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Abstract

Various Euclidean, hyperbolic and elliptic analytic representations are
introduced and relations among them are discussed. The Bargmann analytic
representation in the complex plane is considered and its relation to other phase-
space methods for the harmonic oscillator is reviewed. The general theory
that relates the growth of analytic functions with the density of their zeros is
applied to Bargmann functions and it leads to theorems on the completeness of
sequences of Glauber coherent states. Two hyperbolic analytic representations
in the unit disc, based on SU(1, 1) coherent states and also on phase states
are introduced. A third analytic representation in the complex plane based on
Barut—Girardello states is also considered and transformations which relate it to
the other ones are studied. In the case of systems with finite-dimensional Hilbert
space, an elliptic analytic representation in the extended complex plane and also
another analytic representation based on theta functions are introduced. The
Berezin formalism in the Euclidean, hyperbolic and elliptic cases is discussed.
Contour analytic representations in these three cases are also presented.
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1. Introduction

Analytic functions play an important role in various branches of physics. They use the
powerful theory of complex analysis to derive physical results. In this review, we discuss
analytic representations in the context of coherent states, phase-space methods and their
applications. These techniques provide a powerful toolbox in areas such as quantum optics,
quantum information processing, condensed matter, atom—light interactions, Bose—Einstein
condensates, quantum maps and quantum chaos, condensed matter, mathematical physics, etc.

Coherent states [1-14] have many interesting properties. In this review, we are interested
in the fact that they are labelled with a complex variable z and that there is a resolution of the
identity in terms of them. We then represent an arbitrary state | f) with an analytic function
f(z) which is proportional to the overlap between the state | f) and the coherent states. The
resolution of the identity is used to define the scalar product of two states. There is a series
of theorems that impose constraints on the behaviour of analytic functions. For example, let
{zn} be a sequence of complex numbers which has a limit . Two entire functions f(z) and
g(z) such that f(zy) = g(zy) for all N are identical. This behaviour of analytic functions can
be used to prove the fact that the corresponding sequence of coherent states is overcomplete.
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More generally, some of the deeper properties of coherent states are intimately related to
analyticity.

Many types of coherent states are associated with a group of transformations. Under these
transformations, a coherent state evolves into another coherent state. From a physical point
of view, a system with a Hamiltonian which is a linear combination of the generators of this
group, and which at + = 0 is in a coherent state, will evolve into other coherent states at later
times. This property has been called ‘temporal stability’ [15]. We consider Euclidean analytic
representations in the complex plane related to the Heisenberg—Weyl group of displacements,
hyperbolic analytic representations in the unit disc related to the SU (1, 1) group [16-19] and
elliptic analytic representations in the extended complex plane related to the SU (2) group of
rotations [19-22].

The Euclidean analytic representations are related to Glauber coherent states and
displacements in the Euclidean plane. We first discuss displacement operators, the Heisenberg—
Weyl group and the displaced parity operators. They are intimately related to the Weyl and
Wigner functions [23]. Since the Weyl and Wigner functions have been reviewed extensively
in the literature [24-27], we only discuss certain aspects which are related to the analytic
representations. We then introduce the Bargmann analytic representation in the complex
plane [28, 29] and study its properties. We also discuss briefly the Berezin formalism [30]
which is an autonomous approach to quantization that is particularly useful in studies of the
semiclassical limit.

The growth of a Bargmann function is related to the density of its zeros [31]. Physically,
the zeros of an analytic function representing a particular state indicate which coherent states
are orthogonal to this state. We show that if the density of a set of complex numbers {zy} is
above a certain value then the set of the corresponding coherent states is overcomplete, and if
it is below that value it is undercomplete. In the latter case, we can construct a state which
is orthogonal to all coherent states {|zy)c}, using Hadamard’s theorem which is discussed
here in a physical language. These general results are applied to the von Neumann lattice of
coherent states [32-38] comprised of the coherent states {73y = S'/?(M +iN)} where M, N
are integers and S is the area of the lattice cell. The zeros of Bargmann functions (and also of
other similar representations of quantum states) are important in studies of quantum maps and
quantum chaos [39-44].

The Euclidean contour representation assigns to the ket states the same analytic function
as the Bargmann representation and to the bra states a function such that the scalar product is
given by a contour integral around the origin. It has been studied originally by Dirac [45] and
Schwinger [46], and later by several authors [47-51]. In some cases, there are convergence
difficulties in this formalism, which we discuss.

We next consider hyperbolic analytic representations. In order to introduce them, we first
discuss briefly SU (1, 1) coherent states and the Barut—Girardello states [52, 53]. We also
discuss the k = 1/4 and k = 3/4 representations and their use in the harmonic oscillator
formalism, the k = 1/2 representation and its use in the description of phase states of the
harmonic oscillator, and the Schwinger representation of SU (1, 1) and its use in two-mode
harmonic oscillators.

The first hyperbolic analytic representation in the unit disc is based on SU (1, 1) coherent
states. It uses functions in the Bergman space [54] and has been studied extensively in the
literature [55—64]. We define this representation and explain that SU (1, 1) transformations
are implemented with Mobius conformal mappings. We also discuss the Berezin formalism
in this context.

Another hyperbolic analytic representation in the unit disc is based on SU(1, 1) phase
states. It uses functions in the Hardy space [65] and is related to Z-transform which is used
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extensively in digital signal processing [66]. The properties of functions in Hardy spaces have
been studied extensively in a pure mathematics context and here we use them in a more physical
context. For example, we explain that the outer parts of these functions are related to the phase
distribution of the corresponding quantum states. The inner parts of these functions contain
all the zeros, and theorems about these zeros lead to criteria about the overcompleteness of
the phase states.

The Barut—Girardello analytic representation is defined in the complex plane. We
discuss this formalism and we give transformations which relate it to the hyperbolic analytic
representation in the unit disc based on SU (1, 1) coherent states. We also discuss applications
to the harmonic oscillator and show that in a certain cases the Barut—Girardello analytic
representation is related to the Bargmann representation.

The hyperbolic contour representation is based on a similar philosophy with the Euclidean
contour representation. It assigns to the ket states the same analytic function as the hyperbolic
analytic representation based on SU (1, 1) coherent states and to the bra states a function such
that the scalar product is given by a contour integral around the origin. As in the Euclidean
case, there are convergence difficulties in this formalism, which we discuss.

In the elliptic case, we consider systems with finite-dimensional Hilbert space. The
general theory for such systems has been originally discussed by Weyl [67] and Schwinger
[68] and has been recently reviewed in [69]. Here we only discuss analytic representations of
these systems.

We first study briefly SU(2) coherent states and their use in the harmonic oscillator
formalism. We then define the elliptic analytic representation in the extended complex plane
and explain that SU (2) transformations are implemented with Mobius conformal mappings.
We also discuss the Berezin formalism in this context. The elliptic contour representation is
similar to the Euclidean and hyperbolic contour representations, but all sums are finite here
and there are no convergence difficulties.

Another important analytic representation of systems with finite-dimensional Hilbert
space on a torus is based on theta functions. This representation provides an interesting link
between the theory of systems with finite-dimensional Hilbert space and the theory of theta
functions.

Other analytic representations in related contexts have been studied in [70-90]. Path
integrals with coherent states using analytic methods have been studied in [91]. More
specialized types of coherent states [92] can also be approached in the language of analytic
representations [93]. In a different context, analytic methods have also been used in conformal
field theory [94] and also in other areas of mathematical physics [95].

The structure of this review aims to show the similarities between the Euclidean,
hyperbolic and elliptic cases. Proofs of the formulae are omitted and only hints are given.

2. Notation

C, R, Z are the sets of complex numbers, real numbers and integers, respectively. Z; is
the set of integers modulo d. The indices ‘R’ and ‘I’ in complex numbers indicate the real
and imaginary parts, respectively. The notation ¢ indicates anticlockwise contours in contour
integrals. S(r) and 7 (r) indicate the following regions in the complex plane:

Sy ={lzl <r}, T(r) ={lzl > r}. (D

Most states are labelled with an index which indicates the nature of the state. For
example, ‘c’ stands for coherent states, ‘n’ stands for number eigenstates, ‘x’ stands for
position eigenstates, ‘p’ stands for momentum eigenstates, ‘ph’ stands for phase states, etc.
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In this review, we work in Euclidean, hyperbolic (Lobachevsky) and elliptic geometry
[96] and we give briefly below the metric, the Poisson bracket and the Laplace—Beltrami
operator for each of them.

2.1. Euclidean geometry

In the first part of this review, we work in Euclidean geometry in the complex plane C. We use
the index ‘E’ which stands for Euclidean in the various quantities in this case. The metric is
given by

dzr dz
due(z) = ‘; L )

The Poisson bracket is

0(fig) 1 (S g)

{f.gle= 2 203G a) 3)
where
0f.) _0f dg _dgdf "
d(a, B)  Odadf do df
The Laplace operator is
A§E>z4a—2=a—22+a—22. (5)
dzdz*  dzg 0%

2.2. Hyperbolic geometry

In the second part of this review, we work in hyperbolic (Lobachevsky) geometry. We use
the index ‘H’ which stands for hyperbolic in the various quantities in this case. We use the
Poincare model of the Lobachevsky geometry which is the unit disc

D ={lz| <1} =8(). (6)
In this case, the metric is
dZR dZ]
d = 7
() = = s )
The hyperbolic Poisson bracket is given by
. a(f. 8)

L g =i(1 — [z)? 8
(gl = i1 = 2P’ 52 8)

and the hyperbolic Laplace—Beltrami operator is given by

82

A =1 = 2P ©)

dzoz*
The Laplace—Beltrami operator is invariant under Mobius transformations in the unit disc,
which are discussed later in equation (247). Here we explain briefly this invariance. Given a
function g(z), we first perform the Mobius transform w(z) of equation (247) to get the function
(g ow)(z), and then apply the Laplace—Beltrami operator to get A% (g ow)(z). Alternatively,
we first apply the Laplace-Beltrami operator to get (A g)(z) and then perform the Mobius
transform w(z) to get (A g)(w(z)). We then have

AP (gow)(z) = (AP g)(w(2)). (10)
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2.3. Elliptic geometry

In the third part of this review, we work in elliptic geometry. We use the index ‘S’ which
stands for spherical in the various quantities in this case. We consider a sphere where a point
is described in spherical coordinates with the angles («, ), where 0 < o < 7,0 < 8 < 2.
A sphere is topologically equivalent to the extended complex plane Cg = C U {oo} and the
stereographic projection

2= —tan (%‘) e i (11)

provides a one-to-one mapping between the two. The south pole is mapped to the point z = 0
and the north pole to co. The metric in the extended complex plane is

dzgr dz;

d = —. 12
1@ = e (12)
The elliptic Poisson bracket is given by
, a(f. )
{f.g)s =il +]z])? —— (13)
a(z*, 2)
and the elliptic Laplace—Beltrami operator is given by
2
A = (1+[z1*)? (14)

dzdz*
The Laplace—Beltrami operator is invariant under the Mobius transformations w(z) in the
extended complex plane, which are discussed later in equation (396). Given a function g(z),
we get

AB(gow)(z) = (AP g)(w(2)). (15)

Part I: Euclidean analytic representations
3. Harmonic oscillator formalism

3.1. Creation and annihilation operators and their polar decomposition

We consider a harmonic oscillator with states in a Hilbert space H. Let x, p be the position

and momentum operators and a', a the creation and annihilation operators:
a=2""2[x+ip], at =2712[x —ip], (16)

[x, p] =1il, l[a,a']=1.

‘We use the notation |g), and |q) , for the position and momentum eigenstates, and the notation

fx(q@) = (gl f) and f,(q) = ,{(q|f) for the wavefunctions of a state | f) in the position and

momentum representations, respectively. They are related through the Fourier transform

frr) = @n)"'2 / dg fi(q)e ", Aqlr), = @r)~12 e, (17)

We introduce the projection operators

I1:(9) = g)x x (gl I,(q) =q)p plal. (18)
The eigenstates of the number operator n = a'a are

Y CI A N), = NIN 19

| >n—W|>nv n|N), = N|N)n, (19)

where the index ‘n’ indicates number states.
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We introduce a polar decomposition of the ‘Cartesian operators’ a', a:

a=n+ I)I/ZE, = E_n'?, al = E.(n+ 1)1/2 =n'?E,, 20)

(o9
E,=El =) IN+1),.(N|.
N=0

E_ and E, are ‘harmonic oscillator exponential of the phase’ operators. The eigenstates of

E_ are called phase states and we discuss their properties later in connection with the analytic

techniques in the unit disc. In the mathematical literature, E. is known as the shift operator.
We next prove that

E_E, =1, E.E_=1-10),,(0l 2D
It is seen that E, is an isometric operator, but it is not a unitary operator. A unitary
transformation maps a Hilbert space onto itself. An isometric but non-unitary transformation
maps a Hilbert space onto one of its subspaces. In this case, E, maps H onto H — {|0),}.

3.2. Fractional Fourier operators

We define the Fourier operator as

F = exp (l%n) , F=1 (22)
and we can show that
Flg): =1q)p. ~ FxF'=p,  FpF'=—x. (23)
A more general operator is the fractional Fourier operator [97—-100]
V(0) = exp(ifata), % (%) —F, (24)

which performs rotations in the x—p phase space:
V(@)xV(®) = xcos + psinb, )
V(@)pV(@©) = —xsinb + pcosb.

For later use, we introduce the eigenstates of the operator V (9)xV (9)':

lg)o = V(O)|q)x- (26)
They are position states along the rotated axis x sinf — p cos6 = 0 in the x—p phase space.
Clearly, |q)o = |q)x and |q)x/2 = |q),. We also introduce the projection operators

Mo(9) = I9)s (gl = VO (@ VO)". (27)
We use the notation fy(g) = ¢(g|f) for the wavefunction in the ‘x, representation’ (with
Jo(q) = fx(g) and fr2(q) = fp(g)). Itis known that

folq) = /dr fx(r)A(q, r; =0), (28)
where
A( 9) 1+iC0t9 12 .6]2+”2+. qr (29)
,r0)=| —— exp | —1 i— .
9 2 P 2tan6 sin @

An important special case of the fractional Fourier operator is for 8 = 7. In this case, we
get the parity operator (around the origin) Py:

Py = V() = exp(ira'a), Py =1, Polg)s = |—q)x,
Polq)p = 1—q)p, PoIN), = (=DN|N),. (30)
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We call Heyen the subspace of the Hilbert space H spanned by the even number states [2N),,,
and Hqq the subspace spanned by the odd number states |2N + 1),,. We also call ¢, and
ITyqq the projection operators to these subspaces, respectively. Then

Py = Tleyen — Iogd, Meven + Mogq = 1. (31)

3.3. Displacement operators
In the x—p phase space of the harmonic oscillator, we define displacement operators:

D(z) = explza' — z*a], (32)
where z is a complex number. The product of two such operators is given by

D(z1)D(z2) = D(z1 +22) exp [5(2125 — 2122)]

= D(z2)D(z1) exp(z125 — Z}22)- (33)
If we consider products of the displacement operators with phase factors
d(z,y) =" D(2), dzi, y)d(z, y) =d(z1+ 22, v + o+ 33 — 2i22)), (34)

we can show that they form a representation of the Heisenberg—Weyl group.
The matrix elements of the displacement operators with respect to positions and
momentum eigenstates are
@1 1D@)g2)x = expli2™?21(g1 +92)18(g1 — g2 — 2%z,
p(@11D@)1g2) = expl—i27?zr(q1 + 42)18(q1 — ¢2 — 2'/*
and with respect to number eigenstates [101, 102] are

N! 2 M—-N 2N M—N
W) LY (2P, (36)

(35)
ZI)?

1
2(M|D(2)|N), = exp (—Emz) (

where L% ~N(x) are associated Laguerre polynomials, defined as in [103].
We can prove the following ‘marginal properties’ [104]:

_ — _n—1/2
s [ @mD@ = Ry (-2 ),

1
s [ D@ = M2z, G37)

1
E/ due(z)D(z) = P.
c

They are used below to prove analogous marginal properties for the Weyl functions.
Another important property of the displacement operators is the ‘generalized resolution
of the identity’. Let I/ be an arbitrary trace class operator acting on 7. We prove that

u .
/;dME(Z)D(Z)m[D(Z)]T =1 (38)

There are various ways to prove this. An easy way is to use the P representation of the
operator which is discussed later. Acting with the displacement operators D(z) and [D(z)]'
on both sides of the operator ¢/ in equation (78), we can prove equation (38). Although this
particular proof uses quantities which are introduced later, logically this relation is a property
of displacement operators and belongs in this section. In the special case that &/ = |0), (0],
this relation becomes the resolution of the identity for coherent states which is discussed later.
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3.4. Weyl functions

The displacement operators are intimately related to the Weyl functions. We define the Weyl
function of an operator I as

We(z; U) = Tr{UD(2)]

= /dq Uy (g — 2725, g +271220) exp(i2%219)

= / dg Uy, (g — 27" %z1, g + 2712z exp(—i2'%zrq), (39)
where Uy (g, r) and U, (g, r) are the matrix elements

Us(g,r) = x(qlU|r)s, Up(q.r) = plgltd|r),. (40)

The tilde in the notation reflects the fact that the Weyl function is the two-dimensional Fourier
transform of the Wigner function, as we will explain later.

The operator I/ can be expanded in terms of the displacement operators with the Weyl
functions as coefficients:

U= f dug(2) We(—z; U) D(z2). (41)

The marginal properties of the displacement operators in equation (37) lead
straightforwardly to the following marginal properties for the Weyl functions:

/dZR We(z: U) = Uy (2772, 272y,

2125
2, /dZI We(z; U) = Uy (=27 22, 271 22p), (42)
1 -
E/ dug(z) We(z; U) = Tr[U Pyl.
c

There are more marginal properties for the Weyl functions, which involve |Wg(z; U)|* [105]:
1 ~
Sy /dZR|WE(Z§U)|2 = qu|u,,(q,q+21/2zl)|2,
; Ve(z: U2 = 1/2 2
o | dalWe@ WP = [ dglth(q. q +222) P, 43)
2125

/ due(2)|We(z; U)|)? = Trld'u].
c

3.5. Displaced parity operators
The displaced parity operators are defined as
P(z) = D) P[D(2)]' = D(22) Py = Po[D(22)]". (44)
They perform parity transformations around the point z. The product of two such operators is
P(z1) P(z2) = expl2(ziz2 — 2123)1D (221 — 222). 45)

The matrix elements of the displaced parity operators with respect to positions and momentum
eigenstates are

@11 P(@)g)x = explizi(dzr — 2¥%¢2)18(q1 + 2 — 27%zR),

23/2 23/2 (46)

p{q11P(2)|g2) ), = exp[—izr(4z1 — q2)16(q1 +q2 — 20)-
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The displaced parity operators are related to the displacement operators through a two-
dimensional Fourier transform:

1
P(¢) = 3 _/ dpg(2) D(z) expl2i(fizr — GrzD)]- (47)

The conjugate variables in this two-dimensional Fourier transform are (zg, ¢1) and also (zy, {r).
Equation (47) is easily proved if we multiply the two sides of the third of equations (37) by
D(¢) and [D(D)]'.
The marginal properties for the displacement operators given in equation (37) lead to the
following marginal properties for the displaced parity operators [104]:
21/2
— [ dwP@ = n,2"%z),

1/2
— dz1P(z) = 1, (2"%zR), (48)

2/ dug(@)P(z) = 1.
c

They are used below to prove analogous marginal properties for the Wigner functions.
We next introduce the displaced number states
IN; z)an = D(2)|N), (49)
Here the index ‘dn’ indicates ‘displaced number states’. We call Heyen(z) the Hilbert space
spanned by the even displaced number states |2/N; z)4n, and Hogq(z) the Hilbert space spanned
by the odd displaced number states |2N +1; z)q4,. They are generalizations of the Hilbert spaces

Heven and Hoqq introduced earlier. We call [Teven(z) and IMogq(z) the projection operators to
the spaces Heven(z) and Hogq(2), respectively. It is easily seen that

Heven(2) = D(@)Meven[ D], Moaa(2) = D(@)Moaa D@, (50)
and that the displaced parity operators can be written as
P (2) = Ieyen(2) — Moga(2)- (&1))

3.6. Wigner functions

The displaced parity operators are intimately related to the Wigner functions, as explained in
[23]. We define the Wigner function [24, 25] of an operator U/ as

We(z: U) = Tr[Ud P(2)] = Tr[UTeven(2)] — Tr[UTToqa (2)]

= /dq U2 zr + ¢, 2" 2r — q) exp(—i2**z1q)

= / dg U,(2"z1+ q,2'%z1 — @) exp(i2**zrq). (52)

If U is a Hermitian operator (e.g., a density matrix) then the Wigner function is real.
Equation (47) immediately leads to the result that the Wigner and Weyl functions are
related through a two-dimensional Fourier transform:

1 -
We(; U) = 3 / dug(2) We(z; U) exp[2i(51zr — ¢rzp)]- (53)

This can be used as the starting point for the so-called ‘extended phase-space’ formalism which
has been studied in [105, 106] and is not reviewed here. The operator U can be expanded in
terms of the displaced parity operators with the Wigner functions as coefficients:

U= 4/ dpg(2) We(z; U) P (2). 4
c
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The marginal properties of the displaced parity operators in equation (48) lead
straightforwardly to the following marginal properties for the Wigner functions:
2!72 1/2 1/2
- dzr We(z; U) = Up(277 721,27 21),

21/2
T | Aoy We(z; U) = U (27 2x, 2" 2R), (55)
T

2/ dpe(2) We(z; U) = TrU].
C

If U is a density matrix, then the right-hand sides of these relations are measurable
probability distributions. In this special case, the above relations lead to the interpretation of
the Wigner function as a pseudo-probability density. Its integral along the real axis is the
probability distribution U,(2!/%z;, 21/%z;), and its integral along the imaginary axis is the
probability distribution U, (2'2zg,2'27z). At the same time, the relation Wg(z;U) =
Tr[UTMeyen(z)] — Tr[UTo4q(z)] shows that the Wigner function is the difference of two real
probabilities (and this explains the fact that it takes negative values).

There are more marginal properties for the Wigner functions, which involve |Wg(z; U)|?
[105]:

21/2
— / dzg|We(z; U))? = / dglt, 2?21+ q, 2"z — @)%,

21/2

— [ dzi| W (z: U))? = / dg it (2" zx + g, 2"z — @)I%, (56)

4_/ due(2)|We(z; U 1* = TelUU].
C

3.7. Radon transform

In equations (37), we gave the marginal properties for the displacement operator using
integrations along the real and imaginary axes. Of course, there is nothing special about
these two axes, and we now give a general relation that involves integration along an arbitrary
line zg cosO + zysin@ + 2'/2g = 0. These relations are the basis for recent work on
quantum tomography [107—111] that reconstructs the quantum state of light from a series
of measurements.

Multiplication of both sides of equation (37) with V (6) and V(6)f gives

PyIly(g) = /dsD[(—zl/zq +is)e]

212
= 2—1/2/ dpe(z) D(2)8(zr cos O + zysin @ +21/%g), (57)
C

where g and s are real numbers. Equation (57) shows that the Radon transform [112] of
the displacement operator is the operator PyIly(q). A Fourier transform in conjunction with
equation (47) gives the inverse Radon transform:

1 .
/ dg exp(—iéq)To(q) = 5 D(=27""ig &) (58)
Taking the trace of both sides with an operator U/, we get

f dg exp(—i&q) Tr[UT4(q)] = %%(—2—‘/%5 e”; u). (59)
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If U is a density matrix, then the quantity Tr[Z/I14(g)] is measurable with homodyne detection
techniques. In this case, the above relation gives the Weyl function of the system from which
the Wigner function and the density matrix can be calculated.

3.8. Moyal star product

The Moyal formalism [113, 114] maps quantum-mechanical operators to functions in phase
space and provides an autonomous route to quantization. The non-commutativity is introduced
by using as a multiplication rule for these functions the Moyal star product. In the limit/i — 0,
the Moyal star product is equal to the ordinary product plus quantum corrections which are
powers of 1. In this limit, the quantum-mechanical commutator becomes the Poisson bracket
of classical mechanics plus quantum corrections which are higher powers of /1. Therefore, the
formalism is suitable for the study of the semiclassical limit of quantum theories [115, 116].

Related to the Moyal formalism is the Stratonovich—Weyl approach [117] which postulates
the desirable properties of the map between quantum-mechanical operators and functions in
phase space. These approaches have been generalized in the theory of deformations [118],
which is not discussed here. Similar philosophy to the Moyal formalism is also used in the
Berezin formalism which is discussed later.

The Moyal star product gives the Wigner function of the product of two operators ¢/, and
U, in terms of two Wigner functions of these operators. Using equation (52), we show that

W (z; Up) » We(z; Us) = WE(z; Uilh) = 4/ due(z1)
c

X / dpg(z2) We(z + 215 Un) We (2 + z2; Up) expl2i(ziz2 — 2123)]- (60)
C

The properties of the Moyal star product reflect the properties of the operators, i.e., associativity
holds, but commutativity does not hold in general. A Taylor expansion leads to the formula
=~ (i)M”" MY We(z; Uy) 3M N We(z; Uh)

We(z: Up) » We(z: Uy) = Z MIN! \4 dzpl0z) dzg dzp!

M,N

61
2 (61)
We note that Planck’s constant has been taken equal to 1, and does not appear explicitly in
our formulae. However, if we want to study the semiclassical limit, we need to attach R'/2 to
each derivative. In the limit 72 — 0, only the first term survives and the star product becomes
ordinary product

We(z; Uy) * We(z; Up) = Wg(z; Uy) We(z; Us). (62)

It is seen that when all quantum corrections are turned off, we get the classical result that the
operators commute.

We next keep terms of the order O (%) in the expansion of equation (61) and show that
that the commutator [U/;, U] is represented by the Wigner function

We(z; (U, Ub]) = i{WE(z; Ur), We(z; Un)JE, (63)

where the Poisson bracket has been given earlier in equation (3). It is seen that when the higher
order quantum corrections are turned off, the Wigner function of the quantum-mechanical
commutator becomes the Poisson bracket of the Wigner functions of the two operators. This
demonstrates the correspondence principle in the semiclassical limit.

It should be stressed that the above semiclassical expressions are valid for Wigner functions
which are smooth functions of 7 so that the Taylor expansion used to derive equation (61) is
valid. For example, Wigner functions related to chaotic systems can be singular functions of
h. Such cases require special study and provide a deeper understanding of the relationship
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between classical and quantum chaos. The semiclassical behaviour of Wigner functions has
been discussed in [24, 40].

3.9. Coherent states

Coherent states have been introduced by various authors [119-122] (and also [28]) as

1 = _
l2)e = D(2)|0) = exp (——|z|2) YWY TIN,, (64)
2
N=0
where the index ‘c’ indicates coherent states. They are called Glauber coherent states in order
to distinguish them from other coherent states which are discussed later. They are eigenstates
of the annihilation operator:

alz)e = zlz)ec. (65)

Their wavefunction in the x representation is the Gaussian function:

cxlz)e = P exp[—Ax? +2'22x — zzr]. (66)
Using this we can calculate the expectation values (x), (p) and the uncertainties:
Ax = [(x?%) = (x)°1", Ap=1p*) =PI 0wy =(3Gp + p)) = (X)(p).
(67)

The result is
(x) =22z, (p) =22z, Ax = Ap =2712, o = 0. (68)

The coherent states are minimum uncertainty states in the sense that AxAp = 1/2, and in
addition to that Ax/Ap = 1. The uncertainty ellipse of the coherent state |z) in the x—p phase
space is a circle with centre at (2'2zg, 21/27;) and radius 2~1/2.

The overlap of two coherent states is given by

c(zlw)e = exp (—31zI* — Sw|* + Z*w). (69)
e (z]w)c|? is a function of the Euclidean distance |z — w|:
Ge(z, w) = |e(zlw)e* = exp(—|z — wl). (70)

An important property of coherent states is the resolution of the identity:

LdME(Z)|Z>c Azl =1. (71)

Using this we can expand an arbitrary state | /) in terms of coherent states as

|f) = /CdHE(Z)f(Z)|Z>Cv f(@) = (2l f)- (72)

This shows that the set of coherent states is at least complete; in fact, it is ‘highly overcomplete’
in the sense that it will be shown later that some very small subsets of coherent states are also
overcomplete.

Another property of coherent states is the ‘temporal stability’ [15]. For a class of
Hamiltonians, coherent states evolve into other coherent states. This is intimately related
with the fact that the operators used in the construction of coherent states form a group.
For the Glauber coherent states that we study here, the displacement operators form the
Heisenberg—Weyl group, and the relevant Hamiltonian is the ‘displaced harmonic oscillator’
Hamiltonian:

H = D(@)[wa'al[D()]" = wla'a — za' — z*a +|2]). (73)
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Indeed, it is easily seen that
exp(iH1)|¢)c = explilz|* sinwt]|¢ e +z(1 — &)).. (74)

A direct consequence of the marginal properties of the displacements operators given in
equation (37) is the following relations:

1
[ dzxlate =27 exp <_zz?) 271,
1
/ dailz)e = 2" exp <_zz§> 21220, (75)

/ due@)2)e = 210),.

More generally, integration along an arbitrary line can be evaluated using equation (57):

1
f dup(2)8(zr cos 0 +z1sin@ +2'2g)|z). = 227~ exp (_542> | —q)o. (76)

They are used below to derive marginal properties for the Bargmann functions.

3.10. P and Q functions

The O and P representations [123—125] of a bounded operator I{ are defined as
Qc(z;U) = c(zlU[2)c, (77)

u:/duE(z)PE(z;M)|z>cc(Z|- (78)
C

Berezin used the terms covariant and contravariant symbols, respectively, for these quantities.
The P function can be calculated through the following two-dimensional Fourier transform
derived by Mehta [126]:

Pe(z; U) = exp(|z]?) / dup(w) o (—w|U|w)c exp(|w|?) explzw* — z*w]. (79)
C

This integral involves the two-dimensional Fourier transform of .(—w|U|w). exp(|lw|?). In
many cases, it only exists in the context of generalized function theory and the corresponding
P function is singular. For example, if .(—w|U/|w). exp(Jw|?) is a polynomial function of w,
then its Fourier transform involves derivatives of delta functions (tempered distributions); if
it is an exponential function of w, then its Fourier transform involves more general Schwartz
distributions. The existence of the P function has been discussed in [2, 127].

We can easily show that that the trace of an operator  is given by

Tri = / Or(z; U) dug(z) = / Pi(z; U) dpg(z) (80)
C C

and also that the trace of the product of two operators is given by

Trhih) :/ Qe (z; Uy) Pe(z; Us) dpe(2). 81)
C

There is a well-known connection [128] between the various orderings of an operator
©(a, a’) and the Q, P and Wigner representations of this operator. We express @ (a, a') as

O, a) =Y fuu@)a” =Y gnua™ (@) =Y suula @")"}w. (82)
M,N M,N

M,N
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Here {}w indicates the Weyl-symmetric product which can be written as

{aM(aT)N}W — [3/243;\/ eﬂaﬂ/m]ﬂ:yzo. (83)
We can show that
Qe(z:0) =Y VM, Pez0) =) gV,
M,N M,N
We(z; ©) = Y snu(z)N M. (84)
M,N

It is seen that the P, O and Wigner functions are different from each other, because of the
non-commutativity of the operators a and af. In the semiclassical limit # — 0, the non-
commutativity is turned off, the coefficients fyy, gvm and syy become equal to each other,
and consequently the P, Q and Wigner functions become equal to each other. This is discussed
in a more formal way below.

We next present some interesting relations between the Wigner function and the P and Q
representations of an operator. We first show that for A > 0

A/ due(w)Ge (W22, 12w) f (w, w*) = exp [ﬁAﬂ f(z, 2%, (85)
C

where the Laplace operator has been given in equation (5) and Gg(z, w) has been given in
equation (70). This can easily be proved by taking the Fourier transform of both sides of this
equation. We then show the following relations:

1
Or(z; U) = / due(z) Ge(z, w) Pe(z; U) = exp [ZA?] Pe(z:U),
C
1
Qr(z;U) =2 / due(z) Ge (222, 2'2w) We(z; U) = exp [gA;ﬂ We(z; U), (86)
C

Welr: U — / 12 A1/2 I |:1 (E)i| .

e(z;U) =2 CduE(Z) Ge(2'77,2 7 w) Pe(z; U) = exp 8AZ Pe(z; U).
We have explained earlier that for semiclassical studies we need to attach71!/? to each derivative.
A Taylor expansion of the exponentials shows that in the limit # — 0, only the first term
survives and the P, Q and Wigner functions become equal to each other. If we keep the first
two terms in the Taylor expansion, we get

We(z: U) ~ [1+ AP ] Pe(z: U),

Op(z; U) ~ [1+ g AP W (z; U) ~ [1+ AP ] Pe(z; U).
These semiclassical expressions assume that the P, Q and Wigner functions are smooth
functions of % so that the Taylor expansions are valid. We have already made this comment

earlier in conjunction with the semiclassical expressions of equations (62) and (63), and the
same comment applies here also.

87)

4. Bargmann analytic representation in the complex plane
4.1. States

We consider an arbitrary (normalized) state

1F) =" fIN), Yol =1 (88)
N=0 N=0
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and use the notation

(f1 =" funiNI, £ =D fiINY, (f 1= funlNI. (89)
N=0

N=0 N=0
In the Bargmann representation [28, 29], the state | f) is represented by the function

1 1 >
fe(@) = exp [5'2'2} o(Z*1f) = exp <§|z|2> (fr2)e =Y fuz"(NH2, (90)
N=0

which is analytic in the complex plane C (entire function). The index ‘E’ stands for Euclidean.

Let £ be an anticlockwise contour around the origin and £ be any anticlockwise contour.
The fact that fg(z) is analytic leads to the following relation that gives the coefficients fy in
terms of contour integrals:

dz fe((ND'2
7%0 o T Y oD

Let w; be the zeros of fg(z) (i.e., fg(w;) = 0) in the interior of the contour £ and p; be the
multiplicities of these zeros. It can be shown that

dz 9, fe(2) N N
— 7" = W (92)
7% 271 fe(2) Z P
A special case of this result is that
dz o
f _Z M = JVzeros (e)a (93)
¢ 271 fe(2)

where Myeros(£) is the number of zeros of the function fg(z) inside the contour £ (taking into
account the multiplicities). The physical significance of these zeros is discussed later.

Using the resolution of the identity in equation (71), we show that the scalar product is
given by

(flg) = /C (@] ge(@) exp(—zP) due@) = Y fren. (94)
N
As an example, we consider the coherent state |w). for which the Bargmann function is
fe(@) = exp [wz — |wl’]. 95)
Another examples are the squeezed states which are defined as
lw; r, 0)sq = S(r, 0)|w)c, S(r,0) = exp[—1re " (@")? + trea?], (96)
where the index ‘sq’ indicates squeezed states. In this case, the Bargmann function is
fe@) = (= lal)*exp [502® + Bz +y ], o7
where
@ = —tanh (%) e, B =w(l —|a})?, y = —%a*wz - %|w|2. (98)

The creation and annihilation operators are represented as
a— o, al > z. 99)

Therefore, the action of the general displacement operator D(w) of equation (32) on a state
| f) represented with the function fg(z) is given by

DW)|f) — exp (—3lz* + wz) fe(z — w*). (100)
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4.2. Marginal properties and physical interpretation of the Bargmann functions

The marginal properties for coherent states given in equation (75) lead to the following
marginal properties for the Bargmann function:

1 1
/dzR fe(2) exp <—§z§> = 21273/ exp (ZZIZ> fP(_Z_l/ZZI),

1 1
/dZI Sfe(z) exp <_§Z12> — 2127 exp <ZZ12‘) £ 2.

The Bargmann function can be interpreted as a (complex) density of the wavefunction in
phase space in the sense that its integral (with Gaussian weight) along the real axis is the
wavefunction f, and its integral along the imaginary axis is the wavefunction f,. We note
however that f, and f), are not independent; they are related through a Fourier transform. This
is reminiscent of the interpretation of the Wigner function as a pseudo-probability density in
the sense that its integral along the real axis is the probability distribution | f,,|> and its integral
along the imaginary axis is the probability distribution | f,|?.

A more general relation can be derived using equation (76) which involves integration
along an arbitrary line

1
/ dig(z) 8(zr cos O + zysin 6 + 22g) fu(2) exp <—§|z|2>

(101)

— 224 exp (_%qz) fo—a). (102)

4.3. Operators

An operator U/ with matrix elements Uyy = ,(M|U|N), is represented by the following
Bargmann kernel:

1
Ke(z, ¢ U) = exp [§<|z|2 + |c|2)] e = D U™ (@)Y (103)
M,N

The index ‘E’ in the notation stands for Euclidean. The Bargmann function corresponding to
the state |s) = U] f) is

s5(z) = / due(@) e P Ke (. ¢ U) ful©). (104)
C

The kernel Kg(z, ¢*; U) is an analytic function in the complex plane in both variables z and
¢*. Consequently, its diagonal component Kg(z, z*; i) determines uniquely through analytic
continuation Kg(z, £*; U).

As examples, we consider the operators 1, a, a' and the displacement operator D(w) and
we find

Ke(z, ¢ 1) = exp(z¢™),

Ke(z, %5 a) = ¢* exp(z¢7),

Ke(z, ¢* a') = zexp(zg™),

Kg(z, ¢*; D(w)) = exp (—%|w|2 +wz — w it +z8%).

Kg(z, ¢*; 1) is called the reproducing kernel, because when it acts on a state it gives the same
state:

(105)

/ due@) e % fo(0) = fo(2). (106)
C
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For the creation and annihilation operators, we have given a differential representation in
equation (99) and an integral representation in equation (105). We can check that they are
consistent by proving the relations:

/ due(@) e Ke(z, £ @) fa(@) = 9. fi(2),
C

(107)
/C dug(@) e Ke(z, ¢%5 ah) fo(0) = 2fe(@).
The trace of an operator is given by the formula
TrU = / dpe(z) e Ke(z, 255 U). (108)
The product U U, ofc two operators is represented by the kernel
Ke(z, ¢*5 Uhlh) = /C dug(w) e Kz, w*s UKe(w, £ Us), (109)

There are various relations that connect the Bargmann kernel of an operator with its P, Q,
Wigner and Weyl functions. We first prove that

ICE(z,E*;U)=/dME(w)PE(w;U)eXp(wHw*C*—lez)
C

, - 1
=e% / dug(w) We(w; U) exp |:—wz +w* et — §|w|2:| . (110)
c

Using equation (86) we easily show the following relations that involve the ‘diagonal part’ of
the Bargmann kernel:
Ke(z*, z:U) = e Qp(z; U) = e exp [LA® ] Pa(z; U)
= el exp [LA® | We(z; ). (111)
In the semiclassical limit, we use a Taylor expansion (as in equation (87)) and we get

Ke(@*, z;U) = e 0z U) ~ e [1+ L AP Pe(z; U)

~ el [1+ LA®We(z; ). (112)
Equation (79) can be expressed in terms of the Bargmann kernel as
Pe(z:U) = / dpe(w)Ke(—w*, w; U) explzw* — z*w]. (113)
c

We next point out that we can define slightly different kernels for the representation of
the various operators within the Bargmann formalism. With a trivial revision of the above
formulae, they all lead to the same final results. For example, below we will use the following
kernel:

Le(z, {5 U) = Ki(z, £ Uy e ™. (114)

4.4. Euclidean Berezin formalism

The Berezin formalism [30] represents operators with their Bargmann L-kernels of
equation (114). It is based on similar philosophy as the Moyal star product formalism,
but it uses analytic functions and the technical details are different. It shows that in the limit
h — 0 the L£-kernel of the product of two operators is equal to the product of the £-kernels of
the two operators plus quantum corrections which are powers of 7. In this limit, the £-kernel
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of the quantum-mechanical commutator of two operators becomes the Poisson bracket of
classical mechanics plus quantum corrections which are higher powers of 7.

Berezin studied extensively this approach for homogeneous Kéhler manifolds. Here we
discuss briefly this formalism for the Euclidean plane, and later we discuss it for the unit disc
and the extended complex plane.

Using equations (108) and (114), we show that diagonal part of the kernel representing
the product U, of two operators is given by

£E(Z,Z*;ulu2):/d/vLE(w)gE(Zv w)Le(z, w UDLe(w, 255 U).  (115)
C

We next use equation (85) to show that
Li(z, 2% Uih) = [exp (A7) Le(z, £ UDLE(, 255 U], - (116)
Expansion of the exponential gives
0Lg(z, 2% Uy) ILE(z, 275 Un) o
dz* 0z

We have explained earlier that for semiclassical studies we need to attach 7
In the limit 2 — 0, only the first term survives and we get

Lg(z, 2% Uilh) = Lp(z, 2% U Le(z, 255 Un). (118)

It is seen that when all quantum corrections are turned off, we get the classical result that the
operators commute.

We next keep the first two terms in the expansion of equation (117) and show that that the
commutator [U;, U] is represented by the function

Le(z, 2% U, Ub]) ~ —i{Le(z, 2% U, Le(z, 2% Un) }E, (119)

where the Poisson bracket has been given earlier in equation (3). It is seen that when the higher
order quantum corrections are turned off, the quantum-mechanical commutator becomes the
Poisson bracket of classical mechanics. These results (and also the results about the Moyal
star product in the semiclassical limit discussed earlier in equations (62) and (63)) demonstrate
the correspondence principle.

As we have already mentioned in conjunction with the Wigner function, these
semiclassical expressions assume that the Bargmann L-kernel is smooth function of % so
that the expansion of equation (117) is valid.

Le(z, 2% Ulh) = Le(z, 2% U Lr(z, 2% o) + (117)

172 to each derivative.

5. Growth and zeros of Bargmann functions

5.1. The growth of Bargmann functions

The growth of an entire function f(z) is described by a pair of non-negative numbers (p, o).
The order p and the type o are defined as [31]

Inln M(R) . In M(R)
_, o = lim sup ———=
InR R—00 RP

where M (R) is the maximum value of | f(z)| on the circle |z] = R. In a simple language, a
function f(z) with growth (p, o) grows at large distances R from the centre as

| f1 ~ exp(o R”). (121)

) (120)

=1
= fim sup

We consider an entire function with growth (p;, o1). We say that the growth of this function is
larger than (pg, 09) if p1 > po or if p; = pg and also oy > op. We say that the growth of this
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function is smaller than (pg, 09) if p; < pg orif p; = pg and also o7 < 0. Convergence of the

integral in the scalar product formula in equation (94) leads to the conclusion that the growth

of Bargmann functions is smaller than (p = 2, 0 = 1/2). The growth of the Bargmann kernel

Kg(z, ¢*; U) is also smaller than (p = 2, 0 = 1/2) with respect to both variables z and ¢*.
Given an entire function

[o.¢]
_ N : /N _
f@=) enz®,  lim ey|'N =0, (122)
N=0
the following formulae are useful in calculations of its growth:
NInN 1
p= lim —2 o = — lim N|ey|”/V. (123)
N—o0 —1n|CN| ep N—oo

We consider various examples. The first is an arbitrary superposition of a finite number
of number eigenstates. In this case, the Bargmann function is a (finite) polynomial, which is
of order p = 0. For the coherent state |w), the Bargmann function is given in equation (95)
and the order is p = 1 and the type is ¢ = |w|. For the squeezed states of equation (97), the
order is p = 2 and the type is 0 = % tanh (%)

We also give an example of a state which has Bargmann function with a given order p
and given type o. It is the state

0 eiONGN/p(N!)l/Z S O-ZN/PN!
lp,o) =N ) ——s———IN)u N = —_— , (124)
ey S irEor

where {0y} are arbitrary phases. The normalization constant is finite when 0 < p < 2 and

also when p =2 and o < %

5.2. Zeros of Bargmann functions

There is a deep connection between the density of zeros of analytic functions and their growth
[31], and this has important implications for coherent states and their completeness properties
[32-38]. We first discuss the physical significance of the zeros of Bargmann functions.

We consider a state | f) with Bargmann function fg(z). If ¢ is a zero of this function,
then equation (90) shows that the coherent state |¢). is orthogonal to | f*). A more general
result is that if ¢ is a zero of fg(z) with multiplicity M, then | f*) is orthogonal to the states

Nya™|¢). with N = 0,..., M — 1. Here Ny is a normalization coefficient. This can be
seen from the relation
[0) fe@]._, =0~ (f*la™]¢)e = 0. (125)

We also express this result in a slightly different way, in terms of the displaced number states
of equation (49). If ¢ is a zero of fg(z) with multiplicity M, then |f*) is orthogonal to the

displaced number states |N; ¢ )4y With N =0, ..., M — 1. This can be seen from the equation
(az B ;)N
———5>/8(2) =0— (fIN;&)an = 0. (126)
[ (N)I72 e

We next consider a Bargmann function with an infinite number of zeros. If the sequence
of these zeros converges to a (finite) point w in the complex plane, then the Bargmann function
is zero everywhere. We will study in detail the case where the zeros ¢y, ¢, 3, . . . are such that

O<lal<Iol<IGl<--, lim [{y] = oo. (127)
N—o00
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In order to quantify the density of these zeros, we call n(R) be the number of terms of this
sequence enclosed within the circle |z| < R. The density of this sequence of complex numbers
is described by a pair of non-negative numbers (7, §) defined as
Inn(R) . n(R)
, 6 = lim
InR

R—oo R7
In other words, in a sequence of the type of equation (127) with density (7, §), the number of
terms enclosed in a large circle of radius R is

n(R) ~ §R". (129)

n= ngr;o sup (128)

It is known [31] that 7 is the infimum of positive numbers A for which
o0
> lewl ™ < oo (130)
N=1

For this reason, n is called convergence exponent. We note that if we add or subtract a finite
number of complex numbers to the sequence, it does not change its density.
An example of a sequence of complex numbers with n = ng and § = § is

N 1/mo "
In=| e, (131)
o

where 0y are arbitrary phases.

We consider a sequence of the type of equation (127) with density (1, §;). We say that
the density of this sequence is larger than (g, &) if n; > 1o or if n; = 1o and also §; > Jy.
We say that the density of this sequence is smaller than (19, 8o) if 1 < no or if n; = no and
also §; < dy.

The connection between the growth of analytic functions and the density of their zeros is
described with the relations

n<p, op < 4. (132)

5.3. Hadamard’s theorem and its physical meaning

In this section, we construct a Bargmann function with prescribed zeros {¢y} of the type given
in equation (127). The general answer to this is given by Hadamard’s theorem [31] which
is a refined version of the Weierstrass theorem and which represents all entire functions as
products of Weierstrass factors.

The physical meaning of this is to construct a state | f) which is orthogonal to a given
set of coherent states {|{y)}. At this stage, we assume that the set of coherent states {|{y)} is
undercomplete, and criteria for this will be discussed later.

Hadamard’s theorem factorizes the Bargmann function (and more generally all entire
functions of finite order p) as

fe@) =" [ E@n. p)explQq (2], (133)

N=1
where E are the Weierstrass factors given by

z z 7z 2 ZP}
EC.o=(1-2), Ec.p=(1-2 ST, 134
0 < c) . < z)exP[c 22 per (139

¢y are the zeros of this function. m is the multiplicity of the zero at the origin. Q,(z) is
a polynomial of degree g and p is a non-negative integer. The maximum of (p, q) is called
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genus of f(z) and does not exceed the order p. For Bargmann functions p < 2 and therefore
p and g can only take the values 0, 1, 2. We stress that Hadamard’s theorem factorizes general
entire functions of finite order, but only those with growth smaller than (p = 2, 0 = 1/2) are
acceptable as Bargmann functions.

We express the state of equation (133), in a more physical language [34], in terms of kets
and creation operators. Equations (95) and (97) show that with appropriate normalization,
exp[Qo(z)], exp[Q1(z)] and exp[ Q2 (z)] are Bargmann functions for the vacuum, a coherent
state and a squeezed state, which in this section we denote as | Qy), | Q1) and | Q»), respectively.
On these states we act with the Weierstrass factors, which according to equation (99) we rewrite
in terms of creation operators:

T

E@y.00=1- 2 (135)
9

A aT aT

Eey.D=]1-2L 2, 136
w1 |: CN1| P |:§Ni| (136)
b2 = |12 2 at L a” 13
Eey.2)=|1-L i 7
.2 [ ;N}BXP [£N+2zfv] (37

7™ are the operators a™. All these operators commute with each other and therefore the state
with the Bargmann function of equation (133) is

o0
1f)=@)" [ EGy. p)1Qy). (138)
N=1
where as we explained | Q) is the vacuum for ¢ = 0, a coherent state for g = 1 and a squeezed
state for g = 2.
As an example, we consider the following superposition of two coherent states
(‘Schrodinger cat’):

g) = Nli)e — | —i)e] = fe(2) =2iN e /sing, (139)
where A is a normalization constant. The Hadamard factorization is in this case
o0 o0 2
. Z
sinz=z[[ EGw. 0=z ]] (1 - nQ—NQ) . bw-i=-Nm,  on=Nm
N=1 N=1
(140)

This implies that all coherent states |K 7)., where K is any integer, are orthogonal to the state
|g). We can easily check that this is indeed the case.

A quantum state evolves in time, and the corresponding zeros also evolve in time. In
order to give an example of this, we consider a system described with the Hamiltonian

H = )a+xal. (141)

We assume that at + = 0 the system is in the state | ), with Bargmann function fg(z). In the
Bargmann representation, the evolution operator is

exp[iHt] = explif (A*z + 13.)] = exp (—3|A|*#?) exp(irA*z) exp(it2d,). (142)
Acting on fg(z) factorized as in equation (133), we easily see that the zeros evolve in time as
5, (1) =&, — it (143)

In the case of more complicated Hamiltonians, the study of the motion of the zeros can provide
a deeper insight about the system [129]. We stress, however, that knowledge of its zeros does
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not define uniquely the Bargmann function and the corresponding quantum state. Hadamard’s
theorem shows clearly that there may be exponential factors in the Bargmann function, with
no Zeros.

There has been work in the literature on the ‘multiphoton squeezing operator’ defined as

Si(z) = explz(ah)* — z*a*], (144)

where k > 3. In the special case k = 2, this reduces to the squeezing operator of equation (96).
It has been shown in [130] that (0| Sy (z)|0) diverges for k > 3, and therefore the states Si(z)|0)
are not normalizable and they do not belong in the Hilbert space. In the approach developed
in this section, such states are of the type given in equation (138) with p > 3 and they are not
acceptable because in general their growth has order p > 2 which implies that they are not
normalizable.

When confronted with divergences, physicists usually use various techniques (some based
on analytic continuation) in order to get finite results and in the present context this has been
studied in [131] using Pade approximants. Alternative approaches which have no difficulties
with the growth and convergence use appropriate k-photon operators which are different from
a* and (ahHF:

A= MNINI N+, AT="Y AN +K)n(N]. (145)
N N

For example, reference [92] has used the Brandt—Greenberg operators [132], and reference
[93] has introduced some other operators motivated from conformal field theory, which form
a Lie algebra.

In a more general context, it should be pointed out that in many cases physicists enlarge
the Hilbert space and use some technique to get a finite result for the scalar product. An
example is the coupled cluster method in many-body theory and quantum chemistry [133]
(see also [74]) which uses exponentials of a* and (af)* with k > 3. In these cases, extra care
is required in order to define explicitly and clearly the ‘size’ of the Hilbert space and the scalar
product in it, and the language of analytic functions and their growth is very useful in this
direction.

The difficulties associated with the multiphoton squeezing operator of equation (144) is
one example where the analytic techniques discussed in this review provide a deeper insight.

5.4. Completeness of sequences of coherent states

We first consider a sequence of complex numbers {{y } which has a limit w. The corresponding
set of coherent states {|{y)c} is a small subset of the full set of all coherent states, but it is
overcomplete. Indeed, if it was undercomplete there would exist a state which is orthogonal to
all {|¢n)c}, but this would mean that the corresponding Bargmann function has all the points
{¢n} as zeros. This is not possible, because the zeros of analytic functions are isolated from
each other and they cannot have a limit w. This proves that the set of coherent states {|¢{y)c}
is at least complete. In fact, it is overcomplete, because the same argument is true even if we
omit from the sequence any finite number of points.

We next consider a sequence {¢y} of the type described in equation (127). We will
prove that the corresponding set of coherent states {|{x).} is overcomplete when the density
of this sequence is larger than (np = 2,8 = 1), and undercomplete when the density is
smaller than (n = 2,8 = 1). In the borderline case that the density of the sequence is
equal to (n = 2,6 = 1), the corresponding set of coherent states might be overcomplete or
undercomplete.
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We first discuss the case where the density of the sequence is larger than (2, 1). If the
corresponding sequence of coherent states is undercomplete, there exists a state | f) which is
orthogonal to all {|{y).}. Its Bargmann function fg(z) has all the points {¢y} as zeros. Taking
into account equation (132), we conclude that this Bargmann function would have growth
greater than (2, 1/2), which is not possible. This proves that the set of coherent states {|{n )¢}
is at least complete. In fact, it is overcomplete, because the same argument is true even if we
omit from the sequence any finite number of points.

We next consider the case where the density of the sequence {¢y} is smaller than (2, 1). In
this case, the corresponding analytic function has growth less than (2, 1/2) and is acceptable
as a Bargmann function. We then use Hadamard’s theorem in equation (138) to construct
explicitly a state | ) which is orthogonal to all coherent states {|{xy)c}. This shows clearly the
undercomplete nature of {|¢y)c}-

As an example, we consider the sequence of complex numbers given in equation (131).
The corresponding set of coherent states is overcomplete for g = 2.1 and undercomplete for
No = 1.9.

Work that studies the completeness of a random set of coherent states has been presented
in [134]. This is not discussed here.

5.5. The von Neumann lattice of coherent states

An important example for the application of the above general results is the von Neumann
lattice. It consists of the points {zyy = S/ 2(M +iN)} where M, N are integers and S is the
area of the lattice cell. It is easily seen that its density is (n = 2,6 = S/m). According to
our general result, the corresponding von Neumann lattice of coherent states is overcomplete
when S < 7 and undercomplete when S > 7.

We construct explicitly a state | f) which is orthogonal to all coherent states in a von
Neumann lattice with § = 4. A well-known function with zeros at the points 2(M +iN) is
the Weierstrass sigma function:

o(z|1,1) =ZHE(§MN,2), ¢mn = 2(M +1N), (146)
where the products includes all (M, N) # (0, 0) and
2
z z z
E ,2)=(1— —|exp| —+——1. (147)
(Chan- 2) |: CMN] P |:§MN 2(,%4Ni|

The state with Bargmann function Mo (z|1, i), where N is appropriate normalization factor,
is orthogonal to all coherent states in the von Neumann lattice {|2(M +iN)).}.

We note that in the von Neumann lattice we have a uniform distribution of points in the
complex plane, but this is certainly not a requirement for our general result, and the example of
equation (131) with an irregular distribution of points in the complex plane was given precisely
in order to emphasize this statement.

In the ‘borderline case’ S = m, the von Neumann lattice of coherent states is known to
be overcomplete by one state [1]. We next consider the same lattice with a finite number of
points added to it, or a finite number of points subtracted from it. We have explained that this
does not change its density (n, §). But clearly this ‘enlarged’ or ‘truncated’ von Neumann
lattice is overcomplete or undercomplete. This exemplifies our earlier statement that in the
borderline case the density of the sequence is equal to (n = 2, § = 1), the corresponding set
of coherent states might be overcomplete or undercomplete.

In the von Neumann lattice with S = 7, i.e. {zyyn = 7/2(M +iN)}, the corresponding
displacement operators commute:

D(@un)D(zka) = D(zxa)D(zun). (148)
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The common eigenvectors of these commuting operators have been studied in [1, 135]. They
involve theta functions and they are not normalizable; therefore, they do not belong to the
usual harmonic oscillator H, but belong to an extended space. We do not discuss this approach
here, but we will introduce an analytic representation that involves theta functions later.

We note that the von Neumann lattice has been studied in a signal processing context
by Gabor [136]. This work has developed into the time—frequency approach which is an
important tool in signal analysis [137]. Most of the ideas described in this review in a quantum-
mechanical language are also applicable to signal analysis with a different terminology.

6. Euclidean contour representation in the complex plane

6.1. States

In the Euclidean contour formalism, the arbitrary ket state |f) of equation (88) and the
corresponding bra state ( f| are represented as [45—49]

1f) = fax(@ =) fn(NDT2Y,
N

(149)
(1= fan(@) =D fuN) PN,
N

where the indices ‘Ek’ and ‘Eb’ refer to ‘Euclidean and ket’ and ‘Euclidean and bra’,
respectively. The ket function fgx(z) is the same as the Bargmann function fg(z) and is
analytic in the complex plane with growth smaller than (p = 2, 0 = 1/2). The bra function
feb(2) can be problematic due to convergence difficulties.

Given a series ) uy, we define

g = lim Juy|"V. (150)
N—oo

The series converges absolutely when ¢ < 1 and diverges when ¢ > 1. For the series
associated with fg,(z), we find

g = L tim (VD2 ), (151)
|Z| N—o0
We call H(X) (with A > 0) the space
HG) ={1f): lim [((NDY2] £y 1Y < ). (152)

When L < A/, then the space H(X) is a subspace of H(A'). For states in H (L), the series
associated with fgp(z) converges in the annulus 7 (1) (defined in equation (1)). We next show
that the order of the growth of the ket functions fgx(z) corresponding to the states in the
space H(A) is p < 1, for any positive L. Heuristically, we easily see this from the relation of
equation (152) which gives | fy| < AN (N!)~!/2 for large N, and this leads to | fgi(2)| < e*l<l.
More formally, we express the ratio entering the limit of equation (123) as
NInN . NInN < NInN

—In[(N)=12| fy]]  —In[(ND)2|fy|]+In(N!) = —NIni+In(N!)’
In the limit N — 00, according to Stirling’s formula In(N!) behaves like N In N and therefore
the order of the growth of the functions fgx(z) corresponding to the states in the space H(A)
is p < 1. Therefore, the space H (1) is not dense in the full Hilbert space H, for any A .

The states which have order of the growth of the ket function fgx(z) in the region
1 < p < 2 need to be considered on an individual basis. For many of them, the series related
to the bra function fgy(z) will converge in a small region and analytic continuation might

(153)
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be used to define it in larger regions. In any case, physics abounds with techniques dealing
with divergent series (and integrals) which might be useful in dealing with these states in the
context of the Euclidean contour formalism. Notwithstanding this weakness, the method has
been studied extensively in the literature [45-51] and used in [48, 51] to expand an arbitrary
state in terms of coherent states on a circle and in [49] to provide a quantum formalism for
negative temperatures.

The contour integrals below are for states in one of the spaces H () and involve integration
along an anticlockwise contour £ within the annulus 7 (A). Clearly, all singularities of fgp(2)
are enclosed within the contour £ and the contour integrals are rigorously defined. The scalar
product of two states is given by

d
(flg) = f S fen (g ). (154)
LeT () <71
The following transforms connect fg(z) with the fg (¢):
d
f T fen @) exp(E ™) = (T (155)
LeT(h) <701

The inverse formula is the Laplace transform,

1 o0 *
fen(2) = —/ dre™ |:fEk (L)} . (156)
Z Jo Z

It is interesting that for the states in H(A), the order of the growth of the ket functions is at
most 1 and we get absolute convergence of this integral (at least for large enough |z|). For
functions with growth greater than 1, we might get convergence in a limit region of the values
of z. Not surprisingly, the requirements for the existence of fg,(z) are the same either through
the series in equation (149) or through the integral in equation (156).

As an example, we consider the coherent state |w). and we get

fax(@) = exp (=51w|* + wz), (157)
fev(@) = exp (—3wl*) (@ —w*) ™, lz| > |w]. (158)

6.2. Operators

An arbitrary operator I/ with matrix elements Uyy = ,(M|U|N), is represented by the
following kernel:

o0 N! 1/2 Z/]u
Ce(z1,20;U) = Z Umn (W) e (159)
M,N=0 2

This function is useful if the double series converges for z; € S and for z, € 7 where S, 7
are regions defined in equation (1) with radii that depend on the operator.
We consider the following examples:

Ce(zt, 223 1) = (22 — 21) 71, 22| > |z1l,
Ce(z1, 22;a) = (22 — 21) 2, |z2] > |z1l,
T . (160)
Ce(z1,20;a") = z1(z2 — 21) ™, |z2] > |z1l,
Ce(z1, 223 a'a) = zy(z0 — 21) 72, 22| > |z1].

In all these examples, z; € S(r) and z, € 7 (r) for arbitrary r.
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If | f) belongs in H()) then the ket state |g) = U] f) and the bra state (g| = (Ut are
represented as follows:

dz
g (z1) =f —2 Ce(z1, 22: U) fa (22).
LeT(r) 2mi

(161)

gen(22) = f ;ﬁ fen(z0Ce(1, 22;U).
LeT(MNS(r) <71

In the first integral z; € S(r) and z, € 7 (r). Since gpk(z;) is an entire function, through

analytic continuation it is defined in the whole complex plane. In the second integral,

z1 € T(A) N S(r) (and we have to choose r > A) and z, € 7 (r).

We use equations (161) with any of the kernels in equation (160). The first integral
involves integration over z, and the singularity of Cg(z1, z2; U) at zp = z; is inside the contour
£. The second integral involves integration over z; and the singularity of Cg(z1, z2; U) at
z1 = zp is outside the contour ¢; it is only the singularities of fgy(z1) that contribute to this
integral. For example, the reproducing kernel relation that involves the unit operator acting
on a state | f) is in the present formalism the familiar relation from the theory of analytic
functions:

f Qe fu@2) _ o . (162)
V4

€S, 27Ti 2 — 11
We also prove that the eigenkets of the number operators are indeed the number eigenstates:

dz, 21 N ~1/2 N ~1/2
== NNY)TV2=NZNNHTY (163)
véESg 27 (21 — 22)% 2 !

and that the eigenkets of the annihilation operator are indeed the coherent states:

f do 1 ( Lwp + ) ( L+ ) (164)
— = €X ——|w wz = W €X ——|w wz .
res, 21 (21 — 2202 P\ 72 2 P\™2 !

We have explained earlier that if {{y} is a sequence which has a limit w, then the coherent
states {|{y)c} form an overcomplete set. Therefore, the coherent states in a contour £ form
a highly overcomplete set of states. This means that, in principle, an arbitrary state can be
expanded in many different ways in terms of these coherent states. However, in practice, it
is not easy to find such an expansion. The Euclidean contour formalism provides such an
expansion. An arbitrary state | f) € H()\) can be written as

d : N2
|f) = ‘é —Z exp (ﬁ) a(z)|z)e, a(z) = Z fNiN—H) — [fEb(Z*Q k)]* (165)
N

eR(L) 2mi 2

This has been studied and used in a more applied context in [48].

Part I1: hyperbolic analytic representations
7. Basic SU(1,1) formalism

7.1. SU(1,1) generators and their polar decomposition

The unitary irreducible representations of SU (1, 1) have been studied in detail in [16—19] (see
also [138, 139]). They are classified into the continuous series, the discrete series and the
supplementary series. We study mainly the discrete series labelled with k, which takes the
values = 1/2,1,3/2,....Inafew cases, we will use the k = 1/4 and k = 3/4 representations
which belong in the continuous series, and we will make this clear in the text.
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We consider the unitary irreducible representation labelled with £ and the generators
Ky, K., K_ which obey the commutation relations

[Ko, K+] = £K4, [K_, K.] = 2K). (166)
The Casimir operator in this representation is
K*=K§— MK K_+K_K,)=k(k— DL (167)
We also consider the ‘SU (1, 1) number states’ |N; k), defined as
K2IN: k), = k(k = DIN: k),
Ko|N; k) = (k+ N)|N; k)n,

5 (168)
K_IN:k)y = [N(N +2k = DI'ZIN = 1: k),
Ko IN:K)y = [(N + DN + 2012 |N + 15 k),
where N = 0,1,2,.... The term number states indicates here that they are eigenstates

of Ky, labelled with the non-negative integer N. The states |N; k), (with fixed k) span an
infinite-dimensional Hilbert space which we call Hy.

We next introduce a polar decomposition of the ‘Cartesian operators’ K, and K_ [142].
This is similar to the polar decomposition of the creation and annihilation operators a', a
introduced earlier in equation (20). We consider the ‘polar operators’

(o]
Ke= (KK )V Ex=EL =) IN+ 1k a(N:kl, (169)
N=0

where K, is the radial operator and E,, E_ are ‘SU (1, 1) exponential of the phase operators’.
We can prove that

K. = K,E,, K_=E_K,,
E_E. =1, EvE_=1—10;k), . (0; k|, (170)
K?= K3 — Ko—k(k— 1)1, [K;, Kol = 0.

E, is an isometric operator, but it is not a unitary operator.

7.2. SU(1, 1) transformations

We consider the unitary SU (1, 1) operators

S(r, 0, A; k) = exp [—%r e VK, + %r eieK_] exp(irKop), r=0,

0<6 <2m, 0< X <2m, k=1/2,1,3/2,.... 171)
We will also use the following notation:

S(z; k) = S, 0,0: k), z = —e ¥ tanh % (172)
where z is in the unit disc D. The product of two of these operators is given by

S(z1; k)S(z2; k) = S(w; k) exp(—i¢ Ko), (173)
where

= %Zi‘zzzz’ ¢ =2arg(l +z722). (174)

This is the analogue of equation (33) in the Euclidean case.
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It can be shown [1] that
S k) KolS(z: b)I' = Kyy(o),

Ky = noKo — %(U—K+ +n.K_), (175)
14z R
770—1_|Z|2, T)——Tl+——1_lz|2.

An important property of the operators S(z; k) is the ‘generalized resolution of the
identity’. Let U/ be an arbitrary trace class operator acting on H;. We show that

7
/DdMH(Z)S(Z; k)ﬁ[S(z; ol = 1. (176)

Perhaps, the easiest way to prove this is to use the P representation of the operator which is
introduced later. We act with the operators S(z; k) and [S(z; k)]" on both sides of the operator
U in equation (191) and prove equation (176). In the special case that U = |0; k), ,(O; k|,
this relation becomes the resolution of the identity for the SU (1, 1) coherent states which is
discussed below.

7.3. SU(1, 1) coherent states

SU (1, 1) coherent states are defined in the coset space SU(1, 1)/U(1) which is the upper
sheet of a hyperboloid. This is isomorphic to the unit disc D which is the Poincare model of
the Lobachevsky geometry.

SU(1, 1) coherent states [1] in the unit disc are defined as

o0
|z K)e = (1= 12 Y du(N; )z IN; k), |zl <1, (177)
N=0
where
(N +2k) Y2
du(N; k) = | ————— 178
(N K) [F(N+1)F(2k)} (178)
An alternative equivalent definition is
|2 ke = S(25 k)10; k). 179)
The equivalence can be shown using the relation
1 . 1 .
exp|—=r e K, +—reKk_| = exp[zK,]exp[t Kol exp[—z*K_],
2 2 (180)

7=—e ¢ tanh%, T =In(1 — |z]%).

The Baker—Campbell-Hausdorff relations for SU (1, 1) have been discussed in [140] using
the general approach of [141].

Use of equation (175) leads to a third definition of SU (1, 1) coherent states as eigenstates
of the Hermitian operator K,,:

Kyolz; k)e = klz; k)e. (181)

These states are coherent states in the sense that if we act with any of the operators S(r, 6, X; k)
on any of these coherent states, we get another coherent state. This is because S(r, 8, X; k)
form a group (a representation of the SU (1, 1) group).

The probability distribution
| |2)2k M| |2V

. . 2 frnd —_
ln (N5 klz; k)e|™ = (1 T(N+ DLk~

(182)

is a negative binomial distribution.
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The overlap between two coherent states is given by

(1 =1z =]z

Az klzas k)e = a —ZTZZ)Zk (183)
For later use, we introduce
1— 21 — oy 2k
Gr(z1, 21 ) = lefens Klzas R P = | DU =l (184)
11— z123]2

There is a connection between this and the distance §y(z1, z2) between the points z; and z; in
Lobachevsky geometry (unit disc):

Gu(z1, 22; k) = {1 — [tanh 8y (z1, 22)1*}*. (185)

The resolution of the identity of these states is given by

k_lf |2 K)e e{z; k| dun(z) = 1. (186)

This shows that the set of all SU (1, 1) coherent states is at least complete. In fact, it is highly
overcomplete because we will prove below that small subsets of these coherent states are also
overcomplete.

We next mention some special features of the case k = 1/2. In this case, equation (177)
reduces to

—> =z I)‘/2Z > (187)
and the corresponding probability distribution
Ntz 2—(1 ik (188)
n ’ 2 Za 2 . - 4 Z

is a thermal distribution. The resolution of the identity is given as the one-sided limit
k — 1/2 + € of relation (186):

. 2k — 1
lim
k—1/2+€

/ |z; k) c{z; kKl dun(z) = 1. (189)
D

We note that this integral diverges for k < 1/2.

74. P, Q and Wigner functions
The Q and P functions of a bounded operator U/ are defined as
On(z;U) = o(z; klU|z; k)e, (190)

2k —1
U= — dun () Pa(z; U)|z; k)e o(2; kI, (191)
D

where |z| < 1. We combine these two relations and prove that for k > 1/2:

2k — 1
Ou(z;U) = T/ dpn(w) Gu(z, w; k) Pu(w; U). (192)
D

The trace of an operator I/ is given by

2k — 1 2k — 1
T =" / dpn(2) Qu(z: U) = —— / dun(@) Puz: ). (193)
T D s D
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The trace of the product U4, of two operators can be written as

2k — 1
Trhih) = T/ dpn(2) Pu(z: Un) Qn(z: Uy). (194)
D

We next follow Berezin [30] and define the displaced parity operator and Wigner functions.
The parity operator around the origin Ry is defined as

Ro =Y (=DYIN;k)(N; kl. (195)
N

The displaced parity operator around a point w is defined as
R(w) = S(r, 0, 2 HYRo[S(r, 0, 2 )], w = —tanh (%) e=i0—0), (196)
where the operators S(r, 6, A; k) have been defined in equation (171). Acting on coherent
states with it, we get

=+ |whz+2w
2wz (L+|wf?)’

R(w)lz; k)e = 155 k)e, ¢ 197

We note that the point ¢ is the reflection of the point z around w in the unit disc (Lobachevsky
geometry). The Q function of the operator R(w) is

N\ —2k
z—w
On(z; R(w)) = Gu(z, w; k) (1 + " ) . (198)
1—z*w
For an arbitrary operator U/, we define the Wigner function as
Wh(z; U) = Tr(UR(2)). (199)

Using equation (194) we can show that the Wigner function of an operator is related to its P
function through the relation
o\ 2k
< ) : (200)
1—z*w

2k — 1
Wl t) = = / Ay (w) P (w; U)) Gua (2, w3 ) <1+
D

7.5. SU(1, 1) phase states

We introduce phase states in the space H; [142]. The phase states in the various H; behave in
isomorphic way, and for this reason we omit the index ‘%’ in their notation.

We call SU (1, 1) phase states the eigenstates of the SU (1, 1) exponential of the phase
operators E_:

E_|Z)ph = z|2)ph. lz| <1,
oo
(201)
2)pn = (1= 1212 Y " 2V NS K.
N=0
The index ‘ph’ stands for phase states. We also introduce the bounded operator
o0
A-zE)'= ) @EIY, <], (202)
N=0

and write the phase states as
2o = (1 = 12121 = 2E)710; K)o (203)

We note that there are no eigenkets of the operator E,.
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SU(1, 1) phase states are different from the SU (1, 1) coherent states. Only in the special
case k = 1/2, the phase states are identical with the coherent states

2)ph = |25 3),. (204)
The overlap of two phase states is
(1= g2 = [z
= = .
Inversion of equation (201) can be achieved with integration along a circle in the unit
disc, with centre at the origin and radius » < 1:

ph{¢12)ph (205)

2 do ) )
rN (=T f 7 ¢ e m =N k), N 20,
) o (206)
T do —iN® i
—e |re”)pn =0, N < 0.
0 2

These relations show that the set of phase states is overcomplete in the space Hy. Indeed,
using equation (206) we show that an arbitrary normalized state in Hy:

1f) =D ININ k), Yol =1 (207)
N=0 N=0

can be expanded in terms of SU (1, 1) phase states as

27 46 ) o )
1fy=rNa—r* fo 5 FOlre ), fO) =" fye ™. (208)
N=0

7.6. The Barut—Girardello states

In the Euclidean case, we get coherent states by acting with the displacement operator D(z)
on the vacuum, and these states are eigenstates of the annihilation operator which is non-
Hermitian. In the hyperbolic case, we get coherent states by acting with the SU (1, 1) operator
S(r,8,0; k) on the lowest state |0; k),, and these states are eigenstates of the Hermitian
operator K, (equation (181)), but they are not eigenstates of the non-Hermitian operator K _.
Barut and Girardello [52] (and also [53]) constructed the eigenstates of K_:
L NS NV IN: &
TSN é Bo(V: O IN: K
dp(N; k) = [N!T'(n +2k)]~ /2,
K_|z; k)pc = zlz; k)BG-
Here z is a complex number and I»;_;(x) is modified Bessel function of the first kind. Barut
and Girardello used the term coherent states for these states, but we use this term for the states
of equation (177) which are different. We simply refer to them as Barut—Girardello states or
as eigenstates of K_, and we use the index ‘BG’ in their notation.
The overlap of two of these states is given by

Ly—1[2(¢*2)"?]
ek _ . 210
BG (£ Klz: K)pa [Dok—1 2z Tw—1 21 D112 oo

There is a resolution of the identity in terms of these states

/ dusc(z; k) Ix—1(21z])1z; k)BG BG (2, k| = 1,
c

|z; k)BG
(209)

, @11)
dusc(z, k) = ;KZk—l(2|Z|) dzg dzj,
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where Ky (x) is modified Bessel function of the second kind. We stress that the integration
is over the whole complex plane. The resolution of the identity shows that the set of all
Barut—Girardello states is at least complete. In fact, it is highly overcomplete because we will
prove below that small subsets of these states are also overcomplete.

For later use, we calculate the overlap between a Barut—Girardello state and an SU (1, 1)
coherent state

2120 = [P  exp(s*2)

Uwo@epraop? - feb zet @)

(¢ klz; k) =

8. The SU(1,1) formalism in the harmonic oscillator context

8.1. The k = 1/4 and k = 3 /4 representations and generalized squeezing

We consider the following realization of the SU (1, 1) algebra in terms of harmonic oscillator
creation and annihilation operators a', a:

K, = 1a®, K_=1d* Ko=id'a+1, K*=-21. (213)

It is seen that k(k — 1) = —3/16 which means that we have two irreducible representations
from the continuous series with k = 1/4 and k = 3/4. Acting with Ky, on the number
eigenstates of the harmonic oscillator, we easily see that the space /4 consists of the even
harmonic oscillator number states, and the space H3/4 consists of the odd harmonic oscillator
number states:

IN; 1) — 12N),, IN;3) — 2N +1),. (214)

In other words, H;,4 is isomorphic to the space Heyen Which we introduced earlier in the
harmonic oscillator context, and H3,4 is isomorphic to the space Hoqq [143].
We next consider the squeezing operator

7003 = oxp| —trea + Lo |exp i (ata s 1 s
U, A) = €Xp 4re a +4rea exp 12 aa+2 , (215)

which has been used extensively in quantum optics [144]. Substitution of equation (213) into
the general SU (1, 1) operator of equation (171) shows that
S(r.0, % 1) =T (.0, ) Meyen, S(r 0,2 3) =T 0, )Mo, (216)

where ITeyen and [1yqq are the projection operators into Heyen and Hoqq, respectively, introduced
earlier in equation (31). We note that both of these projection operators commute with
T(r0,A1):

[T(r,0, 1), Heven] = [T'(r, 6, 1), [Toaal = 0. (217)
The SU(1, 1) coherent states introduced earlier become in the present context
z ). =T(.6,1[0),.
z3), =T 0,01,

(218)

for the representations k = 1/4 and k = 3/4, respectively. The state T'(r, 6, 1)|0), is known
as squeezed vacuum in quantum optics and is a superposition of even number states (it belongs
to the space Heven). The state T (7, 8, 1)|1),, is a superposition of odd number states (it belongs
to the space Hoqd)-
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The Barut—Girardello states become in the present context
21
73
2 3
23
for the representations k = 1/4 and k = 3/4, respectively. They are superpositions of coherent
states, which in quantum optics are known as even and odd coherent states [145].

We next introduce a generalization of the squeezing operator which we call ‘parity-
dependent squeezing operator’

T (ro, 00, ho; r1, 01, k1) = S(ro, 6o, ho; 3) + S(r1, 01, A3 3). (220)

It acts with different parameters on the even and odd subspaces of the harmonic oscillator
Hilbert space. In the special case that ry = ry and 6p = 6; and Ly = Ay, T reduces to the usual
squeezing operator 7.

The properties of the operators 7' and the corresponding generalized squeezed states have
been studied in [146]. The formalism can be used in the study of the time evolution of systems
with the ‘parity-dependent squeezed oscillator Hamiltonian’:

> = [2(1 + e 2712 (|g) + | — 2)o0),
BG (219)

> =201 — e 2712 (|12)e — | — 2)0)
BG

H = wa'a + Meyen(goa'” + ga‘az) + Moaa(g1a™® + gta®). (221)
In the special case gg = g, this Hamiltonian reduces to the ‘squeezed oscillator Hamiltonian’:

H = wa'a + ga' + g*a*. (222)

8.2. The k = 1/2 representation and harmonic oscillator phase states

One realization of the SU(1, 1) generators in terms of the harmonic oscillator creation and
annihilation operators a', a is

K, =n'?d, K_=an'?, Ko=n+ %, K* = —%1, (223)

where n = a'a is the number operator. In this case, k(k — 1) = —1/4 and therefore this is the
k = 1/2 representation. The correspondence between the SU (1, 1) number states |N; 1/2),
in the space H > and the harmonic oscillator number states |N), is

IN; 300 = [N (224)

A polar decomposition of the operators K, K_, K¢ shows that in this special case K; = n and
that the SU (1, 1) exponential of the phase operators E,, E_ (defined through equation (169))
is the same as the harmonic oscillator exponential of the phase operators (defined through
equation (20)). Consequently, the SU(1, 1) phase states of equation (201) are also harmonic
oscillator phase states, i.e., they are eigenstates of the harmonic oscillator exponential of the
phase operators E_:

oo
D = (=122 YV IN) = (= o)A = 2E) 70y, 2l <1 (225)
N=0

The bounded operator (1—zE,) ™" has been defined in equation (202). The harmonic oscillator
phase states behave in an isomorphic way to the SU (1, 1) phase states and for this reason we
use the same notation.

Phase states and phase operators have been studied for a long time using various
approaches [147—157]. These techniques are not discussed here. The approach reviewed
here is inspired by the theory of shift operators in functional analysis. It introduces the
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phase states of equation (225) in the unit disc, which will be used later to define analytic
representations, which is the general theme of this review.

In the rest of this section, we define the angle-number phase space [60] which is similar but
weaker concept in comparison to the x—p phase space. It has weaker properties and it is a less
powerful mathematical tool. This is related to the fact that N does not take all integer values;
it only takes the non-negative ones. We introduce displacement operators in the angle-number
phase space as

W(N, B, v) = E; exp(ifn) exp(iy),
W(N1, B, yOW (N2, B2, yv2) = W(N1 + No, i+ B2, Vi + 72+ Naf),
N-1 (226)
W(0,0,0) =1, wiw =1, WWi=1=""|M), (M|,
M=0
where B8 and y are real parameters and N is a non-negative integer. The operators W are
isometric but not unitary. They do not have an inverse and therefore they form a semigroup.
Examples of the action of these operators on number and phase states are given below:

EY|M), =N + M),, exp(iBn)|N) = exp(iBN)|N),,

. i (227)
EN2)pn = 2V12)phs exp(ifn)|z)pn = |z€”)pn.

8.3. The Schwinger representation of SU(1, 1)

The Schwinger representation of SU(1, 1) involves two harmonic oscillators and is given by

K, =dlal, K_=aa, Ko = i(ala; +alay +1). (228)

We can easily check that they obey the SU (1, 1) commutation relations. Generalizations of
this formalism to other groups have been discussed in [158] and they have many applications
in various areas of physics (e.g., the interacting boson model in nuclear physics [159]).
If nq is the difference of the number operators of the two oscillators, then the Casimir
operator is given by
Kzzﬁnﬁ—}l, ndza]{al —a;az,
[n4, Kol = [n4, K+] = [n4, K_]1 = 0.

Let H; x 'H, be the Hilbert space describing the two oscillators. We consider its subspaces

(229)

Hun = span{|N +m, N),; N > max(0, —m)}, (230)
where m is an integer. N takes the values O, 1,2,... if m is positive, and the values
—m,—m + 1, ... if m is negative. It is clear that the difference of the average number of

photons in the two oscillators, for all states in H,,, is equal to m.

We act with the operators of equations (228) and (229) on the states in the space H,, and
we get
+1

K(]|N+maN>n=(N+m >|N+maN)na

X (231)
) _m -1
K*|N +m, N), =

IN +m, N)p.

Comparison with the general relations in equation (168) for the discrete series of the SU (1, 1)
representations shows that the operators of equation (228) acting on the space H,, form the
k = (1 + |m])/2 representation. It also shows that the harmonic oscillator number states
N1, N3), are also the SU (1, 1) number states |N; k),,:

INV, NoYu = [N k), N = min(N;, N2), k=35(1+|Ni — Na)). (232)
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The full Hilbert space H; x H, is the direct sum of all the spaces H,, (it consists of one
k = 1/2 representation, two k = 1 representations, two k = 3/2 representations, etc). We
call IT,, the projection operators to the spaces H,,. It is clear that

(I, Kol = [T, Ki] = [T, K_] = [T, ng] = 0. (233)

Therefore, any operator which is a function of the operators K¢, K_, K, nq leaves the Hilbert
spaces H,, invariant (i.e., acting on a state in ,, produces another state which belongs entirely
in the same Hilbert space).

In many quantum optics problems related to amplifiers [160—162], we have the two-mode
Hamiltonian

h= a)laial + a)za;az + Aaya; + A*a}a;, (234)
which can be written in terms of the SU (1, 1) generators of equation (228) as
h = () +)(Ko— 1) + (@ — w)ng + AK_ + 1*K,. (235)

This Hamiltonian leaves invariant the spaces H,,. The time evolution of these systems can be
studied using the analytic methods discussed below.

9. Analytic representations in the unit disc based on SU(1, 1) coherent states

9.1. States

We consider an arbitrary normalized state in Hy:
oo o8]
1f) =Y fvIN, k), Yol =1 (236)
N=0 N=0
This state is represented by the function [55-63]

oo
fa(z k) =" fvda(N; 2" = (1= 2P)Fel kIf) = = 2P (s k)e, (237)
N=0
which is analytic in the unit disc. The index ‘H’ stands for hyperbolic. The coefficients
dy(N; k) have been defined in equation (178).
Let £y be an anticlockwise contour around the origin, within the unit disc. The fact that
fu(z; k) is analytic leads to the following relation:
dz  fu(z; k)
O — fy, (238)
0 2midu(N; k)z
which gives the coefficients fy. Relations analogous to equations (92) and (93) also hold here
(the contours here need to be within the unit disc).
Using the resolution of the identity of equation (186), we find that the scalar product of
two such states is given by

2k —1
b4

(flg) = /D [fu(z BT gu(z; k(A — [z1)* duu(2). (239)

As we already explained in equation (189), in the case k = 1/2 we take the one-sided limit
of this formula. We recall here that for k = 1/2 the SU(1, 1) coherent states are the same
as the SU(1, 1) phase states (equation (204)). We will show later that in the k = 1/2 case
the present analytic formalism based on SU (1, 1) coherent states reduces to another analytic
formalism based on phase states.
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The Bergman space [54] consists of analytic functions g(z) in the unit disc such that the
following integral converges:

l+a e
— 1§17 (1 — [z]7)* dzr dz1 < 00, —l<a, p>0. (240)
D

Therefore, our functions fy(z; k) belong to a Bergman space with « = 2k — 2 and p = 2.
Another way to express this is to define the growth of the function g(z) near the unit circle
as [54]

log|g(2)]
—

1-|z]

t= lim su

(241)
lz|—>1- log

Equation (239) shows that in our case t < k — 1.
As examples, we easily show that for the SU (1, 1) number states

IN; k), — fu(z; k) = du(N; k)z", (242)
for the SU (1, 1) coherent states

(1 — JwH*
1k)e k)= —m— 243
s Kle > fulsi ) = = (243)
for the SU (1, 1) phase states (in the space Hy)
[o¢]
whpn = fu(z: k) = (1= [w[»)'2 Y~ du(N; k) (zw)™ (244)
N=0
and for the Barut—Girardello states
wh=172 exp(wz)
ik — k) = . 245
wiklse = @0 = G @i 4)
The operators K., K_, K can be represented with the differential operators
K, = 7°0. + 2kz, Ko =20, +k, K_=9.. (246)

We can easily check that these operators acting on dy(N;k)z" give the results of
equation (168).

SU(1, 1) transformations in the unit disc are implemented through the Mo6bius conformal
mappings

+b
w(z) = % , la)* — |b> = 1. (247)
b*z +a*
Then the transformations
If) = S, 0,1 0| f) (248)

are implemented as

dz b*z +a*’

where the parameters r, 6, A are related to the parameters a, b through the relations

k
fH<z;k>—>fH(w;k)(dw> - H( aztb -k) B'z+a) %, (249)

a = e*? cosh %, b = ¢ sinh i. (250)

The ‘multiplier’ (dw/dz)* has been studied in detail by Bargmann [16].
The infinitesimal version of the mapping of equation (247) is

w =Z+E_+EQZ+6+ZZ, 251)
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where €_, €, €, are infinitesimals. In this case
Su(z k) > [1+e_K_ +e Ko+ €. K] fu(z; k), (252)

where Ky, K_, K, are the differential operators of equation (246). We note that the term 2kz
in the operator K is an infinitesimal multiplier. The same is true for the term & in the operator
K.

We next comment on the zeros of these functions. The general theory of the density of
zeros of functions in Bergman spaces is still an open problem in pure mathematics. The angular
distribution of the zeros becomes important in this case. Recent results are summarized in
[163, 164] and their possible significance for physics is an open problem. Here we make some
general comments, analogous to those for the Bargmann functions in the Euclidean case.

Equation (237) shows that if ¢ is a zero of the function fiy(z; k) then the SU (1, 1) coherent
state |¢; k). is orthogonal to the state | f*). A more general resultis that if ¢ is a zero of fiy(z; k)
with multiplicity M, then | f*) is orthogonal to the states KN |¢; k). with N =0, ..., M — 1.
The proof is analogous to equation (125) for the Euclidean case. Another result which is
similar to the Euclidean one is that if {{y} is a sequence which has a limit w in the unit disc
then the coherent states {|¢y; k).} form an overcomplete set.

9.2. Operators

An arbitrary operator I/ with matrix elements Uyy = ,(M; k|U|N; k), is represented by the
kernel

Ku(z, ¢*U) = [(1 = [z = gD 25 kUIS k)

= Y du(M; kydu(N; KUyyz¥ e (253)
M,N=0
and the state |s) = U| f) is represented by the function
2k —1 * 242k
su(z; k) = — Ku(z, &5 U) fu(&s kYA = [£19)7 dun(£). (254)
D
The kernel Ky (z, £*; U) is an analytic function of z and ¢* in the unit disc. Consequently,
its diagonal component Ky(z, z*; ) determines uniquely through analytic continuation
Ku(z, ¢ U).
As an example, we consider the unit operator 1 for which

Kz, ¢"1) = (1 -2 (255)
This is the reproducing kernel in the sense that when it acts on a state it gives the same state:
2k —1 * 212k
E— Ku(z, &% D fu(@; k)1 =[] dun(€) = fulz: k). (256)
D

We also consider the operators K, K., K_ which are represented by the kernels
2k[—(28*)* +z¢* + 1]

’CH(Z7 C 5 KO) = (1 _ Zé-*)Zk ’
2k
Ku(z, ¢ Ky) = W, (257)
Kz ¢* K_) = — &
H(z, ¢ K) = A=zt

We can check that these integral representations are consistent with the differential
representations of equation (246).
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The trace of an operator I/ is given by

2k —1 * 242k
Trif = — Ku(z, 2% U1 = 1z[)™ dun(2). (258)
D
The product of two operators U, is represented with the kernel
. 2k — 1 X . 242k
Kn(z, ¢ Ulh) = —Q Ku(z, w*; U Ku(w, 5 U) (1 — [w]7)™ dun(w). (259)
D

We note that we can define slightly different kernels for the representation of the various
operators. With a trivial revision of the above formulae, they all lead to the same final results.
For example, below we will use the following kernel:

Lu(z, 55 U) = Ku(z, ¢ U1 — zg%)*. (260)

9.3. Hyperbolic Berezin formalism

In this section, we represent the various operators with the £-kernels of equation (260). Using
equation (259) we show that the diagonal part of the kernel representing the product U/, of
two operators is given by

Eute, 2% tht) = 2 [ Gz, w0 Lz, w2 L, 250 (), (26
where Gy (z, w; k) has been given in equation (184). Berezin [30] has proved that
an_ ! /D Gu(z, ws k) f (w, w*) dun(w) = x (AMY) f(z, 2", (262)
where the hyperbolic Laplace—Beltrami operator AEH) has been given in equation (9) and
. -1 1
x(a) = [T —awa™) ™y = g - s (263)

N=0
Equation (262) is the hyperbolic analogue of equation (85) in the Euclidean case. Therefore,
equation (261) can be written as

Lu(z, 25 Uth) = [x (A7) Lu(z, &5 UNLu (&, 255 U] - (264)

In the limit k — oo, the coefficients A are close to zero, and we can write approximately
o0
x(A)~ [ [ (1+aya®) =1+
N=0

—— AWy 265
2k—1"°¢ (265)

Therefore,
Lu(z, 2% Uly) = Lu(z, 255U Lu(z, 255 Ub)
L= z1%) 0Ln(z, 2% Uy) OLu(z, 2% Un) .
2k — 1 0z* 0z

The parameter 1/ k plays similar role to the Planck constant. In the semiclassical limit k — oo,
only the first term survives and we get the classical result that the operators commute:

Lu(z, Z*;Uﬂ/lz) = ﬁH(Z, Z*Qul)ﬁﬂ(z, Z*;Uz). (267)

We next keep the first two terms in the expansion of equation (266) and show that that the
commutator [U, U] is represented by the function

(266)

i
Lu(z, 2% U, Up]) = —m{ﬁH(Z, 255U, Lu(z, 2% Us)) Yus (268)
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where the hyperbolic Poisson bracket has been given in equation (8). It is seen that when the
higher order terms in the 1/k expansion are turned off, the quantum-mechanical commutator
reduces to the hyperbolic Poisson bracket.

We note that similar formalism can be applied to equation (192) which connects the P
and Q representations. In this case, we get

O(z;U) = P(z;U) + AP U+ (269)

2k —1

As we have already mentioned in the Euclidean case, these semiclassical expressions
assume that the relevant functions are smooth functions of 1/k so that the expansions of
equations (266) and (269) are valid.

10. Analytic representations in the unit disc based on phase states and Z-transform

10.1. States and operators

The formalism in this section is for any of the spaces H; or for the harmonic oscillator Hilbert
space H. The results are isomorphic and for this reason we omit & in the notation. We consider
an arbitrary normalized state

1F) =" fIN), Yol =1. (270)
N=0

N=0

This state is represented by the function
oo
f2@) =) fwa" =0 =22 1) = (4 = 12722 271)
N=0

which is analytic in the unit disc. This function with z replaced by 1/z (i.e., in the exterior
of the unit disc) has been used extensively in digital signal processing [66] under the name
Z-transform, and for this reason we use the index ‘Z’ in the notation.

As examples, we easily show that for the number states

INYy = fz(z) =2" (272)
and for the phase states
(1= w2
[w)ph = fz(2) = T (273)

In this representation, the exponential of the phase operators E,, E_ and the operator
(1 — ¢ E,)~! given in equation (202) are represented as follows:

z) — 0
E_f2(2) = M E.f2(2) = 2f=(2).
(274)
A= B f20) = 222
1-2¢z
where |z| < 1and [¢] < 1.
The fact that >, | fv |> = 1 implies that the following function exists:
fz() =1lim fz(re”) =) fye. (275)

N=0
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This is called ‘boundary function’ because it describes the function fz(z) on the unit circle
|z| = 1. It is easily seen that

> do i0y 2
-PO) =1, P@) = [fz(e™)I" (276)
0 21
The function P(6) describes the phase distribution of the quantum state | ).
Equation (275) appears like a Fourier transform, but we stress that N takes only the
non-negative integer values. A direct consequence of this is that

A g 0

77 © fz(7) = fn, N >0,

027‘[ (277)
49 ing 0y _

e " fz(e”) =0, N < 0.
0 21
The scalar product of two states is given in terms of their boundary functions as
2 de 0 "
(flg) =/ S fz(e)] gz (™). (278)
0 2

The Hardy space H,(D) [65] consists of analytic functions g(z) in the unit disc such that
the following integral converges:

2 do "
sup —|g(re”)|? < oo. (279)
0<r<1J0 27[

Therefore, our functions fz(z) belong to the Hardy space with p = 2. We note that in Hardy
spaces convergence of the one-dimensional integral of equation (279) is required, while in
Bergman spaces convergence of the two-dimensional integral in the unit disc of equation (240)
is required.

We next show that the formalism developed earlier in terms of the analytic functions
Jfu(z; k) in the limit k — 1/2 becomes the formalism studied here in terms of fz(z) functions.
It is of course trivial to see that in this limit fi(z; k) becomes the function fz(z), but we
also need to show that the scalar product of equation (239) becomes the scalar product of
equation (278). Indeed, we can show that

o 2k—1 2% 4p )
im 2 [ e@PRa = 2P dpn(o) = f Y e@r. @80
b4 D 0 21

1
k—5+e

10.2. Analytic properties

Hardy spaces have powerful properties which have been studied extensively in mathematics
[65], and here we review the basic ones. We first define the Cauchy kernel

C(r,0) =1 —re, (281)
the Poisson kernel
P(r,0) = Re[2C(r, 6) — 1] = e (282)
1+r2—2rcosf
and the conjugate Poisson kernel Q(r, 0)
O(r. 6) = Im[2C(r, 6) — 1] = — 27100 (283)

1+7r2—2rcosf’
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The boundary function fz(8) determines uniquely the analytic function fz(z) in the unit
disc. Using the Cauchy formula for analytic functions, we prove

i T dgp i¢
fz(re) = ——C(r,0 — ¢) fz(e?). (284)
0 2
We denote as f%(rei?) and £ (re) the real and imaginary parts of fz(r ). We can
R)

express them in terms of f; (¢'”) at the boundary as

2w
fZ(ZR)(r ei@) — / ;_Z;PO” 0 — ¢)fZ(R)(e1¢)’
; (285)

M, o 7 dg ®) o
Zve)=/ 20060 - )/ ).
0 JT

10.3. Inner and outer states

Any function in the Hardy space H,(D) can be factorized into a product of an inner and an
outer function [65]:

f2(@) = fin(@) fou(2). (286)
The outer part of the function fz(z) is defined as
Sou(z) = exp[P(2)], (287)

where

, T4 A
¢uw):/'§§mane—¢r4umﬁw@n

1 (7 d¢
== 5—[2C(r, 6 — ¢) — 1]In[P(9)]. (288)
2 ) .27
It is seen that the phase distribution function P(¢) defines uniquely the outer part of fz(z).

The inner part of the function fz(z) is defined as

fin(@) = fz(2) exp[—P(2)]. (289)

Both the inner and outer functions are analytic in the unit disc.
It is known [65] that in the interior of the unit disc (|]z| < 1)

|fn()] < 1, 1 f2(2D)] < | fou(D)] (290)
and on the unit circle (|z| = 1)
| fin(€)] =1, | f2(€)] = | four(€?)] = [P(0)]"/2 (291)

Therefore, all phase information of a quantum state is in its outer part.

A state | f) represented by a function fz(z) = fou(z) (With fin(z) = 1) is called an
outer state. In order to check if a state is outer, we can calculate the outer part f,,(z) from
equations (287) and (288) and compare it with the full function fz(z). A simpler criterion is
that a function is an outer function if and only if

™ d6 w1 [T de
In| fou (0)] =/ ghﬂfout(e )| = 5/ EIH[P(%]- (292)

~We next apply this mathematical formalism into a physical context [60]. The phase states
r e'?)., have phase distribution function
p P

P@) =P, 0 +¢), (293)
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where P is the Poisson kernel of equation (282). We note that
lirr} Pr,0) =2n6(0) (294)

and this provides an extra justification for the use of the term phase states for these states.
Phase states have phase distribution which is a delta function near the unit circle, and which
is smoothed out as we move towards the centre of the circle. Inserting equation (293) into
equation (292), we confirm that the phase states are outer states.

A state | f) represented by a function fz(z) = fin(z) (with fou(z) = 1) is called an inner
state. All inner states have uniform phase distribution P(¢) = 1. An example of an inner
state is the number state |N), with fz(z) = zV. This is easily understood physically, because
number states have uniform phase distribution. Another important inner function is

-z
1 —¢*7’
and it is easily seen that it represents the state

B(O)I0) = [¢ = E41IE o,

B)=1¢ = EJA - ENT, gl < 1.

fz(2) = ¢l <1, (295)

(296)

B (¢) is a bounded operator.

Equations (290) and (291) show that the inner functions map the unit disc in the unit disc
(| fin(2)] < 1for |z] < 1) and the unit circle in the unit circle (| fin(e®)| = 1). It is easily
proved that the most general bilinear transformations which do this are given in equation (295),
and therefore they are the ‘building blocks’ of more general inner functions. Indeed, a product
of a finite number of these functions is also an inner function and it represents the following
state:

K N —2 PN K
1 <1N—) = (E)™ [ T1B@n)1710),. (297)
Nt N T ENE N=1

Here p, are non-negative integers and ¢, are distinct numbers in the unit disc. Below we will
discuss infinite such products and the most general form of inner functions.

10.4. Zeros of the functions fz(z)

Equation (271) shows that if ¢ is a zero of the function fz(z) in the unit disc, then the phase
state | )pn is orthogonal to the corresponding state | f*). All zeros of fz(z) are in its inner
part; the outer part is an exponential and has no zeros.

It is known [65] that the zeros ¢y of a bounded analytic function in the unit disc satisfy
the conditions

[T1en1 <00 Y pn(l —lnD) < oe. (298)
N=1 N=1

Here py is the multiplicity of the zero ¢y . This shows that the zeros move quickly towards the
unit circle |z] = 1. An immediate consequence of this is that if a sequence ¢y violates
the conditions of equation (298), then the corresponding phase states {|{y)pn} form an
overcomplete set.

We next consider a sequence of complex numbers in the unit disc {y and the corresponding
multiplicities py, such that the condition of equation (298) is satisfied. We will construct inner
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functions with those zeros, and this will prove that the corresponding phase states form an
undercomplete set. One inner function which has those zeros is the Blaschke product [65]

0 * _ PN
po =TT () (299)

ey 1232

This is similar to equation (297), but here we have an infinite product, and in addition to
that we have the phase factors ¢y /|¢n| which are important for the convergence. The state
represented by this function is

0 * PN
Is) = (E)™ [ ] [ 2 é(cN)} 10),. (300)

Ny LIgw]

The most general inner function with the same zeros is of the form B(z) exp[h(z)] where
exp[h(z)] is the so-called singular function and has no zeros. The properties of the singular
functions are discussed in the literature [65]. It is therefore clear that the general function
fz(2) can be written as

J2(2) = fin(2) fou(2) = B(2) exp[h(2)] fou(2), (301)

where only the Blaschke product B(z) has zeros. We note that if the function fz(z) has a zero
{n, then it also has a pole 1/¢5 in the exterior of the unit disc. The converse is not true. If the
function fz(z) has a pole at a point 1/, in the exterior of the unit disc, it does not necessarily
have a zero at ¢y (see equation (273)).

A quantum state evolves in time, and the corresponding zeros also evolve in time. In
order to give an example of this, we consider the realization of the k = 1/2 representation of
SU(1, 1) given in equation (223), and the Hamiltonian

1 ; 1 . 1 . 1 .
H=——re K.+ —re’K_=——renE,+ —re’E_n
2i 2i 2i 2i

= —l.r e n'2al + l.r ean'/? (302)
2i 2i
acting on the states in the harmonic oscillator Hilbert space. We assume that at t = O the
system described by this Hamiltonian is in the state | ), with the corresponding function fz(z)
parametrized as in equations (301) and (299). Then at time ¢ the state becomes exp[iHt]| f)
and according to equation (249), which should be used here with k = 1/2, is represented by
the function

. a(t)z+b(1) . .

expliHIlf) > f (()—) b ()2 +a" ),

b*(t)z +a*(t) (303)
t . t
a(t) = cosh %, b(t) = ¢ sinh %
Therefore, in this example, the zeros evolve in time as
a*(t)ey — b(t
ey = LD =D (304)

—b*(t)¢y +a(t)’

The study of the motion of the zeros can provide a deeper insight about the system. We stress,
however, that knowledge of the zeros does not define uniquely the system. We have seen that
the outer and singular parts of fz(z) have no zeros.
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11. The Barut-Girardello analytic representation in the complex plane

11.1. States

Using the Barut—Girardello states we can represent the arbitrary state | /) of equation (236)
which belongs to the Hilbert space H; with the following function which is analytic in the
complex plane [52, 53]:

foo(@k) = ) doo(N: k) fyz" = U1 12D]22 27 (f* 12 kg (305)
N=0
The coefficients dgg (N; k) have been defined in equation (209).
Using the resolution of the identity of equation (211), we easily see that the scalar product
is given by

(flg) = fc dusc(z, ) 1z1* ' foc(z; k)" gG (23 k). (306)

dupg(z, k) contains the modified Bessel function K;;_1(2|z|) which at infinity behaves as
exp(—2|z]). Convergence of the above integral shows that the growth of the fzg(z; k) is
smaller than (p = 1,0 = 1).

We next give briefly results about the completeness of sequences of Barut—Girardello states
using the same argument as with the Euclidean coherent states. If ¢ is a zero of fgg(z; k), then
the Barut—Girardello state |¢; k)pg is orthogonal to the state | f*). If {¢x} is a sequence of
complex numbers which has a limit w, then the corresponding set of Barut—Girardello states
{I¢n; k)BG]) is overcomplete.

We next consider a sequence {{y} of the type given in equation (127). If the density
(n, 6) of this sequence is greater than (1, 1), then the corresponding set of Barut—Girardello
states {|¢n; k)Bg} 1s overcomplete, and if it is less than (1, 1) then it is undercomplete. As
an example, we consider the one-dimensional lattice of Barut—Girardello states {|Ny; k)sg},
where N takes all integer values and y is a complex number. The density of the corresponding
complex numbers is n = 1 and § = 1/|y|. Therefore, these states form an overcomplete set
when |y| < 1, and an undercomplete set when |y| > 1.

11.2. Operators

An arbitrary operator &/ with matrix elements Uy n = ,(M; k|U|N; k), is represented by the
following kernel:

Kga(z1, 25 U) = [hox—12lz1 1) k-1 (212212 (2125) 2 7% Bo (2} kU1 Z5; k)BG

o0
= Y dsc(M; k)dpG(N; K)Uyyzy 25" (307)
M, N=0
and the state |s) = U| f) is represented by the function
sBG(2) = f Kaa(z, ¢ U) foc (¢ K11 dusg (©). (308)
C

As an example, we consider the unit operator 1 for which
oF1(2k; ZlZ;)
I'(2k)
where ( F; (2k; z,23) is a generalized hypergeometric series. This is the reproducing kernel in

the sense that when it acts on a state it gives the same state:

/ Kpa(z, ¢ 1) fac (& 0N [* 7 dups(2) = fas(z; k). (310)
C

Kpc(z1,235: 1) = , (309)
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Another example is the operator K for which we find
oF1(2k +1; 2123) 0F1(2k; z125)
'2k+1) I'(2k)

The other SU(1, 1) generators can also be represented with kernels but they are more easily
represented with the differential operators:

Ksa(z1, 255 Ko) = (z125) + k. (311)

K, =z, K_ = 2kd, + 232, Ko =70, +k. (312)

We can check that the differential representation is consistent with the integral representation
with kernels.

11.3. Its relation to the analytic representation in the unit disc based on SU (1, 1)
coherent states

In this section, we give transforms which connect the Barut—Girardello analytic representation
in the complex plane with the analytic representation in the unit disc based on SU(1, 1)
coherent states [60]. We consider a state |f) in H; which is represented by the
function fy(z; k) defined in equation (237) and also by the function fgg(¢; k) defined in
equation (305). We can show that

fu(z, k) = / N w? ! fag(w; k) e /% dw. (313)
0

2K [T(2k)]'/2
This is a Laplace transform which involves integration of the function fgg(¢; k) along the
positive real axis. The integral converges only when z is in the right half of the unit disc.
Therefore, equation (313) gives the function fy(z; k) in the right half of the unit disc, and
through analytic continuation we can define it in the whole unit disc. The inverse transform is

given by
Tk 1/2 1 1+ico 1
Sfeo(w; k) = [;T)i / 7 fu <z, k) e¥?dz. (314)
1

2mi —ioco
The integration is along the line z = 1 + iz; where z;j is a real number. We note that when z

takes values along this line 1/z is in the unit disc.
As an example, we consider the eigenvalue equation

(@K, + BKo+yK_)|A, k) = A, k). (315)

Here |A, k) is an eigenvector of the operator « K, + BKy + Yy K_ which in the analytic
representation in the unit disc is represented with the function fy(z, A; k) and in the Barut—
Girardello analytic representation in the complex plane is represented with the function
fBc(z, A; k). Taking into account equations (246) and (312), we see that the eigenvalue
equation (315) becomes the differential equations

[(az? + Bz + )0, + kaz + Bk — M) fu(z, A; k) = 0, (316)
[y202 + (Bz + 2ky)d; + (a2 + Pk — 1)] fa(z, A k) = 0 317)

in the analytic representation in the unit disc and in the Barut—Girardello analytic representation
in the complex plane, respectively. We can confirm that the transformations of equations (313)
and (314) transform these equations to each other. The solutions of any of these two differential
equations provide the eigenvectors |, k) in the corresponding representation. We will not
present these solutions here [60, 165].
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11.4. The Barut-Girardello analytic representations with k = 1/4 and k = 3 /4 and their
relation to the Bargmann representation

We consider the realization of the SU(1, 1) algebra in terms of harmonic oscillator creation
and annihilation operators given in equation (213). We have explained that we have two
irreducible representations of SU (1, 1) with k = 1/4 and k = 3/4. For k = 1/4 the Hilbert
space Hj 4 is isomorphic to the space Heyen that is spanned by the even number states of the
harmonic oscillator, and for k = 3/4 the Hilbert space 3,4 is isomorphic to the space Hodq
that is spanned by the odd number states of the harmonic oscillator. An arbitrary state | f) in
the harmonic oscillator Hilbert space H can be written as

|f> = Heven|f> + Hodd|f) :/\[e;eln”ceven) +-/v(;j(lj|f0dd)’ (318)

where Neen and Nogq are normalization factors so that the states |feven) and |foqq) are
normalized to 1:

Neven = (f Mevenl £)'/2, Nodd = (I Toaal )12 (319)

The Barut—Girardello states in this case are the superpositions of two coherent states given
in equation (219). Using this we can find a relation between the Bargmann representation
fB(2) of aharmonic oscillator state | ) and the Barut—Girardello representations for the states
| feven) and | foqq) Which we denote as fpg(z, 1/4) and fpg(z, 3/4), respectively [53, 60]:

2 2

o 1 _ = 3
f3@) =7 Neven foo | =3 = ) + 2727 Noaaz foo | =5 = ) - (320)

2°4 24
We have seen in equation (99) that in the Bargmann representation the creation and annihilation
operators are z and d,, respectively. Substitution of this into equation (213) gives the operators

K, =1z, K_=1d2, Ko=1z0.+ 1. (321)

Taking into account that the Barut-Girardello functions in equation (320) contain z2/2, we
see that the operators in equation (321) are equivalent to the operators in equation (312), for
k = 1/4. In order to understand this equivalence in the case k = 3/4, we also need to take
into account that the corresponding Barut—Girardello function in equation (320) is multiplied
by z.

12. Hyperbolic contour representation in the unit disc

12.1. Quantum states

In the hyperbolic contour formalism [50], the arbitrary ket state of equation (236) and the
corresponding bra state ( f| are represented as

1f) = Sz k) =) fudu(N; k)2,

N

(322)
(f1 = fin(z k) =) frda(N: k)27,
where the indices ‘Hk’ and ‘Hb’ refer to ‘hyperbolic ket’ and ‘hyperbolic bra’, respectively.
The ket function fyx(z; k) is the same with the function fy(z; k), equation (237), and is
analytic in the unit disc.
In order to study the convergence of these two series, we calculate the absolute value of
the ratio of two successive terms, for both of them:

® _ |Snelsy 2| & _ el 1 o [N+2k}1/2
- ) — T N — .
N | fxl N7 falsw Izl N+1

(323)
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The labels ‘k’ and ‘b’ indicate ket and bra, respectively. A series converges or diverges when
the limit of this ratio is less or greater than 1, respectively. The limit of the ratio | fx+1]/| fv|
does not exceed 1, because Y | fy|*> = 1. The limit of sy is 1. Therefore, fg(z; k) converges
at least in the unit disc, and fg,(z; k) converges at least in the exterior of the unit disc |z| > 1.
Our aim is to find an annulus in the neighbourhood of the unit circle |z| = 1 where both the
ket function fpx(z; k) and the bra function fip(z; k) converge, so that we can use them in
contour integrals. In order to do this, we consider states in a subspace of the full Hilbert space
‘H, defined as

Hk(e)={|f): fim /1] gl—e}. (324)
N—oo | fy|

When €’ > €, then H; (¢') is a subspace of H; (¢). For states in Hy (¢), the series of fyx(z; k)

converges in the region |z| < 1/(1 — €), and the series of fyx(z; k) converges in the region

|z] > 1 — €. Therefore, both f(z; k) and f,(z; k) converge at least within the annulus

R(e):{l—e<|z|<¢}. (325)
1—¢

The spaces H, are not dense in the full Hilbert space (for any positive €). There are many
states for which the limit of the ratio | fy+1|/| fn| is 1. Below we consider states in Hy (¢) and
use integrals along an anticlockwise contour £ which is in the annulus R (€).

The scalar product of two states | f), |g) in the space Hy (€) is given by

d
(flg) = yg = (@ b g k). (326)

eR(€) 27'[1

The ket function fy (z; k) is related to the bra function fyy(z; k) through the formulae

d
f D w1 — 2 w) % = [z DT,
£

eR(€) 27'[1

327
2k — 1 /0" dr f t L * Fin(@ ) L 1 (327)
—; = ; > —.
Z o (L+0)m2% JHk Py HbZ; K), 5
As an example, we consider the SU (1, 1) coherent states |w, k). and show that
o (=) 4
Juk(z; k) = A=z lz| < lwl™,
o0 (328)
w' (1= JwPt
k) = (1 — [w)?) s T :
fin(z k) = (1 = [w]?) 226‘ T — |zl > |w]

12.2. Operators

An arbitrary operator / with matrix elements Uyy = ,(M|U|N), is represented by the
following kernel:

Unndu(M, k)z}

CH(Zlv ZZ;U) = Z dH(N k)ZéV-H

M,N

(329)

This function is useful if the double series converges for z; € S and z, € 7, where S and 7
are regions defined in equation (1) with radii that depend on the operator.
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As examples, we give the following:

Cu(zi,22:1) = , lz1] < |z2l,
22— 2

kzp+ (1 —k)z

Cu(z1, 22; Ko) = 2—21, 1] < |z2l,
(22 = 21) (330)

(1 —2k)z? +2kzo2:

Cu(zi1, 22; Ky) = 5 ) lz1] < |z2l,
(z2 — 21)

Cu(z1,22; K2) = m, lz1] < |z2]-

In all these examples, z; € S(r) and z, € 7 (r) for arbitrary r.
For a state | f) in H(e), the ket state |g) = | f) and the bra state (g| = (f|U' are
represented by

dz
gnk(z1) = f Z_J_SCH(ZI» 225 U) fux(z2; k),
LeT (r)NR(e) (331)

gnv (225 k) = % dil.be(Zu k)Cu(z1, z2: UD).
LeRONS(r) 271

In the first integral, z; € S(r) and z, € T (r) N R(€) (and we have to choose r < (1 —¢€)71).

Of course, gyk(z1) is analytic in the unit disc, and through analytic continuation it is defined in

the whole unit disc. In the second integral, z; € R(¢) N S(r) (in this case we have to choose

r>1—e¢e)andz; € 7(r).

We use equations (331) with any of the kernels in equation (330). The first integral
involves integration over z, and the singularity of Cg(zy, z2; /) at zo = z; is inside the
contour £. In contrast, the second integral involves integration over z; and the singularity of
Ce(z1, 22; U) at z; = 7, is outside the contour ¢; it is only the singularities of fu,(z1) that
contribute to this integral.

We have explained earlier that if {¢x} is a sequence which has a limit w in the unit disc,
then the SU (1, 1) coherent states {|{y; k). } form an overcomplete set. Therefore, the coherent
states in a contour £ form a highly overcomplete set of states. In practice, it is not easy to find
an expansion of an arbitrary state in terms of these coherent states, and the hyperbolic contour
formalism provides one. An arbitrary state | f) € Hy(¢) can be written as

dz

If) = f 2—?(1 —z1)*a(2)|z; k).,
LeR(e) <701

v (332)

a@ =y N = WG,

N

Part III: elliptic analytic representations
13. Basic SU (2) formalism

13.1. Angular momentum operators and their polar decomposition

The unitary irreducible representations of SU (2) [19-21] are labelled with the parameter j,
which takes the values j = 1/2,1,3/2,.... We consider the representation labelled with j
and the angular momentum operators J;, J,, J_:

[, T = ., [, J1=—J_, [, J-1 = 2. (333)
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The Casimir operator in this representation is

JP =0+ 3o+ J_J) = j(j+ DL (334)

Z

We also consider the angular momentum states | j; m);, where in agreement with our general

notation we use the index ‘J’ to indicate that they are angular momentum states. They span

a (2j + 1)-dimensional Hilbert space Hj;,1. The angular momentum operators act on the
angular momentum states as follows:

Jeljim)y =1+ —m@m+1)]

J_ljsmy; =[G +1) —mGm — 1)]

Jjim); =ml|j;m);,

V2 jim+ 1),

172 .. _ 1
ljsm—1),, (335

JPjsm)y = jG+Dljsm)y.
We next introduce a polar decomposition of the Cartesian operators J, and J_ in terms
of the ‘radial operator’ J; and the ‘SU(2) exponential of the phase operator’ E [142]:

J. = LE, J_=E'J, Jr = (JeJ)'V2,
E:ZU;m"‘l)JJU;mL (336)
EY* =1, EE'=E'E=1.

Here m € 25;,1 and E is a unitary operator. We recall that in the Euclidean and hyperbolic
cases the Hilbert spaces are infinite dimensional, the groups of translations and SU(1, 1)
rotations are non-compact and the operator E, is isometric but non-unitary. In contrast, here
the Hilbert space is finite dimensional, the SU(2) group is compact and the operator E is
unitary. We note that in finite-dimensional Hilbert spaces isometric operators are always
unitary. We next show that

Jljsm)y; =G+ 1) —m@m— D12 j;m)y,
L=[iG+D1=72+71]" (337)
[Jrs Jz] =0.

13.2. SU(2) transformations

We consider the unitary SU (2) operators

Ria, B, v: j) =exp[—Sae U, + tae? J_]expliy ),

O0<a<m, 0< B8 < 2m, 2 Ly <2m. (338)
We note that in the case of the SO(3) group which is isomorpic to SU (2)/Z, the angle y takes

values 0 < y < 27.
We also introduce the following notation:

Rz j) = R(@, B, 0; j), z= —tan (%) e if, (339)

where z is related to («, 8) through the stereographic projection of equation (11) and belongs
in the extended complex plane Cg. The product of two of these operators is given by [166]

R(z1: PDR(z2: j) = R(w; j) exp(—igJ.), (340)

where

+
w= 22 ¢ =2arg(1 — 2}20). (341)
1 —ziz



R116 Topical Review

This is the analogue of equation (33) in the Euclidean case and of equation (173) in the
hyperbolic case.
It can also be shown that

R(z; NIAR@z DT = Ty

1
I = anz+§(77—J++77+J—)y (342)
1z . 2
771—1+|Z|2, 7]——77+——1+|Z|2.

We next prove the ‘generalized resolution of the identity’ property of the operators R(z; j).
We consider an arbitrary operator I/ acting on H;;,;. We prove that

u
. ot —
/CE dus(2)R(z; J)Tru[R(Z’ NI'=1 (343)

An easy way to prove this is to use the P representation of the operator &/ which is discussed
later. Acting with the operators R(z; j) and [R(z; 7)1t on both sides equation (354), we
can prove equation (343). In the special case that &/ = |0}, , (0|, this relation becomes the
resolution of the identity for SU (2) coherent states which is discussed below.

13.3. SU(2) coherent states

SU (2) coherent states are defined in the coset space SU (2)/U (1) which is a sphere. Through
the stereographic projection of equation (11), the sphere is isomorphic to the extended complex
plane Cg.

SU (2) coherent states [166] are defined as

Q2! ]‘/2

2 e = L+ 127 Y dsms /™ jim)y,  ds(ms j) = [m

(344)
where z belongs in the extended complex plane Cg. An alternative equivalent definition is
123 j)e =Rz PDIjs —J)s- (345)
The equivalence between the two definitions is proved using the relation

1 . 1 .
exp [——a e P+ el J} = exp(zJy) exp(tJ;) exp(—=z"J-),
2 . 2 (346)
7 = —tan (5) e i, T =In(l+ |z|2).

The Baker—Campbell-Hausdorff relations for SU (2) have been discussed in [140] using the
general approach of [141].

Use of equation (342) leads to a third definition of SU(2) coherent states as eigenstates
of the Hermitian operator J,:

D12 Jde = — 7125 J)e- (347)
These states are coherent states in the sense that if we act with any of the operators R(«, 8, y)
on any of these coherent states we get another coherent state. This is because the R(«, 8, y)

operators form a group (a representation of the SU (2) group).
The probability distribution

. @) 22+
GG —m)! A+ 1P

l7(Js mlzs j)el (348)

is a binomial distribution.
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The overlap of two coherent states is given by

L (1+2}22)° T
215 J122; = . 349
elats 7l e [<1+|zl|2>(1+|zl|2> G4
For later use, we introduce
2j
. . . 1+z7z212
Gs(z1, 22 J) = lefz1s Jlz2s 02:[ . 350
s(z1, 225 J) = lelzus Jlzas J)el T+ DA+ P (350)

This quantity is a function of the distance ds(z;, z2) between the points z; and z, in spherical
geometry (extended complex plane)

. —2j
Gs(z1.22; j) = {1 +tan [18s(z1, 22)]} . 351)
The resolution of the identity in terms of SU (2) coherent states is

2j+1

1z3 J)ee{z; jldus(z) = 1. (352)
Cg

This shows that the set of all SU (2) coherent states is at least complete. In fact, it is highly
overcomplete because we will prove below that small subsets of these coherent states are also
overcomplete.

134. P, Q and Wigner functions

The Q and P functions of an operator I/ are defined as

Os(z;U) = (25 jlAlz; j)e, (353)
2j+1 . .
U= dps(2) Ps(z; U125 Je o(zs Jl- (354)
Ce
We combine these two relations and prove that
2j+1 .
Os(z;U) = dus(z) Ps(z; U)Gs(z1, 225 J)- (355)
Ce
We also show that
2j+1 2j+1
Tr = Os(z;U)dpus(z) = —— | Ps(z;U)dus(2) (356)
0 Cg T Cg
and that
2j+1
TrUih) = Os(z; Uh) Ps(z; Up) dpus (2). (357)
Cg

In order to introduce Wigner functions, we first introduce the Fano [167] multipole
operators
J

, 2L +1\"? :
0 _ } : jn . i
TL,M - (21+1> Cj’m;L’M|]an)J J<]9m|v (358)

nm=—j

where C jJ ‘,’;. 1. are Clebsch—Gordan coefficients

C;::ln;L.M =y{j,Lim,M|j;n);. (359)
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We then follow [117, 168] and define the SU (2) Wigner operator

12 2) L )
Ws(a, B) =2 ( : ) DD Vi@ BTy, (360)
2j+1 L=0 M=—L
where Y[, (a, B) are spherical harmonics. We can prove that
2j+1
Tr[Ws(a, B)] =1, ]4 / dcosadB Ws(a, B) = 1. (361)
T Ck
The Wigner function of an operator ! is defined as
Ws(a, B; U) = Tr[UWs(a, B)]. (362)

Quantum tomography methods in the context of SU(2) quantum models have been
discussed in [169].

14. Angle states and operators

We have considered earlier angular momentum states and operators, and SU(2) coherent
states. Acting on them with any unitary transformation, we can get another set of states,
operators and coherent states with the same properties. Of special importance is the finite
Fourier transform

2k
F=Qj+D7"2Y wmn)lj;m), (s nl, w(k) = exp (izjji 1) :

m,n

o (363)
where m,n € Z5j,1.

In the harmonic oscillator formalism, the position and momentum bases (and also the
position and momentum operators) are related through a Fourier transform. In analogy with
this, we introduce the angle states |j; m)y which are related to the angular momentum states
| j; m), through a finite Fourier transform. We also introduce the angle operators 6,, 6., 6_
which act on the angle states in analogous way with the angular momentum operators J,, J,, J_
acting on the angular momentum states.

We can then consider the 6,—J, angle—angular momentum phase space which is the
toroidal lattice 2541 X Z;;4+1. In this phase space, we can apply the formalism of systems with
finite Hilbert spaces (for a review see [69] and references therein). We can define displacement
operators in 25,1 X 2541, the corresponding Wigner and Weyl functions, etc. Clearly, this is
very different from the displacements on a sphere in equation (339) and the Wigner functions
of equation (360). In the two cases we have two different classes of transformations on
different phase spaces and we associate with them different Wigner functions.

In this review, we only define the angle states and the angle operators. The phase-space
formalism related to the 6,—J, angle—angular momentum phase space has been discussed in
[69]. In the following, we distinguish the Bose sector (integer j) from the Fermi sector
(half-integer j). This is because the proof of many of the formulae is based on the relation

1
2j+1

Za)[n(m — 0] =68(m, 1), (364)

where the summation is over all integers in Z,;.;. 8(m, £) is the Kronecker delta, which is
equal to 1 when m = n (modulo 2 + 1). This formula is valid only for integer values of
m, n, £. For half-integer values it is not valid, and for this reason in the Fermi sector we
‘correct’ by 1/2 the corresponding formulae.
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14.1. Bose sector

Angle states are defined as

jsm)e = Fljsm); = 2j+ 172 w@mn)lj;n), (365)

and they form an orthonormal basis in 5., which is dual to the basis of angular momentum
states, in the sense that the two bases are related through a Fourier transform. An arbitrary
state | f) can be expanded in the two bases as

J J
Y= fulismls = D" Fulizmo.
m= P (366)
fi=Qj+ )72y Fuo@mn).

m=—j

fn and f, are the wavefunctions of the state in the angular momentum and angle
representations, respectively, and they are related through a finite Fourier transform.
Angle operators are defined as

FILF =6, FIL.F =6,, FI_Fl=0_,

(367)
(0., 0.1 = 6, [0:,0-1=—0_, (0., 61 =20,

and they are generators of the SU(2)y group. The index ‘0’ indicates the fact that from a
physical point of view SU (2)y is different from SU (2) generated by the angular momentum
operators (although mathematically they are isomorphic). Both of these groups are subgroups
of the SU(2j + 1) group of general unitary transformations in the space H5;,;. The Casimir
operator is

0> =j(+D1=J% (368)

The angle operators act on the angle states in an analogous way to the angular momentum
operators acting on the angular momentum states:

Orljsm)g = [j(j +1) —m@m+ ]2 jsm+ 1),

O_1j;m)g =[j(j+1) —m(m — DI j;m — 1), (369)
0.1j;m)g = m|j;m)g.

General transformations in SU (2), are given by
Rola, B,v: J) = FR(, B, y; NF = exp[—jae 0, + jae’6_]exp(iy6.). (370)
0-coherent states are defined as

12 Jes = Flzz )e = (L 2D ds(m, )z’ | jim)g. (371)

The index ‘cO’ is used in the notation of these states.
We next consider a polar decomposition of 6, and 6_ similar to that given in
equation (336) for the angular momentum operators:

9, = 6,G, 6_ = G'o,,
0, = (0.0_)* = FI.FT,

(372)
G =FEF = le;m+ Do o(j:ml.
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Here the ‘radial operator’ is 6, and the ‘exponential of the phase operator’ is G. We can show
that operator G is the exponential of J;, and similarly that the operator E is the exponential

of 6,:
=ex i . =exp|i . 7
P 2]+l ) P 2]+1 ‘

The operators E and G displace the states |j; m); and |j; m)y in the 6,—J, angle—angular
momentum phase space which is the toroidal lattice 241 X Zj41:

G"|jsm)g = 1j;m+n), G"[jim); = w(nm)|j;m),,
E*|jim)y = w(=mb)| js m)o, E'|jim); =1jim+0),, o7
where n, £ € Z5;,1. The operators E and G form a Heisenberg—Weyl group:
E‘G" = G"E‘w(—nl), EYH = G¥H = 1. (375)
This is the starting point of a phase-space formalism in the 6,—J, angle—angular momentum
phase space [69].

14.2. Fermi sector

The Fourier operator in the Fermi sector is given by
1

F= (2j+1)_1/22w|:<m+§> <n+%>:| ljsm)y g(j;nl. (376)

m,n

m, n take half-integer values and therefore m + 1/2, n + 1/2 take integer values, so that we can
use equation (364). The angle states are defined as

ljsm)e = Fljsmy; = 2j+1)7"2 Zw [(m + %) (n + %)} 1jsn)y. (377)

Equations (367)—(372) and also equation (375) are the same in both Bose and Fermi
sectors. Equations (373) and (374) in the Fermi sector are given by

E 2T 9+1 G '—271 J+l
=exp | —i -1, =exp|i =)
Pl (g Pl 72

. . . 1 .
G"|jsm)g = |jsm+n)y, G'|jm); =w [n (m + 5)} ljim);, (378)

) 1 ) ) )
E'ljim)y =w [—Z <m + 5)} |js me, E'jsm); = |jim+0)y,

where n, £ are integers in 2.

15. The SU(2) formalism in the harmonic oscillator context

15.1. The Holstein—Primakoff SU (2) formalism

The Holstein—Primakoff SU (2) formalism [170] considers a (2 + 1)-dimensional subspace
‘H,; of the harmonic oscillator Hilbert space H. The space H,, (where the index ‘tr’ stands for
truncated) is spanned by the number states |N), with 0 < N < 2j. In H, we consider the
operators

J.=[2j+1) —d'a]"?dl, J_=alQ2j+1)—a'a]"?,

(379)
fa—j JP=j(+ D1

J.=a
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Here 1 is the unit operator in Hy. These operators obey the usual angular momentum
commutation relations. The corresponding angular momentum states are the number
eigenstates:

ljsm); = |N)y,, N =j+m. (380)

The Holstein—Primakoff SU (2) formalism expresses the angular momentum operators in terms
of harmonic oscillator creation and annihilation operators. It uses a single harmonic oscillator
in contrast to the Schwinger formalism which uses two harmonic oscillators, and which is
discussed below.

15.2. The Schwinger SU (2) formalism

The Schwinger representation of SU (2) involves two harmonic oscillators and is given by
J, = aiaz, J_ = ala;, J, = %(afal — a;az). (381)
We can easily check that they obey the SU (2) commutation relations. If ny is the sum of the
number operators of the two oscillators, then the Casimir operator is given by
2 _ s (7 t t
Jo = ?(?+1> ns = a;a; +a,a,
[nSv -,+] = [n.w Jf] = [nxv Jz] =0.

Let H; x H; be the Hilbert space describing the two oscillators. We consider its subspaces
Hajer = spanf|2j — Na, Na),; 0 < Ny < 2} (383)

It is clear that the sum of the average number of photons in the two oscillators, for all states in
Hsj+1, 1s equal to 27 + 1. We act on the states of H,;,; with the operators of equation (381)
and (382) and we get

JZ|2.1 - N27 NZ)I‘[ = (] - N2)|2] - N25 N2>n7
J212j = Noy Naby = j(j + DI2j = Nay No.
Comparison with the general relations for the SU (2) representations given in equation (335)
shows that the operators of equation (381) and (382) acting on H, .+ form the j representation.

It also shows that the harmonic oscillator number states |Nj, N;), are also the angular
momentum states:

IN1, NaY, = |j;m) g, j= %N+ N, m=1(Ni — Ny). (385)

The full Hilbert space H; x H; is the direct sum of all the spaces H5;, (for all integer
and half-integer j). We call I1,;,, the projection operators to the spaces Hy . Itis clear that

[Moj41, J2] = [Maj41, Jo] = [Tpj41, J-] = [T12j41, ns] = 0. (386)

Therefore, any operator which is a function of the angular momentum operators leaves the
Hilbert spaces H ;1 invariant (i.e., acting on a state in H(2j + 1) produces another state which
belongs in the same Hilbert space).

As an application, we consider the following Hamiltonian which is used for the description
of frequency converters in quantum optics [171]:

(382)

(384)

H = a)laIal + a)za;az + ka}az + )\*ala; (387)
It can be written in terms of the SU (2) generators of equations (381) and (382) as
H = (o) + w)n, + (01 — 02)J; + AT, + 15T (388)

The time evolution of these systems can be studied using the analytic methods discussed
below.
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16. Analytic representations in the extended complex plane based on SU (2)
coherent states

16.1. States

We consider a state | f) in the (2j + 1)-dimensional space Hs;+1

J J
1Fy =" fulism)s, ol =1 (389)

m=—j m=—j

This state is represented by the polynomial

J
fs@ =" ds(ms j) fud* = L+ 2P o5 1) = A+ 12Dl e (390)
m=—j
where the coefficients ds(m; j) have been defined in equation (344). The order of this
polynomial is less or equal to 2j. fs(z; j) is analytic in the extended complex plane.
Let £ be an anticlockwise contour around the origin. Then

dz fs(z )

b 2mids(m; j)z/+m+!

This integral gives the coefficients f,,. Relations analogous to equations (92) and (93) also
hold here.

The scalar product of two states | f) and |g) represented by the functions fs(z; j) and
gs(z; J), respectively, is given by

= fu. (391)

2j+1 . . 2 -2)
(glf) = e [gs(z; DI fs(z; A+ 12|77 dus(2). (392)
Ce
As examples, we consider the angular momentum states and the SU (2) coherent states
. o . (1+20)%
; ds(m; j)z/™, ; —_—. 393
|jsm); — ds(m; j)z 183 J)e = A+1c0) (393)
For the 6-coherent states of equation (371), we get
185 J)es = 27+ D7TPA+ DT Y w(m). (394)
The angular momentum operators are represented as
J. = —2%0,+2jz, J_ =14, J. =20, — j. (395)

We can easily check that these operators acting on ds(m; j)z/™" give the expected results of
equations (335).

SU(2) transformations in the extended complex plane are implemented through the
Mobius conformal mappings

Kz — A*

w(z) = , k> + A = 1. (396)
Az +k*
Then the transformations
|f) = R, B, ys DIS) (397)
are implemented as
. Kz —A* . PN . VAL *1j—n
fs@ ) = fs =3 ) Oz =) ds(n; ) fulkz = 5V [z + 7T (398)
A2+ kK

n
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The relation between the complex coefficients « and A and the variables «, 8, y is
XN\ iy AL T
K = CoS (5) e'’’e, A = —sin <5> e . (399)

The term (Az + «*)%/ is the ‘multiplier’. Similar term appears in the hyperbolic case of
equation (249).
The infinitesimal version of the mapping of equation (396) is

W=Z+€e_ +67— €:2%, (400)
where €_, €, €, are infinitesimals. In this case
fs(z: j) = M +e_J_+et; + €. fs(z; ), (401)

where Jy, J_, J; are the differential operators of equation (395). The term 2z in the operator
J is an infinitesimal multiplier. The same is true for the term —j in the operator J,.

Let r be the order of the polynomial fs(z; j). The number of zeros of this polynomial is
also . Clearly, r < 2j. We note that here the zeros define uniquely the state. In contrast,
in the Euclidean and hyperbolic cases where the Hilbert spaces are infinite dimensional, the
zeros do not define uniquely the state.

If w is a zero of the function f5(z; j), then the state | f*) is orthogonal to the coherent
state |w; j).. A more general result is that if w is a zero of multiplicity M then the state | f*)
is orthogonal to all states (J,)"V|w; j). where N =0, ..., M — 1. The proof is analogous to
equation (125) for the Euclidean case.

Any set of more than 2jSU(2) coherent states is at least complete. Indeed, if this is
not a complete set then there exist a state | f*) which is orthogonal to all of them. Then the
corresponding polynomial fs(z; j) is of order 2j and has more than 2 zeros, which is not
possible.

16.2. Operators

An arbitrary operator I/ with matrix elements U,,, = ;(n; j|U|m; j); is represented by the
following kernel:

Ks(z, ¢55U) = 1+ 1z (1 + 1) (2*UIE*)e

= Y [ds(n; )2 W lds (m; j)(&*)*"] (402)
and the state |g) = U| f) is represented by the function
. 2j+1 N . Y
gs(z; j) = f Ks(z, ¢*U) fs(&; DA+ 12177 dus(©). (403)
Cg

The kernel Ks(z1, z3; U) is an analytic function of z and ¢* in the extended complex plane.
Consequently, its diagonal component Ks(z, z*; 1) determines uniquely through analytic
continuation Ks(z1, z5; U).

As an example, we consider the unit operator for which

Ks(z, % 1) = (1+2¢9%. (404)

This is the ‘reproducing kernel’. For any state | f), the fs(z; j) is related to fs(¢; j) through
the relation

fs(z: ) =

2+l [ (L+209%
i fc(”“ Fo(@: ) dps(©). (405)

2)2j
T e (L8197
As a second example, we consider the angular momentum operator J, for which

Ks(z,¢* ) = —j(L+z¢) 7 (1 — 2¢%). (406)
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It can be shown that this representation of J, with a kernel is consistent with the differential
form of J, given in equation (395).
The trace of an operator I/ is given by

_2j+1 x. 2 —2j
TrU = Ks(z, 255 U1 + |z]) 7 dus(2). (407)
Cg

T

The product of two operators U, is represented with the kernel

* 2J +1 * * 2\—2j
Ks(z, £ Uilh) = / Ks(z, w*s UDKs(w, 55 U) (1 + |w]?) ™ dus(w). (408)
Cg

We note that we have some freedom to define slightly different kernels for the
representation of the operators, provided that we modify accordingly the above relations.
Below we will use the following kernel

Ls(z, £ U) = Ks(z, £ U1 +2¢%) 7. (409)

16.3. Elliptic Berezin formalism

We represent the various operators with the £-kernels of equation (409). Using equation (408)
we show that the diagonal part of the kernel representing the product U/, of two operators is
given by

2j+1
Ls(z, 25 Uithy) = Gs(z1, 223 ) Ls(z, w*s U Ls(w, 2% Up) dpus(w), (410)
Cg
where Gs(z1, z2; j) has been given in equation (350). Berezin [30] has proved that
2j+1 ) . .
’n Gs (21, 225 ) f (w, w*) dps(w) = x (A®) f (2, 2, 411
Cg
where the elliptic Laplace—Beltrami operator has been given in equation (14) and
[o¢]
1 1
A®) = L+ ayA®), Ay = - : 412
x(a%) = [T (1+aval) NT2j4N  2j+N+1 “12)

N=1
This is the elliptic analogue of equation (85) in the Euclidean case and equation (262) in the
hyperbolic case. Therefore, equation (410) can be written as

Ls(z, 255 Uith) = [x (A)Ls(z, ¢ UNLs(E, 755 U], (413)
In the limit j — oo, we get

1
Ay =1+ — A® 4., 414

(A7) =1+ g A (414)
Therefore,
(L+12%) 9Ls(z, 273 Uy) DLs(2, 275 ) |

Ls(z, 2% Uly) = Ls(z, 2% U Ls(z, 275 Un) + —
2j+1 az* 0z

(415)

The parameter 1/ plays similar role to the Planck constant. In the semiclassical limit j — oo,
only the first term survives and we get the classical result that the operators commute:

Ls(z, 2" Uilh) = Ls(z, 25U Ls(z, 2% Ub). (416)

We next keep the first two terms in the expansion of equation (415) and show that that the
commutator [Uf, U] is represented by the function

i
Ls(z, 2" (U, Up]) = —ﬁ{ES(L 25U, Ls(z, 255 Un))s, 417)
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where the elliptic Poisson bracket has been given in equation (13). It is seen that when
the higher order terms in the above 1/j expansion are turned off, the quantum mechanical
commutator reduces to the elliptic Poisson bracket.

As we have already mentioned in the Euclidean and hyperbolic cases, these semiclassical
expressions assume that the relevant functions are smooth functions of 1/j so that the expansion
of equation (415) is valid.

17. Elliptic contour representation in the extended complex plane

17.1. States

In the elliptic contour formalism [51], the arbitrary state |f) of equation (389) and the
corresponding bra state ( f| are represented as follows:

1f) = fa(zs j) =Y ds(n; j) fu 2™,
! fr (418)

n

ds(n; j)zj+n+1 :

(f] = faolz: i)=Y

n

We use the indices ‘Sk’ and ‘Sb’ to indicate ket and bra states for the elliptic case, respectively.
The ket function fsk(z; j) is the same with the function fs(z; j) of equation (390). It is a
polynomial of order less or equal to 2 j and has singularity at oo (which is the north pole). The
bra function fs,(z; j) is a polynomial of z=! of order 2 + 1 and has singularity at 0 (which
is the south pole). Clearly, the convergence difficulties which we had in the Euclidean and
hyperbolic cases do not appear here.

As examples, we consider the angular momentum states | j; m); for which

1

fox(z: j) = ds(m; j)z/*™, Ssv(2) = W 419)
and the coherent states |¢; j). for which
L (1+Z§)2j o 1 Z2j+l _({*)2j+l
fsk(z: ) = a+iepi fsv(z3 J) = AT 1cP G =792 (420)

We note that fs,(z; j) corresponding to the coherent state has a singularity at z = O but has
no singularity at z = ¢*.
The scalar product is given by

d
mm=f5?mmﬁ&mux 421)
enl

where £ is an anticlockwise contour around the origin.
The following transformations connect the bra with the ket function:

dw . % 2 o\ 1%
ygrbe(w; DA+ W)™ = [ fs(zs DI, (422)
¢ <71

JZ+ /0 a +t§2j+2 [fSk (Zt—*ﬂ = fsb(z; J)- 423)
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17.2. Operators

An arbitrary operator ¢/ with matrix elements Uyy = ;(j; m|U|j; n), is represented by the
kernel

d (n; .)Zj+n
Cs(z1, 223 U) = Zunmd(s_—J)jimH. (424)
n,m sim; )z,

As examples, we give the kernels for the operators 1, J,:

L2 2
Cs(ar, 23 D) = ———2-,
(21 — 22)2y
L 2542 2j42 . 2j 2j (425)
J(@" =) = (G + Duzn(s’ - 2)
Cs(z1, 225 J2) = SRNCTNETY .
(Zl - Zz)Zz
The ket state |g) = U| f) and the bra state (g| = (f|U" are represented as follows:
dz;
8sk(z1) = TmCs(Zl,Zz;U)fSk(Zz),
¢ (426)

le T
8sv(22) = Tbe(Zl)CS(ZlaZZ§u ).
¢ 471

We have explained earlier that any set of more than 2j SU(2) coherent states is at least
complete. Therefore, the coherent states on a contour form a highly overcomplete set of states.
The elliptic contour formalism can be used to expand an arbitrary state | f) in terms of SU (2)
coherent states on a contour £ around the origin [51]:

d .
)= f—za D a@lz e a@ =Y

(27Ti

o

ds(n i [fsn(2™ DI, (427)

n

Part I'V: analytic representations on a torus

18. Analytic representation of finite quantum systems in terms of theta functions
on a torus

In the harmonic oscillator both position and momentum take values in R and the phase space
is the plane R x R.

Quantum mechanics on a circle T has also been studied in the literature [172, 173].
For quasi-periodic boundary conditions (f(x +27) = f(x)e'), we get Aharonov—Bohm
phenomena [174]. In this case, the momentum takes values in Z (integer plus 6/2m) and the
phase space is T x Z. Coherent states on a circle have been studied in [175], and Wigner
functions in [176].

Quantum systems with finite-dimensional Hilbert space have been studied extensively in
the literature (for a review see [69] and references therein). A system with angular momentum
Jj is an example of such system with dimension of the Hilbert space 2j + 1. We have explained
earlier that in this case both the angular position 8, and the angular momentum J, take values
in Z,;,1 and the phase space is the toroidal lattice 25,1 x Z5;.+1. We have defined the elliptic
analytic representation of equation (390) which is particularly suitable for the study of SU (2)
rotations in these systems.

Here we define a different analytic representation for these systems. We first use a special
case of the Zak transform [177] to introduce a map between states in the infinite-dimensional
harmonic oscillator Hilbert space H and states in the (2j + 1)-dimensional Hilbert space
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H>j+1. Using this map, we apply ideas from the harmonic oscillator formalism to systems
with finite Hilbert space H»;.1. For example, the coherent (Gaussian) states of the harmonic
oscillator will be mapped to theta functions [103, 178] in H;;,+1. Consequently, the Bargmann
formalism for the harmonic oscillator which is based on coherent states will become an
analytic formalism based on theta functions. This formalism uses entire functions which obey
quasi-periodic boundary conditions and therefore it is sufficient to define them on a square
cell S, i.e. on a torus. All these functions have exactly 2j + 1 zeros in each cell S, and if the
zeros are given we can construct the analytic representation of the state [179].

We note that we can introduce directly the analytic representation of equation (440) below,
without any reference to the Zak transform. We believe, however, that it is constructive to
understand the relation between the harmonic oscillator formalism and the finite quantum
systems formalism through the Zak transform given below in equation (428), and to see how
the Gaussian functions become theta functions.

We have mentioned earlier in connection with equation (148) that theta functions have
been introduced in [1, 135] through the study of the eigenvectors of the displacement operators
D(z) in a von Neumann lattice with cell area = (which belong in an extended space). Here we
introduce theta functions in finite systems which are however related to the harmonic oscillator
through the Zak transform of equation (428). The relation between the two approaches requires
further study. Other work on phase-space methods with theta functions has been reported
in [180].

We have explained earlier that some of the formulae are different in the Bose (integer j)
and Fermi (half-integer j) cases, and below we consider the Bose case.

18.1. Zak transform

We consider a state |g) in the harmonic oscillator Hilbert space H with wavefunctions g, (x)
and g, (p) in the x and p representations, respectively. To this state we map another state | f)
in ‘H4+1 which is defined as

REDIANEON

oo
fa= N2 g 2 PamAT 4212w Al )
2 (428)
o0
=NTP@j+ DT YT g, @ P rwAT Mo (mw),
w=—00
A = 77,'(2] + 1),

where m € Z,;,;. This map is a special case of the Zak transform. The normalization factor
N is such that ) | f,, | = 1. In order to prove equation (428), we use the Poisson formula

o0 oo

Z exp(i2rwx) = Z S(x — k). (429)

w=—00 k=—00

The right-hand side is the ‘comb delta function’. The state of equation (428) can also be
expanded in the basis of angle states as

1F) =Y Fulisma, Fu=Qj+D72Y" fiwo(—mn). (430)
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We can show that f m 1s given in terms of the wavefunctions g.(x), g,(p) as

o0
Fu =N g2 PamAT 2 4212 A2
w=—00
o0
= NP+ )TN g @ P rwAT o (—mw). (431)
w=—00

It is easily seen that
furjer = for Fsajor = Fn (432)

The coefficients f,, and f,, are related through the finite Fourier transform of equation (366).
At the same time, equations (428) and (431) show that they are the Zak transforms of g, and g,
which are related through the Fourier transform of equation (17), in H. Therefore, the Fourier
transform in H becomes through the Zak transform the finite Fourier transform in Hs ;1.

The above map is not one-to-one and equation (428) cannot be inverted. We note that
we can use the full Zak transform and introduce a family of d-dimensional Hilbert spaces
Hsj+1(01,02) where 0 < 01 < 1 and 0 < 0, < 1. These Hilbert spaces have twisted
boundary conditions [44] and they are spanned by the states corresponding to f, (o, 02)
where

oo
fu(01,02) = [N(o1.00)]7 Y exp(—i2moyw)g,{lm + (2j + Dw + 0y]2' 2w A™'2).
w=—00

(433)

The harmonic oscillator Hilbert space 7 is isomorphic to the direct integral of all the spaces
Hj+1(0o1, 02). In this case, an inverse to the relation (433) can be found. Here we limit
ourselves to the map of equation (428), which is a special case of the map (433) with
01 =0 = 0.

As an example, we consider the Glauber coherent states |z). of equation (64) in H and
using equation (428) we get the corresponding ‘coherent states’ | f)¢r in Ha 41 [42, 179, 181].
The index ‘cf’ stands for ‘coherent and finite’ and is used in order to distinguish these states
from the harmonic oscillator coherent states. They are given by

et = Y sm(@)]jim),

sm(2) = N1V 2r V4 expl—nm? A~ + 2mzm A~V — zxz]

434

X O3[—imm +izAY?;12) + )] (34
= IN@] 2 A~ 12 2@, | —n2mA~" + w2 A2 .1 ’
2j+1
where ®3 are theta functions defined as [103]
o0
O3(u;7) = Y exp(imrn® +i2nu). (435)
n=—0o0

The normalization factors N'(z) have been given in [179], for the bosonic (integer j) and
fermionic (half-integer j) cases. The coefficients s,,(z) obey the quasi-periodicity relations

smlz + A'?] = 5,,(z) expliz;A'/?],

436
Smlz +1AY%] = 5,,(z) exp[—izr A?]. o
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Using them we can prove a resolution of the identity in 5,4, that involves the coherent states
|Z)cf in a square cell with area A:

S=la,a+A"r x[b,b+ A" (437)
Here a, b are arbitrary real numbers and the cell can be shifted everywhere in the complex
plane. The resolution of the identity is given by

A*I/Z/dzz N@)|z)eteflz] = 1. (438)
S

18.2. Theta function representation on a torus
We consider an arbitrary state | ) in Hj:

1F) = fulizm),. (439)

m

We represent this state with the following analytic function [179]:
fr@) = IN@I"?a 7 2AV exp(—iziz) «(z*| f)

2j .
— —1/4 O | —2mA~" + 2 ATV ! 440
T Z fm 3 |: Tm in ’ 2] + 1 ’ ( )
m=0
where the index ‘T’ stands for ‘theta function representation’.
The function fr(z) is quasi-periodic

frlz+ A2 = fr(2),

frlz +iAY?] = fr(z) exp[A — 2iA?7].
For this reason, we only consider it in the cell S defined in equation (437); in other words, fr(z)
is defined on a torus. However, we stress the fact that it is not an elliptic (doubly-periodic)
function. A (non-constant) elliptic function has poles. The function fr(z) is quasi-periodic
along the imaginary axis and has no poles. If we consider fr(z) in the complex plane which
is the covering surface of the torus, we easily see that it has growth with order p = 2.

Another related analytic representation is to represent the state | ) with the function

(441)

2j
Fr(z) = Z Fn®s[—imm +izAY?; 127 + D]exprzm A~ — n?m*A~1]
m=0
= AT exp(2?) fr (). (442)

The function Fr(z) is also quasi-periodic
Frlz+ A'?] = Fr(z) exp(A +2A'?7),
Frlz +iA'?] = Fr(2).
Using the resolution of the identity of equation (438), we find that the scalar product is
given by

(443)

(flg) = () 2Qj+ 1) /S d*zexp (—2z7) fr(2)gr(z")

=7 @j+ 1) / Pz exp (—222) Fr(2)Gr(2"). (444)
S

As examples, we mention that the angular momentum state |j; m); is represented with
the function

fr(2) = 77140, |:—7t2mA_l +zr ATV, ﬁ] (445)
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and the angle state | j; m)y with the function

Fr@) = 7 exp(—22)05 |:—712mA1 +igm ATV, ;} . (446)
2j+1
We next discuss transformations and two important classes are the displacements and
the symplectic transformations. We first consider the displacements of equation (373) in the
6.—J, angle—angular momentum phase space which is the toroidal lattice 25,1 x Z5;4+1. The
operators E and G are implemented in the theta representation as follows:

E = exp[—nA’l/zaz],

447
G =expli2n A%z — 72 A~ explir A71/%8.]. (447)

We can check that these operators obey the Heisenberg—Weyl group relations of
equation (375), and also that acting with them on the angular momentum states of equation
(445) and the angle states of equation (446) we get the relations of equation (374). We note
that the relation E>*! = 1 is related to the periodicity of the function fr(z) along the real
axis. Also the relation G>*! = 1 is related to the quasi-periodicity of the function fr(z) along
the imaginary axis.

Symplectic transformations in the toroidal lattice Z5;.; x 2Z5;41 have been reviewed in
[69]. They are well defined in the case that 2j + 1 = p™ where p is a prime number. In
this case, Z,;.; becomes the Galois field G F(p™) and the lattice phase space is a finite
geometry where translations and rotations are well defined and they form groups. Further
work is needed to study these transformations in the language of theta functions, using the
theta function representation. Symplectic transformations in the context of theta functions is
a well studied subject and Mumford [178] summarized this work using the more general theta
functions

oo
. A AW
O,,u; 1) = exp |irT (n+—) +2imu <n+—)+17'rnv . 448
@)=Y p[ > > (448)
n=—00

The link between symplectic transformations in the context of quantum systems with
dimension which is the power of a prime, and the mathematical work on symplectic

transformations for theta functions, requires further study.

18.3. Zeros of the functions fr(z)

As with the other analytic representations, the zeros of fr(z) correspond to coherent states
which are orthogonal to the state | /) (equation (440)).

We consider the function fr(z) in the complex plane (which is the covering surface of the
torus) and using the criterion of equation (93) and the quasi-periodicity of equation (441) we
prove that

ygd_;_asz(z) —2j+1, (449)
¢ 21 fr(z)

where £ is a contour along the boundary of the cell S. This shows that the function fr(z) has
exactly 2j + 1 zeros ¢, (with the multiplicities taken into account) within the cell S which has
area w(2j + 1). Using equation (92) and the quasi-periodicity of equation (441), we show that
the ‘centre of mass’ of the zeros satisfies the following constraint:

2j+1
dz 3 fr@) Al . . < l)
féeri fT(Z)Z—;Cn—A |:M+1N+(1+1) J+2 , (450)
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where M, N are integers and A is the area of the square cell. Equations (449) and (450) have
been discussed in [42, 179].

We next assume that the 2j + 1 zeros ¢, in the cell S are given, and that they obey the
constraint of equation (450). We will construct the function fr(z) [179]. We first consider the
product

2j+1 .
f@ =[] Oslwa(2);l, w,(2) =7 AT (2 = ¢) + w @s1)
n=1
which has the given zeros. The ratio fr(z)/f1(z) is an entire function with no zeros and
therefore it is the exponential of an entire function. Taking into account the periodicity
constraints of equation (441) and the fact that that the growth of fr(z) is of order p = 2, we
conclude that
2j+1
fr@) = Cexpl~i2n A7 2N2] [ | @slwn(2): (452)
n=1
where N is the integer in the constraint of equation (450) and C is a constant determined by
the normalization condition. We can factorize further the function fr(z) using Jacobi’s triple
product identity [182]. For [x| < 1 and z # 0,

ad [e9]

[T =2+ 2y a1 = 3 w2, ws3)

m=1 s
Using this we express the function fr(z) as
fr(@) = Cexp[—iZnA"/zNZ] 1_[ |:(1 _ e—27rm)2j+l

m=1
2j+1
X l_[(l + e—n(2m—l)+21wn(z))(1 + e—n(2m—l)—2iw,,(z))j|. (454)

n=1

19. Discussion

In this review, we have reviewed the work on analytic representations in quantum mechanics.
We have discussed Euclidean, hyperbolic and elliptic analytic representations. The basic
transformations are D(z), S(z; k) and R(z; j) of equations (32), (172) and (339) in these three
cases, and they obey the generalized resolutions of the identity given in equations (38), (176)
and (343).

In the Euclidean case, the Bargmann analytic representation in the complex plane is
intimately connected with Glauber coherent states and more generally with the phase-space
formalism of the harmonic oscillator. We have introduced briefly displacement operators and
Weyl functions, displaced parity operators and Wigner functions, coherent states and P and
O functions, and we have explained how they are related to the Bargmann functions. For
example, in equations (110)—(113) we have given the relation between the Bargmann kernel
of an operator and its P, QO and Wigner and Weyl functions. We have also discussed the
Euclidean Berezin formalism. In equations (119), we have shown that in the semiclassical
limit the Lg-kernel of the commutator of two operators becomes the Poisson bracket of the
two Lg-kernels of these operators.

The general theory that relates the growth with the density of zeros of analytic functions
has been applied to Bargmann functions. Physically, the zeros of a Bargmann function
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representing a particular state, correspond to Glauber coherent states which are orthogonal
to this state. Consequently, many mathematical theorems on the density of zeros of analytic
functions acquire physical meaning. This leads to results on the completeness of sequences
of Glauber coherent states. In the case of a sequence of Glauber coherent states which is
undercomplete, there are states which are orthogonal to all coherent states in the sequence,
and Hadamard’s theorem explains how to construct them. From a more applied point of view,
as a state evolves in time its zeros also evolve with time as we have seen in a very simple
example in equations (141) and (143). In more complicated systems, the motion of zeros
can provide a deeper insight about the system and this has been used in quantum maps and
quantum chaos.

The Euclidean contour representation is another analytic representation based on contour
integrals. We have explained that when the ket function fg(z) has order of the growth
1 < p < 2 there might be convergence difficulties with the corresponding function fgp(2).
Notwithstanding this weakness, the method has been used in the literature [45-51].

In the hyperbolic case, we have discussed several analytic representations. We first
discussed SU(1, 1) coherent states and the Barut—Girardello states. We also discussed
implementations of some SU (1, 1) representations in the harmonic oscillator context. For
example, the k = 1/4 and k = 3/4 representations have been used in connection with the
subspaces Heyen and Hoqg of the harmonic oscillator. This leads to parity-dependent squeezing
in equation (220). Another example is the k = 1/2 representation which is used for the
description of phase states of the harmonic oscillator. Another example is the Schwinger
representation of SU (1, 1) which is used in quantum optics for the description of amplifiers.
Generalizations of this formalism to larger groups have many applications in various branches
of physics.

SU (1, 1) coherent states have been used to define analytic representations in the unit
disc, which belong in the Bergman space. In this representation, SU(1, 1) transformations
are implemented with Mobius conformal mappings as described in equation (249). We have
also discussed the hyperbolic Berezin formalism and we have shown in equation (268) that in
the k — oo limit the Ly-kernel of the commutator of two operators becomes the hyperbolic
Poisson bracket of the two Lg-kernels of these operators.

Another hyperbolic analytic representation in the unit disc is based on SU(1, 1) phase
states and uses functions in the Hardy space. Such function is factorized in terms of its outer
part which is related to the phase distribution of the corresponding quantum state, and its inner
part which contains all the zeros. Theorems like equation (298) about the zeros are interpreted
as criteria about the overcompleteness of the phase states.

The Barut—Girardello analytic representation is defined in the complex plane.
Equations (313) and (314) relate it to the hyperbolic analytic representation in the unit disc
based on SU(1, 1) coherent states. It can be used in the context of the k = 1/4 and k = 3/4
representations in connection with the subspaces Heyen and Hogq of the harmonic oscillator.
In this case, there is a relationship between the Barut—Girardello analytic representation and
the Bargmann representation which is given in equation (320).

The hyperbolic contour representation is based on the functions defined in equation (322).
The ket function converges at least in the interior of the unit disc, and the bra function converges
at least in the exterior of the unit disc. The formalism requires that both of these functions are
defined within an annulus and we discussed the conditions for this.

Elliptic analytic representations are based on SU (2) coherent states. We have discussed
SU (2) coherent states, the Holstein—Primakoff SU (2) formalism and the Schwinger SU (2)
formalism (which has been used extensively in quantum optics for the description of frequency
converters). The elliptic analytic representation in the extended complex plane has been
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defined in equation (390). In this representation, SU(2) transformations are implemented
with Mobius conformal mappings as described in equation (398). We have also discussed the
elliptic Berezin formalism and we have shown in equation (417) that in the j — oo limit the
Ls-kernel of the commutator of two operators becomes the elliptic Poisson bracket of the two
Ls-kernels of these operators.

The elliptic contour representation has been defined in equation (418). The ket
function fsk(z; j) has singularity at oo and the bra function fsy(z; j) has singularity at 0.
The convergence difficulties of the corresponding formalism in the Euclidean and hyperbolic
cases do not appear here.

An analytic representation of finite quantum systems on a torus which is based on theta
functions, has been defined in equation (440). The function fr(z) obeys the quasi-periodicity
relations of equation (441) and therefore it is sufficient to define it in the square cell S of
equation (437) which has area 7 (2 + 1). It has been shown that within the cell S the function
fr(2) has exactly 2j + 1 zeros. Equation (452) shows how to construct the function fr(z)
from its zeros.

We next discuss the merits of analytic representations in comparison to the non-analytic
ones. Some results can only be derived in the language of analytic representations. Examples
are the criteria for completeness of sequences of coherent states, the expansion of arbitrary
states in terms of coherent states on a contour given in equations (165), (332), (427), etc.
Other problems could be tackled in any representation, but it might be easier to work with
analytic representations. For example, the use of the conformal mappings of equations (249)
and (398) might be easier than working with the SU (1, 1) and SU (2) algebras in non-analytic
representations. In this sense, these mappings might be good practical tools in calculations of
the time evolution of certain systems.

In conclusion, we indicate some areas for further work. There is already a lot of work in
generalizing SU (2) coherent states to SU (N) coherent states [183]. This work could lead to
more general analytic representations and further work is required in this direction.

We have discussed analytic representations in the complex plane, unit disc and extended
complex plane (sphere). The next step is analytic representations in multiply connected
Riemann surfaces and the simplest case is the torus (which has genus g = 1 and the complex
plane as covering surface). We have discussed a particular representation of finite quantum
systems on a torus using theta functions in section 18, and references [39, 41-44] have
discussed related work in the context quantum maps, but more work could be done in this
direction. The next step is analytic representations in Riemann surfaces with genus g > 2
(with the unit disc as covering surface). They have been studied extensively in the context
of conformal field theories [94, 95], but there is very little work in a context relevant to this
review. Further work is required to explore their use in the areas of coherent states, quantum
optics, quantum information processing, condensed matter, etc.

The representation of multimode systems with analytic functions of many variables, and
the possible use of analyticity in the study of timely problems like entanglement [184], is also
another problem for further work.

Analytic representations have already been used extensively in the general area of
mathematical physics. Perhaps, they ought to be utilized more widely in more applied contexts
which use coherent states and we hope that this review will create interest in this direction.
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