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Abstract

We introduce a Wigner-like quasidistribution function to describe quantum
systems with the SU(2) dynamic symmetry group. This function is defined
in a three-dimensional group manifold and can be used to represent the states
defined in several SU (2) invariant subspaces. The explicit differential Moyal-
like form of the star product is found and analyzed in the semiclassical limit.

PACS numbers: 03.65.Ta, 03.65.Sq, 03.65.Fd

1. Introduction

The concept of phase-space representation of quantum mechanics, introduced by Wigner [1],
provides a useful insight into a problem of correspondence between quantum and classical
worlds. Numerous applications of the theory of phase-space methods to physical problems
have been extensively discussed in the last decades [2, 3]. Several types of quasidistribution
functions for physical systems with different types of dynamic symmetries were proposed,
starting from the flat ¢ — p space [7, 8], spin-like systems [5, 11, 12] (see also [13-17]),
finite-dimensional quantum systems [23], and recently introduced Wigner-like mapping for a
wide class of continuous (Lie type) and discrete groups [18-21].

It turns out that the language of quasidistribution functions is very convenient not only
for graphical representation of quantum states in the corresponding classical phase space,
but also for analysis of quantum system’s evolution in the semiclassical limit [25-34]. The
dynamic properties of quasiclassical systems are usually studied in the framework of the
Moyal correspondence, where both states and observables are considered as functions (Weyl
symbols) on a phase space, in such a way that average values are computed by integration over
the phase space of some quasi-distribution function with the Weyl symbol of a corresponding
operator and the usual product of two operators is mapped onto the so-called star product of
their symbols [4, 6]. Such a star product allows us to replace the standard manipulations of
operators in the Hilbert space by a differential (or integral) operator acting on the product
of Weyl symbols. Although, a general expression for the integral representation of the star
product is easy to obtain (see, e.g., [19]), it is not useful to perform calculations (except the
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simplest case of the Heisenberg—Weyl group). In spite of its obvious convenience for practical
purposes, the explicit differential form of the star product to the best of our knowledge is
available only for quantum systems with the Heisenberg—Weyl [4, 9, 10] and SU (2) [32]
symmetry groups. An important advantage of the differential form of the star product is in
the possibility of its expansion on the semiclassical parameter (which is different for each
specific quantum system), which usually leads to an essential simplification of the evolution
equation for the corresponding Wigner function (Weyl symbol of the density matrix). It has
been shown that even such a truncated evolution equation describes quite well sufficiently
long-time dynamics even for essentially nonlinear quantum systems [25, 26, 29, 30, 33].

In the present paper, we will be interested in the quasiclassical description of quantum
systems with SU (2) dynamic symmetry group. Usually, the Stratonovich—-Weyl [5, 12, 16]
quasidistribution function is used for the phase-space description of spin-like systems,
which corresponds to some fixed finite-dimensional representation of the SU(2) group.
In this case, the classical phase space (which is the two-dimensional sphere S,(0, ¢))
with the corresponding symplectic structure is well defined and the Weyl mapping inside
each irreducible subspace is invertible (one-to-one correspondence). Another, the so-called
metaphase-space representation was introduced in [18], where the Wigner operator, which
establishes the Weyl mapping, is defined as a Fourier transform of the SU (2) group element
in the polar parametrization (see also [24], where a very similar construction was used for
representation of polarization states of light). Such Wigner-like functions, being invertible and
covariant under group transformations, nevertheless do not have good analytical properties,
related to the fact that the Fourier transform, in general, does not preserve the periodicity
property of the group element. Besides, the polar parametrization is not convenient for
obtaining the differential form of the star product. Recently, the ‘midpoint’” approach to the
Wigner—Weyl mapping has been developed in [20, 21]. Nevertheless, such a very attractive
and intuitive approach leads to a Wigner function which, in the particular case of the SU (2)
symmetry, depends on four discrete indices, besides the group parameters. As a result, only
the integral form of the star product is obtained, which makes it not very suitable for the
semiclassical analysis.

In this paper, we introduce an alternative Wigner-like quasidistribution function for
quantum systems with SU (2) dynamic symmetry group, which allows us to obtain a differential
form of the star product and consequently analyze the quantum dynamics in the semiclassical
limit. The principal difference with the standard Stratonovich mapping consists in taking into
account simultaneously all the irreducible representations of the SU (2) group over which the
initial state of a quantum system is expanded, as well as to extend the star-product technology
to the Hamiltonians not preserving SU (2) invariant subspaces.

In section 2, we briefly recall the fundamentals of the Stratanovich—Weyl mapping for
spin-like systems. In section 3, we define the Weyl mapping for the SU(2) group in the
Euler parametrization and discuss its main properties. In section 4, we derive the differential
form of the star product and discuss its form in the semiclassical limit. The Hermiticity,
covariance and some other properties are proved in the appendix A. The general expression
for the star-product operator is obtained in the appendix B.

2. Stratonovich—Weyl correspondence for spin systems

According to the axiomatic approach to the phase-space formulation of quantum mechanics
[5] we associate each operator f with its symbol W (£2)—a c-number function defined
in the corresponding phase space. Obviously, such an (invertible) map f — W (2)
depends on the ordering rules of functions of non-commutative operators, which is taken into
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account by introducing an additional index s, specifying a certain operator ordering, such that
f - W)(f)(Q), where the value s = 0 corresponds to the Stratonovich—Weyl symbol, while
s = %1 leads to the Beresin contravariant P-symbol and covariant Q-symbol, respectively.
A general rule to associate with each operator f acting on a Hilbert space a function W}S)
(s-parametrized symbol of f) defined on the phase space is given by the ‘Stratonovich—-Weyl
correspondence’ [5, 16, 19]

Wi (@) = Tr(, () ),

where (6, ¢) is an s-parametrized Stratonovich—Weyl kernel. From now on we will be
interested exclusively in the symmetric operator ordering, s = O (so that the symbol of the
density matrix is commonly called the Wigner function), which possess adequate properties
in the semiclassical limit [32].

The Stratonovich—-Weyl kernel W (6, ¢) for spin-like systems (systems with SU(2)
dynamic symmetry group for a fixed (25 + 1)-dimensional irreducible representation) is
introduced according to [5, 12, 16]

28 L
D@, ¢) = ﬂz Y YO, 0TS =0'0,0), 0.9 €S, ()
V2S+1 33 u=L

where Y (6, ¢) are the spherical harmonics, f"LSM are the irreducible rank L tensor operators
[38] which form an orthogonal operator basis in the space of (25 + 1) x (25 + 1) matrices and

are defined as
s
A 2L +1 /
S Sm ’
TLM:‘,2S+1 E/_iSCS"LLM'S’m)(S’m" 2)

Here C gr’:l’ 1.m are the Clebsch—Gordan coefficients which couple two representations of spin S
and L (0 < L < 2S5) to a total spin S. The kernel W (6, ¢) is normalized as

25 +1
_ dQw@, ¢) =1, (3)
S

Tr @, ¢) = 1,

where d2 = sin0d6 d¢ is the invariant measure on the sphere.
The Stratonovich—Weyl symbol of the operator f,

Wy (. ¢) = Te(f0 (6, 9)), )
is covariant under rotations and provides the overlap relation
25 +1 YA
= [ a0w,0.0w,0.6) =@, )
S

The operator f can be reconstructed from its symbol W, (6, ¢) (4) through the following
relation:

A_2S+1
T A4xm

/S dQ (0, p)W, (0, ¢). (6)

In terms of the expansion coefficients of an operator f from (25+1)-dimensional representation
of the universal enveloping algebra of su(2) in the basis of irreducible tensor operators Tlf 2),

28 !
F=Y">" i, (7)

=0 k=—1
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its Stratonovich—Weyl symbol takes the form

2/
W@, = — Y6, ¢). 8
16, ¢) mgﬁk (6, ¢) (8)

The (associative but non-commutative) operation of star product reduces the calculation
of the symbol of a product of two operators to an application of some operator L (6, ¢) to the
product of individual symbols:

Wee=WpxW, = L, OIW W] 9
The star product allows us to rewrite the Schrodinger equation for the density matrix,

19,0 = [H, p],
as a Liouville-type evolution equation for the Wigner function,

i, W, ={Wy, Woln, (10)

where H is the system Hamiltonian and
{Wf, Wg}M = Wf * Wg — Wg * Wf

is the so-called Moyal bracket.
The integral form of the star product immediately follows from definition (4) and the
reconstruction relation (6)

25 +1\?
Wie = * dQ1d2, K (0, ¢; 01, @15 02, p2) Wr (61, 91) We (62, $2), (11)
4

where

K@, ¢; 01, ¢1; 02, ¢2) =Tr[W(O, @)W (01, $1)W(62, ¢2)]. (12)

Unfortunately, this kernel has quite a complicated form and, thus, is not convenient for practical
use. The differential form of the star product was found in [32] and possess as an important
property that in the large spin limit, ¢ = (25 + 1)~! « 1, the Moyal brackets are reduced
to the Poisson brackets in such a way that the first-order corrections disappear, so that the
semiclassical evolution equation takes the form

»W, ~ 2e(W,, Wylp + O(e?), (13)

where {, } p denotes the Poisson brackets on the sphere

(1p = 1 a 2 0 0 2 a
P T sino \ag, 90, a0, d¢,)”
We stress, that only in the case of the Wigner function that terms of order £ do not appear in
(13) [32].

3. Generalized Wigner function

3.1. Definition and properties

In this section, we generalize the Stratonovich—Weyl kernel to the case of quantum systems

for which the representation space is a direct sum of several SU (2) irreducible subspaces.
Let us consider a quantum system with SU(2) dynamic symmetry group, so that the

allowed transformations are generated by elements from the su(2) enveloping algebra. Given
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an arbitrary operator £, it can be represented as a linear combination of the irreducible tensor
operators T,/ as follows:

J'+J

f= 3 X Z fd Ty (14)
0, s

J,J'=0,1/2,1,... K=|J'—J| g=—K

where
KL crm \ yaml, (15)
2J 1 MR

here CY ™ , are the Clebsch—Gordan coefficients which couple two representations of spin J
and K (|J' — J| < K < J+J') toatotal spin J'. The tensors (15) form an orthonormal basis

(it

pic ) _ BJ{JZ"SJIJz‘SKlequzv T/Z{JJ _ (_1)2K+J’ J+qTJj/ (16)

KZg»
so that the expansion coefficients f} QJ are
fJJ - Tr (TTJJf)
The tensors Tk{ 7 possess the following transformation property under the SU (2) rotations:
T, T/ T, =Y T/ DK$.0. ). (17)
q

where
T, = e 95 7105 g7V 0< ¢ <2m, 0<6 <, 0< ¥ <4,

and D’;l(d),ﬁ, Y) is the Wigner D-function in Euler parametrization, satisfying the
orthogonality relation

2](1 +1 kl* kz .
e | AVDR @.0.9) D (9.0.9) = Suiadyandyie. dV = sin6 d¢ d6 di.

Changing the summation indices in (14), j = J'+ J, Q' = J' — J and making use of the
resummation formula

Z Zaak— > Zagr«

=—j K=|Q'| ={0.1/2} 0'=
where {0, 1/2} means that the index K runs from O or 1/2 for integer and semi-integer values
of j respectively, we obtain the following expansion:

Q0 j-0  j+0 j-0

0 J K i+ 0
F= 2 X X fxo Tk = 2 fio a®
j=0,1/21,...

j=0,1/2,1,... K={0,1/2} 0,0'=—K

Now we define the kernel operator as follows:

j K L
. 2K +1 0 j-0
®;(®) = E E jTDng(@)TKé : (19)
={0,1/2} 0,0'=-K

where ® = (¢, 6, ¥). Using the transformation property (17) we can represent the kernel
(19) in the following symmetric form:

®;(®) = T,(®)P;T,1(®),
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where
-y [l
K={0,1/2} 0,0'=—K J+1

So that, the j-symbol of an operator f is defined as

W1(©) = Tr(fa,(0)). (20)
Using expansion (18) and the orthogonality relation (16) we easily find
. / K 2K +1 0 0
Wi = > >, [T fxe T Pop(©) 1)
={0,1/2) 0,0'=—K

Note, that if f is an operator acting in a single SU (2) irreducible subspace, then automatically
Q' = 0 in the above equation and we reconstruct the standard Stratonovich-Weyl symbol
(independent of the angle /) in the irreducible subspace of dimension j + 1.

The above kernel possesses the following properties (proved in appendix A):

(a) Hermiticity

»H(O) = @ (©); (22)
(b) Covariance

T,0,(O)T) = &;(g - ©), (23)

where g - ® means the standard transformation of Euler angle under SU (2) group rotations
(38
(¢) Normalization

j+1 [ T 4 R _ [1js, j integer
62 /0 do ; sin 6 df ; dy ©;(0) = 0. 7 semi-integer; (24)
(d) The trace condition
N __ |1, j integer )
Tre;©) = {0, j semi-integer ’ 25)
(e) Reproductive kernel
A (©: ©) = Tr(d;(©)a) () = 8;;A;(0: ), (26)

where A;(®; @) is an analog of the delta function on the group manifold, when it is acting
on the j-symbols, in the sense that

I [ avia e 0ywie) = wie) @7
1672 A f - s :
Equation (26) immediately leads to the reconstruction relation
o0
f= f (28)
j=0,1/2,1
where the j-component of the operator f (compare with (18 )) is expressed as
A i+ 1
= {6 . / AV W1 (©)a;(0), (29)
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and the overlap relation takes the following form:

A = i+ 1 , ,
T(fp) = Y {6712 / v Wi©)W/(®). (30)
J=0,1/2,1,...

It is worth noting that because the symbol of the identity operator (in the whole space) is

o0
Wi @)= > &
n=0,12,...
the normalization condition is
. . j+1 ;
i= Y /dV Wi(©).

1672
j=0,1,2,... 6m

Finally, the kernel (19) satisfies all the Stratonovich—Weyl postulates and can be used
for (an invertible) mapping of operators into c-number functions. Note, that we do not
fix the dimension of group representation, which reflects in the dependence of the kernel,
and consequently the j-symbols, on three angles. In this sense, the mapping (21) is not
a representation of operators in the classical phase space (which necessarily should be of
even dimension). The main difference with the standard Stratonovich—Weyl mapping (see
section 2) is in the possibility of reconstruction, equations (28) and (29), of the whole
operator (in particular, the density matrix) and not only its projection on irreducible subspaces.
Nevertheless, the j-symbol of any operator acting in a single SU (2)-irreducible subspace does
not depend on the angle ¢ (due to Q' = 0) and has the standard Stratonovich—-Weyl form
(8). It is worth noting that the index j takes only integer values for the symbols which do not
depend on the angle .

On the other hand, the standard definition (1) of the kernel (for a single irreducible
representation of the SU (2) group) is obtained by integrating &; (®) over v,

471de‘® P
/0 ij( )—wj/Z( ,P),

where (6, ¢) is the Stratonovich—Weyl kernel (1).

For representation purposes sometimes it is convenient to use the polar parametrization
(w, ¥, p) of the j-symbols instead of the Euler angles. Then, each j-symbol can be visualized
as a function on S3, where w, 0 < w < 4m represents the radius of the three-dimensional
sphere (a meta-phase space [18]). We note that the j-symbol is explicitly periodic on w
(compare with [24]).

3.2. Examples

Let us consider some examples of application of the map (20) and (21). First of all we note
that the j-symbols of the su(2) algebra generators have the standard Stratonovich—Weyl form

[16,32]
Wi (©) =Vj/2G/2+ Dk Y 8, (31)
n=0,1,...
where §-functions indicate admissible values of the index j and n; are components of the
unitary vector 7 = (cos ¢ sin, sin ¢ sin@, cos ). In the same way, the symbols of squares of
generators and the total angular momentum operator J> = S + S + S are

j YN e » 1) JjG+2) |
WS,E(Q’ ¢) - 4 (\/(] +3)(] ])] (] +2) (nk 3> + 3 )n_;mgj,w (32)
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W1.(0) = j/2(j/2+1) D 8ju. (33)
n=0,1,...
The j-symbol of the Z operator, defined by its action on the spherical harmonics
2Y;m (¥, @) = cos 1Y}, (¥, ¢), depends on the angle v,

W/(©) =sinfcosy Y 8j2m1, (34)
n=0,1,...
due to the operator Z mixes different SU (2) irreducible subspaces. One can observe that only
odd values of j are admissible in this case.
As a second nontrivial example we find the Wigner j-function (symbol of the density
matrix) corresponding to the Bell state | W) = (|0, 0) + |1, 1))/«/5,

; 1 3 1 cosh 53cos?6 — 1
Wé,(@) = 5 |:(S()J +\/;(1 +cos ) COS(¢+¢)81J + (3 — f + gT) 32.j:| .

As expected the Wigner function ‘lives’ in the subspaces with j = 0, 1, 2. It is worth noting
here that the term ~4; ; appears as an image of the operator |1, 1)(0, 0] + |0, 0)(1, 1|, which
is non-diagonal on the representations of the SU (2) group.

Finally, we will find the symbol of the two-mode coherent state

wlap? e o
= = 2 _— . 35
leB) = |a)|B) = ¢ n,§m=0 —_— ) |m) (35)

The state |«f) depends on three real parameters (apart from the overall global phase), thus,
using the parameterization

2N
_ —iNvg . 2 2 2 _ a2 T
aff) = e N; 60, ¢0), re=lal”+ , =e —_—
jB) N_OIZ qn|N: 6o, @o) lal* + 1Bl qn T
=0,1/2.1,...
a = e 2y cos 62, B =e V)2 sing, /2,
N
. _ 2N)! —ikgo oi N—k N+k
IN; 00, 0o) = Z \/me ¢sin™ " 6p/2cos™ ™ O/ 2]k, N),
k=—N
we obtain the following Wigner j-function:
» rrier 2K +1
W!,(©) = ), 36
o (©) \/m,{z%m VRS SaVITEy T (0

where x X (w) is the SU(2) group character
sin [(2]( + 1)"5’]

K
w) = "
X (@) sin

)

and

0—6 d—do ¥ —1o O+60 . ¢—¢o . v —o
os cos sin sin )

cos - cos C cos
2 2 2 2 2 2 2
For large values of r, we have j ~ r > 1, then the sum (36) can be estimated as follows:

. rzj efrz ]
W@~ ——— Y 2K+ 1)x" )
af .
rG+2) K={0,1/2}
rert 2 5 sin ® (X7 (w))?, integer j
= ————39,sin— ‘ : .
TG+2)sin2 7" 2 | U122(0) xU-1D2(w),  semi-integer j

Observe that the polar parametrization is especially suitable in this case, because the Wigner
function depends exclusively on the polar angle w.
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4. The star-product operator
4.1. General expression
The star-product operator, chg,
Wi, (©) = L, (Wi (©)W;(©)),

is derived in appendix B and has the following explicit form:

< dg dg’ i+ DG+ D) oy 5
L f Z Z ', R D e g (37)
fe — (472 Jith=i : i
o (4m) n=0 j1,jp=0,1/2,... j+1
x [((T)"Fy, (3 R=+9) @ ((J7) Fj, (J2) e =I7709)], (38)
where
3 .0 1 0 3
J* =ieF¥ :l:cot9—+ i—F —— J°=—i—,
Y 960 ' sinf 0¢ Y

are the contravariant components of the SU (2) group generators and

) 1 90 (. 0 1 92 92 32
J°=—|———|(sinf6— —2cosb + —
sind 90 00 s1r12 0 \ 9¢? 0poy 92

is the corresponding Casimir operator, [J 0721 =0, in the rotating frame [38]

0 ="
a) = —————,
n!2J +n+1)!
and F;(J?) is the operator-valued function, defined by its action on the Wigner D-function,
Fj(Jz)Dﬁm ©)=Jk+j+DI(j—k) !D’,fm (®). The integrals on ¢ and ¢’ can be substituted
by the operator §-functions, §(j; — j — J°) and §(j, — j + J°), and the sum on n can be
formally evaluated

. ad i+ DG+ 1)
L= 2 =1 F'Uelier)
J1,72=0,1/2,... J

< [(Fi (I8 = j +19) @ (Fp (I8 = j = I9)].

where

(=2)" 1
7= Z MG+ o—jrn+ ) (Joyrrrit Tien= i 2V3)

and J, (x) is the Bessel function. Nevertheless, the form (37) is more convenient for practical

applications.

Note, that if both operators act in a single SU(2) irreducible subspace (so that
oy W (®) = 9, W,(©) = 0), the integration over ¢ and ¢’ can be immediately performed
and the known form [32] for the standard Stratonovich—Weyl star product is automatically
restored.

The star-product operator (37) allows us to rewrite the evolution equation for the density
matrix in the Liouville-like (10) form for the j-symbol of the density matrix W/(©) = W, (©),

i, W/ (©) = (L}, — L) (W},(©)W/(®)), (39)

where W1{1 (®) is the j-symbol of the Hamiltonian.
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4.2. Large j-limit

In the limit j > 1, which corresponds to the physical situation when the initial state is
distributed among several SU(2) irreducible subspaces of large dimensions, the general
expression (37) can be essentially simplified. First of all, we rewrite (37) in the following
form:

' de de’ § Gir+DGa+ 1)
j ., o
bre = /0 (4m)? Z 4 erries TFJ J9)

n=0 ji,j»=0,1/2.... 2 J
) [(E (0 @ () (7 0T (40)
where explicitly
o ="

eptel = PGl 4n — ST+ 1@ IO+ 1)
Making use of the asymptotic relation I'(j + b + 1) =~ ij(j + 1), so that
G+ 1)J°®171®J°7n

@iseguan ~ (DTG
i1+ 1)! o+ 1)!
(].1 ) ~(j+ l)1®JO, (]2 ) ~(j+ 1)*J°®1’
+1)! +1)!
(J ) (j )
we can perform summation on # in (40) obtaining
(i+ D! +\n 1 JTRJ™
G+ 1! Z(J) ® () W popron ¥ oy 0| 5 |- (4D

Now, we represent the function F; (k) in the following manner:

l
. k k
G+ D! 1+en (]+1)' 1 1+en
Fi(k) = = = ,
i) Jj+1 nlll—en Jj+1 ZZ 1 —e¢n
where ¢ = (j + 1)’1. Expanding the logarithm

o 1+en 2(en)?m+!
;lnl—en _ZZ 2m + 1

n=0 m=0

3

=2Z[8n+%n3+--.] — ek(k + 1)+f—0[k(k+1)]2+
n=0

we obtain the following approximate expression:

JZ

Fi(J*) =~ (j+1)!/eexp (Ts). (42)

Substituting (41) and (42) into (40) we approximate the chg operator as follows:
; J? J? J?
chg >~ exp (—75> exp[—eJ* ® J] [exp (78) ® exp <78>j| (43)
R X 0 — ey e
% (e el(2=j+/"e ) ® (el(.n—.l—f )w), (44)
/0 (4m)? i ,22031

where the first operator, exp(—gJ?/2), acts on both symbols.

10
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Finally, applying the Baker—Hausdorff expansion
ef ef = ef+E+3lf 8k
and using the identity
P =PI+1®J2+2)°0 1~ I @1~ — I~ ® J)(f3),
we arrive at the following approximate expression for the star-product operator:
L :exp[_821°®10+1+®J —J- ®J+}
fe

2

4 / N

8 / " df d‘ZP Y (@) @ (el
o (4m) Ji.j2=0,172,..

where the first operator exponent can stlll be expanded further in series,
[ 201+ Q@J —J"®J*
exp | —¢

2
in our order of exactitude.
Thus, the large j-limit of the evolution equation (39) acquires the form
de dg’
(4m)?

}%1—810®J°—%(J*@J‘—J‘@J*),

) P 4
i, W/ (0) = E(J_ IT-JI"Q® J‘)/
0

oo
x Z [(ei(jz—j+10)<ﬂ' Wi (@))(ei(ju—j—lo)w Wi (0))
JuJ2
+ (ei(jz—j—fo)(o/ Wj' (@))(ei(.il —j+I%¢ sz (@))]

+( —_eJO ® JO)/ dw dw ( i(h—j+J%)¢’ WI{II (@))(ei(jl—j—JU)q)sz(@))

— (ei(jz—j—fo)tﬂ’ WIJ-II (@)) (ei(jl —j+JO)<ﬂ w2 (@))] .
where ji, j» take integer and semi-integer values. Itis clear that in the case when both symbols
W/ (®) and W}, (®) do not depend on the angle v, the last two terms in the above equation
take the same value and thus, are cancelled out so that, the right-hand side is reduced to the
Poisson brackets between W/ (0, ¢) and W}, (0, ¢) on the sphere [32].

In the case, when the Hamiltonian is an operator from the enveloping algebra of su(2)
invariant operators (and thus leaves invariant each SU(2) irreducible subspace), its symbol
does not depend on the angle ¥ and the only admissible values of the index j in W}, () are
integer. Besides, the Wigner function W/ (®) corresponding to different values of the index j
evolve independently. Then, the above evolution equation is essentially simplified especially
for the so-called semiclassical states, which are localized in each representation and ‘among’
representations (for instance, two-mode coherent states (35)):

i, W (@) = (W}, ™ (@) — W™ @)W/ (©)
1
+ 9 0 — 3V ®3") —cotd) ® 3l
18<s (8, ® 35 — 8 ®3;') — cotdy ® 3

x (W,’j‘aw Q) + Wi (Q)) Wi (®) (45)

where Q = (¢, 0) and the partial derivative on the angle i appearing in the index j of the
Wigner function can be understood as a formal series on 9y

Wi QW (@) = Wi (W (©) +iWé<Q)aww

x=j
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The first term in (45) shows that different invariant subspaces acquire different phases in the
course of evolution. It is worth noting that the index j in the Wigner function W/ (®) may
acquire both integer and semi-integer values.

As a simplest example let us consider evolution generated by the Hamiltonian

H=owl

Taking into account (33) we immediately obtain the following approximate evolution equation:
JWI(O) ~ —w(j+1)d, W/ (),

where j takes only integer values, which solution,
W/ (@]r) = W(Qly — (j + Dor),

coincides with the corresponding exact solution. '

It is worth noting the existence of another nontrivial term, cotdy W;,(sz)aw wWi(®),
in (45) which directly relates the dynamics in each irreducible subspace with the evolution
among different subspaces. As a second simple example we consider a linear but non-diagonal
Hamiltonian

H=wSs,.
Taking into account (31) we easily obtain from (45) the following evolution equation:

C(_)SZ’ 3y + cotd cos ¢, + sin ¢ag> Wi(©),
sin

W/ (®) = (—
having a simple solution W/ (®|t) = W/ (¢ (¢), 0(t), ¥ (1)), where
cosf(t) =+ 1 —c?sint + cos by, ¢ = sin 6 cos ¢y,
! dr
cosp(r) = W(f)=¢o+6[
0

c
siné(r)’ 1 —cos26(r)’
A nontrivial contribution from v () appears only if the initial state is distributed among several
SU (2) irreducible subspaces.

As a nontrivial example let us consider the following nonlinear two-mode Hamiltonian
(Lipkin—Meshkov-Glick [39] model):

H= g(((ﬂa)2 +(b'b)?) + %(dtb +ab).

This Hamiltonian preserves the integral of motion N = a'a + b'b corresponding to the
excitation number conservation, so that it can be recasted in terms of the su(2) algebra
generators as follows:

H=gS + xS+ xN/2(N/2+ 1),

where S, = (a'b+ab')/2, S. = (a'a—b'b)/2 and S} + S} +S2 = N/2(N/2+1). If the initial
state belongs to a single SU (2) irreducible subspace the standard semiclassical methods can
be applied in the limit of large excitation numbers. Nevertheless, for an arbitrary initial state
a generalized evolution equation (45) should be used. For instance, let us suppose that both
fields are initially in strong coherent states: |«),|8)». Then, the symbol of such a state (36)
depends on 1, so that the corresponding semiclassical evolution equation takes the form

AW (©) = g (oote COS ¢y + sin pdy — %aw) Wi (©)

2 A
—x(+1 <cos 00, + §a¢> Wi (®).

12
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The general solution of the above equation is W/ (®|t) = W/ (¢ (1), 6(t), ¥ (¢)), where
0(t), ¢ () are solutions of the corresponding classical equations of motion,
o = —gsing,

¢ = x(j+1)cosf — gcotdcos e,
and the angle v evolves according to

" cos (1)
——=dr.
sin6(t)

This means, that to describe the dynamics of any operator non-diagonal on the su(2)

irreducible subspaces, for instance a' + a, in the semiclassical approach it is absolutely

necessary to take into account time evolution of the angle vy. Really, taking into account

the representation of the annihilation operator a in the angular momentum basis |J, m), a =
Zj’m VI +m|J —1/2,m — 1/2)(J, m| we obtain its j-symbol

. 2i+1)2j+3 .
Wi(©) = /%e‘l(d’*‘”)/z cos/2,
J

where j takes only semi-integer values. The symbol W/ (©) explicitly depends on the angle
Y, which means that equation (46) is vital for correct description of evolution of the average
value (a + a).

2
1/f(t)=1ﬂo+§x(j+1)t+g/0 (46)

5. Conclusions

We introduced a Wigner-like mapping for systems with SU (2) symmetry. Such mapping was
obtained in the frame of the Stratonovich—Weyl approach and the principal requirement we
have imposed is the covariance of symbols W/ (¢, 68, ¥) under transformations from the SU (2)
group. The main advantage of the present approach is in the possibility to represent the whole
density matrix, and not only its components in each SU (2) irreducible subspace, in terms of
c-valued functions. Also, such representation opens a possibility to study quasiclassical
dynamics of quantum systems. In the particular case, when the Hamiltonian preserves
irreducible subspaces the Wigner function evolves according to

W/ (@lt) = W/ (1), 0(1), ¥ + g6, plt)),

where 6 (1), ¢ (t) are solutions of the classical equations of motion and the form of g(6, ¢|¢)
depends on the Hamilton function.

We introduce a Wigner-like quasidistribution function to describe quantum systems with
SU(2) dynamic symmetry group. This function is defined in a three-dimensional group
manifold and can be used to represent quantum states having components in several SU (2)
invariant subspaces. It particular, it allows us to ‘draw’ non-diagonal (between irreducible
subspaces) elements of the density matrix.

An explicit differential Moyal-like form of the star product is found and analyzed in the
semiclassical limit, which opens a possibility to study semiclassical dynamics of quantum
systems including ‘diffusion” among different SU(2) irreducible subspaces. Such diffusion
could appear only when the system’s Hamiltonian mixes irreducible subspaces. Such effect
can be observed, for instance, in the processes of interaction of polar molecules with
electromagnetic fields [40] (the problem of alignment and orientation of molecules in external
fields), when the interaction Hamiltonian has the following form:

H = J2+a)2+oz22,
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where Z is defined in equation (34)). Another example where a specific mixture the SU (2)
invariant subspaces is produced during the evolution is the Lipkin—-Meshkov—Glick model
when one (or both) mode of the quantized field is pumped by an external source,

H= %((aTa)z + (b)) + %(afb +abh) + x(a+al).
It is worth noting here that under the action of @ and a' the index j of the Wigner function
W/ (®) is displaced on 1/2, so that integer and semi-integer values of j are resulted to be
connected in the course of the Hamiltonian evolution. Some other problems as dynamics of

a charged particle in central field in the presence of electric field can also be studied in the
frame of the present formalism. These problems will be discussed by separately elsewhere.
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Appendix A

In this appendix, we prove the properties of the kernel (19).

(a) Hermiticity

J K={0,1/2} 2 0 =0’
ol = Y. Y [T DTy
K={0,1/2} 0,0'=—K J
K

K+1
J ={0.1/2} o o
— Z Z 2K +1 K*,(ﬁ)(_1)2K+Q'+QT%jZQ
11 Peo e
K={0,1/2} Q,0'=—K
K 2K +1

(—D2=C¢DK, , @) (- 1)2’<+Q+QTK

o f*'Q,

K={0,1/2} 0,0'=—K j+1
J K={0,1/2} .
2K +1 , L0 j=0 -
= T C 1*XRCDE, Ty * = w;@),

due to K + Q’ being always an integer.
(b) Covariance

J
Tow;(O)T] = Z Z

2K +1 2o o
DQQ(®)TT T,

2K 1 /
- DEL(©) Z DX, (o)

- — T, DNy(g-0)=w,(g-0).

(c) Integration of the kernel over the group (normalization)

14
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2 T 47 2K +1 K j+0' j=0'
/ d¢/ sin@d@/ dy w;(®) = Z > 16n? 5K05Q05Q,0TKQ 2
0 0 0

+1
I+l 007k
6% 4Jj/2j/2 16 :
J;’? 50 = Jfl I, J integer
0, J semi-integer.

(d) Trace of the kernel

K

j
2K +1 ;
tr(w;(©)) Z Z DE o (0 — Q'+ 18x08008 ;40—

ZoipV I 55
. {1, j integer

0, J semi-integer.

(e) Reproductive kernel

. L k+v1 g, 2ki+1 & al
tr(wj((a)w;l(@)):Z\/ j+1 Z\/ jll+1 Z Z
K K,

0.0'=—K Q,,0/=—K,
K /
x DEQ/(®)DQ‘Z)/] (©)8xk1800.8).1190'.0;
2K+l &
=38 Y. Do (@)Dyy(®) =5;;4,(0,0),
K 0.0'=—

where A ;(®, ©') is a delta function on the group manifold for the j-symbols,

K
2K +1 P
/dVA (©,0)W(©) _/dV Z Z DQQ/(G))Dg*Q,(@)W}(@)
0,0'=
2K+1 Ko o
Z Y. Dio®DgH(®)
0,0'=—K
LS 2kl
2 kx /
XZ Z ]+1fkq qu’(®)
k q.9'=—k
] K ] k ol i
2K +1 2k +1 iz i
:Z Z DQ(®)Z Z ]+1fkq :
K 0.,0'= k q.q'=—k
x / dv'D§5 (@)Dl (©')
2K+1
= Z Z D Q(®)Z Z
K 0,0'= k q.q'=—k

2k+1ff+Tq’f*Tq' 167125 505
X [ — !yl
j+ 17k g 4 KKOQa0CY

16712 ok dk+1 did 1672
= IZZD"@) kaq“ i W1(©).

k q.9'=—k
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Appendix B

In this appendix, we derive the general expression for the star-product operator.
First of all we note that the j-component, equation (18), of an operator can be expressed
as
ek

7 'l pl'l
F= 20 2 2 finTindias,
LI'=0,1/2,1,... k=[I=1| m=—k

then the j-component of the product of two operators is represented as follows:

pa AT A [ P X

fg - Z Z Z Z fklm/l gkzm/szlm', Tkzm’zsli“'lzsj' (B.1)

11,1{ kl,m’l lz,lé kz,m/z

Taking into account that a product of two tensor operators can be expanded as a linear
combination of them,

J{J JyJ. _ /
TK:QIITK;QZZ — 8‘11]2/\/(2[(] + 1)(2K2 + 1) Z(_1)2K|+2K2 K3+Jz+.]l
K303
K, K>K /
K303 14243 Ji
* Cx0/k:0, { Dl } Tx:0,

and that 6 can be conveniently represented in terms of the Clebsch—Gordan coefficients [32]

{K1K2K3} _(=Dfrars Fio Fo [(Ky+Jh — 03! (Ka+ 0y — J3)!
hhis | 2K +1 Fi (Ki — D+ 1) (Ky — Jy + J3)!

o0
J pJihly ~Ki =Dt
x ZajsbKIszCKzfz—ijKm—Jz’
=0

where
o GV
AT @K+ jEDY
phirss _ | K= St Tyt DUK = S+ T3 +))!
KK j (Ki+Jy—J3— DUKy+ Jy — I3 — )

Ff,=Vi+h+K+DI(i+1—K)!,
we obtain for the j-symbol of the product (B.1)

PN — A
fg = Z Z Z Z Z Z (_1)2k1+2k2 k3+l+l} fk]ln]ﬁ gkzzr;’zgli"'l%j&l*15811'13812’13 (B.2)

11,1{ kl,m'l lz,lé kz,m’z l3,l§ k3,mg

x /(2ky + 1)(2ky + 1)C

k3m); {k1k2k3} T1§13 (B.3)

kym' kym’, 1211 ll kam;

_ ’ I bl
— Z(_1)2k|+2k2 k3+lr+] \/(Zkl + 1)(2/(2 + 1)fk11rrll’l gkzzrzn’zalﬁlzyj(sllqléal;71§812»13 (B4)
O

0 ky+l+
« Z(—]) l+l+lanbhlill (kl —ll+li)!(k2+lz—lé)! (B.5)
—q .
= 2k T B\ ky + 1 — 1)) (ko — L + 1)
ky ko
Z{ll lélz k1 ll—li+n kj;m’3 l§l3
Fk3 ko Ly —ly+n k3 l3—15 " kym' kom, ~ kam’y? (B6)
1415

16
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where D o =3 1 Xkt 2on 2ok, le’lg st’m;. Using the transformation relations
for the Clebsch—Gordan coefficients

Ck3 my — (_1)k1—m’1 2k3 +1 Ck2 )y
ky m' ky m)y 2k2 +1 ks mf ky—m'?
Ckl 11—1{+n _ (_1)k3+l3—lé Zkl + 1 Ckzlé_l?."'”
kz Zé*lz-l-n k3 137% - 2k2 + 1 k3 lé*l} k] 117114-}1’

and the integral representation for a product of two Clebsch—Gordan coefficients

ko Ié*lz+n ko m/2
k3 13713 k] l] 7li+n k3 m% k] 7!1’1/]

st an 2K+ 1
=yt et ] / avDl @)D, (@D, . (©)

my =13 my l{=l—n m} Iy —l+n
we rewrite (B.2) as follows:
A 1 Iho bl
F& =3 5/ @i+ D@k D@ks + 1)yl &, Bt 181,180 1801,

[e.¢]
n n bl (k —1 +l/)!(k +1 —l/)!
x Z(_l) ap, by o 1 1_ ; : — 2 7
— (ky +1 — D! (ko — o +13)!

ki ko

Fin e, f 4y p @)D", (@D (@)T""
Fk3 my li—I3 myl{=l—n mly Iy —l+n kam’y®
1l

where the triangle rule, |k, — 5| < I} < ky + [, has been taken into account to simplify the
phase factor.
Now, we use the property of the Wigner D-functions

ey +1y = 1) (o =1+l +n)! .,
ey +0 =1 —m)! (k=1 +1)! —mb—hn

("D, (©) = (—1)"\/ (©),

-y Dk (@):\/ (o=li+h)! Goth—b+m! . o

my b= (ky—l+L—n)! (kp+1y— L) mhhm

where

. ad a 1 0 a
JE=ieTV [+cot) — +i— F — — |, JO= —i—
oYy 00  sinf d¢ Yy

are the contravariant components of the SU(2) generators in the rotating system [38], and
obtain

An 1 AN i
fe=> Tz V @+ D ko + D@k + 1) fi St 180,150 1801 T
@)
xFF
n 1 2 n ki —\n Rk k
X : :alll—kgz/dv((‘]-'—) Dm'l*lffll (®))((] ) sz’z*léflz(6))Dm21§713(®)'
n=0 Il

After some long but straightforward algebra the above expression can be rewritten as follows:
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oo 0 0 0
2o YU+ DG+ DG+ 1) (2ky + 1) 2k + 1) (2k3 + 1)
fo= 2 1672 2\ TG DG DG+ ®-D
J1:2=0,1/2,... ®
X fklm’1 gkzm/z a.f|+£2*j
n=0
4
X / " w elU1=i2)e1 oili=)e2 Gi(2= /)¢ (B.8)
0 (4r)?
x / AV (I (Fj, e @ Dl (©))(J7)"(F e e Dl (@)
(B.9)
F! iJn(‘M*éﬂz)Dki ® TjszmSjr# B.10
X( J € m’3m3( )) kamy ’ (B.10)
where the property J ODfn,m = —mD,';/m and the integral representation of the Kroneker

dmn-function (note that the indices can be semi-integer)
4
(Smn - / d—d) ei(m_")d’
0 4
have been used, also the notation Z® means

& ki={0,1/2} my,m|=—ky k2={0,1/2} mp,my=—k, k3={0,1/2} m3,my=—ks

and we have introduced the operator-valued function F; = F;(J %), defined by its action on
the D-functions, F;(J?) DX, = /(k+ j+ DI(j — k)!D%,, where

nm

) 1 a (. 0 1 32 2 9?
J=—|——[sin0— |+ ——=| =—5 —2cosb +—
sin® 96 00 sin2 9 \ 9¢?2 Aoy Ay?
is the Casimir operator in the rotating frame [38]. Note that by construction the value of
(J1 + j» — j)/2 is always integer.
In (B.7), the structure of the j-symbols is already recognizable so that using (21) and the
self-conjugation property of the Casimir operator we obtain

3 - i+ D2+ 1)
/ n 1 2
o ¥ S, B
J1,/2=0,1/2,... n=0 2 J

4
x / dg dgs dgs ellii=i)¢1 ili=ié gili2—i)¢3 (B.11)
0 (n)?

% Fj_l e—iJ°(¢z—¢3) [(J+)n (Fjl e_iJO(¢I —¢2) W;] (@))(J—)n (sz e—i10(¢1+¢3) Wg{z (@))]
(B.12)

Finally, taking into account exp(«d/dx) f(x) = f(x + o) and the commutation relations
[J9, J*] = 3=J* we obtain after integrating on ¢3 the symbol of the product of f and g
operators in terms of their individual symbols:

A ; 00 00 . .
- dp de G +D(Ge+D ., 5
Wi (©) = § § | F(J
75(®) fo (@n)? = G| T er D
n=0 ji,j»=0,1/2,...

X ()" Fj, (J2) €I W (@) (1) Fiy (1) €9 == wi(@))].
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