.3. The signs in the r.h.s. of Egs.(8.19) and (8.20) are related to the
choice of orientation of the symplectic form on the sphere (cf. Remark 4.1.3). Once
a choice is fixed, they are also related by the antipodal map on the sphere (cf.
Proposition 6.2.36, Eq. (6.41), and Proposition 7.1.13).

Remark 8.2.4. If W¢ is of pure-Poisson type, its twisted product expands as in
Eq. (8.16), under the same assumptions of Remark 8.1.3.

Proposition 8.2.5. The standard Stratonovich-Weyl symbol correspondence
sequence is of pure-Poisson type and the alternate Stratonovich-Weyl symbol
correspondence sequence is of pure-anti-Poisson type.

Proof. For the standard case, this follows from Corollary 8.1.2. For the alternate
case,c; =g = (—l)l, it follows from the above and from Proposition 7.1.13. O

Proposition 8.2.6. The standard (resp. alternate) Berezin symbol correspondence
sequence is of Poisson type (resp. anti-Poisson type), but not of pure-Poisson type
(resp. pure-anti-Poisson type). Same for the standard (resp. alternate) Toeplitz
symbol correspondence sequences (cf. Definition 7.2.27).

Proof. To see that the standard Berezin twisted product is of Poisson type, note from
formula (6.38) for b} = C(n,[) that

by

Vi, I, <<n,
1,02 n blnlblnz

— 1+ 0(1/n), as n — oo.

Therefore, by (7.9) and (8.7), VI, [, << n,
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tim (¥, 2 Y[

n—00

tim (V" #1Y)").

n—00

Tim (Y w2 YY) = lim (n[Y) Y- YY)
On the other hand, property (iv) already fails for the twisted product of linear
symbols, as shown by Corollary 7.1.11. For the alternate case, C(n,l) = by =
(=1)! by, we use Proposition 7.1.13. Analogously for the standard and alternate
Toeplitz twisted products, cf. Definition 7.2.25 and Eq. (7.82). O

Remark 8.2.7. The distinction between symbol correspondence sequences of pure-
Poisson or Poisson types is not irrelevant insofar as the Stratonovich-Weyl and the
Berezin and Toeplitz symbol correspondences satisfy different axioms, namely, the
former satisfies the isometry axiom (v) of Remark 6.1.2 while the latter ones do not.
It is therefore interesting to see that these distinct symbol correspondence sequences
exhibit distinct asymptotics, namely the former satisfies the property (8.21) while
the latter ones do not.

We shall say more about their asymptotics below, when a more important
asymptotic distinction between the standard Stratonovich-Weyl and the Berezin and
Toeplitz correspondences will be highlighted (see Remarks 8.2.26 and 8.2.28).

8.2.2 Symbol Correspondence Sequences of Non-Poisson Type

Generic symbol correspondence sequences are not of Poisson or anti-Poisson type.
This can already be seen in the very restrictive case of Stratonovich-Weyl symbol
correspondences. Thus, consider a Stratonovich-Weyl correspondence sequence
given by the characteristic numbers ¢ = ¢f = +1, for1 < [ < n. Combining
Eqgs. (7.9) and (8.7), we have for [}, [, << n,

L+

m m QL+ DL+ i ~hbi €
Yll : *g’ le ’ = Z 20 +1 lel’Jz?;z,mCO,IO,(zi 00 200 Y/m
1=Il—b| h™h
I=l1+13(mod 2)
(8.22)
I +1—1
1 QL+DQ@L+D & 2
+ - — =2 Py, 1,1 Y+ 0(1
DY T i P10, 1) G YT+ 0(1/ )
I=|l—b|+1 b
=1+l —1(mod2)
where
e = lim &} , (8.23)

n—o0
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whenever such limits exist.

Clearly, limit (8.23) does not exist for a random sequence of strings of +1, of
the form & = (e}, €5, ,¢&n). Thus, obviously, these generic Stratonovich-Weyl
symbol correspondences are not of Poisson type.

Moreover, by comparison with Eqs. (4.44) and (4.51), we see that the same can be
said of a generic string of &1 of the form & = (g1, &2, -+ , &,), where gl =g =¢g°
because, generically, &;/¢;, &, will be a random assignment

en NN =Ll — 1,11 + L] - {£1}

and thus, generically, the first sum in (8.22) will not yield the pointwise product
Y['1"l Y[;"2 and the second sum will not yield the Poisson bracket (times i)
Yy

In fact, the requirement that, for every Yl’l"1 and Y,’Z" 2 11,1, << n, the first sum in
(8.22) yields the pointwise product Yl'l”1 Yl;'” and the second sum yields the Poisson
bracket (times i) {Y,’I"‘, YI’Z"Z}, enforces that, VI, 1,1, << n, either ¢;/¢;,6,, = 1
or e /ey, e, = (—1)' 1+ (cf. Proposition 7.1.13). Thus, we have:

Proposition 8.2.8. A Stratonovich-Weyl symbol correspondence sequence |[e}
which is of Poisson type is a sequence for which e7° = 1, VI € N, and it is of
anti-Poisson type if 7° = (=1)!, VI € N (cf. Eq.(8.23)).

Although a generic symbol correspondence sequence has no limit as n — oo,
there exist symbol correspondence sequences which are not of Poisson or anti-
Poisson type, but still have a well-defined limit as n — oco. This is interest-
ing because such a correspondence sequence defines a dynamics of symbols
which is not of Poisson type, in the limit n — oco. We illustrate this with some
examples:

Example 8.2.9. Let W¢ be the symbol correspondence sequence defined by the
characteristic numbers ¢/ = C(n,l) = n~'. As n — oo, the twisted products
of the cartesian symbols expand as

x*ty=xy+iz+ O(l/n), x«2x =x>+1/24 0(1/n) (8.24)
and so on for cyclic permutations of (x, y, 7). We note that the commutator
xxzy—y*:x =2iz+ O(1/n) =2i{x,y} + O(1/n),

so the Poisson bracket appears as the zeroth order term in the expansion of
the commutator, not as the first order term, as in Eq.(8.19). Thus, this symbol
correspondence sequence is not of Poisson type, according to Definition 8.2.2.

For this symbol correspondence sequence, however, one could try redefining
Poisson dynamics as the zeroth order term in the expansion of the commutator.
But this clearly does not work either, because



8.2 Asymptotic Types of Symbol Correspondence Sequences 143

n
‘9 _ i+
n .n
crer,

and therefore, using Eq.(7.9), we can see that the expansion in powers of n, or
1/n, of the twisted product YI’I" bl YITZ will be completely messed up, with each
expanding term power dependingon /i + I, — [, for |l — | <[ <11 + b,.

Example 8.2.10. Let W be the symbol correspondence sequence defined by
the characteristic numbers c¢; = C(n,l) =1Ib] — (I — 1)/n', where b are the
characteristic numbers of the standard Berezin symbol correspondence, given by
(6.37). Then, clearly,
c/ /

—— —> — + 0(1/n), as n — oo.
cllclz 1112

Vi i, 1, <<n,

Inserting the above estimate in Eq. (7.9), using Eq. (8.7), we have

lim Y™« Y/
n—oo0 ‘I ¢

I+
QL+ DL+ 0y it b oom
- Z 21 +1 lely,znz,mCO,lOf) E Yl (8.25)

I=|l1—h|
I=l1+13(mod 2)

lim (n[Y/™ «2 Y™ —ym o ym
I ¢ h 53 ¢ h

n—o0

h+1h—1

_ 2L + 1)(212 +1) Iy i "
B Z 20 +1 le,mz,mP(lleZvl)m Y] (8.26)

I=|l1—]+1
I1=l1+1—1(mod 2)

and from (4.44) and (4.51) we immediately see that the first-order expansion in 1/n
of the commutator of *g does not coincide with the Poisson bracket, nor does the
zeroth order expansion in 1/n of 7 coincide with the pointwise product. Therefore,
this symbol correspondence sequence is not of Poisson type, either.

Now, one might think that these two examples above seem ad-hoc and that
more “realistic” symbol correspondences would not exhibit such “exotic” behaviors.
However, the following example, the example of the upper-middle-state correspon-
dence (cf. Definition 6.2.55), is enough to dissipate this prejudice.

We recall that the upper-middle-state correspondence is a mapping-positive
symbol correspondence defined via (6.13) by an operator kernel K which is a J3-
invariant state, so that K¢ is a coherent (family of) state(s).

Thus, the upper-middle-state correspondence and its antipodal, the lower-middle-
state correspondence, belong to the set of “most realistic possible” symbol corre-
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spondences, which are the ones obtained by a coherent (family of) state(s), realizing
quantum expectation values. Furthermore, this particular coherent state is defined in
a simple invariant and n-independent way via Proposition 6.2.59.

Example 8.2.11. Let W be the upper-middle-state symbol correspondence
sequence, which is defined by the characteristic numbers (6.52)—(6.55), or
equivalently, by Proposition 6.2.59. Then, the characteristic numbers of this symbol
correspondence satisfy

lim p'(1/2) = D7 (] hen [ i (8.27)
ninolo p[ = 2[ l/2 , when/ 1S even , .
=0 (+ O0(1/n)), whenlisodd, (8.28)

cf. (6.57), (6.52)—(6.55), and we can easily see that the upper-middle-state symbol
correspondence sequence is very far from being of Poisson type. Same for the lower-
middle-state correspondence, which stands in alternate relation to this one.

Let us expand on this example. First, from (7.1.8), (8.1.1) and Proposition 7.1.15,
we see that the expansion of the twisted anti-commutator [[ , ]], and twisted
commutator [, ], have the asymptotic orders as outlined below:

[ even, even]]. = O(1){even} [ odd, odd ). = O(1){odd} (8.29)

[ odd, 0dd ]], = “On*)"{even} [ even, even |, = O(1/n*){odd} (8.30)

[ even, odd ]]. = O(1){odd} [ odd, even ], = O(1){even} (8.31)
where, following notation of Proposition 7.1.15, [[ even, even ], = O(1){even}

means that the anti-commutator of two even functions is an even function, in
order zero in the expansion in powers of 1/n, and similarly, [ even, even |, =
O(1/n?){odd} means that the commutator of two even functions is an odd function,
in order 1/n?, but vanishes in O(1) and O(1/n), etc., assuming that all even and
odd functions appearing in the L.h.s. and r.h.s. of these identities are O(1).

Note also from (8.27) that the zeroth order expansion of the even characteristic
numbers depends strongly on / (likewise, one obtains from (6.53)—(6.55) that the
first order expansion for the odd characteristic numbers also depends strongly on
1), so that taking the anti-commutator of two even functions, for instance, will not
generally give (twice) the pointwise product of these functions in zeroth order.

Also, the leftmost identity in (8.30) indicates that the anti-commutator of two
odd functions seems to “blow up” quadratically with n, as n — oo, which at first
makes no sense within an asymptotic expansion of the twisted product in positive
powers of 1/n. Thus, we will now provide an interpretation for this term.

To approach an interpretation for this “blow-up”, let us start by focusing on the
correspondence induced on the [ = 1 subspace, with its first characteristic number
ct. Note from Eqgs. (6.53)—(6.55) that we have
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pr/2)=cl =1/yn(n+2)=1/n+ 0(1/n%), (8.32)

so that the symbol correspondence in the [ = 1 subspace becomes

Ln—)c?x, LHci’y, L»—)c;’z (8.33)
Vi +1D Vil +1D Vil +1D
(each J; a (n 4 1)-square matrix), with ¢] given by (8.32), cf. Remark 7.1.7.

At first, one could think that for this correspondence, the image of the Lie algebra
of SU(2) in the space of polynomials, which as a subalgebra of the Poisson-Lie
algebra is generated by the linear monomials x, y, z, would vanish in the asymptotic
limit n — oo (compare with (7.8)). But this is an oversimplification.

In fact we note, upon closer analysis, that the correspondence given by (8.33)
has non-zero right-hand sides for every finite » € N and the limit » — oo is an
asymptotic limit, so that n = oo is never actually realized (see further discussion on
this point in Sect. 8.3). And as we discuss below, the non-vanishing of these linear
symbols is not only relevant, but also has nontrivial consequences.

Furthermore, the rightmost identities in (8.29) and (8.31) are explicit indications
that odd symbols (linear ones included) generate proper dynamics on the whole
space of symbols, in the asymptotic limit (although this asymptotic dynamics will
not generally be Poissonian), and therefore cannot be neglected.

However, we do have the interesting fact that, under the upper-middle-state
correspondence, the linear symbols x, y,z become subdominant in the asymp-
totic limit, in comparison with the even symbols, like xZ, yz,yz, zx, etc., which
are of order zero in 1/n. And in view of (8.27)—(8.28), this subdominance
extends to all symbols that are odd polynomials, in comparison with the even
polynomials.

In this light, we reinterpret the leftmost identity in (8.30) as indicating an
asymptotic phenomenon, which is a kind of asymptotic “algebraic resurgence”,
when two subdominant symbols multiply (anticommute) to become dominant.

So, let us again take a closer look at linear symbols and their twisted products,
under the upper-middle-state correspondence. In order to obtain more precise
formulae for these products, we will follow the same method used for the com-
putation of the standard Berezin twisted product of linear symbols, outlined
before Corollary 7.1.11. Thus, we need more precise formulae for the two first
characteristic numbers. The first one is given by (8.32). For the second, we
have:

1
py(1/2) = ¢} = _Eﬂn , when n is odd , (8.34)

1
—57n (14 O(1/n%) ., whenn is even, (8.35)

where 7, is given in (7.7), that is
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=D +3)
R (8.36)

Notation 8.2.12. Let us now set the following notation:
frg < f=g(l+0(1/n?). (8.37)

Then, following the same method used to obtain Corollary 7.1.11, we obtain:

Proposition 8.2.13. The upper-middle-state twisted product *’]% of the cartesian
coordinate functions {a,b,c} = {x, y, z} are given by

n—Dmn+ 3)a

a *;. b~ — > b+ie,.c, (8.38)
—1 3 1)?
axtianBZDOED o GHDT g3
P 2 2
a*%a—}—b*%b—}—c*%czn(m—i—@. (8.40)

Remark 8.2.14. The = sign in (8.38)—(8.40) is actually an equality (=) when n is
odd, in view of (8.34).

Therefore, by taking anti-commutators and commutators of the products above,
we see them as special cases of the leftmost identity in (8.30) and the rightmost
identity in (8.29). Specifically, the commutator is (the SU/(2) algebra)

[x, y]an = 2iz, (8.41)
P

plus cyclic permutations. Now identifying ij = cix, Wyj =cly, sz = clz,
from (8.33), then the Eq. (8.41) for the Lie algebra of SU(2) becomes

2iW/
v+ 2) ’

which has the same form of the commutator obtained from the standard twisted
product, cf. (7.4), as one should expect, because the Lie algebra of linear symbols
(multiplied by the first characteristic number) equals the Lie algebra of operators.

However, for the purpose of our discussion regarding asymptotic orders of the
products, the relevant fact is that (8.42) has the regular asymptotic order. In the
same vein, taking the anti-commutator of the regular linear symbols, we get

W W]l = (¢])?2iz = ¢} 2i W) = (8.42)

nt+2n—1

i J ~ _ 2
(LW W Dax e ()b +

8ab (8.43)

where the sign ~ is an equality when 7 is odd and §, is the Kronecker delta.
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Therefore, Eq. (8.43) provides an explicit instance of the asymptotic algebraic
resurgence mentioned before, as the symbols anti-commuting on the L.h.s. are each
of order O(1/n), while the symbol on the r.h.s. is of order O(1).

Thus, if we denote by odd the odd symbols with their correct asymptotic order,
which is O(1/n) according to (8.28), then we can rewrite (8.29)—(8.31) as

[ even, even ], = O(1){even}  [odd,odd], = O(1/n){odd} (8.44)
[[odd,odd ], = O(1){even}  [even,even], = O(1/n){odd} (8.45)
[ even,odd ]|, = O(1){odd}  [odd, even], = O(1/n){even} (8.46)

where in the r.h.s. of the rightmost identity in (8.44), for instance, O(1 /’n\)/{gc\lc/l}
means that this term is of order O(1/n) with respect to the order of odd, and
similarly for all the other cases. Therefore, now all identities in (8.44)—(8.46) have
the regular asymptotic orders and nothing blows up.

We emphasize, however, that having regularized the asymptotic orders does not
mean, at all, that the twisted products have become Poissonian in the asymptotic
limit. This was already made clear by considering the leftmost identity in (8.44), in
view of (8.27), and is clearer when considering the leftmost identity in (8.45), which
for just checking Poisson vs. non-Poisson, is equivalent to (8.30).

8.2.3 Refined Types of Symbol Correspondence Sequences

In the last section, we presented various cases of symbol correspondences of non-
Poisson type and, in particular, considered with some care three examples: Exam-
ples 8.2.9 and 8.2.10, as well as the upper-middle-state symbol correspondence,
Example 8.2.11. However, although all these three examples exhibit non-Poissonian
dynamics of symbols in the asymptotic limit n — oo, their symbol correspondence
sequences should not be regarded as having the same asymptotic type.

Namely, the characteristic numbers in Example 8.2.9 satisfy

lim ¢] =0, VI €N,

n—>o0
whereas the characteristic numbers in Example 8.2.10 satisfy
0 < nli,IIoloC;l:C?o < 00, VI €N,
and the characteristic numbers of the upper-middle-state correspondence satisfy
—o0 < lim ¢f =¢° < 00, VI =2q, q €N,

n—o00

lim ¢f =0, VI=2g+1, ¢ € NU{0}.

n—>o0



148 8 Beginning Asymptotic Analysis of Twisted Products

Furthermore, we saw at the beginning of the previous section that generic symbol
correspondence sequences may not have a well-defined limit. In view of all this, it
is necessary to refine our distinction of symbol correspondence sequences.

Definition 8.2.15. Let C : AT(N?) — R*, cf. Definition 8.2.1. The symbol
correspondence sequence W determined by characteristic numbers ¢; = 1,Vn €
N, ¢} =C(n,l), Y(n,l) € AT (N?), is of limiting type if

3 lim ¢ = ¢, VI €N, (8.47)

n—00

and it is of strong-limiting type if, in addition,

3 lim ||, (8.48)

(n.1)1 <n—(00,00)

Remark 8.2.16. In the above definition, the limits are taken in the usual way. Thus,
(8.47) means that, VI € N, 3A(/) € R, s.t. Ve > 0, 3k(l,¢) € Nsit.n > k =
lc} — A(l)] < €. And (8.48) means that, 3n € Rs.t. V6 > 0, 3p(5),¢(8) € Ns.t.
n>l,n>p 1l>q =|c]|—n| <é.

And as we saw before, among symbol correspondence sequences of limiting
type there can be quite distinct limiting behaviors. It is clear from the example
of the upper-middle-state correspondence, as well as Example 8.2.9, that having
some characteristic numbers converging to zero in the asymptotic limit leads to
particularly strong non-classical behavior/dynamics for the symbols.

Therefore, we would like to distinguish some “more tame” types of symbol
correspondence sequences of non-Poisson type. We present the following definition:

Definition 8.2.17. A limiting-type symbol correspondence sequence is of pseudo-
classical type if

0 < lim |¢f| <00,V €N, (8.49)
n—oo
and it is of quasi-classical type if
lim |¢f/| =1,V]eN, (8.50)
n—>oo

while a symbol correspondence sequence that satisfies (8.50) but which is not
necessarily of limiting type shall be called a symbol correspondence sequence of
ASD type (ct. Remark 8.2.20, below).

The symbol correspondence sequence in Example 8.2.9 is of strong-limiting
type, but not of pseudo-classical type, while the one in Example 8.2.10 is of pseudo-
classical type, but not of strong-limiting type. On the other hand, the upper-middle
and lower-middle-state correspondence sequences are of limiting type, but they are
neither of strong-limiting type nor of pseudo-classical type.
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Proposition 8.2.18. Both the standard and the alternate Stratonovich-Weyl symbol
correspondence sequences are of quasi-classical type and of strong-limiting type.
On the other hand, both the standard and the alternate Berezin and Toeplitz symbol
correspondence sequences are of quasi-classical type, but not of strong-limiting

type.

Proof. The first statement is obvious. The quasi-classical property in the Berezin
and Toeplitz cases follow from the expansion (6.38) for b?, that is,

lim b =b° =1,V eN. (8.51)
n—>o00
On the other hand, note from the closed formula (6.37) for b}’ that

lim b =0, (8.52)

n—o0

and thus, Eqgs. (8.51)—(8.52) imply that (8.48) is not satisfied for the standard and
alternate Berezin and Toeplitz symbol correspondence sequences. O

Example 8.2.19. The symbol correspondence sequence with ¢g = 1, ¢f =
C(n,1) =1—1log(1 —((I —1)/n)), I > 0, and the one with C(n,[) = 1 +n~ (1/”
are both of quasi-classical type, but not of strong-limiting type.

Note that every Stratonovich-Weyl symbol correspondence sequence is of ASD
type, regardless of whether it is of Poisson type or of quasi-classical type.

Remark 8.2.20. (i) Inview of Theorem 6.2.21 and Remark 6.2.25, we can say that
a symbol correspondence sequence of ASD type is asymptotically self-dual, at
least for finite /’s (we recall that the set of quasi-classical correspondences is a
proper subset of the set of ASD correspondences, cf. Definition 8.2.17).

In view of Eq. (6.25), this self-duality is an important (classical) feature for
a symbol correspondence sequence. Thus, Eq. (8.52) means that the standard
and alternate Berezin and Toeplitz symbol correspondence sequences loose this
important asymptotic self-dual property if | — oo as n — oo.

(i) On the other hand, from Eqgs.(8.51), (7.45) and (7.90) it follows that the
Berezin transform, given by Eq.(7.92), tends, as n — o0, to the identity on
Poly(S%)<,, when applied to functions which are decomposable in a finite
sum of spherical harmonics (finite /’s). The same can be said, of course, of
its unique positive square root, the Stratonovich-Berezin transform, given by
Eq. (7.96), and their respective inverses, given by Egs. (7.93) and (7.95).

Now, the standard and alternate Stratonovich-Weyl, as well as standard and
alternate Berezin correspondences, which are of Poisson-type, are also of quasi-
classical type. However, it is important to know if/when the converse is true.

Furthermore, as we have seen from Examples 8.2.9 and 8.2.10 and from the
examples of the upper and lower-middle-state correspondences, there are various
kinds of symbol correspondence sequences of limiting type that define asymptotic
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(n — o0) dynamics of symbols which does not coincide with Poisson dynamics,
and therefore it is important to know exactly which ones are of Poisson type.

But in fact, the following are necessary and sufficient conditions for a symbol
correspondence sequence to be of Poisson, or pure-Poisson type:

Theorem 8.2.21. A symbol correspondence sequence W¢ is of Poisson type if and
only if its characteristic numbers c¢j' = C(n, ) satisfy

lim C(n,0) =cf* =1, (8.53)

W is of anti-Poisson type if and only if

lim C(n.l) = cf* = -, (8.54)

and Wc is of pure-(resp. anti)-Poisson type if

lim n(C(n.1)—c®) =0, (8.55)
n—o00

where c° = 1 (resp. c{° = (=1)!), VI e N.

Proof. For the ¢° = 1 case, sufficiency of condition (8.55) follows from Egs. (7.9)
and (8.7) and Corollary 8.1.2. The weaker condition (8.53) uses the fact that the first
term of the expansion (8.7) is commutative, while the second is anti-commutative.
The case ¢/° = (=1)! follows from Proposition 7.1.13.

On the other hand, from Egs. (3.110), (7.9), (8.7), and (8.17)—(8.19), it follows

as in Proposition 8.2.8 that W¢ is of Poisson type, or anti-Poisson type only if,
N N

. . c . c . .
Vi, li,l, € N, either lim nln = 1, or lim nln = (—l)l‘+’2+’, implying
n—>oocllcl2 n—=oocf ¢

2
condition (8.53); that is, either lim C(n,l) = ¢/° = 1, 0or lim C(n,l) = ¢/° =
n—>oo n—od
(-1’ Necessity of (8.55) for the pure-Poisson case follows analogously. O

Corollary 8.2.22. Any symbol correspondence sequence of Poisson type is of
quasi-classical type, but the converse is generically not true for sequences which are
not characteristic-positive (or characteristic-alternate, for the anti-Poisson case).

Example 8.2.23. A symbol correspondence sequence such that

. —1if/ =1 mod3
lim C(n,l) = ¢/° =
00 (. D) =ci 1 otherwise
is a symbol correspondence sequence of quasi-classical type which is not of Poisson
nor of anti-Poisson type (same, of course, if we change mod 3 to mod 4, 5, etc.).

Remark 8.2.24. However, we note that any symbol correspondence sequence of
pseudo-classical type can in principle be “renormalized” to become a symbol corre-
spondence sequence of Poisson type, if the limit of every sequence of characteristic
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numbers is known. In fact, if ¢;/ = C(n,/) denote the characteristic numbers of a
symbol correspondence sequence of pseudo-classical type, then the “renormalized”
symbol correspondence sequence with characteristic numbers y; = c}'/cf* is of
Poisson type, where 0 # ¢ = lim ;.

n—>oo

Finally, even among the symbol correspondence sequences of Poisson type,
we would like to establish some distinctions. One such has already been in use:
Poisson versus pure-Poisson type, distinguishing the standard Berezin and standard
Stratonovich-Weyl correspondences, for instance. However, by comparing these
two we note a further distinction, leading to our last definition, which apparently
expresses the optimal asymptotic conditions for symbol correspondence sequences.

Definition 8.2.25. A symbol correspondence sequence of Poisson (resp. anti-
Poisson) type which is also of strong-limiting type is of Bohr (resp. anti-Bohr) type.
A symbol correspondence sequence of pure- (resp. pure-anti)-Poisson type which is
also of strong-limiting type is of pure-(resp. pure-anti)-Bohr type.

Remark 8.2.26. The standard (resp. alternate) Berezin and Toeplitz symbol corre-
spondence sequences are of Poisson (resp. anti-Poisson) type, but not of Bohr (resp.
anti-Bohr) type (cf. Propositions 8.2.6 and 8.2.18). Similarly, both sequences in
Example 8.2.19 are of Poisson type, but not of Bohr type.

The standard (resp. alternate) Stratonovich-Weyl symbol correspondence
sequence is of pure-(resp. pure-anti)-Bohr type (cf. Propositions 8.2.5 and 8.2.18).

Example 8.2.27. If f(I) = 1 (resp. f(I) = (=1)!), VI € N, any symbol

correspondence sequence with ¢ = C(n,l) = f(I)g(n) # 0, V(n,l) € AT(N?),

is of Bohr (resp. anti-Bohr) type if li)m g(n) = 1, and it is of pure-(resp. pure-anti)-
n o0

Bohr typeif g(n) =1+ o(m™'), n — oo.

Remark 8.2.28. The distinction between symbol correspondence sequences of
Poisson type or Bohr type is manifest in the high-/-asymptotic dynamics of symbols,
that is, asymptotic analysis of the dynamics of symbols when [ — oo as j — oo;
in other words, highly oscillatory symbols and their twisted products.

Due to space and time constraints, in this monograph we shall not study the high-
[-asymptotics of symbol correspondence sequences and twisted products, deferring
this much harder study to a later opportunity.

8.3 Some Final Discussions and Considerations

8.3.1 Discussions on Qur Approach

The attentive reader may, at this point, be asking the following question: since every
twisted j-algebra of polynomial functions is isomorphic to the quantum algebra
of finite (n + 1)-square matrices, while the classical Poisson algebra of smooth
functions is infinite dimensional, how can one pose statements about the n — o0
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limit of twisted products without addressing the problem of passing from finite to
infinite matrices? In other words, we have so far been clever to avoid addressing this
problem, but is this really justified? If so, in what sense?

In this respect, first we point out that various general works from different authors
have studied the passage from finite matrices to infinite matrices and differential
operators on infinite dimensional Hilbert spaces, which, as one should expect, is far
from being a trivial problem, although it is facilitated in the case where all functions
have compact support, as is the case of functions on the sphere.

But, by working directly with the symbols of the operators, we were able to
bypass this subtle problem altogether, in the sense of looking at the 2j = n — oo
limit as an asymptotic limit of twisted j-algebras. Let us expand on this point.

Knowing that Polyc(S?) <, = {¥;"}—1<m<i<n densely approximates C2°(S?) as
n — oo, we treat 1/n, for n € N, as an asymptotic expansion parameter and
look at the asymptotic expansions in this parameter of the expressions obtained
for each sequence of twisted j -algebras, associated to each symbol correspondence
sequence. As long as 1/n # 0, we have n € N and each C-twisted j-algebra
(Polyc(S?) <, *2) is a finite-dimensional algebra isomorphic to the matrix algebra
of the spin-j system. The case 1/n = 0 is never really considered, just as oo is
neither a real nor a natural number. Thus, for each n € N and general Y, 1}17”7 Y,’Z" e

Polyc(S%) <n,
X9 VR Y £
POV R0 Y = Y R Y 2= Y Y £ 0.

c
However, the errors, i.e. differences from zero in the L.h.s. of these expressions,
become smaller and smaller as n increases, if and only if we have VI < n that
|c} — 1] is either zero or becomes smaller and smaller as 7 increases keeping the /’s
fixed (similarly for considering |c}' — (=1)!| in the anti-Poisson case).

In other words, taking the sup-norm in the space of smooth functions on the
sphere, || f|| = sup(] f(n)|,n € S?), then we can rewrite the above expressions as
mi o o mi miymy | Qrapmnme

(7" 2 Y™ 4 Y % Y /2 = YY) = S () . (8.56)

N3

I (V" %2 Y = Y[ Y1) /2 = Y Y| = ALY () L (8.5T)

where S[c];";"2, A[€]]" : N — R* are sequences of nonnegative real numbers
satisfying

1,m2

lim S[E""(n) = lim A[E])"™(n) =0, (8.58)
n—>00 ’ n—>00 ’

for general /1, l5, if and only if the sequence of characteristic numbers ¢} satisfies

the conditions of Theorem 8.2.21, cf. Eq. (8.53) (or Eq. (8.54) for anti-Poisson).
Therefore, if this asymptotic condition on the characteristic numbers ¢} is

satisfied, then we can say that the corresponding sequence of ¢-twisted j-algebras
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approximates better and better the infinite-dimensional Poisson algebra of smooth
functions on the sphere, knowing that for each n € N we are only considering
a finite-dimensional algebra, the ¢-twisted j-algebra (Polyc(S?)<n, *g) which is
isomorphic to the operator algebra of the corresponding spin-j quantum system.

In this respect, our approach is somewhat similar in spirit to the approach
developed by Rieffel [57, 58] that uses the standard Berezin (and Toeplitz) symbol
correspondences to show that the operator algebra of spin-j systems “converges
in quantum Gromov-Hausdorff distance”, as n = 2j — o0, to the algebra
of continuous functions on the sphere (under pointwise product, i.e. concerning
expressions like (8.56) only). Much of Rieffel’s work centers on precisely defining
and proving this metric convergence, for which he relies on the Berezin transform
(see Definition 7.2.32). We note, however, that the standard Berezin (and Toeplitz)
symbol correspondence sequences satisfy Theorem 8.2.21, meaning that the above
necessary and sufficient condition on the characteristic numbers ¢} is satisfied (and
as a consequence, we have Remark 8.2.20 (i), on the Berezin transform).

We should also point out, however, that the asymptotic relation obtained via
Egs. (8.56)—(8.58) under the condition of Theorem 8.2.21, between the sequence of
operator algebras of spin-j systems and the Poisson algebra on S2, is considerably
simpler than any similar asymptotic relation involving the algebra of bounded
operators on Lé(R) and the Poisson algebra on R2, for instance, where both
algebras are infinite dimensional. In such cases, any sequence of finite dimensional
algebras that aims at approximating the Poisson algebra asymptotically also needs
to approximate the operator algebra at each stage, and controlling what happens to
the latter (infinite-dimensional) kernel is another issue.

On the other hand, by working with sequences of spin-j operator algebras and
their corresponding sequences of twisted j-algebras (Polyc(S?)<n, *g), we were
able to discover an interesting phenomenon: although all ¢-twisted j-algebras are
isomorphic for each fixed n = 2j € N, any sequence of ¢-twisted j-algebras that
does not satisfy the condition that all |c}' — 1| are zero or become smaller and smaller
as n increases (or similarly for |c]' — (=1)*]), will not provide a better and better
approximation to the Poisson algebra on S2. Again, this is an asymptotic statement
that is verified for n larger and larger, though always finite.

But, as the generic condition on sequences of characteristic numbers ¢} is the
failure of the condition expressed by Theorem 8.2.21, cf. Eqs.(8.53) or (8.54),
the interested reader could then wonder whether such generic failure of sequences
of C-twisted j-algebras to approximate the classical Poisson algebra can have
measurable consequences. We now turn to this question.

8.3.2 “Empirical” Considerations

In standard quantum mechanics, the operators themselves are not measurable
quantities, rather, measurable quantities are some expectation values which, for spin
systems, are expressed by the Hilbert-Schmidt inner product (3.27), i.e.,
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(P, Q) = trace(P*Q) . (8.59)

In view of Eq. (6.13), the value at any pointn € S? of the symbol W (P) of any
operator P € Mc(n + 1) can be written in the form of Eq. (8.59) as an expectation
value, for any symbol correspondence WE] .

Though most expectation values are quantum measurable quantities, the real ones
are more easily so. Therefore, the value of any real symbol (i.e. symbol of any
Hermitian operator) at any point on S can be assumed to be a quantum measurable
quantity for a spin system. On the other hand, the value of any real function at
any point on S? is a classical measurable quantity for a spin system. Thus, under
this assumption, the results of the previous section on the asymptotic dynamics of
symbols acquire a definite measurable significance.

This is more clearly seen in the case of mapping-positive symbol correspon-
dences. Remind that an operator P = P*, with frace(P) = 1, is a pure-state if P
is the projector onto a one-dimensional subspace and is a mixed-state if P is any
convex combination of pure states. These operators are also called density operators
or (generalized) states of the quantum system. Thus, when P is astateand Q = Q*,
Eq. (8.59) has a standard empirical meaning in quantum mechanics: it measures the
expectation value of the observable Q in the state P.

Now, for mapping-positive symbol correspondences, the operator kernel K in
(6.13) is itself a state, which is a pure state in the case of Berezin correspondences.
And as shown explicitly in the case of the upper-middle-state and lower-middle-
state correspondences (cf. (8.27)), general correspondence sequences obtained via
a coherent (family of) state(s) are not of Poisson type. Therefore these sym-
bols, whose values are standard quantum-measurable quantities, do not generally
behave classically or near classically in the asymptotic limit of high spin (j)
numbers.

However, for still more general symbol correspondences, even if the assumption
on the quantum measurability of every real symbol is considerably relaxed, the
results of the previous section still have far reaching measurability. To see this,
let us focus on a simple instance, namely assume H = H*, A = A*, and set
Q = [H,A] = ihA (cf. (3.87)). Again let P = P*, with trace(P) = 1, be a
generalized state, but now the operator kernel K in (6.13) can be more general and
is not necessarily a state. Then, with H being the Hamiltonian operator, equation

(P, A) = trace(P A) = %tmce(P[H, A)) (8.60)

measures the time derivative of operator A in state P, or the time derivative of the
expectation value of 4 in P (in the Heisenberg picture, see for instance [23]).

For any symbol correspondence WCJ , the expectation value (8.60) can be written
in either of the equivalent forms given by Eqgs. (6.25) and (7.3),



8.3 Some Final Discussions and Considerations 155

1 - . 1 . oo
H’/Mwwwmwz“'/mwwwwmw
4 Js2 € é dr Jg @ ¢z
n+1 j n i j
= - W2 (P) 2 W (H), W (A)]s dS (8.61)
dih Jgo € ctc ¢ ¢
n+1 j j j
= — W2 (P)[W: (H), W2 (A)].n dS (8.62)
drwih Js2 € ¢ ¢ ¢

—_—

where ng is the symbol correspondence dual to ng (see Remark 6.2.25) and
[ng (H), ng (A)],» is the twisted commutator of ng (H) and ng (A).

Now, suppose that all above symbols have well defined j — oo asymptotic
limits of non highly-oscillatory type (decomposable into finite sums of spherical
harmonics). In fact, let us also suppose that the symbol correspondence sequence
of WE] is of quasi-classical type (cf. Definition 8.2.17) and denote by p, h, a the
asymptotic limits of ng (P), ng (H), ng (A), respectively. From the asymptotic
self-dual property of symbol correspondence sequences of quasi-classical type (cf.
Remark 8.2.20), the last expression (8.62) has asymptotic limit

— | plh.aledsS . (8.63)
4 S2

where
1. ,
h.alos = lim 2 [WJ (H). W) (A)].n
n—>oo ih c c ¢

(to directly relate this equation with the ones of the previous chapter, set & = 2,
reminding that, for spin systems, % is always treated as a real constant that can be
omitted by proper scaling and the asymptotic limit is taken by letting n — 00).

On the other hand, from Hamilton-Poisson dynamics, the classical limit of (8.60)
should be

1
— | pth,a}ds, (8.64)
4]T S2

where {h,a} is the Poisson bracket of /2, a. However, if the quasi-classical symbol
correspondence sequence of WZJ is not of Poisson type, as in Example 8.2.23 for
instance, then [/, aloo 7# {h, a} and, in this case, the integrals (8.63) and (8.64) will
in general not coincide.

Similar asymptotics of (8.60) can be performed for other kinds of limiting-
type symbol correspondence sequences which are not of Poisson type, with similar
conclusions. For instance, it is not too difficult to see that, for a characteristic-
positive symbol correspondence sequence WCJ of pseudo-classical type (cf. Defi-
nition 8.2.17), if p, h, a are the asymptotic limits as before, then we have in general
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.o on+1
lim -
n—oo 4ih

[wiey s ds # - [ pihaas.
S2 ¢ T Js2

And this is typical for other instances of quantum expectation values, as well.

On the other hand, in view of Remark 8.2.24, every symbol correspondence
sequence of pseudo-classical type (with characteristic numbers ¢}') can in principle
be mapped to a “renormalized” symbol correspondence sequence of Poisson type
(with characteristic numbers x}), so that none of the measurable idiosyncrasies
discussed above applies to the asymptotics of the “renormalized” symbols.

However, such a “renormalization” requires knowing c;"’ = nll)ngo ¢, VYl eN,

and this may not be the case, or it may be impractical to perform such an “asymptotic
renormalization” on an already pre-established symbol correspondence sequence:
just think again of a generic mapping-positive correspondence, in which case the
symbols are expectation values in a specific coherent (family of) state(s).

Now, recalling that the standard Stratonovich-Weyl and Berezin symbol corre-
spondence sequences are of Poisson type, it would be interesting to see whether the
non-pure-Poisson property of standard Berezin symbols can have nontrivial measur-
ability in low-/ high- j-asymptotics. Furthermore, the identity (8.52) suggests that
their high-/-asymptotics are quite different, in the standard Stratonovich-Weyl and
standard Berezin (and Toeplitz) cases.

But this is a considerably harder question, which could perhaps be better
addressed by using the integral formulations studied in Sect.7.2. However, these
would be much more useful, in this respect, if we had been able to obtain
closed formulae for the integral trikernels under consideration. Therefore, further
investigations in this direction could turn out to be profitable.

An alternative standpoint could be established by obtaining adequate asymptotic
approximations for these trikernels which could be used in high-/ asymptotic
investigations. A possible approach to this goal is to introduce appropriate ;-
dependent scalings on the spheres so that, in the n — oo limit, spherical patches
tend to the symplectic plane and the spherical trikernels tend to well-known affine
ones in small neighborhoods. In terms of the symmetry groups, this path leads to
a contraction of the Lie algebra of SU(2) to the Lie algebra of the Heisenberg
group. Some work along these lines has been carried out in the context of the
group SU(1, 1), instead of SU(2), where, by first performing a contraction of the Lie
algebra and later performing a “quantized decontraction”, some closed formulae for
trikernels on the hyperbolic plane have been obtained [15]. One wonders, however,
if the completely different topologies of SU(2) and the Heisenberg group can allow
for any useful outcome of this kind of procedure, in the spherical case.

Another approach is to use other asymptotic formulae for the Wigner 3jm and
6j symbols, that can be used to obtain high-/ asymptotic approximations of the
products and/or the trikernels. Particular formulae for these Wigner symbols are
known in the asymptotic limit when the I’s tend to oo linearly with j, that is, keeping
all fractions / /j fixed. The respective nonuniform formulae have long been known,
cf. [55], but uniform formulae are also known, cf. [3, 4]. Still another approach
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is to work with the integral formulae for the trikernels, which were obtained in
Sect.7.2.3, either to obtain asymptotic formulae for the trikernels themselves, or
directly to the products of highly oscillatory functions.

Finally, we end this subsection with an important clarification of its context:
at this point, all of the above “empirical” considerations are purely theoretical
and whether any of these can eventually be actually observed in a real physical
laboratory in some possible future, is at present totally unknown to us.



Chapter 9
Conclusion

Since the work of Bayen, Flato, Frondsal, Lichnerowicz and Sternheimer on
deformation quantization [9], much emphasis has been placed on a class of problems
initially known as quantization of Poisson manifolds. At first, the deformation
quantization program, which started in [9] but was inspired by the much older
work of Moyal [50], seemed to promise a definitive approach towards a precise
mathematical relationship between quantum and classical mechanics in a unique and
general setting. And soon, approaches to invariant deformation quantization were
set forth, as the early work of Bayen and Frondsal [8] on the formal deformation
quantization of the 2-sphere. Moreover, this promise of a general formalism showed
itself stronger after the works of Fedosov [29] and Kontsevich [42], thus inspiring
many to enlarge the program to ever more general settings.

However, as could have been clear from the start of the program, already for
the case of affine symplectic spaces, the deformation quantization approach is not
so well suited to handle highly oscillatory functions. These are common in some
WKB semiclassical approximation of certain types of operators in ordinary quantum
mechanics, particularly projectors or evolution operators in the Weyl representation
(see the discussion in [60] and a related question in [59]).

Furthermore, the promise of a very general framework for quantization took
a hard blow with the work of Rieffel [56], based on the work of Wassermann [80],
which showed that, in the simple case of the homogeneous 2-sphere, any SO(3)-
invariant “strict deformation quantization” of S? has to be isomorphic to some
SU(2)-invariant finite matrix algebra, or some sequence of SU(2)-invariant matrix
algebras in reverse order, i.e. of finite dimensions decreasing from infinity. Here,
by strict deformation quantization, one should understand a closed associative
noncommutative algebra in some function subspace of Cc(S?), with all the required
properties of a deformation quantization. Thus, in particular, equations analogous to
(8.17)—(8.20) have to be satisfied (see [56] for more details; see also [18,44]).
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In this way, once again one could not simply dismiss an understanding that
the path from classical to quantum mechanics can be quite more subtle than
straightforward, and quite more peculiar than generic.

On the other hand, the path from quantum to classical mechanics has often
been thought to be unique, at least in principle. Despite the various methods
of semiclassical approximation in affine mechanical systems, these have often
been thought of as different approximations pertaining to an underlying unique
limiting procedure. Thus, it is commonly believed that semiclassical approximations
to the Weyl-Wigner formalism should, for instance, not be essentially different
from semiclassical approximations to the coherent-state formalism, as the two
approximations are commonly believed to be empirically equivalent.

The case of spin systems studied in this monograph shows that, on the contrary,
the path from quantum to classical mechanics is very far from being unique.
Different symbol correspondence sequences yield different semiclassical limits,
when such a limit actually exists, which does not always happen.

Therefore, a generic symbol correspondence sequence defines a “quantization
of S2 in reverse order”, i.e. from quantum to “classical”, or better a sequence of
“fuzzy spheres”, in the sense of defining a sequence of function algebras satisfying
Proposition 7.1.3, what we have called in this book a sequence of “c-twisted j-
algebras”. However, generically this is not a reversed-order deformation of the
classical sphere, in the sense that to be a reversed-order deformation of the classical
sphere Eqgs. (8.17)—(8.20) must also be satisfied.

Only a subclass of symbol correspondence sequences yields Poisson dynamics
on S? in the asymptotic 7 — oo limit. This subclass, the subclass of symbol corre-
spondence sequences of Poisson (or anti-Poisson) type, realizes strict deformation
quantizations of the classical two-sphere in reverse order. To this subclass belong
the standard and the alternate Stratonovich-Weyl, as well as the standard and the
alternate Berezin symbol correspondences, which are the spherical analogues of the
Weyl-Wigner and the (standard) coherent-state representations of affine quantum
mechanics, whose classical limits yield Poisson dynamics in affine symplectic
space, at least for non-highly-oscillatory functions (cf. [60]).

Thus, it is important to emphasize that symbol correspondence sequences
outside this subclass define symbolic dynamics on S? which in general will not
be empirically equivalent to Poisson dynamics in the asymptotic n — oo limit.
This includes general cases of isometric symbol correspondence sequences and
(mapping-positive) symbol correspondence sequences defined via coherent states,
even those which are defined in simple and n-invariant ways, as is the case for the
upper and lower-middle-state symbol correspondence sequences, for instance.

On the other hand, further investigations are in order, to assert the possibility of
empirical distinctions within the subclass of symbol correspondence sequences of
Poisson type. In this respect, we could benefit from a more detailed asymptotical
comparison between the standard Stratonovich-Weyl and the standard Berezin (and
Toeplitz) symbol correspondence sequences, particularly from the point of view of
possible quantum measurability of their distinctions.
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This could take the form of: (i) understanding possible measurable consequences
of the higher order terms in the expansion (6.38) for the standard Berezin character-
istic numbers, in low-/ high-j asymptotics, or:

(ii) some substantial understanding of the high-/ asymptotics of these correspon-
dences, since (8.52) is an indication that the high-/ asymptotical dynamics of the
standard Berezin (and Toeplitz) symbol correspondence could be distinguishable
from the high-/ asymptotical dynamics of the standard Stratonovich-Weyl corre-
spondence (or some other symbol correspondence sequence of Bohr type, arguably
the “best asymptotical type”, of which the standard and alternate Stratonovich-Weyl
correspondences are the supreme prototypes).

Considerable help for (ii) could come from obtaining closed formulas for these
trikernels, which we haven’t yet been able to acquire, but a less ambitious goal
would be deriving adequate asymptotical expressions for these trikernels which
could be used for investigating (ii).

Finally, we close our present study with a more philosophical conclusion, perhaps
the most important conclusion of this monograph.

It has long been recognized by many, mainly physicists but also mathematicians,
that quantum mechanics “carries more information” or “is actually bigger” than
classical mechanics, meaning that one cannot produce full quantum dynamics
unambiguously, solely on the basis of classical data (the problem of strictly
quantizing the sphere mentioned above being an instance of this general principle).

However, the abounding existence in spin systems of symbol correspondence
sequences of non-Poisson type means that, in order to guarantee classical Poisson
dynamics of spherical symbols, some limiting constraints must be placed upon the
symbol correspondence sequences. In other words, classical information must be
added to the quantum data, as well. This fact brings forth the realization, for spin
systems, that a full consistent theory relating quantum and classical mechanics is
actually bigger than either of these two theories alone.



Chapter 10
Appendix: Further Proofs

10.1 A Proof of Proposition 3.2.6

We shall derive the coupling rule (3.45) and its inversion (3.46) by formal reasoning
with the Clebsch-Gordan coefficients. Starting from the formula (3.40), let g €
SU(2) act on both sides, which yields (with m = m 4+ m;)

> D] DR jape) =Y CiRd N DI (rj)js) - (10.0)
J M

M1 p2

Now, substitute the expansion of type (3.44) for the coupled basis vector |(j1 j2) jit)
in (10.1) and obtain (with u = u| + pb)

> D] DR ) =YY Cill’,jyﬁ;{mc,f%:ﬁ;,j#Dﬁ,m |1 jams)
M2 VETANTA
(10.2)

_ Juizd iz i i ;
= § : Colmsm City i Piom 111 J212)
Hip2

where the last expression follows from the second by the change of notation

Wi — ;. Since both sides of (10.2) are linear combinations of the uncoupled basis,

corresponding coefficients are identical, consequently formula (3.45) must hold.
Next, by applying g € SU(2) to both sides of the formula (3.44),

> oD Gy =Y Citld N Di L DR L i japa)
1% mi 1,2

=D Gt 22 Dl Dl 22 Citfe |G o)kia)
mj k

M1 p2
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Now, choosing k = j and fixing the value of w, comparison of the coefficient of
|(j1j2)ju) on both sides of the previous identity yields

V- E J1 J2 E : JuJ2d g2
Dltsm - DulﬁmlDltzsmz Cltlﬁltz,#cml,mz,m
1,42 mi

which is, in fact, the identity (3.46) since only terms with (1, = p — p; can give a
non-zero contribution.

10.2 A Proof of Proposition 3.3.12

The parity property for the product of operators, Proposition 3.3.12, follows straight-
fowardly from the product rule for the coupled basis of operators, Corollary 3.3.22,
and the symmetry properties of the Wigner 3jm and 6j symbols, as stated at
the end of Chap.2. However, it is possible to prove the parity property in an
independent way, which highlights the large amounts of combinatorics that are
encoded in the Wigner 3jm and 6 symbols. Thus, we now present this direct proof
of Proposition 3.3.12, namely the parity property for the matrices

E(m) = (=1)! uf,,,e(l.m)

introduced in Sect. 3.3.2. This independent proof was worked out in collaboration
with Nazira Harb.

First, we need some preliminary results. For greater clarity, we shall use the
following notation:

A=JreAl),B=AT = J_e A(-)). (10.3)

so that all matrices in Mgr(n + 1) are expressible as linear combinations of
monomials or “words” in the letters A and B. Observe that each monomial

P = A“Bb A2 B A% B q; > 0,b; >0 (10.4)
is an m-subdiagonal matrix for some m in the range —n < m < n,
P=(x,x . X )m k=n+1—|m| (10.5)

with nonnegative entries x;. We shall refer to m as the weight p(P) of P, and
consequently the monomial (10.4) has weight

m =,U,(P) = Za,’—Zb,’.
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In particular, u(PT) = —u(P), u(A) = 1, u(B) = —1, and diagonal matrices has
weight zero. Moreover,

w(PQ) = u(P) + pn(Q), trace(P) #0 = pu(P) =0.

We shall also compare a monomial with its reverse monomial, namely the reverse
of X in (10.4) is by definition

P = B A% .. B A% P 44 (10.6)

Lemma 10.2.1. A monomial matrix (10.4) and its reverse (cf. (10.6)) are related as
follows;

P = (x1, %2, ... X )ms P™ = Xk, Xk—15 -+ .. XD

In particular, trace(P) = trace(P'™").

Proof. Define the height of the monomial in (10.4) to be the number #(P) =
Za,- + be' We shall prove the lemma by induction on the height (rather than

weight). The lemma holds for monomials of height 1, namely A and B, which are
their own reverse. For example,

A= (a;,a2,...,0)1, €] =0y, 00 = Ay_1,.... (10.7)

Now, assume the lemma holds for all monomials of height %, and let ¥ be a
monomial of height 2 + 1. Then Q = AP or BP, say Q = AP where P
is the m-subdiagonal matrix (10.5) and 0 < m < n. By assumption, P™ =
(Xk, Xk—1, - -.,X1)m and we calculate

0 = (a1x2, X3, -+ o, =1 Xp)m41, O = P A = (Cm41Xk, Cm42Xk—1, - - s O X2) 41
By the symmetry of A illustrated in (10.7), the lemma also holds for Q. The case

Q = BP is similar and hence it is omitted. O

Now, we turn to the proof of the parity property. The two cases (i) and (ii) of
Theorem 3.3.12 are similar, so let us choose case (i) and give a detailed proof, which
amounts to showing the following inner product:

(E(I,m),[E(ly,my), E(ly,m)])
- Fzmllill%z(_l)wﬁk (1 - m) (11 - ml) (Zz - mz)
k=0 i=0 =0 k i J

_{trace(AkBlAl—m—kBll—ml—iAl]Blz—mz—j+iAIZBj)
—trace(AkBlAl_m_kBlz_mz_jAlzBll_ml_i+jAllBi)}
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vanishes when we assume / = [; + [,(mod2) and m = m; + m,. The vanishing
of the inner product is immediate when m # m; + m, since each E(I,m) is an
m-subdiagonal matrix. Thus, for the proof, let us consider separately the two cases:
either [ — m is odd or [ — m is even.

First, assume / — m is odd and divide the summation over k into two sums:

I—m (I—-m—1)/2 1—m
S=Y[.0=S+%= Y [.J+ > [.]
k=0 k=0 k=(—m+1)/2

In the second sum we make the substitution (k,i, j) — (¢,r,s) by setting t =
l—m—k,r=1—my—i,s =1l —my— j;in particular

i+j+k=0-m—-t)+Ui—mi—r)+ (a—my—s)=r + s+ t(mod2)
because of the assumption / = /| + /. Consequently, the second sum becomes

SEEEer ()

t=0 r=0 s=0

. {trace(Al—m—l‘B AZ‘BI‘All Bll—m1+S—I‘AIZBlz—m2—S)
— trace(A'™"' B' A B¥ AP BT AT gh gl Ty,
and by the change of notation (¢, r, s) — (k, i, j) in the expression X, we can write

lml

Li—m lp—my
=Y Y S 1)1+z+k( )(ll—iml)<lz—jm2).{...}

k=0 i=0 j=0

where

{...} = {trace(A* B! A==k ph=mi=i gh gh=m=j+i g pJ)
— trace(A* B! Al=m—k glr=ma=j g gli=mi=i+j gl piy

+ trace(A'~" K B! A¥ B Al phimm+i=i gl gh=ma=jy

— trace(Al_m_kB’AkBjAIZ Bl—ma—j+i gh Bll—ml—i)}

= {trace(A* B! A'="=k plimmi=i gl ph=ma=j+i gl pJ)

— trace(B7 AP Bl2=m2=i+i gl ph=m=i gl=m=k pl gk

+ trace(B' A BhmmHi =i gl glhmma=j gl=m=k gl 4k

— trace(A* B! '~k glama=i g ph—mi=i+] gl piy
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To obtain the last expression of {...} we have rearranged the four trace terms of
{...} in the new order 1, 4, 3,2, and we have also made use of the cyclic property
of the trace. Now, it follows from Lemma 10.2.1 that the expression {. ..} vanishes
identically, for each triple (k, i, j) of indices.

Next, if / — m is an even integer, we break the sum X over k into two sums X

and X,. In the first sum, k = 0,1..., ’_Tm — 1, plus the first trace term of {...} in

(10.4) for k = I_Tm (and summation over i, j, of course). In the second sum, k =
I_Tm + 1,...,1 — m, plus the second trace term for k = I_T’” Then the proof of
the vanishing of ¥ follows analogously, and this completes the proof of property
(i). Property (ii) is proven analogously.

Finally, to complete the proof of Theorem 3.3.12 it remains to show that
the product E(ly,m)E(l;,m;) is a linear combination of terms E(/,m) with
L =bL| <l <L+

But, in the linear expansion of the product, a typical term E(/,m) belongs to
the matrix subspace Mc(¢;). The operator A = J4 acts as the derivation ady4
on matrices and leaves the subspace invariant, so by repeated application the term
E(l,m) is mapped to non-zero multiples of E(/,m’") with [m’| < [. In particular,
if the expansion has a term E (I, m) with [ > [{ + [, say [ is maximal, application
of the operator A will map the expansion to a non-zero multiple of E(/,[). On the
other hand, the above product is an m-subdiagonal matrix and the action of A yields
m’-subdiagonal matrices with m’ at most equal to /; + /5. This is a contradiction.

Next, let us assume /; > [, and suppose the expansion has the term E (I, m)
where [ lies in the range 0 < [ < [} — [,. Application of A to this term can only
yield terms E(/,m’) with m’ < [. However, application of A4 to the product also
yields the term E(Iy, 1) E (I, my), which is m’-subdiagonal with m’ = [} + m,. On
the other hand,

m =l+my>1—0>1

and this is a contradiction.

10.3 A Proof of Proposition 3.3.24

Proposition 3.3.24 follows straight from the explicit formulae (3.108)—(3.109).
However, it is interesting to see how it can be obtained directly from the general
Eq. (3.103) defining the Wigner 6 symbol, as shown below.

Thus, we start from the following formula, which is a particular case of (3.103):

I I 13} 3 +tetd
R E (=D~ (10.8)
{] J J

() Gs) (Gra) G20)
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where, again, the sum is taken over all possible values of «, 8, ¥, 8, €, ¢, and only
three of these are independent. Therefore,

h 13 lz} A8+
C 0= -1 (10.9)
{] JJ Z( )

(L BLY (L] ] JBJN(] ]k
o By o € —¢/ —§ B ¢ § —y' )"

Using (3.95) and re-naming o’ = «, 8’ = y, y’ = B, from (10.9) we get

77

‘(111213)(111' J )(/ jl3)(j12 j)
aBy)\ae—¢")\-8¢y)\&Bp—€)"

Renaming §' = -6, € = —¢ , ¢’ = —¢, from (10.10) we get

% I I3 lz} _ Z(_1)3j+8/+e/+¢/+/1+212+2/3+4j (10.10)

{ P lz} _ Z(_1)3j—8—e—¢+11+212+213+4j (10.11)
JJ
(LB (L J JN(JJBY(J L
apBy a—¢ € §—€y -5Bo)’
Again using (3.95), from (10.11) we get

{ Lz lz} _ Z(_I)Sj—8—6—¢+211+2Iz+213+6j (10.12)
JJJ

(LB (L] J JLiN(JJh
aBy)\eae—¢p)\-8B¢)\5—cy)’
But (_1)3j—5—6—¢+211+212+213+6j — (_1)3j+8+6+¢(_1)2(11+lz+l3+2j)(_1)2(j—5—5—¢)
and (—1)2(+e+56+2)) = (—1)20=8=¢=9) = | 5o the values of (10.12) and (10.8)
are identical.

Similarly, permutation of any other two columns in (10.8) leaves the value
invariant.

10.4 A Proof of Proposition 4.2.8
The calculation for the decomposition of the Poisson bracket

my ymy| _ (_1)ll+lz l1—m N plh—my =\
YY) {J07M (x + iy)", T2 (x + i)} (10.13)

Allqml /\lzqmz



10.4 A Proof of Proposition 4.2.8 169

can be considerably simplified by the appropriate choices of coordinates on R?,
perhaps also complex coordinates since the functions are complex. Thus, in addition
to (x, y, z) and spherical polar coordinates

(p,9.0) : x = psingcosh,y = psingsinb,z = cos ¢,

following [30] we shall also express the various vector fields (or infinitesimal
operators) in terms of the coordinate system

u,v,z2) u=x+iy,v=x—iy, 7=z (10.14)
(the main difficulty with using only spherical polar coordinates for this calculation
lies in handling the derivatives of the associated Legendre polynomials).

Now, via the action of SO(3) on R? the angular momentum operators J; act as
derivations of functions, yielding the following (complex-valued) vector fields

J1 = i(z% — ya%) = i(sin@% + cotg cos 9%),

ad ad ad ad
i(x— —z=—) =i(—cosf— + cotgsinf—),

fo=ilog — a5 g 96
J3:i(y%—x%) :u%—v%:—i%, (10.15)
Jy=Ji+il, = 22% — ua% = e”(% +i coupa%),
Jo=J—il,= —k% + va% = e‘ie(—% +i cow%),

which are also tangential to the unit sphere S? = (p = 1). Let us also express the
coordinate vector fields of the system (10.14) in terms of spherical coordinates

R P gl e 9

au—z(sm(pe 3p+COS¢e p ¢ psin<p39)’

I ol 9 el 9

— == — —_——t — ), 10.16

P 2(sm<pe Bp—i-cosqoe p8<p+psin<p89) ( )
10

— =CosQp — —sing——.

0z ap p o

In particular, along the sphere S? these operators also have a component in the
normal direction a%, which is simply ignored when we calculate the Poisson bracket
(4.8) on S2. The following lemma turns out to be very useful.
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Lemma 10.4.1. The Poisson bracket {F, G} on the 2-sphere can be expressed by
the formula

oF oF oF
IF.G} = (5 )U+6) + (5)(-G) + (a_z)(J3G)' (10.17)

Proof. Ttis straightforward to calculate the right-hand side of the identity in terms of
the coordinates (¢, 6), using the expressions (10.15) and (10.16). Then one arrives
at the expression (4.8) multiplied by i. O

The spherical harmonics Y," are generated by the successive application of the
operator J_ to the monomial #, and calculation of their Poisson bracket (10.13)
amounts to applying operator products of type %Jﬁ and %Jﬁ to u'. However,

since the commutation relations between J* and ai or % are rather intricate,

the coordinates (10.14) suggest themselves as more suitable for calculation of the
bracket of these particular functions.

In fact, the operator % commutes with J_. This is, indeed, the motivation for
the above lemma, cf. also formula (B14) in [30]. Using the expressions (10.15) the
following commutation identities are easily proved by induction;

d d 0 d
—J =g kT k(- 1) T —
av av 0z ( ) ou’
d 0 0
—Jk =gk = k! J3 Ik =gk g — k.
0z 0z u’
Consequently,
d 1 /21 +1
d 1 21 +1 .
=3 \/(1 —m)(l —m — YT,
d 2l + 1 m
% /= =1 (+ml -mY",,

J_Y" = (I +m)l —m+ )Y

LY = U —m)d +m+ DY LY = my)

and substitution into formula (10.17) yields
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1 2l +1
s yymoymel D
I{Yll 7Y12 }_2 20 —1

VU =m) U = my = D)+ mo)(l —my + DYy

1 2 +1
2\ 2 -1

Vi +m) (I +my— D)l —mo)(l +ms + 1)}’1:'1_11_11’1;"2“

[21, +1 o
+ 2111 — ma/ (I —my)(h +m)Y" Y

Combining this with the product formula (4.44) we arrive at

Lh+h—1

ymi ym CL+DCLAD) 10 pi—100

ifrryel =y T Cono MBI (108)
I=|l =l +1
I=h+h—1

where m = m; + m,, and

1
Pt = 5V = m) = my =D + ma) (2 —ma + DC, T

mp,my,m mi+1my—1,m

1 _
— 5Vl +m) U+ m = DG =mo) B+ my + DCT

+ma/ (= m)(l + m)Cyl (10.19)

(We mention that Eqs. (10.18)—(10.19) can be put in a more symmetric form by
writing similar equations for {Yl'z”z, Yl'l'”} and using the skew symmetry of the
Poisson bracket to write {Yl’l’”, Yl’z"z} = % ({Yl’l’“, Yl’z"z} — {Yl;’”, Yl:'”}))

Now, in order to obtain (4.51) we use equivariance under the group action. Let
us introduce the symbol

Ch+1DCL+1) . —1h1 p—
Kt = DD i 0o

From Eq. (4.45), we have on the one hand
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vy Iy lzmz}_ ZDQI ml(g)Dllfzmz(g){Yll’Ml’le’uz}

1,02

Z DMI ml(g)DM mz(g)K/ltll,{lzi’;M Ylsﬂ ’ (10'21)
Hasp2,l

where we have used (10.18) and (10.20), with summation in / under the appropriate
restriction indicated in (10.18). On the other hand,

g g _ I, I, 1 g
{Yllsml’ leﬁmz} - ZKml my,m Y

=Y Dl (@KLl Y, . (10.22)
I

But by the coupling rule, Eq. (3.45), we can rewrite Eq. (10.21) as

vy

li,my? /2m2

Z chbl chbl D/[L//,m/(g) Khi bl Y- (10.23)

iz, p an.,mz.,m’ JA1, 25
w2l

Then, using the orthonormality relations (3.43) of the Clebsch-Gordan coefficients,
we conclude that “solutions” of (10.22) = (10.23) are given by

Khb b — B L ) (10.24)

mi,my,m mi,mpym °

where, in principle, F could be any function of [, [, /. However, writing

Pl — \/(211 + 1)L+ 1) P )

2l +1

and substituting (10.24) into (10.20), we see that the function P(l1,[5,[) is
determined by

Cé}(;()l lzlPll Lbt _ Cll I, 1 P(l],lz,l) ) (1025)

mi,mpym mi,mjp,m

Now, first we note that the Lh.s. of (10.25) vanishes if /; 4+ [, 4+ [ is even (cf.
(4.50)), and therefore

P, 015,1)=0,ifl; + I, + [ is even, (10.26)
which agrees with the sum in (4.51) being restricted to [ = /; + [, — 1 (mod 2).
Second, we note that Eq. (4.2.6) must hold for any values of m; and m;; thus, in

particular, for m = m| + m, = [ and m; = /; we have that

Cooo ™ Pl =B P D) (10.27)
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The Clebsch-Gordan coefficient Cé}(; 01 2! has the closed formula given by
Eq. (4.49), with [ replaced by /; — 1, but similarly, the Clebsch-Gordan coefficients
C ,lll”,izl’l ,[1 also have a well-known simple closed formula (cf. [74]):

nbi \/ QNI+ 1)! (10.28)

W\ + L+ 1+ DU — b+ DY

Then, Egs. (10.27) and (10.19), together with Egs. (4.49) and (10.28) straightfor-
wardly yield Eq. (4.52), when /1 + [, + [ is odd.

10.5 A Proof of Proposition 6.2.34

The formula (6.37) in Proposition 6.2.34 follows directly from Eq. (6.36) and the
explicit formulae (3.47)—(3.49) for the Clebsch-Gordan coefficients. Nonetheless, it
is interesting to see how it can be obtained more directly and independently of these

formulae.
To begin with, for / = 1 we have by (3.15) and (3.68)

e(1,0) = L [J-,e(1,1)] = ; [J+,J-] = £J3.
B B 231

and consequently

b= | ——.
n+2

We shall work out the general formula

: 1
e/ (1,0) = ———=x?x?...x}, where x; = Vk(n —k + 1), (10.29)
pi+/ (20)!

and then, formula (6.37) follows immediately from

2,2 2
" n+1 x7x5...%;

PV T e

(10.30)

So, let us focus on this formula, which can be proved by induction on /. The
underlying calculations are simpler by working with the matrices E(/, 0) rather than
the normed matrices e(/, 0), so let us illustrate the idea by taking / = 3 and formally
calculate subdiagonal matrices
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A= (x1,%x2,....,%)1, B =(x1,x2,...,X1)—1,

A2 = (V1. Y20 oo Vnm1)2s Vi = XXkt

A= (21,220 Zn2)3 Tk = Xk42 Dk = Xk X1 Xk 42,
E(3,2) = [B, A’] = (u1,ua, ..., Up—1)2, ] = —X32] = —X1X2X3,
E@3,1) =B, [B,A3]] =V, V2, ..., W)L, VI = —XoUp = xlxgxg,

E(3,0) = [B.[B.[B, A'll = (w1, w2, o Was1)os Wi = —xiv1 = —x]x33.
Thus, the first entry of the diagonal matrix E(/, 0) is seen to be
E(,0), = (—1)’x12x§ e x,z,
and on the other hand (cf. Sect. 3.3.2)

(1)
10

e(l,0) = E(l,0), (10.31)

where by (3.77)

W= wvVIehEI-D@I-2)...(1+1) = /@)

is the norm of E (I, 0). Now, formula (10.30) follows from (6.35) and (10.31).

10.6 A Proof of Proposition 6.2.54

We have to show that pj'(1/2) #0,Vn =2j €N, VI =1,2,--- ,n. But
pi(1/2) = (b ([j +1/2D + b/ ([ + 1]1))/2, (10.32)

where b7 ([j + 1/2]) and b} ([j + 1]) are the characteristic numbers of the Berezin
pre-symbol maps defined by projectors Ily = II[;41/5 and IIy = IIj;4q,
respectively.

Starting with the case [j + 1/2], when j is a half-integer, k = [j + 1/2] =
j + 1/2.Inthis case, m = j —k + 1 = 1/2. When j is an integer, k = [j +
1/2] = j.Inthis case,m = j —k + 1 = 1. Therefore, from (6.47) we have that

o . n+1 P . .
bI([j + 1/2]) = (=1)/71/2 241 1;2,]_'11/2,0 7 +12l=5+1/2,
. 1
— N e i = (10.33)

2l +1
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The case [j + 1] only differs from the case [j + 1/2] when j is an integer and
thenk =[j + 1] =j + l,sothatm = j —k + 1 = 0. Therefore,

bi([j +1D =b/(j +1/2) . [ +1]=j +1/2, (10.34)
N R . .
= (1)) ;1+1C°*]°’»°]’1’U+1]=J+1'

From (10.33) and (10.34) we arrive at the following explicit expressions for the
characteristic numbers in (10.32), namely

- g o . .
(=112 3L Cly 100 =b](j +1/2) , j half-integral

pi(1/2) = e . . o
(=1 /5 (%(_Clj,fl,o"'coj,bj,b)) » J integral.

In both cases for pj'(1/2) as above (for n even or odd), there are different
formulas for the Clebsch-Gordan coefficients in (10.33), depending on whether / is
even or odd, and they are related by well-known recursive relations (cf. Section 8.6
in [72]) which enable us to express p;(1/2) as a certain multiple of a Clebsch-
Gordan coefficient of type Céfd{(2)”3 with (/1 + I + I3) even, so that we can use
(4.49).

So let us consider all four cases separately. For the case n odd (j half-integer),
we obtain from formulas (18) and (19) in section 8.6.3 of [74], that

Cciil Vin—Dn+1+ 1)Cj—l/2,j—l/2,l
1/221/2.0 w1 0, 0, 0

Cj’j’l \/l(l"‘l)

1/2-1/2,0 — n+ 1

, nodd, [ even, (10.35)

PPV nodd, 1 odd, (10.36)

while the case n even (j integer) and [ even is obtained from formula (7) in
section 8.6.2 of [74] as

200+ 1) —n(n+2)
n(n + 2)

Clqj_’ljy’ol = CO{;)’:’OI , neven, [ even, (10.37)

and in the case n even / odd, a closed formula for C 1]_ 1’ ’Ol is obtained by combining
formulas (9), (18) and (19) of section 8.6.3 in [74], yielding

2\/(n —Dm+1+ DI+ I)Cj’j_l’[
nn 4+ 2) 0,0.0

ol =  meven, lodd.  (10.38)

We also recall that in the j integral (n even) case for (10.34), the only nontrivial
case is when [ is even. Now, combining (10.32)—(10.38), we obtain
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- -Dn+1+1) 1/2,j—1/2.1
n1/2) = (—1)/ 1/2 ( J— / ] / dd
pi(1/2) = (=1) \/ n+ @l +1) Cy, , nodd, / even,

i I(+1 i+1/2,j—1/2.0
— (—1)/"12 LRI 6dd, 1 odd,
O e @ o0 nodt no
. 1 I(I+1 ;s
= (—1)/ ,;l_:— ; (1 — ngn-:— 2))) C&b{’é , neven, [ even, (10.39)

o [nF V=D + T+ DI+ )
= =1 \/2l+1 n(n+2)

-1l
COJ{) o » neven, [ odd.

Thus we observe by direct inspection that p}(1/2) # 0 in all possible cases,

being always a non-zero multiple of a Clebsch-Gordan coefficient of type Cé‘ol(z) 13,

with (I; + [, + [3) even.
Finally, Egs. (6.52)—(6.55) follow straightforwardly from (10.39) and Eq. (4.49)
for the Clebsch-Gordan coefficient of type Cé}(;{(z)’l".

10.7 A Proof of Proposition 7.1.6

Proposition 7.1.6 follows from (7.10). But it can be proved more directly, without
resorting to the formulas for the Wigner product symbol, as follows.
From the identities (4.30) we deduce the following formulae:

—1 1
x=—=11—Y1-1), Y——(Y11+Y1—1)Z— —Yi0.

V6 V6 V3

8
(x £iy)* = \/1—5Y2,i2,xy f(Yzz— Yo0),x* —y? = \/ (Yzz + Y o).

Therefore, recalling the definition of the coupled standard basis {e(/,m)}, the
symbol correspondence

Wi poe(l,m) <— Yim

yields the specific correspondences

I o I o 1 o
x> —"(A44+B),y = —"2(—4+ B),z = — 2 (AB — BA),
V6 1t Y V6 1t ) V6 1 )

—7 2
\/l—u (A2 = B?),x* —y? «— ,/E%(AZJFBZ), (10.40)
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where we have used the notation A = J4, B = J_. Consequently,

| .
X*Yy(_)%%(AJFB)%%(_AJFB)
V30 ' 1
= V30 Mo L Moup

n(n +2)po /30 pa \/n(n +2) V6 1

<« —mﬂz (xy) + ! b4
nn +2)po Y Vn(n +2) .

This gives the product formula (7.4) for (x,y,z) = (a,b,c), and similarly one
verifies the formula for a cyclic permutation of the coordinate functions.
On the other hand, by (3.14)—(3.15) we also have

2 2 2
x<—>—@J1,y<—>—&J2, Ho
1

e g (10.41)
V6 N

which by (3.3) yields

X xFy Aty foall g P+ JP+IDH =1,

4
nn+2)
and this proves the third identity (7.6).

Finally, let us calculate the three products a * a, fora = x, y, z, from three linear
equations relating them. To this end, we start with the correspondences

/3 /3
At —(x+iy),B<—>& —(x —iy)
Ho ¥V 2 wo ¥ 2

3 2
A2+BZ<—>L21(x*’l’x—y*’l’y).
0

which yield

Combining this with (10.40) we obtain the identity

115 popes
3V 2 uf

(x* = y?),

n n _
Xxp X =Yy*xy=

and similarly, there is the identity

1 lﬂouz
Yy —axiz= gy o e —= 0 =2).

These two equations together with Eq. (7.6) yield the solution (7.5).
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10.8 A Proof of Proposition 7.2.28

In order to keep par with the convention used in [92], in this appendix we assume
the Hermitian inner product h,41(-,") = < -,- > onH; = C"t! as well as all
other inner products, to be conjugate linear in the second entry, not the first. Then,
the standard Berezin symbol of an operator T : H; — 'H; is given by

Brm)=h,(TZ,2)=<TZ,7Z >
where

2= (21,22) €SUQ)=S*CC? ®;(z)=Z e M, Cc S cCrtl,

~ n n
CDj(Z) =7 = Z’ll, (1>Zr11_122,..., <k>Z§l_kZ]2(,...,Zg (1042)

and n = 7(z) = [z1,22] € S?, 7 being the projection in the Hopf fibration
S' 583582 7:8° > 82,

The map ®; : §° — S$"*! is SU(2)-equivariant and is an embedding if ; is
half-integral, in which case its image is the orbit M; ~ SU(2) >~ § 3 whereas in
the case of integral j the orbit is a manifold M; ~ SO(3) ~ P*. To the Hopf
fibration there is a related S principal fibre bundle depending on j,

S'>M; > 8*, 7, M; -8, n=n;00,. (10.43)

In what follows, it is important to highlight the explicit relation between the
Hermitian metrics i, : M; xM; — Cand h, : S3 x 83 — C that is immediate
from the explicit expression (10.42) of the map ®;, namely

hoti(Z. Z") = hay 1 (D (2). @ (2)) = (ha(2.7))" . (10.44)

To simplify and keep close to the notation in [92], we shall denote points Z.Z,,...
on the orbit M ; by m,m, m», ... and general vectors in crtl by v,vi,va,w, . ...

Now, the manifold M ; inherits from the Hilbert space  ;, viewed as a euclidean
space R?"*2, an SU(2)-invariant Riemannian metric, and hence an SU(2)-invariant
measure dm as well as an invariant ?-inner product

< fig>m, = /M. f(m)g(m)dm. (10.45)
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Thus, the idea set forth in [92] is to work out most of what is related to the standard

Berezin correspondence at the level of the orbit M ;, which is possible because of

the explicit use of the Hermitian structure for this correspondence, as follows.
First, we may and shall assume the measure dm is “normalized” so that

v = / <v,m > mdm, forally e C"*!, (10.46)
M

In particular, this implies

< Vi,V >= / <vi,m><m,vy, > dm. (10.47)
M

J

Lemma 10.8.1. Forany T € M, 4+(C),

trace(T) = / < Tm,m > dm. (10.48)
M;

Proof. Let{e;,i =1,2,...n + 1} be an orthonormal basis of C"*!, and hence

n+1

Vme./\/lj,ng <m,ei>ei,andei=/ <ej,m>mdm,

i=1 M;

trace(T):Z<Tei,e,-> :Z<T(/ < e;,m > mdm,e; >
- M
14 J
= Z</ <e;,m > Tmdm, e;> :Z/ < Tm,<e;,m >e; > dm
i M; i IM;

=/ <Tm,Z<m,e,~>e,~>dm=/ < Tm,m > dm.
M; i M;

By choosing T = Id in the above lemma we deduce the following:

Vol(M ) = / dn=n+1. (10.49)

J

For any operator T, following [92] we define the function

Kr HjxH; = C, Kr(vyw)= <Tv,w> (10.50)
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and express T as an integral operator by integration over M ;:
Tv = / Ky (v, m)mdm. (10.51)
M,

The validity of identity (10.51) follows from the normalization (10.46) of the
measure dm. In view of (10.51), Kr is the integral kernel of 7.

Clearly, the kernel of the composition 7577, as a function H; x H; — C, can be
expressed directly via an inner product using (10.50), but also as an integral

Krr(v,w)y = < TTiv,w> :/ Kr,(v,m)Kr,(m,w)dm. (10.52)
M;

Now, we recall that for the standard Berezin correspondence determined by char-
acteristic numbers b, the covariant-to-contravariant transition operator on symbols

Ul : Polyc(8%)<n = Polye(S)<n . [+ f

S =

corresponds to the transition operator (cf. Definition 7.1.18)

VY iMcn+1)— Mc(n+1), F—~F'

b.L
b

in such a way that
f= W}{(F) =Br < f= W}{(F’) = By . (10.53)

To keep par with the notation used in [92], we shall denote these transition operators
and their respective inverses, as follows:

-1 i J ~—1 J =
n Vg’ N Vﬁﬁ , 0 UE%’" U

)

b

Y=
SU— .

According to Egs.(6.25) and (7.3), denoting the induced inner product on
Polyc(S*)<, by < -, > and the (usual) L?-inner product on C*®(S?) by < -, >,

1 -
1trace(FG*): <fgra=<f.g>= <ii"'(Br).g> = <B,~1(r). Bo> .

1 N
1z‘race(n(F)G*) =< Byr). & >=< n(f). g > (10.54)

= < f,g >=<BF,Bg >.
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In what follows, we denote by o the trivial lift of a standard Berezin symbol Br
on S? to the orbit M ;, namely

or(m) = Br(mj(m)) .

Lemma 10.8.2. For T € Mc(n + 1), the operator n(T) can be expressed as
follows:

n(T)v) = / Br(mj(m)) <v,m > mdm. (10.55)
M;
Proof. Define the operator 71 € Mc(n + 1) by the right side of (10.55), namely
Ti(v) = / or(m) <v,m > mdm. (10.56)
j
We need to show that 71 = n(T). Now, K7, (v,w) =< Tiv,w >, thus, by (10.56),
Kr(v,w) = / or(m) <v,m ><m,w > dm.
M;

But, given another operator S, the composition 77 S* has by (10.52) kernel
Krsx(v,w) = / K (v,m)Kr, (m,w)dm (10.57)
/ / <S*v,m>or(m') <m,m ><m',w> dm'dm
M; I M;

=/ [/ <v,Sm><m,m' >dmlor(m’) <m',w > dm’
M IM;

= / <v,S8m >or(m’)y <m',w > dm'
M;
where in the last step we have applied (10.47). Now, by (10.48), (10.57), and
applying (10.47) again, we obtain

trace(T\S™*) = K1 s+(m, m)dm (10.58)
M;
:/ / or(m") <m,Sm' ><m',m > dm'dm
M I M;

:/ or(m’) <m/,Sm’>dm’:/ or(m')y< Sm',m’ >dm’
M M

J J
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= / GT(m/)Us(m/) =<0r,08 >M;= (n+1) < Br, Bs >g2
M;

1
= trace(T\S*) =< Br, Bs >, (10.59)
n—+1

and since S is arbitrary it follows from (10.54) that T, = n(T). O

Now, let us denote by w;, w, the standard Berezin symbols of 77, 75 lifted up to
the orbit M ;. Then, denoting by w; x w, the standard Berezin symbol of T; 75 lifted
to M, we have the following result.

Lemma 10.8.3. For Berezin symbols w; = o7,,i = 1,2,
W) * wp(m) = // B{(m,mz,ml)cf)l(ml)d)z(mz)dmldmz (10.60)
./\/lj XMj

where &; = 77 (w;) is the contravariant Berezin symbol of T; lifted to M ;, and

Bi(m,mi,my) =<m,m; ><my,my><my,m>. (10.61)
Proof. Start with

<TTiv,v>=<Tv,T,v>= / <Twv,m><m,T)v>dm
M

= / < Tw,m>< Tom,v > dm. (10.62)
M

Using Lemma 10.8.2, let us choose S = n~!(T}), so that

Tlv:/ on—l(Tl)(m1)<v,m1>m1dm1:/ <7]_1(T1)m1,m1><v,m1>m1dm1
M; M;

=< Tiv,m>= / < r)_l(Tl)mLml ><vy,mp ><mp,m>dm
M;

=< ThTv,v>= / {[ < n_l(Tl)ml,ml ><y,my ><mp,m > dm]
M IM;

. [/ < r)_l(Tz)mz,mz ><m,my >< my, v > dmy|}dm
M

j
=>< hLTw,v>= // < n_l(Tl)ml,ml >< n_l(Tz)mz,mz >
MjX./\/[j

S<y,m ><my,my >< My, v > dmidm,.

Now, we write v = m and obtain the desired result. O
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Because Bj clearly descends to the level of S? (cf. (10.42) and (10.43)), the
following result is immediate (cf. Eq. (7.68)):

Corollary 10.8.4. Set w;(m;) =m; € S%, i = 1,2,3. Then,

47

2
j
. 1) T (i, mp,m3) (10.63)

B{(my,my,m3) = (

where conjugation on the Lh.s. is necessary to account for the different conventions
of Hermitian product used for defining B| and 'H‘% (cf- Remark 3.1.2).

Now, from Egs. (10.44) and (10.61), we have immediately
Bi(my,my,m3) = (ha(z1, 22)h2 (22, 23) 12 (23, 21))" . (10.64)

and by a straightforward computation using formula (2.31) for the Hopf map and
the convention that /1, is conjugate linear in the second entry, we finally get

ha(z1,22)h2 (22, 23) N2 (23, Z1) (10.65)
1
= Z(l +mn;-n; +ny-n3+n;3-n; —ifn;,n,n;).

Equations (10.63)—(10.65) are equivalent to Eq. (7.84).

10.9 A Proof of Proposition 7.2.30

We use notations and conventions from Appendix 10.8. Proposition 7.2.30 is
equivalent to Lemma 10.9.2 below, which is a consequence of the following lemma.

Lemma 10.9.1. At the level of M, the kernel of the contravariant-to-covariant
symbol transformation 1) for the standard Berezin correspondence is the function

N'@m,m)=|<mm >
Proof. Let w = or. The operator 7 is defined by

i(@)(m) = /M. N’ (m. "YooY'

Then, by Lemma 10.8.2,
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Nw)(m) = oyry(m) = <n(T)ym,m >

= / or(my <m,m’ ><m',m > dw’
M;

= / om)[<m,m ><m',m >]dm’
M;

=/ N'(m, m")w(m")dnm'
M;

where N'(m,m’) = <m,m' ><m'.m>= | <m,m' > | O
Clearly, N’ descends to the level of S? and we have the following result.

Lemma 10.9.2. Letn = 7;(m),n' = 7;(m’) € S2. Recalling that n =V, 3,
1,

1+n-n\" 4
N’(m,m’)=|<m,m’>|2=(+—) il

5 =TT % j(m,n’). (10.66)
Proof. 1t follows immediately from Eq. (10.44) that

| <m,m' > =y (Z, 2" = |(ha(2.2))']* = (Iha(z,2)*)",
and by a straightforward computation using Eq. (2.31) for the Hopf map,

|hy(z,2))> = (1 +n-n')/2.

The last equality in (10.66) is immediate from the definitions. O

10.10 A Proof of Theorem 8.1.1

Clearly, Egs. (8.5)—(8.7) are equivalent, so here we will focus on the expansion of
type (8.6) in inverse powers of n + 1, namely,

sjam |QIHDCE+D [l L 5 ],
=D~ \/(211 +D)R2L+1) |:m1 My —ms :|[J] (10.67)

= Cophehhth 4 ——chll Pl L L)+ O((n+ 1)) (10.68)

mip,my,ms3 n—+ 1 miy,ma,ms3

forn = 2j >> 1, I1,,l3 << n (we emphasize that, in what follows, this is
equivalent to letting n — oo keeping [1, [, [3 finite).
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The Wigner product symbol, as expressed in (119), decomposes as follows:

L L 1 ;
[ 1 b B3 :|[]]
my nmy —ms

- \/(211 + DL+ +1) ( ho b1 ) { Ll 13}

—my—my+mz ) (j ] Jj

= V@I + DQ2hL + D@2l + D)(=1)1H=ths ( L L I3 ) { Il 13}

mymy—m3z) (jjJ

_ (_1)11+12+13 \/(211 FD)Ch+ DChL+ 1)(_1)_11+lz—m3 Cls % I 13}
2L+ 1 MG

lLi—m Ll li Iy I3
= (=15 3\/(2[1 + 1)(2L + 1)C"”11~,’27123~,m3 { il

and consequently we can write the expression (10.67) as

_1\n+m3 (ZJ + 1)(213 + 1) [ 11 lz 13 :| .
( 1) \/(211 + 1)L+ 1) | m my —m3 [J]

— C11,12,13 qD(Zl,lZa 13,1’1 + 1) (1069)

my,mz,m3

where the function @ is defined by

O I, lysn 4+ 1) = (=1)"(=D)B3Vn + 1215 + 1 { 1]1 1]2 1]3} . (10.70)

Next, using the expression (123) for the 6j-symbol {} on the right-hand side of
(10.70), we can express the above function as

(D(ll,lz, 13;71 + 1) = (—1)13 v 2[3 =+ 111'12' Z3!A(Zl, 12, Z3)T(11,lz, 13;1’1 + 1)
where T is the only function depending on 7, namely,

T(ll,lz,l3;l’l + 1) (1071)

(D0 =)0 =)0 —1)! s~ (=1 (n+14k)!
(n + 1+ 1)'(!1 + 1+ 1)'()1 + 1+ 1)' i (l’l—‘rk—ll—lz—l3)!R(ll,12,13;]() ’

with summation index k assuming all integral values for which all factorial
argumentsin (n + k — I} — I, — I3)'R(l1, I, [3; k) are nonnegative, where
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3 3
R(Iy. L dsk) = [ [t =) [t +1; =)t ef. (3.109) . (10.72)

i=1 i<j

We note that, for n >> [;, the restriction on summation index k£ amounts to
demanding all factorial arguments in R(/1, /2, [3; k) being nonnegative, namely

max {/;} <k <min{l; +1;} . (10.73)

Now, writing u = n + 1, L = I} + [, + I3, we can re-express Y'(I1, [, [3;n + 1)
as follows:

3 —1/2
Yy, b I3 0) = Ml/z |:H(M —li)...(n+ li):|
i=1

(—DF (e + k)!
: Zk:(’u +k—L—1D'R(I1,1,13;k)

3 I; N (—D)F(u + k)!
_ ,,—L—1 _h b
- [Ul(l M)"'(Hu)] Zk:(wk—L—l)!R(zl,lz,lg;k)

Ii 2 k
B i 1 (=D (n + k)!
= 1_“—[ (1_(5)) ML“Xk:(MJrk—L—l)!R(ll,lz,lg;k)’

(10.74)

Note that the inverse square root factor in (10.74) expands as 1 + O(u™2).
Therefore, the first two terms in powers of 1/u in the expansion of Y (I, [, [3; i)
are given by the first two terms in powers of 1/u in the expansion of

1 (=D + k)!
U(l, 1, 15; = 10.75
(o f2. L3z pt) MLHZ(M-HC—L— DR, I, 15:K) (1075)

Z( DES (k. Lit) (1076)

R(l1, 1, 13:k)

where we have written

Sk, L:p) = (1 + 5) (1 + k;l) .. (1 + u) . (10.77)
n n n
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Clearly, the latter expands when p — o0 as

St Lip) =14 [LL 2k — L)} o). (10.78)

Consequently, the asymptotic expansion of Y begins as follows:

Nk
Y, b, I3 ) = Z 1)

_— 10.79
P R(l1, 12, 135 k) ( )

n 1 (i+hb+h+1) Z(—l)k(Zk —(L+hL+1h)
M 2 R(l1, 1, 13:k)

+0(u™?)

where the summation index k is subject to the constraint (10.73). Thus, the
expression (10.67), presented as (10.69), has the asymptotic expansion

Chlals oy 1, ;) = CLob (—1)5 V203 + 1L BIA(LL L. 1)

Z (—1)k l hL+hL+54+1)
— Rl L. D33 k) 2

Z(—l)k(2k (L +hL+1h)

0] -2
R(l1,15,13:k) + o)

= Chlal o1y, 1, 15) + MC,QI’;?msdn(ll,zz,h) +0(u™?) (10.80)

where

k
@o(l1. 1o 1) = (1) /21 + zulz'zg,'A(zl,zz,zg,)ZMl—)lk) (10.81)
1,162,163,

@1(l1, 12, 13) = (=132 + 1L AL b, 1) (10.82)

' hL+bL+15+1) Z(—l)k(Zk — (L +hL+1h)
2 R(ly, 15,135 k)

Thus, the analysis of the first two terms in (10.80) amounts to a closer look at the
above functions ®( and @, and below we shall divide into two cases accordingly.
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10.10.1 The Oth Order Term

Let us set

(=D*

_ 10.83
R(l1, b, 13:k) ( )

ol b, 3) = Z

k

where as before, the summation index runs over the string of nonnegative integers k
as in (10.73). Then, for the zeroth order term, if we perform the change of variables
k — L — k in the summation X, we obtain

So(li, b, 1) = (=1)"Zo(l1, 1, 15) (10.84)
because
R(l1, 1. 13:k) = R(Iy, 1>, 13, L — k) (10.85)
which implies that
Yo=®y=0, if L =1I[ +1,+ [5is an odd number, (10.86)

so the expression (10.81) can be non-zero only when L is even.
Recall the summation in Eq. (3.47), which defines explicitly the Clebsch-Gordan
coefficients,

Chlals = §(my +mam3)v/2l5+1 AUy L. 1) S, 2 s

-1y
ZZ!(11+12—Z3 — z)!(ll—ml—z)!(12+m2—z)!(l3—12+m1+z)!(l3—ll—m2+z)!

Z

with A(ly,15,13) and S/t 2 13 given respectively by (3.48) and (3.49). Then,

mp,ma,m3
setting m; = my = 0 and z = k — /3, the summation above becomes

Z (—1)kh
— (k— 1Dk — D)1k — 1) + b~ WG + b — (s + I — B!

— (_1)/32& = (=", I, 13)
—R(. 1. 1 k) o2 130

Thus we have the formula

Cllal = (—1)5 V2L + 1AW, b, )L 510Uy I, 1) (10.87)
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where the r.h.s. expression is the same as (10.81), consequently
Po(l1. 2. 13) = Colg3" . (10.88)

We remark that the symmetry of Clebsch-Gordan coefficients (cf. (4.50)), besides
the above discussion, implies that the quantity (10.88) vanishes when L is odd. We
also note that the coefficient (10.88) is given in closed form by Eq.(4.49) and, in
view of Eq. (10.87), this is equivalent to the following closed formula for £, when
L =1, + I, + I5 is even, namely

(%)
— (_1\L2
So(l1, 1, 13) = (=1) 11!(% Ry Zz!( Ry 13‘(_ e (10.89)

10.10.2 The Ist Order Term

Let us set

(-DFk
D1l ) =Y ———— (10.90)
P INOGWINEN)

with summation over nonnegative integers k as in (10.73). Now, using the symmetry
(10.85), we calculate

(—DYL -k i CDERL -k .
ZR(11,12,13,k) =D Xk:R(ll,lz,l3,L—k) =EDrE

-k -DFk
L) RGBT ;R(l(l, D = LB
and deduce the identity
[14+ (-2 = L% (10.91)
and hence
Lodd = 2¢(l1,l2,13) =0 (cf. (10.86)),

L
L even — 21(11, D>, 13) = 520(11,12, 13) (10.92)
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Therefore, using (10.91), ®; given by (10.82) can be re-expressed as

(+1)

(I, b, 13) = (=1)3 V213 + 1AW b, )] 15!
(> (- k _Z(—l) (L —k)
P R, 1,13 k) P R, 1, 15 k)

(L+1
2

(10.93)

= (=D)BV2L 4+ 1AL, 1, 1)L

(21— (=D'E)

_ I 1+ (_1)L+1
=(-1) f\/ 20 + 1AL, L, YLD 4+ 1) - 2.

Corollary 10.10.1. With X, defined as in (10.90) and L = [} + I, + I3, we have
that ®1(11,15,13) = 0if L is even, and

@ (11, I I3) = (=13 V20 + 1AL b, B LN + D] - 20, b, )

if L is odd.

Now, just as X has the closed formula given by (10.89), ¥; has a similar closed
formula which we shall seek. Denote by [x] the integer part of a positive rational
number, namely the largest integer < x. Set

(51!
A , 10.94
Q.. 1) INF] = W LIAF] = ) BN(I5] - 1) He

so that o = (—1)/2Q, when L = I} + [, + I3 is even.

Proposition 10.10.2. The functions ¥ and Q defined by (10.90) and (10.94),
respectively, are proportional to each other. More precisely:

L+1

Sin b by = T 1)* (H[ﬁl} - 1)L[ 1D 01, 1 1)

(10.95)

L
(—1)%5Q(11, l,13), ifLiseven

(-5 Q(11512,l3) if L is odd.
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For L even, the above expression for % is immediate from (10.89) and (10.92),
namely it follows from simple symmetry considerations. For L odd, a formal
(combinatorial) proof of the above formula for 3 has so far eluded us. The reader
may easily verify the formula with a computer program, say forodd L = [} +1,+13
up to =~ 40,000, recalling that the numbers /; are subject to the triangle inequalities
5([1, 12, 13) = 1, cf. (336)

Therefore, from the equations in Corollary 10.10.1 and Proposition 4.2.8 we
finally obtain that, regardless of whether L is even or odd, we always have

@15})

and (cf. Egs. (10.68) and (10.80)) this concludes the proof of Theorem 8.1.1.



Bibliography

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

©

. R. Abraham, J.E. Marsden, Foundations of Mechanics (Benjamin, Reading, 1978)

. J.E. Adams, Lectures on Lie Groups (Benjamin, New York/Amsterdam, 1969)

. V. Aquilanti, H.M. Haggard, R.G. Littlejohn, L. Yu, Semiclassical analysis of Wigner 3j -
symbols. J. Phys. A: Math. Theor. 40, 5637-5674 (2007)

. V. Aquilanti, H.M. Haggard, A. Hedeman, N. Jeevangee, R.G. Littlejohn, L. Yu, Semiclassical
mechanics of the Wigner 6; -symbol. J. Phys. A: Math. Theor. 45, 065209, 61 (2012)

. V.I. Amnold, Mathematical Methods of Classical Mechanics. Graduate Texts in Mathematics,
vol. 60 (Springer, New York/Berlin, 1989)

. A. Baker, Matrix Groups: An Introduction to Lie Group Theory (Springer, New York/Berlin,
2003)

. V. Bargmann, On the representations of the rotation group. Rev. Mod. Phys. 34, 829-845
(1962)

. FE. Bayen, C. Frondsal, Quantization on the sphere. J. Math. Phys. 22, 1345-1349 (1981)

. F. Bayen, M. Flato, C. Frondsal, A. Lichnerowicz, D. Sternheimer, Deformation theory and
quantization. Ann. Phys. 111, 61-151 (1977)

F.A. Berezin, Quantization. Math. USSR Izvest. 8, 1109-1163 (1974)
F.A. Berezin, Quantization in complex symmetric spaces. Math. USSR Izvest. 9, 341-379
(1975)
F.A. Berezin, General concept of quantization. Commun. Math. Phys. 40, 153-174 (1975)
L.C. Biedenharn, J.D. Louck, Angular Momentum in Quantum Physics (Addison-Wesley,
Reading, 1981)
L.C. Biedenharn, J.D. Louck, The Racah-Wigner Algebra in Quantum Theory (Addison-
Wesley, Reading, 1981)
P. Bieliavsky, S. Detournay, Ph. Spindel, The deformation quantizations of the hyperbolic
plane. Commun. Math. Phys. 289, 529-559 (2009)
A. Bohm, Quantum Mechanics: Foundations and Applications (Springer, New York/Berlin,
1993)
N. Bohr, On the constitution of atoms and molecules, Parts I and II. Philos. Mag. 26, 1-24,
476-512 (1913)
M. Bordermann, E. Meinrenken, M. Schlichenmaier, Toeplitz quantization of Kihler manifolds
and gl(N), N — oo limits. Commun. Math. Phys. 165, 281-296 (1994)
M. Born, P. Jordan, Zur Quantenmechanik. Z. Phys. 34, 858-888 (1925)
M. Born, W. Heisenberg, P. Jordan, Zur Quantenmechanik II. Z. Phys. 35, 557-615 (1925)
L. Boutet de Monvel, V. Guillemin, The Spectral Theory of Toeplitz Operators. Annals of
Mathematics Studies, vol. 99 (Princeton University Press, Princeton, 1981)

Springer International Publishing Switzerland 2014 193

P. de M. Rios, E. Straume, Symbol Correspondences for Spin Systems,
DOI 10.1007/978-3-319-08198-4



194 Bibliography

22. PJ. Brussard, H.A. Tolhoek, Classical limits of Clebsch-Gordan coefficients, Racah coeffi-
cients and D,’nn (¢, ¥, ¥)-functions. Physica 23, 955-971 (1957)

23. C. Cohen-Tannoudji, B. Diu, F. Laloe, Quantum Mechanics, vols. 1 and 2 (Hermann,
Paris/Wiley, New York, 1977)

24. E.U. Condon, Q.W. Shortley, The Theory of Atomic Spectra (Cambridge University Press,
Cambridge, 1935)

25. P.A.M. Dirac, The fundamental equations of quantum mechanics. Proc. R. Soc. Lond. A 109,
642-653 (1925)

26. P.A.M. Dirac, The Principles of Quantum Mechanics (Oxford University Press, Oxford, 1958)

27. 1.J. Duistermaat, L. Hormander, Fourier integral operators II. Acta Math. 128, 183-269 (1972)

28. J.J. Duistermaat, J.A.C. Kolk, Lie Groups (Springer, New York/Berlin, 2000)

29. B.V. Fedosov, A simple geometrical construction of deformation quantization. J. Differ. Geom.
40(2), 213-238 (1994)

30. L. Freidel, K. Krasnov, The fuzzy sphere *-product and spin networks. J. Math. Phys. 43(4),
1737-1754 (2002)

31. .M. Gelfand, N.J. Vilenkin, Generalized Functions, Volume 4: Some Applications of Harmonic
Analysis. Rigged Hilbert Spaces (Academic, New York, 1964)

32. R. Gilmore, Lie Groups, Physics and Geometry (Cambridge University Press, Cambridge,
2008)

33. R.J. Glauber, Coherent and incoherent states of radiation field. Phys. Rev. 131, 2766-2788
(1963)

34. H. Goldstein, C. Poole, J. Satko, Classical Mechanics, 3rd edn. (Addison-Wesley, New York,
2001)

35. H.J. Groenewold, On the principles of elementary quantum mechanics. Physica 12, 405-460
(1946)

36. A. Grossmann, G. Loupias, E.M. Stein, An algebra of pseudo-differential operators and
quantum mechanics in phase space. Ann. Inst. Fourier 18, 343-368 (1968)

37. V. Guillemin, S. Sternberg, Symplectic Techniques in Physics (Cambridge University Press,
Cambridge/New York, 1984)

38. W. Heisenberg, Uber quantentheoretische Umdeutung kinematischer und mechanischer
Beziehungen. Z. Phys. 33, 879-893 (1925)

39. L. Hoérmander, Pseudo-differential operators. Commun. Pure Appl. Math. 18, 501-517 (1965)

40. L. Hoérmander, Fourier integral operators I. Acta Math. 127, 79-183 (1971)

41. A.W. Knapp, Lie Groups Beyond an Introduction. Progress in Mathematics, vol. 140, 2nd edn.
(Birkhauser, Boston/Berlin, 2002)

42. M. Kontsevich, Deformation quantization of Poisson manifolds. Lett. Math. Phys. 66(3), 157—
216 (2003)

43. A. Koyré, Galileo and Plato. J. Hist. Ideas 4(4), 400428 (1943)

44. N.P. Landsman, Strict quantization of coadjoint orbits. J. Math. Phys. 39(12), 6372-6383
(1998)

45. R.G. Littlejohn, The semiclassical evolution of wave packets. Phys. Rep. 138, 193-291 (1986)

46. R.G. Littlejohn, Rotations in Quantum Mechanics, and Rotations of Spin-% Systems. Lecture
Notes in Physics #10 (University of California, Berkeley, 1996)

47.J. Madore, The fuzzy sphere. Class. Quantum Gravity 9, 69-87 (1992)

48.J.E. Marsden, T.S. Ratiu, Introduction to Mechanics and Symmetry (Springer,
New York/Berlin, 1999)

49. D. McDuff, D. Salamon, Introduction to Symplectic Topology (Oxford University Press,
New York, 1998)

50. J.E. Moyal, Quantum mechanics as a statistical theory. Proc. Camb. Philos. Soc. 45, 99-124
(1949)

51. A.M. Ozorio de Almeida, The Weyl representation in classical and quantum mechanics. Phys.
Rep. 295, 265-342 (1998)

52. W. Pauli, Zur Frage der Theoretischen Deutung der Satelliten einiger Spektrallinen und ihrer
Beeinflussung durch magnetische Felder. Naturwissenschaften 12(37), 741-743 (1924)



Bibliography 195

53
54

55.

56.

57.

58.

59.

60.

61.

62.

63

64.
65.
66.
67.
68.

69.
70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

. A. Perelomov, Generalized Coherent States and Their Applications (Springer, Berlin, 1986)

. L. Polterovich, The Geometry of the Group of Symplectic Diffeomorphisms (Springer, Basel,
2001)

G. Ponzano, T. Regge, Semiclassical limit of Racah coefficients, in Spectroscopic and Group
Theoretical Methods in Physics, ed. by F. Bloch, S.G. Cohen (North Holland, Amsterdam,
1968)

M. Rieffel, Deformation quantization of Heisenberg manifolds. Commun. Math. Phys. 122,
531-562 (1989)

M. Rieffel, Matrix algebras converge to the sphere for quantum Gromov-Hausdorff distance.
Mem. Am. Math. Soc. 168(796), 67-91 (2004)

M. Rieffel, Leibniz seminorms for “matrix algebras converge to the sphere”. Quanta of maths
(Clay Math. Proc.) 11, 543-578 (2010)

P. de M. Rios, A semiclassically entangled puzzle. J. Phys. A: Math. Theor. 40, F1047-1052
(2007)

P. de M. Rios, A. Ozorio de Almeida, On the propagation of semiclassical Wigner functions.
J. Phys. A: Math. Gen. 35, 2609-2617 (2002)

P. de M. Rios, A. Ozorio de Almeida, A variational principle for actions on symmetric
symplectic spaces. J. Geom. Phys. 51, 404-441 (2004)

P. de M. Rios, G.M. Tuynman, Weyl quantization from geometric quantization. A.L.P. Conf.
Proc. 1079, 26-38 (2008)

. MLE. Rose, Elementary Theory of Angular Momentum (Wiley, New York/Chapman & Hall,
Ltd., London, 1957)

A. Royer, Wigner function as the expectation value of a parity operator. Phys. Rev. A 15,
449-450 (1977)

J.J. Sakurai, Modern Quantum Mechanics (Addison-Wesley, New York, 1994)

E. Schrodinger, Quantisierung als Eigenwertproblem. Ann. der Physik 386, 109—139 (1926)
R.L. Stratonovich, On distributions in representation space. Sov. Phys. JETP 31, 1012-1020
(1956)

E. Straume, Weyl groups and the regularity properties of certain compact Lie group actions.
Trans. AMS 306, 165-190 (1988)

E. Straume, Lecture Notes on Lie Groups and Lie Algebras (NTNU, Trondheim, 1998)
E.C.G. Sudarshan, Equivalence of semiclassical and quantum mechanical descriptions of
statistical light beams. Phys. Rev. Lett. 10, 277-279 (1963)

G. Uhlenbeck, S. Goudsmit, Ersetzung der Hypothese vom unmechanischen Zwang durch eine
Forderung bezuglich des inneren Verhaltens jedes einzelnen Elektrons. Naturwissenschaften
13(47), 953-954 (1925)

G. Uhlenbeck, S. Goudsmit, Spinning electrons and the structure of spectra. Nature 117, 264—
265 (1926)

J.C. Virilly, J.M. Gracia-Bondia, The Moyal representation of spin. Ann. Phys. 190, 107-148
(1989)

D.A. Varshalovich, A.N. Moskalev, V.K. Khersonskii, Quantum Theory of Angular Momentum
(World Scientific, Singapore, 1988)

N.J. Vilenkin, A.U. Klimyk, Representations of Lie Groups and Special Functions, vol. 1
(Kluwer Academic, Dordrecht/Boston, 1991)

J. von Neumann Mathematische Begrundung der Quantenmechanik. Nachrichten Gottinger
Gesellschaft der Wissenschaften, 1-57 (1927)

J. von Neumann, Die Eindeutigkeit der Schrodingerschen Operatoren. Math. Ann. 104, 570-
578 (1931)

J. von Neumann, Mathematical Foundations of Quantum Mechanics (Princeton University
Press, Princeton, 1966). Translated from German original of 1932

A. Voros, An algebra of pseudo-differential operators and the asymptotics of quantum
mechanics. J. Funct. Anal. 29, 104—-132 (1978)

A. Wassermann, Ergodic actions of compact groups on operator algebras. III Classification for
SU(2). Invent. Math. 93, 309-354 (1988)



19

81
82
83

84.

85.
86.

87.

88.

89.

90.

91.

92.

6 Bibliography

. A. Weil, Sur certains groupes d’operateurs unitaires. Acta Math. 111, 143-211 (1964)

. A. Weinstein, The local structure of Poisson manifolds. J. Differ. Geom. 18, 523-557 (1983)

. A. Weinstein, Traces and triangles in symplectic symmetric spaces. Contemp. Math. 179, 261-
270 (1994)

A. Weinstein, Groupoids: unifying internal and external symmetry. A tour through some
examples. Not. Am. Math. Soc. 43, 744-752 (1996)

H. Weyl, Quantenmechanik und Gruppentheorie. Z. Phys. 46, 1-46 (1927)

H. Weyl, The Theory of Groups and Quantum Mechanics (Dover, New York, 1931). Translated
from German original of 1928

H. Weyl, The Classical Groups. Their Invariants and Representations (Princeton University
Press, Princeton, 1939)

E. Wigner, Einige Folgerungen aus der Schrodingerschen Theorie fur die Termstrukturen. Z.
Phys. 43, 624-652 (1927)

E. Wigner, Berichtigung zu der Arbeit: Einige Folgerungen aus der Schrodingerschen Theorie
fur die Termstrukturen. Z. Phys. 45, 601-602 (1927)

E. Wigner, On the quantum correction for thermodynamic equilibrium. Phys. Rev. 40, 749-759
(1932)

E. Wigner, Group Theory and Its Application to the Quantum Mechanics of Atomic Spectra
(Academic, New York, 1959). Translated from German original of 1931

N.J. Wildberger, On the Fourier transform of a compact semisimple Lie group. J. Aust. Math.
Soc. Ser. A 56(1), 64-116 (1994)



Index

Adjoint representation, 15-16
matrix, 9 symplectic form, 16
representation, 15-16 Coherent states, 99. see also States
Affine
mechanical systems, 71-76
Hilbert space, 73 Dequantization, 75
metaplectic group, 75 Dequantization groupoid, 113
symplectic form, 72 Deviation, 104

symplectic group, 72
symplectic space, 72
translations, 72

Angular momentum (spin)
commutation relations, 17

Expectation, 100
Exponential map, 13

operators, 16, 26-30 Groenewold-von Neumann
Anti-commutator, 111, 144 product, 113
Associated Legendre polynomials, 65-66 trikernel, 4
Groups
action, 8

Berezin symbol, 84. see also Symbol affine metaplectic, 75

correspondences affine symplectic (real), 72
Berezin transform, 129. see also Special definition, 7

functional transforms Heisenberg group, 73
Bohr’s correspondence principle, 59 homomorphism, 7
Bohr type, 151. see also Symbol isomorphism, 8

correspondence sequences linear symplectic (real), 72

metaplectic, 75
orthogonal, 9

Clebsch—Gordan coefficients, 34-36 subgroup, 7
explicit formulae, 35 symplectic (quaternionic), 9
non-vanishing conditions, 34 unitary, 9
orthogonality equations, 34 unitary representations, 10, 21, 25, 73

relation with Wigner 3jm symbols, 48
symmetry properties, 36

Coadjoint Haar measure, 11
orbit, 16, 20, 59 Hamilton-Poisson dynamics, 58
© Springer International Publishing Switzerland 2014 197

P. de M. Rios, E. Straume, Symbol Correspondences for Spin Systems,
DOI 10.1007/978-3-319-08198-4



198 Index

Hamilton’s equation, 58 Quantization, 75
Hamiltonian strict deformation, 159
function, 58 Toeplitz, 126

matrix (operator), 46
vector field, 56

et Representation
el(SieII erg | don 46 adjoint/coadjoint, 15
ynamI;:;l equation, completely reducible, 10

group, complex conjugate, 12
Hermitian dual, 12

inner product, 8, 25 equi’valent 10

matrices, 17 irreducible, 10

metric, 90

linear, 10
orthogonal, 10
standard (spin-j), 27
symplectic, 10
unitary, 10, 21

operators, 38
positive operator, 95
Hopf map, 19

Irreducible representation, 10
Schur’s lemma, 13
Special functional transforms, 128-131
Jacobi identity, 57 Berezin, 129
Berezin-Stratonovich, 130
inverse Berezin, 129

Kéihler manifold, 61 Stratonovich-Berezin, 130
2-sphere
as a homogeneous space, 20

Legendre polynomials, 65-66 Hamilton-Poisson dynamics, 58
Lie algebras, 13-16 Hamiltonian vector field, 57

exponential map, 13-14 metric, 56

homomorphism, 14 Poisson algebra

Lie bracket, 13 definition, 58

Poisson algebra, 57 invariant decomposition, 62—70
Lie groups, 7-16 Poisson bracket, 57

definition, 7 polar coordinates, 21

homomorphism, 8 stereographic projection, 20

representations, 13 symplectic form, 21, 55

universal covering group, 15 Spherical harmonics, 62-66

Spin-j system
Clebsch—Gordan coefficients, 34-36
Moyal bracket, 75 coupled standard basis, 40-46
Moyal product, 75 product rule, 4654
definition, 25
dual standard basis, 29

Parity property j-spinor, 26

for operators, 46 magnetic number, 27

for symbols, 111 operator algebra invariant decomposition,
Pauli matrices, 16 36-54
Poisson parity property, 46

algebra, 58-70 spin number, 25

bracket, 57-58 standard basis, 28

dynamics, 58 standard representation, 27-30

type, 139 (see also Symbol correspondence tensor product, 31-33, 36-37

sequences) matrix models, 31, 36

Pre-symbol maps, 78, 96 quantum matrix model, 37



Index

total angular momentum, 26
Wigner 3jm symbols, 48-53
Wigner 65 symbols, 49-54
Wigner D-functions, 30, 35
Wigner product symbol, 49-54

Standard deviation, 104
States

coherent, 99
highest, 100
lower-middle, 103
lowest, 100
upper-middle, 101
generalized, 96
mixed, 96
pure, 96

Stratonovich-Weyl symbol, 78. see also

Symbol correspondences

SUQ2) = SO(3)

Cayley—Klein coordinates, 20
definitions, 16

Euler angles, 18

irreducible representations, 21-30
Lie algebra isomorphism, 17

Lie algebras, 17

Lie group homomorphism, 17-20
Pauli spin matrices, 16

(spinor) rotation matrices, 17

Subdominant (asymptotic), 145
Symbol correspondence sequences, 139-151

of ASD type, 148

of limiting type, 148

of non-Poisson type, 141

of (pure)-(anti) Bohr type, 151
of (pure)-(anti) Poisson type, 139
of pseudo-classical type, 148

of quasi-classical type, 148

of strong-limiting type, 148

Symbol correspondences, 77-95

Berezin symbol, 84

alternate, 94-95

standard, 85, 90-92
characteristic numbers

of Berezin, 93

of operator kernel, 84

of Stratonovich-Weyl, 87

of the correspondence, 89

of upper-middle-state, 102
characteristic-alternate, 95
characteristic-positive, 89
covariant-contravariant duality, 87-89
general definition, 77
general metric relation, 86
isometry condition, 78
lower-middle-state, 103

mapping-positive, 95-99
moduli space, 80, 82, 87
operator kernel, 83, 84
Stratonovich-Weyl symbol, 78
alternate, 95
standard, 89
Toeplitz symbol, 126
transition operators, 113
upper-middle-state, 102
Symplectic
affine space, 72
foliation, 59
form, 56
2-sphere, 21, 55
coadjoint orbit, 16
group (quaternionic), 9
group (real), 72
manifold, 56, 58

Toeplitz symbol, 126. see also Symbol
correspondences
Transition kernels, 123-126
Transition operators, 113
Trikernels, 113-133
and spherical geometry, 132-133
general formulae, 115
general properties, 116
integral formulae, 127-128
positive-alternate relation, 117
recursive (general), 122
SO(3)-invariant formulae, 118
standard Berezin, 115
standard Stratonovich, 114
symmetric property, 114
Wildberger’s recursive, 121, 127
Twisted j-algebras, 112
isomorphisms, 112
reproducing kernel, 116
transition kernels, 123—-126
transition operators, 112, 124
Twisted products
Berezin, 108, 110
covariant-contravariant duality, 126
definition, 105
general properties, 106
induced inner product, 106
integral representations, 113 (see also
Trikernels)
of spherical harmonics
general formulae, 108
integral formulae, 131-132
parity property, 111
positive-alternate relation, 111

199



200

standard, 106-108

low-/ high-j asymptotics, 136—137
Toeplitz, 126
upper-middle-state, 146

Unitary
group, 9
representation, 10, 21
irreducible, 21

Weight, 22
decomposition, 32
highest, 29
highest coherent state, 100
lowest coherent state, 100
system, 22
zero subspace, 83

Index

‘Weyl product, 75
Weyl symbol (correspondence), 74
Wigner 3jm symbols, 48-53
explicit formulae, 52
relation with Clebsh—Gordan coefficients,
48
symmetry properties, 48
Wigner 6 symbols, 49-54
relation with Wigner 3jm symbols, 50-51
symmetry properties, 53
Wigner coefficients. See Clebsch—Gordan
coefficients
Wigner D-functions, 30
coupling rule, 35
Wigner product symbol, 49-54
explicit formulae, 52-53
relation with Wigner 6; and 3jm symbols,
51
symmetry properties, 54



	Preface
	Contents
	1 Introduction
	2 Preliminaries
	2.1 On Lie Groups and Their Representations
	2.1.1 Classical Groups over the Classical Fields
	2.1.2 Linear Representations of a Group
	2.1.3 The Infinitesimal Version of Lie Groups and Their Representations
	2.1.4 The Adjoint and the Coadjoint Representations

	2.2 On the Lie Groups SU(2) and SO(3)
	2.2.1 Basic Definitions
	2.2.2 Hopf Map and Stereographic Projection
	2.2.3 Prelude to the Irreducible Unitary Representations of SU(2)


	3 Quantum Spin Systems and Their Operator Algebras
	3.1 Basic Definitions of Quantum Spin Systems
	3.1.1 Standard Basis and Standard MatrixRepresentations

	3.2 The Tensor Product and the Space of Operators
	3.2.1 SU(2)-Invariant Decomposition of the Tensor Product
	Clebsch-Gordan Coefficients


	3.3 SO(3)-Invariant Decomposition of the Operator Algebra
	3.3.1 The Irreducible Summands of the Operator Algebra
	3.3.2 The Coupled Standard Basis of the OperatorAlgebra
	Illustrations

	3.3.3 Decomposition of the Operator Product
	The Parity Property
	The Full Product Rule
	Wigner Symbols and the Product Rule
	Explicit Formulae
	Symmetry Properties of the Product Rule



	4 The Poisson Algebra of the Classical Spin System 
	4.1 Basic Definitions of the Classical Spin System
	4.2 SO(3)-Invariant Decomposition of the Poisson Algebra
	4.2.1 The Irreducible Summands of the Polynomial Algebra
	4.2.2 The Standard Basis of Spherical Harmonics
	4.2.3 Decompositions of the Classical Products
	Decomposition of the Pointwise Product
	Decomposition of the Poisson Bracket



	5 Intermission 
	6 Symbol Correspondences for a Spin-j System 
	6.1 General Symbol Correspondences for a Spin-j System
	6.1.1 Definition of Spin-j Symbol Correspondences
	6.1.2 The Moduli Space of Spin-j SymbolCorrespondences

	6.2 Explicit Constructions of Spin-j Symbol Correspondences
	6.2.1 Symbol Correspondences via Standard Basis
	6.2.2 Symbol Correspondences via Operator Kernel
	General Metric Relation
	Covariant-Contravariant Duality

	6.2.3 Symbol Correspondences via Hermitian Metric
	6.2.4 Symbol Correspondences via Coherent States


	7 Multiplications of Symbols on the 2-Sphere 
	7.1 Twisted Products of Spherical Symbols
	7.1.1 Standard Twisted Products of Cartesian Symbols on S2
	7.1.2 Twisted Products for General Symbol Correspondences
	The Parity Property for Symbols
	Algebra Isomorphisms


	7.2 Integral Representations of Twisted Products
	7.2.1 General Formulae and Properties of IntegralTrikernels
	General Formulae for Trikernels
	General Properties of Trikernels
	Explicitly SO(3)-Invariant Formulae for Trikernels

	7.2.2 Recursive Trikernels and Transition Kernels
	Recursive Trikernels
	Transition Kernels
	Duality of Twisted Products

	7.2.3 Other Formulae Related to Integral Trikernels
	Integral Formulae for Trikernels
	Special Functional Transforms
	Integral Formulae for Twisted Products of Spherical Harmonics
	Relationship with Spherical Geometry



	8 Beginning Asymptotic Analysis of Twisted Products 
	8.1 Low-l High-j-Asymptotics of the Standard Twisted Product
	8.2 Asymptotic Types of Symbol Correspondence Sequences
	8.2.1 Symbol Correspondence Sequences of Poisson Type
	8.2.2 Symbol Correspondence Sequences of Non-Poisson Type
	8.2.3 Refined Types of Symbol CorrespondenceSequences

	8.3 Some Final Discussions and Considerations
	8.3.1 Discussions on Our Approach
	8.3.2 ``Empirical'' Considerations


	9 Conclusion 
	10 Appendix: Further Proofs 
	10.1 A Proof of Proposition 3.2.6
	10.2 A Proof of Proposition 3.3.12
	10.3 A Proof of Proposition 3.3.24
	10.4 A Proof of Proposition 4.2.8
	10.5 A Proof of Proposition 6.2.34
	10.6 A Proof of Proposition 6.2.54
	10.7 A Proof of Proposition 7.1.6
	10.8 A Proof of Proposition 7.2.28
	10.9 A Proof of Proposition 7.2.30
	10.10 A Proof of Theorem 8.1.1
	10.10.1 The 0th Order Term
	10.10.2 The 1st Order Term


	Bibliography
	Index

