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Abstract

Pavlos Evangelides
Analytic representations of quantum systems with Theta functions.
Keywords: Analytic functions, Theta functions, Bargmann functions, Finite
quantum systems.
Quantum systems in a d-dimensional Hilbert space are considered, where
the phase spase is Z(d) x Z(d). An analytic representation in a cell S in the
complex plane using Theta functions, is defined. The analytic functions have
exactly d zeros in a cell S. The reproducing kernel plays a central role in
this formalism. Wigner and Weyl functions are also studied.

Quantum systems with positions in a circle S and momenta in Z are also
studied. An analytic representation in a strip A in the complex plane is also
defined. Coherent states on a circle are studied. The reproducing kernel is

given. Wigner and Weyl functions are considered.
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Chapter 1

Introduction

In this thesis analytic representations for quantum systems with finite dimen-
sional Hilbert space and also for quantum systems on a circle are studied.

Various analytic representations [1-4] have been studied in quantum me-
chanics. The most popular analytic representation is the Bargmann repre-
sentation in the complex plane for the harmonic oscillator [5-7], which uses
the resolution of identity of coherent states [8-15].

There is a lot of work on finite quantum systems [16-23] where the phase
space is Z(d) x Z(d). An example of such systems, is a system with angular
momentum j [24] (in this case d = 2j — 1). Theta functions [25-30] are used
to study an analytic representation in these systems [31,32]. Theta functions
are very important since they are Gaussians when working on discretized
circle. Gaussians are important in quantum systems because they can be
noramalized easily. Also, theta functions have several properites.

An important tool in the theory of analytic functions are the zeros [33-41],

which are investigated in this thesis. In finite quantum systems, the zeros
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define the state uniquely. As a result, when the zeros are known the state
of the quantum system can be found. The zeros of analytic functions in a
square cell S is equal to d and the zeros obey a constraint [42,43].

Our analytic representation is based on d? coherent states. In this case we
assume that d is an odd number. The reproducing kernel [44] is also given.

The paths of the zeros [45] during time evolution are considered. In the
case of Hamiltonians with rational ratio of the eigenvalues (so that there
exists t with exp(itH) = 1) the system is periodic and the paths of the zeros
follow a closed curve.

A brief introduction on quantum systems on a circle [46-53] is also given,
where the phase space is [0, 27] x Z. Basic concepts in this phase space are
described. Using Theta functions, an analytic representation on a circle is
defined. Coherent states on a circle [54-58] are studied. Finally, the Wigner
and Weyl functions [59] on these systems are discussed.

Our results can be used in order to describe a mathematical formalism
of qudits, based on the dimension of d. Qudits are the building blocks of
quantum mechanics. Moreover, our results can be used in order to study the
mesoscopic rings. Also, these results can be used in the theory of harmonic

analysis as well as in the theory of analytic functions.

1.1 Structure of the thesis

This thesis consists of ten chapters. The first chapter gives an introduction
to this thesis.

In chapter two the definition and some properties of theta functions are
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considered.

In chapter three, some basic concepts of quantum mechanics in infinite
Hilbert space are considered. Two of the most important functions Wigner
and Weyl functions in phase space R x R are studied. Then, the Bargmann
functions and Bargmann operators are investigated in the same context.

In chapter four, a brief introduction to finite quantum systems is given.
Some important tools in the context of finite systems are examined. The
Wigner and Weyl functions in phase space Z(d) x Z(d) are considered.

In chapter five some basic concepts on quantum systems on a circle S are
introduced. The Wigner and Weyl functions on S are also considered.

Chapter six examines an analytic representation in finite quantum sys-
tems. An analytic representations in terms of coherent states is also defined.
We study some properties of this analytic representation. Also, the zeros
of analytic functions are considered. The novel part in this chapter is the
properties of the analytic representation based on coherent states and the
Wigner and Weyl functions.

In chapter seven, various examples of periodic systems in d—dimensional
Hilbert space are considered and the paths of their zeros are studied. The
novel part in this chapter is the behaviour of the paths of the zeros using
different Hamiltonians.

In chapter eight, an analytic representation for systems on a circle S is
defined. Also, an analytic representation using coherent states is studied.
Some important properties of this analytic representation is studied. The
novel part in this chapter is the properties of the analytic representation

based on coherent states as well as the Wigner and Weyl functions.
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In chapter nine, a discussion of this thesis is given.



Chapter 2

Mathematical tools

2.1 Definition

The Jacobian theta function is given by

O3 [u; 7] = Z exp (2inu + inTn?)

n=—oo

2.1.1 Properties

Theta function obeys the following quasi-periodicity properties

Oslu; 7] = Os[u+ ;7]

Oslu; 7] = Oszlu+mm + 7n7; 7] exp (2inu + irTn?)

(2.2)

(2.3)
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and

1T T T

Oslu: 7] = (—ir) V2 exp (“—2> s [9; _1} | (2.4)

Another important property of theta function is the following

Oslu; 7| = O3]—u; 7). (2.5)
Also, since the 7 in our analytic representation is imaginary then

[O3[u; 7]]" = O3[u”; 7). (2.6)

The last property is valid only when 7 is imaginary number. In our case the

following theta function is considered

Using Eqs.(2.1), (2.7) it can be concluded that

O3 [u; 7" = Z exp [—Qin (% — z*%) — gnﬂ
R omm T T
= n:Z:OO exp (—22717 + 2inz 7" ) (2.8)

Using Eq.(2.5) it can be proved that
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o0

O3 [u;7]" = nzzoo exp (2@71% - 2inz*% — §n2>
i
= O [7 A d]



Chapter 3

Quantum systems on R

3.1 Introduction

Quantum mechanics [60-62] studies the behaviour of photons, electrons and
other atomics objects. The state of a particle is represented by the wave-
function, which is the solution of the Schrodinger equation. The Hamiltonian
operator H gives the energy of a system which corresponds to the wavefunc-

tion. The time independent Schrodinger equation is given by
HY(z) = EV(x) (3.1)

In Eq.(3.1) the energy E of the system is the eigenvalues of Hamiltonian H,
while the eigenvectors represent the wavefunction W(z), where x is a position.

The momentum and position operators are denoted by P and X', respectively.
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In the x-representation the momentum and position operators are given by

0
= _Zha_l‘

The commutator of two operators is defined by

A, B] = AB — BA. (3.3)

The position and momentum operators obey the canonical commutation re-

lation. As a result, these operators do not commute

[X,P] = ih. (3.4)

The basic concepts of quantum mechanics, which will be used at later point
are described in this chapter. These include the position and momentum
operators as well as the Fourier transform, as reviewed in Sections 3.2 and
3.3, respectively. In Section 3.4 a brief introduction to the quantum harmonic
oscillator is provided, for the one dimensional case. Furthermore expressions
for special states are given, such as number states and coherent states. The
displaced and parity operators are discussed. In Section 3.5 the Wigner and
Weyl functions are defined. Finally, in Section 3.6 the Bargmann analytic

representations are introduced.
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3.1.1 Dirac notation

The Dirac notation represents the quantum states and their properties. The

quantum state is represented by a ket vector as follows

f=15 (3.5)

and the complex conjugate by a bra vector as follows

fr={/l (3.6)

3.1.2 Position and momentum operators

Throughout this section, the position X and momentum P operators are
described in more detail. Position and momentum operators are defined in
Eq.(3.4).

Position and momentum operators are Hermitian, hence their eigenvalues are

real

X’a>w = a|a>z

Plb), = blb)p, a,beR. (3.7)

where |a), and |b), denotes position and momentum states, respectively.
From Eq.(3.7) the position and momentum operators can only take real val-
ues. As a result, the phase space is R x R.

The eigenstates |a), and |b), form improper orthogonal bases in Hilbert

10



CHAPTER 3. QUANTUM SYSTEMS ON R

space, therefore

olalb)e = d(a—0b)

p(V10)p = (v —19). (3-8)

where §(z) is the Dirac delta function.
The position and momentum eigenstates, have an important property called

as completeness, which is given by

I

o0

/_ " dplp)y opl = 1.

o

(3.9)

Using these resolutions of identity, an arbitrary state |f) can be written in

terms of position and momentum states as follows

o0

f) = / dala)s o (zlf), (3.10)

[e.o]

and assuming that ,(z|f) = f(z), then

) = / " dele)s f(2). (3.11)

—00

The corresponding expression for momentum states are

9) = / " dplp)y »(pla). (3.12)

o0

11
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assuming that ,(p|g) = g(p), then

9y = / " dplp)y o). (3.13)

—00

Since, the particle can be found anywere in the space, the probability to find

the particle in the space is calculated by

/_Oo dalf(2)2 = 1 (3.14)

o0

where | f(z)|? is the position probability density. The corresponding relation

for the momentum is given by

/_ T dplg(p)P =1 (3.15)

o

where |g(p)|? is the momentum probability density.

3.2 Fourier transform

The Fourier transform [63] is defined by

G(z) = /_OO dpF (p) exp(—2imzp) (3.16)

[e.9]

G(z) is the Fourier transform of F(p), where p represents momentum and x

position, respectively. Also, for G(x), the inverse Fourier transform is

F(p) = /_00 dxG(z) exp(2imap). (3.17)

o

12
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The Fourier transfrom can be written in terms of Fourier operator, which is

defined as
F= / o (3.18)
Then,
Fla)e = |1)yp, Flay, =| — 1),
Flxr=p,  Flpr=-x (3.19)
and
Ft=1. (3.20)

Based on Parseval’s theorem, the integral of the absolute value of the square
of a function F'(x) is equal to the integral of the absolute value of the square

of the transform F(z),

/_OO d|F ()2 = /OO 4| F(2)|2. (3.21)

[e.9] —0o0

The Fourier transform of position and momentum states is given by

e = / Z dpexp(iap)|p),
_ Ly : 3.22
Py = o= [ _dwesp(cizpla) (3.22)

The inner product of these states is given by

alp)y = o= exp(—iap). (3.23)

13
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The wavefunction of position states can be expressed in terms of the wave-
function of momentum states using Fourier transfrom and vice versa. These

equations are given by

f(z) Vs / dpexp(izp) f (p)
g(p) \/%/ dx exp(—izp)g(x). (3.24)

3.3 Quantum Harmonic oscillator

The wavefunction of the system is evaluated by solving the Schrodinger equa-
tion, using the potential of the harmonic oscillator. Assuming an one dimen-
sional harmonic oscillator, the potential energy of the system in position x

is given by
U(x) = =a*. (3.25)

The Hamiltonian operator is given by

1 1
H = §P2+§X2 (3.26)

where h = m = w = 1. Applying the potential energy of harmonic oscillator

Eq.(3.26) in time indepentent Schrodinger equation (Eq.(3.1)), leads to

14
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The solution of Eq.(3.27) is

U, (r) = (QHW) H,(z) exp (—%:ﬁ) (3.28)

n!
where H,(x) is any Hermite polynomial and is given by

a?’b

Hp(z) = (—1)" exp (z?) B SXP (—2?) = (Qx - %) . (3.29)

At this point, using Eq.(3.26) the creation and destruction operators are

introduced and are given by

al = %(X—ﬁ?)

a = \/g(x+z'73). (3.30)

There is a canonical communication relation between the creation and de-
struction operators which is

[a,al] = 1. (3.31)

The state|0) is defined using the destruction operator in Eq.(3.30)
al0) = 0; (0]0) = 1. (3.32)

The |0) is the vacuum state.
The number operator is defined, using the operators given in Eq.(3.30), as

follows

N =dla. (3.33)

15
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Hence, the Hamiltonian operator is written, in terms of number operator as
follows

H == (ad' —a'a) =N + %1. (3.34)

N —

3.3.1 Number states

The number operator is symbolized by A and is given in Eq.(3.33). The

number states are defined by

n) = (af)"n!""2|0)

Nln) = nJn). (3.35)

When the creation and destruction operators act on number states, the result

is evaluated by
aln) = v/nn — 1); a'ln) = vn +1jn +1). (3.36)

The scalar product of two number states |n), |m) is equal to d,,,, which is

also equal to the Kronecker delta function,
(nlm) = bnm. (3.37)
The number eigenstates form a complete set, therefore

> n){n| = 1. (3.38)

16
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3.4 Displacement and parity operators

The displacement operator of the harmonic oscillator in the x — p phase-

space is symbolized by D(z) and is defined as
D(z) = exp(za' — 2%a); 2z €C. (3.39)

where z = 2z + 12;. A coherent state can be defined when the displacement

operator acts on the vacuum state, as follows
|z) = D(2)]0). (3.40)
The definition of the parity operator arround the origin is the following

Po - / " dpl = p)y ool = / " da] — ) (] (3.41)

(e} [e.e]

When the parity operator acts on position or momentum states then
Pole)e = —x)a; Polp)p = —P)p- (3.42)
The displaced parity operator is symbolized by P(z) and is described as

P(z) = D(2)Po[D(2)]'. (3.43)

17
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3.4.1 Coherent states

The coherent states are functions of the z variable, which runs throughout the
entire complex plane. These coherent states are also called Glauber states,

which are given by the expressions

o = e (gaF) 3 i)

n=0
1 - (aaT)n
_ . —1)2 L2
= 7w /“exp (2|z| )nEO oy |0)
1
= 7 Y%exp (5\,2]2) exp (aa’) [0). (3.44)

Alternatively, the coherent state is defined as
alz) = z|z). (3.45)

The resolution of unity for coherent states is given by

1
o Cd22|z><z| =1 (3.46)

where d?z = d2reqidZimag and C is the complex plane.

An arbitrary state |g) is given in terms of coherent state as

@) = — / P212){zlq). (3.47)

:27r

18
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The scalar product of two coherent states can be found using the definition

of coherent state
(2]2) = 7L exp (z*zl - %\ZP - %ym?) (3.48)
The scalar product of position and coherent states is equal to
o(x|z) = V4 exp (—%xZ + V221 — zzR) : (3.49)

The scalar product of coherent and momentum states can be found using

Fourier transform and is given by

1
»(pl2) = 7 Y4 exp <—§p2 +iv2zp — zzR> : (3.50)

3.5 Wigner and Weyl functions

Wigner functions were found by E.Wigner in 1932. They are quasiprobabil-
ity distribution functions in the phase space. The Wigner function for the

density operator p is given by

W (psz,p) = Te[pP(2)] (3.51)

19



CHAPTER 3. QUANTUM SYSTEMS ON R

Using this definition the following significant properties regarding the quan-

tum states can be derived

1 [ , 1 X
W(p;z,p) = o dX exp(ipX)(x — §X\p\x + 5>
1 [ , 1 P
= o/ dP exp(iPx)(p — §P|plp + §> (3.52)

X and P are the position and the momentum variables, respectively. The

Weyl function is given in terms of displacement operator

W (p; X, P) = Te[pD(2)]. (3.59)
Moreover, Weyl functions can be defined by a density operator which is

described as

—~ o 1 X
Wi(p; X,P) = / dx exp(iPz){x — §X|p|a: + 3)

—00

& ) 1 P
— | dexpl-ipX)p - 5Plolp+ 5). (350)

The Weyl function is derived using the two dimensional Fourier transform

within the Wigner functions, as follows
1 o0 oo o
Wiep) = g / / AXdP W (X, Pexp[—i (Xp— Pz)].  (3.55)
m —o0 J —o0
The Wigner function for a coherent state |z) is given in terms of

W(z;x,p) = %exp [— (x — \/§ZR> — (p — \/§zl>] : (3.56)

20
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Eq.(3.56) is proved using Eq.(3.52).

The Weyl function for a coherent state |z) is given in terms of
— 1
W( X, P)=exp |- (X% + P?) +iV2(Xzr — Pzg)| . (3.57)

Eq.(3.57) is proved using Eq.(3.54).

Fig.(2.1) shows the real part of Weyl function of the state |14-4). In Fig.(2.2),
the imaginary part of Weyl functions of the state |1 + i) is presented. In
Fig.(2.3) the absolute value of Weyl function of the same state is shown. In

Fig.(2.4) the Wigner function of this state, is plotted.

21
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Figure 3.1: Real part of Weyl function of state |1 + i) using Eq.(3.57)
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Figure 3.2: Imaginary part of Weyl function of state |1 + ¢) using Eq.(3.57)
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Figure 3.3: Absolute value of Weyl function of state |1 4 i) using Eq.(3.57)
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Figure 3.4: Wigner function of state |1 4 i) using Eq.(3.56)
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3.6 Bargmann analytic representation

In this section, the Bargmann analytic function in a complex plane is inves-
tigated, which is defined by a coherent state. The space of these functions
is defined as the space of the entire functions with no singularities. Further-
more, the kernel operator of a Bargmann function is discussed.

Let |r) be an arbitrary state

o0

) =) rimlm) (3.58)

m=0

and the normalization condition is shown below
> lrml =1 (3.59)
m=0
The following notation is used
(r[ =Y rmml; [y =) rnm). (3.60)
m=0 m=0

The state |r), can be expressed in terms of the Bargmann representation as

r(2) = exp (%W) =Y 2’;—52 (3.61)

m=0

Using Eq.(3.46) an arbritrary state |r) can be expressed as follows

|r) = i/(Cd%zexp (—%;ﬂ) r(z)]z*) (3.62)
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The scalar product of two states is given by

(rilre) = %/Cd%rf(z)m(z) exp (—|z\2) (3.63)

which can be proved by using the resolution of identity of coherent states.
The creation and destruction operators in terms of Bargmann analytic rep-

resentation are represented by

a— 0,

al — z. (3.64)

The Bargmann analytic function can be expressed in terms of the wavefunc-

tion of position states as

1 1 1
dzir(2)exp | —=22 | = 21/27%/% ex <—z2) Ty (——z ) 3.65
/<c (2) p( 5 1) p 4R \/5 R ( )

while in the case of the momentum wavefunction is equal to

1 1 1
dzpr(2)exp | —=2% | = 21/273/% ex (—22) T (——z ) 3.66
[ dearre (-5 p(34)(-52) o)

3.6.1 Operators of Bargmann function

Operators in the Bargmann formalism are represented as

1 1 -
L(z,w*; L) = exp (§|z|2+§|w|2) (Z*[Llw™) = Y Loynz™(w*)" (3.67)

m,n=0
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where £ is an arbitrary operator with the matrix elements L,,, = (n|L|m).
The kernel L is an analytic function with repsect to z, w*.

An arbritrary state L£|r) can be expressed in terms of kernel as follows
Llry = %/{Cde exp (—|w|?) L(z,w*; L)r(w). (3.68)
When the arbitrary operator £ is equal to 1, then the result of this kernel is
L(z,w*,1) = exp(zw”), (3.69)
and when L(z,w*, 1) acts on a state, the result is equal to the same state

r(z) = _W/chw exp(—|w]* + wz*)r(w). (3.70)

3.7 Discussion and Conclusion

In this chapter, a brief introduction of the phase space methods on Hilbert
space for a particle on the real line R is given. The phase space in this
formalism is R x R. Therefore the position and momenta belongs to R.
Furthermore, the Fourier transform on the infinite-dimensional Hilbert space
is defined. Some special states such as number and coherent states, as well as
displaced and parity displaced operators are studied. Hence, two of the most
important functions in this phase space, which are the Wigner and Weyl
functions, are defined. Finally, Bargmann analytic representations and the
Hilbert space of Bargmann functions are considered in the complex plane, as

defined by Glauber coherent states.
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Chapter 4

Quantum systems on Z(d)

4.1 Introduction

In this chapter, finite systems in d-dimensional Hilbert space are introduced.
It is known that in d dimensional Hilbert space a different formalism is used
when d is an odd or even integer number. Here, it is assumed that d is
an odd integer, which means that the inverse modulo 2, (271), exists. The
existense of 271 is used in several formulae. Some basic definitions are given
in finite Hilbert space which will be used at a later point. Sections 4.2 and 4.3
introduce the Fourier transform and the position and momentum operators
in a toroidal lattice Z(d) x Z(d), where Z(d) is the set of integers modulo
d. Hence, the phase space in finite quantum systems is clearly the toroidal
lattice Z(d) x Z(d). In Section 4.4, the displacement and parity operators
in finite quantum systems are examined. Furthermore, in Section 4.5 the

Wigner and Weyl functions in d- dimensional Hilbert space are investigated.
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4.2 Position and momentum states

The position states are denoted by |m), where the values of m € Z(d),

forming an orthonormal basis in L?(Z(d)). It obeys the following relations

S(mln), =0(n,m); Y |n)e o(n| = 1. (4.1)

The momentum states are stated by |m), and they form an orthonormal

basis in L?(Z(d)). The corresponding relations are

d—1

p{m|n), = 0(n, m); Z In)p pn| =1 (4.2)

n=0

where 6(n,m) is the Kronecker delta. These identities are proved using the

following identity

s

" wlm(k — 0] = 80k, 1) (4.3)

SN

3
Il

where w(b) = exp(22%); b € Z(d).

Position and momentum operatros in finite system are described as

d—1
Xy = Zm|m>x +(m|
m=0
d—1
Pr o= Y nln)y (0. (4.4)
m=0

The index ’f” denotes finite Hilbert space.
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4.3 Fourier Transform

The definition of finite Fourier transform is the following

1 d—1

;p:;@ E:Ldnmﬂmhxhﬂ (4.5)

m,n=0

and the finite Fourier operator obeys the following properties

FiFl=FlF =1

Fi=1 (4.6)

The relation between position and momentum states is calculated by ap-
plying the finite Fourier transform onto the position states, resulting in the

momentum states

d—1
1
= Frln), w(nm)m), 4.7
il = Frin)e =7 3 o) (@7)

Subsequently, the position/momentum operators in terms of momentum /position

operators, respectively, are derived using the finite Fourier transform, as fol-

lows

~X; = FyPiF}

Py = FpX,Fl. (4.8)
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4.4 Displacement and parity operators

The position and momentum eigenvalues belongs to Z(d). As a result, the
phase space is the toroidal lattice Z(d) x Z(d). In this phase space the dis-

placemt operators are desccribed by

2 2
Xf = exp {z’%blf} ; Py =exp {—i%Vf] . (4.9)

Operators Xy and Py are parts of displacement operator between the X and
P axes in Z(d) x Z(d) phase space. There are two useful relations among

these operators
)(ng _ 73]‘? =1 )(]?73]% — P;X}’w(—ab). (4.10)

where a,b € Z(d).
When these operators act on position and momentum states, the result is

equal to

Xilm)e = |Im+bl;  Pflm), =|m+a),

73}‘|m>x = w(am)|m); X;’|m>p = w(—mb)|m),. (4.11)
The definition of displacement operator in finite systems is

Dy(a,b) = PiXjw (=27 ab) = X7Pjw(2” " ab) (4.12)
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where 27! is 2 inverse. The complex conjugate of displacement operator is
[Dy(a,b)]" = Dy(—a, D).
When the displacement operator acts on position or momentum states, the

result is

Dy(a,b)lm), = w (27 ab+am)|m +b),

Dy(a,b)|m), = w(—2""ab—am)|m+ a),. (4.13)
The definitions of operators Xy and Py can be used to prove that
Dy(a,b)Ds(c,d) = Dy(a+ ¢, b+ d)w [27 (ad — be)] . (4.14)
The displaced Fourier operator is defined as
Fy(a,b) = Dy(a,b)FfDl(a,b) = w [27(a® + b?)| FfDy(—a—b,a—b). (4.15)
Eq.(4.15) is proved using the following relation
FyDy(a,b)F} = Dy(b,—a). (4.16)
The parity operator around the origin is defined as

P;(0,0) = F?; [P;(0,0)] = 1. (4.17)
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When the parity operator acts on position or momentum states then
Pr(0.0)fmbe = [ —m)s:  Py(0,0)m), = | — m), (4.18)

The displaced parity operator is given in terms of the displacement operator

as follows

Pf(a, b) = Df(a, b)Pf(O, O)Df(—a, —b) = Df(QCL, 2b)7Df<O, 0)

= P;(0,0)Dy(—2a, —20). (4.19)

It is easily seen that

[Pr(a,0)]" = 1. (4.20)

The marginal properties of the displacement operator in finite systems are

d—1

1

y > Dya,b) = 27'0)s o(—27"D)
a=0

1 d—1

p > Dy(a,b) =27 a), ,(—2""al
b=0

%z S Dy (a.b) = Py(0,0). (4.21)

a,b=0

The first two properties are proved by multiplying both sides by position and
momentum states, respectively. The third one is proved from the first with
the extra summation Zg;é :

Similarly, the marginal properties of the displacement parity operator in the
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d— dimensional Hilbert space are

d—1

S e -1 42

The marginal properties of the displaced parity operator are proved in a sim-
ilar way to that of the marginal properties of the displacement operator.
The relation between the displaced parity operator in terms of the displace-

ment operator and vice versa, given by

Pr18) = 23 Dyablwlby — ad)
D¢(a,b) = é i: Py, 6)w(—=by + ad). (4.23)

a,b=0

4.5 Wigner and Weyl functions in finite
systems

The Wigner function is defined as
W (psa,b) = TrlpP;(a,b) (4.24)

where p is a density operator. When the operator p is Hermitian the Wigner

function can only take real values. In comparison, for a non-Hermitian op-
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erator the Wigner function can take complex values, as well.
Substituting the displaced parity operator into the definition of the Wigner

function it concluded

Wi(p;a,b) = 2_: w(—2am + 2ab) ,(m|p|2b —m),. (4.25)

m=0

The Weyl function is defined as

W(p;a,b) = Tr[pDy(a,b)]

—1

= w (am +27"ab) (m|plb+ m),. (4.26)
=0

U

3

As an example we consider the state in five dimensional Hilbert space

0 = 7o5 010+ (2= 0. +il2).]
+ﬁ (1 +0.59)|3)s + (1.2 4+ 0.74) 4] (4.27)

In Fig.(3.1) the real part of the Weyl function of the state |¢) is demon-
strated. In Fig.(3.2), the imaginary part of the Weyl functions of this state
is presented. In Fig.(3.3) the absolute value of the Weyl function of the same
state is shown. In Fig.(3.4) the Wigner function of the pure state |¢) when
d = 5 can be seen. Due to the fact that p is Hermitian, the Wigner function
can only take real values.

From the Figs.(4.1-4.4) it shows the fact that a,b € Z. From the Fig.(4.4)

it can be observed that the Wigner function can get also negative values.
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Figure 4.1: Real part of Weyl function of a pure state in Eq.(3.27), for d =5
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Figure 4.2: Imaginary part of Weyl function of a pure state in Eq.(3.27), for

d=5
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4.5.1 Marginal properties of Weyl and Wigner func-
tions

The marginal properties of Wigner function are

IS

-1

Wi(p;a,b) = p(alpla)y

ISHE
=T
= O

W(p;a,b) = 2(blp|b)e (4.28)

SH

S)
Il
o

The marginal properties of the Weyl function are

U

-1

W(pia,b) = (=27"alp| —27"a),

SN

0
1

QL o

Wi(p;a,b) = {(=27"b|p| —27'b), (4.29)

ISHN

2
Il
o

4.6 Discussion and Conclusion

In this chapter, the quantum systems in Z(d) are considered. The phase space
is the toroidal lattice Z(d) x Z(d), therefore the eigenvalues of the position and
mometum operators are integers modulo d. Moreover, the Fourier transform
and the displacement operator in the finite Hilbert space are defined. The

Wigner and Weyl functions in this phase space, are defined.
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Chapter 5

Quantum systems on S

5.1 Introduction

In this chapter, some basic concepts of quantum systems on a circle are
presented. The position and momentum eigenvalues belongs to [0, 27| X Z,
respectively. Hence, the phase space is [0, 27r] X Z. In Section 5.1 the Fourier
transform and the position and momentum operators are introduced. In
Section 5.2 the displacement operators are considered. Finally, in the last

Section, 5.3, Wigner and Weyl functions on S are defined.
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5.2 Position and momentum operators on a
circle S

The wavefunction v(x) on a circle S is periodic and is given by
v(z +27) = v(x); x € [0,27] (5.1)

with normalization condition

1 2w

o ), drjv(z)]* =1 (5.2)

assuming that the radius of a circle S is equal to 1.
The position and momentum operators on a circle are denoted by X, and P.,

respectively, and they are defined as

1 21

X, = o /. dx x|z) (x|

Pe = Y NIN), o (N]. (5.3)
N=—00

The index ¢’ denotes systems on a circle S.

Using the Fourier transform, the wavefunction v(z) can be written as

v(z) = Z vy exp(iNx) (5.4)

N=—-o00
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where N € Z, and the inverse Fourier transform is given by

1 2

:% ;

dzexp(—iNz)v(z). (5.5)

UN

Let v(z) be the position representation of a state |v), then Eq.(5.4) can be

written as

o)

(xlv) = Y (N|v)exp(iNzx) (5.6)

N=—00

and vy be a momentum representation of the same state, then Eq.(5.5) can

be written as

1

»(N|v) = %/0 7T(gv|v> exp(—iNx)dx. (5.7)

Let |x) and |N), be position and momentum states on S, respectively, using

Eqgs.(5.6), (5.7) it can be concluded that

) = ) exp(—iNz)|N),
N), = % 0 " dw exp(iNz)|z), (5.8)

The scalar product of position states is equal to

(2]h) = 276,(x — ) (5.9)
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where 0.(x — 1) is Dirac comb delta function and it is defined as follows

o0

e —0) = 5= 3 expliN(— ). (5.10)

N=—o0
The scalar product of the momentum states is given by

p(K[N)p = dkn. (5.11)

The resolution of identity for position and momentum states is given by

1 2

— de |z){x| = 1

2 Jo

> IN), (N = L. (5.12)
N=—00

5.3 Displacement and displaced parity oper-
ators on S

The displacement operator on S is denoted by D.(«, N) and is given by
1aN , :
D.(a, N) = exp (—T> exp (iNA,) exp (—iaP,.) . (5.13)

where a € [0,27] and N € Z.

When the displacement operator acts on a position eigenstate the result is

Do, N)fe) = exp [iN (o + %)] lz + a) (5.14)
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while when acting on momentum states the result is

iINa
2

D.(a, N)|K), = exp (— > exp(—iaK)|N + K),. (5.15)

The displacement operator obeys the following relations

[Dc<a7N)]* = Dc(_aa_N)
D.(a,N)D.(ay,K) = D.(a+ a1, K+ N)exp B (Nal—Koz)]

D(a+2m,N) = (=1)ND.(a,N). (5.16)

The parity operator around the origin is denoted by P.(0,0) and it is defined

as follows

P.(0,0) — % Oﬂda|—a>xm<a|
Pe(0,0) = Y | =N), ,(N]. (5.17)

The parity operator obeys the following relations

P.(0,0) = P.(0,0)

P.(0,0)2 = 1. (5.18)

The parity operator can be written in terms of displacement operator as

follows
1 0 2m
(0,0) = — da D,(a, 2N). 1
P.(0,0) %Ngo/o o Dy(a, 2N) (5.19)
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In order to prove Eq.(5.19), Eq.(5.20) is used

1 2

— [ daD.(o,N)=]|—2N), ,2N]. (5.20)

2m J,

Using Eq.(5.17) and inserting an extra ), into Eq.(5.20), Eq.(5.19) is de-
rived.

The displaced parity operator is denoted by P.(a, N) and it is given by

P.(a,N) = D.a,N)P.(0,0)

= P.0,0)D.(—a,—N). (5.21)
The displaced parity operator obey the following relation
P.a+2m,N) = (=1)"P.(a, N). (5.22)

The displaced parity operator is related through the Fourier transform with

the displacement operator as follows

o0 2 . .
Pc(a,N):% Z /0 dB D.(B,N + 2M ) exp (%Nﬁ—iMa—%aN)
M=c0

(5.23)

Eq.(5.23) is proved by multypling the left and right hand sides of Eq.(5.19)
by D.(ca, N) and using Eq.(5.21).
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5.4 Wigner and Weyl functions for systems
on a circle

The Wigner function [49] on a circle is defined as
W(p;a,N) = Tr[pP.(o, N)]; «a€][0,2n], N € Z; (5.24)

where p is a density operator. It can be proved that the Wigner function can
get only real values. If p is not Hermitian then the Wigner function can get
complex values, as well. Using the definition of the parity displaced operator,
the Wigner function can be written as

1 2

Wi(p;z,N) = Py / da(x — a|p|lz + ) exp(2iNa)
T Jo
1 « .
= 5 > (N+EK|p|K — N)exp(2izN)  (5.25)
K=—o0

where = € [0,27], N € Z.

The Weyl function is defined as

—~

W (p; a, N) = Tr[pDe(cr, N)] (5.26)

The Weyl function is also given by

— 1 [ 1 1
Wi(p;a,N) = o /. dx{x — §a|p|az + 504) exp(iNz)
1 , 1
= %szo »(N + K|p|N — K),exp |—ia | N — §K :

(5.27)
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The Wigner and Weyl functions are related through the 2—dimensional

Fourier transform as follows

1 0 2T . . .
Wi, N) = o > /0 dBW (8, N + 2K) exp(—iK o + %zﬂ]\f - %QN)
K=o

(5.28)

5.5 Conclussion

Overall, the phase space methods on a circle S, are described. Also, the basic
formalism in quantum systems on S is introduced in this chapter. Moreover,
position and momentum states, as well as the Fourier transform on a cirle S
are defined. Lastly, displacement operators are examined, while the Wigner
and Weyl functions are also defined. The definitions which are given in this

chapter are used extensively in the chapter seven of this thesis.
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Chapter 6

Analytic representations for
quantum systems on Z(d) with

Theta functions

6.1 Introduction

An analytic representation of finite quantum systems in a cell S is given.
The number of zeros of the analytic function in a cell S is exactly d,where
the zeros obey the constraint defined in Eq.(6.19). Furthermore, an analytic
representation in terms of d? coherent states for odd values of d. Wigner and
Weyl functions are also defined. In Section 6.2 the analytic representation in
cell § is presented. In Section 6.3, the zeros of the analytic representation are
considered. In Section 6.4, the analytic representation based on d? coherent
states, together with their properties, are studied. Meanwhile, in Section

6.5, an analytic representation in terms of a fiducial state F|v) is defined. In
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Section 6.6, the entropic uncertainty relations for these coherent states are

given and in Section 6.7 Wigner and Weyl functions are given.

6.2 Analytic Representation on a torus

Let |¢) be a normalized pure state

d—1 d—1
0) =D bmlm)s; Y |oml* =1 (6.1)
m=0 m=0

The following notation shall be used

d—1 d—1 d—1
67) =D dnlm)as (8= dn wmly (@] =D bma(m|.  (6.2)
m=0 m=0 m=0
The Fourier transform coefficients can be written as

bm = p(ml|e) = (m|F}|o)

1 d—1
m1,n=0
1 d—1 1 d—1
=—) w(—mn) .(n|¢) =—=> w(—mn)ep,. (6.3)
d n=0 d n=0

The analytic representation of state |¢) is defined as follows,

d—1 .
2mm? T A2
(b('z) = 7T_1/4 Z ¢m@3 |:T - Zz; ﬁ:| ) L= 27Td, (6.4)
m=0
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Oslu; 7] is defined as

o0

Os|u; 7] = Z exp (2iNu + irTN?) (6.5)

N=—o0c0

and it has the following property

T T T

Osfu: 7] = (—ir) "2 exp (“—2) Oy [3; —1} | (6.6)

The quasiperiodicity condition of ®(z) along the real axis is proved by the

use of Eq.(2.2)
P(z+L) = D(2). (6.7)

The quasiperiodicity condition of ®(z) along the imaginary axis is proved

using Eq.(2.3)
O(z+1iL) = P(z)exp (% - iLz) . (6.8)

The analytic function ®(z) is defined on a square cell S = [M L, (M +1)L) x
[NL,(N + 1)L) where M, N are integers labelling the square cell S € C.
The scalar product of these two states in terms of their analytic representa-

tions is equal to

(6ilon) = 75 [ dzexp (=2F) 1(2)0a(a") (69)
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and the coefficients ¢,,, are

2m3/4 2m? T 12T .
qu = I3 /Sd2Z exp (—Z%) @3 [? — Zz, F:| q)(Z )
~ 2m3/4 &4 ) 5 2n? T oi2m .
G = T3 ngow(—mn) /sd zexp (—z7) O3 [? — 27 ?} O(2%)

where ¢,, are the Fourier transform coefficients in terms of ®(z).
The orthogonality relation proves the validity of Eq.(6.9) and (6.10), as given
by

% O3 [— —z*—'—} = 5(m,n). (6.11)

Furthermore, the analytic representation of position eigenstates is given by

(6.12)

2 .
m), — e, |:27TL7T s 227T:|

= T IR
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The momentum representation is proved according the following steps

V21 <A 2m2m T 20w
By = 7 2 wlkm)®s {L— ka7 L_}
00 d—1
L . m  2m 2m
= \/_2_7r Z exp (—Q'anz - ﬁnQ) Iz Z w(km 4+ nm)
n=-—o00 m=0
L . m  2m
= o Z exp (—2mzz - ﬁnQ)
n=—k+dN
L & 272 L ., > 7
N=—00
L 272 k2 LT , nL? L?
= Ner exp (_T + 2@]{;22) O3 {—mk A z%} (6.13)

Eqgs.(6.6) and (6.13) are used to define the momentum representation

1 2km? 2
k), — 7" exp (—§z2> O, [ L72T - iz%; ZL—;T} : (6.14)

In the following example, assuming that d = 5, the graph of the analytic

function ®(z) is plotted, using the following coefficients

o = 0.6033 — 0.22967; ¢; = 0.3030 + 0.3469¢; ¢ = 0.0854 4 0.07167;

@3 = 0.1438 + 0.2450¢; ¢4 = 0.0937 — 0.5189:. (6.15)

In the first two graphs Figs.(5.1), (5.2) the real and the imaginary parts of
the function ®(z) are demonstrated, respectively, while its absolute value is
shown in Fig.(5.3). From Figs.(5.1-5.3) it can be concluded that the theta

function is a periodic function.
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I
Wl
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Ziy! )
7
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7

Figure 6.1: Using the coefficients of Eq.(6.15) the real part of function ®(z)

is demonstrated, for d =5
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Figure 6.2: Using the coefficients of Eq.(6.15) the imaginary part of function

®(2) is shown, for d = 5.
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Figure 6.3: Using the coefficients of Eq.(6.15) the absolute value of function
57

®(2) is illustrated, for d = 5.
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6.3 Zeros of analytic function

Let ¢, be the zeros of analytic function &(z), such as &(¢,) = 0. The first
integral inside the contour 7 gives the number of zeros of the function &(z),

while the second integral gives the sum of the zeros of the analytic function

1 ®'(2) 1 (’5’(,2)
Iy = d L = d
T omi L &(z)’ Y om L @(z)

5

(6.16)

where &(z) is analytic function and ~y is a piecewise continuously differen-
tiable path. The proof has been given in [34,36,37].

The quasiperiodicity conditions are used to observe that the analytic func-
tion ®(z) has exactly d zeros. This is proved using the following contour

integral inside the cell S

1 d'(2)

27 Jg Zq)(z)

= d. (6.17)
The sum of d zeros of ®(z) obeys the following constraint which is proved
using the quasiperiodicity relations

zim' s Zg((j))z 2L7T(M+ N)+f—(1+2) (6.18)

As a result, the sum of zeros is given as

d—1 L3 L3
> = o (M +iN) + -~ (1+1) (6.19)
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where (, are the zeros of analytic function ®(z), such as ®((,) = 0. The

proof has been given in [42,43,45,72].

6.3.1 Construction of the analytic representation from

the zeros

Given that the d zeros, of ®(z) are denoted by (, (where v =0,1,2,..,d—1),
obey the constraint of Eq.(6.19), it is concluded that, knowing d — 1 zeros,

the last zero can be found. A function which has (, as zeros is considered

y(z) =[] & [% (- g+ A (6.20)

P(z)
y(2)

It is evident that the entire function has no zeros. Therefore, the expo-

nential of this entire function is given as

®(2) = y(z) expla(2)]- (6.21)

The periodicity conditions of ®(z) are used, resulting to

q(z+ L) = q(z)+2irN

q(z+iL) = q(z)+27N +2miK (6.22)

where N has an equal value to that of the constraint of Eq.(6.19), K is an
arbitrary integer and ¢(z) is a polynomial of maximum second degree. This
can be explained by the fact that the order of growth of ®(z) is equal to 2

and the order of y(z) is equal to 2.
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From the periodicity equation of ¢(z), it can be found that
m .
q(z) = —zsz + 0. (6.23)
Substituting Eq.(6.23) into Eq.(6.21) and using Eq.(6.20) resulting in

®(z) = exp(o)exp (—%Nzi) y(2)

m(1+1)

d
= exp(o)exp (—%Nzi) l[ll O3 {% (z—C) + ;1((6.24)
where exp(o) = C' is normalization constant and N belongs to Z.

At this point, a numerical example is considered so that the coefficients ¢,,
are identified and the analytic function is constructed.

In order to find the coefficients ¢,,, d arbitrary numbers zy, 21, ....24_1 are
inserted, solving one system with d equations and d unknowns. The assump-
tion that the coefficients are normalized is made in this procedure. This is

demonstrated by the equation below

d—1
2m2m T 27

O(z) =7 9Oy { — Zn il | - (6.25)
— L L 12

An example when d = 3 is provided below

Co=2.96+2.33: ¢ =2.15+ 2.32i; (6.26)

The third zero is equal to (; = 1.4 4 1.857, as calculated by the constraint in
Eq.(6.19).

Three arbitrary values 0, 1, 2 together with the values of zeros are substituted
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into Eq.(6.24) so that ®(0), ®(1), ®(2) are calculated. When these values of

®((,) are inserted into Eq.(6.25), one system with three equations and three
unknowns is derived. In this particular case, the results after solving this

system is the following

%o 0.8043 + 0.0899;
¢1| = |0.4188 — 0.0281 (6.27)
o 0.4073 — 0.0542i

6.4 Coherent states for finite systems

Let U(z) be the analytic representation of a fiducial state |¢). At this point,
the analytic representation in terms of d? states Dy (a, b)[t)) is considered. In
the case that the fiducial vector represents either a position or a momentum
state several of the Dy(a,b)|y) differ by a phase factor, and represent the
same physical state. Let |a,b) = Dy(a,b)|t)) be coherent state for a finite
system.

The fiducial vector can be expanded as in Eq.(6.1), then the scalar product

is given by
1 d—1
(—ay, —b]a,b) = w 5 (ab + a1by) — bal} Z Uy 1y_p, Unwl(a — a1)n]
n=0

(6.28)
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Eq.(6.28) is proved according the following steps

d—1
Y Ut o(m|Drla —a1,b— b)),

(—ay, —bila,b) =
m,n=0
1 d—1
= w [5 (ab+ arby) — bal] HZ:O Uy iy p, Unwl(a — a1)n]

(6.29)

Definition 1. The analytic function F(z;a,b;v) in terms of Ds(a,b)|y) is
defined as follows

d—1

21Pm T2
F(za,b;0) = x4 Z +(m|Dy(a, b)|y)Os 2 AT (6.30)
m=0

where a,b € Z(d).

Comparing Eq.(6.30) with Eq.(6.4) it can be concluded that
F(2;0,0;¢) = ¥(2). (6.31)

Using the properties of Theta functions Eq.(2.2), (2.3) it can be concluded

that this function obeys the quasi-periodicity relations in Eq.(6.7)

F(z+ Lya,b;y) = F(z;a,b;7)

F(z+iL;a,b;y) = F(za,be)exp (L* —iLz). (6.32)

The relation between the analytic representation F'(z;a,b;1) of the co-
herent state |a,b) and the analytic representation W(z) of the fiducial vector

1) is given by the next proposition.
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Proposition 1.

2a%7? LT _
F(z;a,b;¢) = exp (— 72 +2zzaz>w(—2 1ozb)

2m 2m
v a— — b— 6.33
X (z +ia 7 7 ) (6.33)

Proof. Using Definition 1 and changing M = m — b it can proved that

d—1

F(zia,biy) = 74 w2 ab+aM) vy
M=0
X O3 [w - z%; z%] (6.34)
Using Eq.(6.5) and changing M = m, Eq.(6.34) becomes
= - dim?mn  4im’ma
F(za,bid) = 7w (27ab) Y dm D exp ( I )
m=0  n=—oo
< exp (@'47;;26 ~2insT 2;7;2) | (6.35)
Letting N = n + a, it follows that
F(z;a,b;1¢) = exp (—# + 2iza%> w (—2_1ab)
X W (z + ia%r - b%r) : (6.36)
O

In Fig.(6.4) the real part of the analytic function F(z;2,1;%) is shown
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using the following coefficients [73]

Yo = 0.14 + 0.42¢; Y1 =0.91 4+ 0.79 P9 = 0.95 4 0.65¢;

g = 0.03 4 0.844; Yy =0.93 — 0.672. (6.37)

In Figs.(6.5), (6.6) the imaginary and the absolute value of analytic function
F(z;2,1;4) are plotted, respectively, using the same coefficients. From the
graphs it can be concluded that the period of the function F'(z;2,1;) and

the function ®(z) is the same.

64






CHAPTER 6. ANALYTIC REPRESENTATIONS FOR QUANTUM

SYSTEMS ON Z(D) WITH THETA FUNCTIONS

Y Il
20 W

g

Figure 6.5: The imaginary part of F'(z;2, 1; 1) using the coefficients of fiducial
66

vector in Eq.(6.37) is presented, for d = 5
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Figure 6.6: The absolute value of F'(z;2, 1;) using the coefficients of fiducial

vector in Eq.(6.37) is illustrated, for d = 5
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Proposition 2. The zeros (, of analytic function V(z) is related with the
zeros ,(a,b) of F(z;a,b;v) as follows

2ra  27b
J(a,b)=( —1— + —. 6.38
Glab) =G~ 4 T (6.39)

Proof. Eq.(6.38) is immidiately consequens of Proposition 1. O

Proposition 3. The F(z;7,0;) is a two-dimensional Fourier transform of

d—1
2 _ B
F(z7,6:9) = 75 D w(=27"by +27ad) F(—2;a,b;1)) (6.39)
a,b=0
Proof. The proof is given in Appendix O

Proposition 4. The resolution of identity is given by
d—1
=) F(za,b:9)F(wsa, b)) = &z, w") (6.40)

a,b=0

and R(z,w*) is the reproducting kernel which is equal to

d—1
2m2m T 2w 2m2m T 2w
* —1/2 - * .
Sew) = 3o T i) o T - i
Rz, w*) = R, z); Rz, w") = RK(—z,w"). (6.41)

R(z, w*) does not depend on fiducial vector |1).
Proof. The resolution of identity is based on the following property

2N Dy(a. ) Dy (0, —b) = 1. (6.42)

a,b=0
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Both sides of Eq.(6.42) are multiplied by O3[u; 7] and |m), and ,(n|, then

Eq.(6.42) becomes

2m%m T 27| 27 !
s | “T TR 75 2 <Pyt ) 61 b
2m2n L2
><@3{ R Z”ﬁ}

2mm T 27 21%n

:(93{ 72 —zz;zﬁ} a,(n|1|m>m@3[ 72 W Z,Zﬁ :

Taking the summation over n, m leads to

— 2m2m, ™ 27
T DT

2712n LT 2T

(1D (o Dm0 [ — T2

d—1
212m T2 21%m

Hence,

d—1
2 %
Tz > F(za,b;4)F(w;a, b))
a,b=0
! 27%m T 2w 27%m
— .—1/2 .
=26 T e
Proposition 5. The reproducing kernel property is
27 * 2
O(z) = I3 Sda(w)ﬁ(z,w )P(w);  da(w) = d wexp(—w

69
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Proof. In order to prove Eq.(6.46), Eq.(6.41) is substituted into Eq.(6.46)

— I —} dw)  (647)

Both sides of Eq.(6.47) are multiplied by 2’233/4 and using Eq.(6.10) it can be

concluded that

d—1 :
d(z) = o VA Z OmO3 {27;227” z%; é} = d(z). (6.48)
m=0
[
Proposition 6. ®(z) can be expressed as
p
() = ﬁ;om; a,b:9)(a, b )
d-1
= > F57.0:0)30,6:0) (6.49)
~,0=0
where ¢(a, b; 1)) is given by
¢(a,b;¢) = (YDf(—a,=b)[$) (6.50a)
2
- = /5 do(w)[F(w: a, b; )] ®(w). (6.50b)
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and gg(% d; 1) is equal to

O(1.0:0) = (W[D(—7,~0)P1(0,0)|¢) (6.51a)
2m *
- L3/da< VF(—w;a, b; )] ®(w). (6.51b)

Proof. Inserting Eq.(6.50a) into Eq.(6.49) and using Eqgs.(6.10), (6.42) leads

to

d—1

2m -1 ST mIDs(a, b)) (e Ds(~a, ~b)|o)

a,b,m=0

2mm T 2m
— Z_‘ [
L2 L’ L2

! Zm T 2mi
= g4 Z +(m|¢)O3 [QW — 2z2=; 2—} =d(z). (6.52)

L? L L2

m=0

Inserting Eq.(6.50b) into Eq.(6.49) and using Eq.(6.40), it follows that

o d—1 .
= Y Flzabv) 5 /da(wﬂF(w;aabs ) P(w)

a,b=0 S

/da w*)P(w) = P(2). (6.53)
S
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Eq.(6.51a) inserting into Eq.(6.49) and changing the variables lead to

®(z) =

d—1

TS L mlDy(a D) WD (~a, ~b)PA(0, 0)¢)

a,b,m=0

<O [2W2m N T 27?@}

ER AN
d—1 )
2m2m, T 27
—1 42 : . _

Inserting Eq.(6.51b) into Eq.(6.49) and using Eq.(6.40), it follows that

O(z) =

Proposition

¢(a,b; )

¢(v,0;¢) =

p 2 .
N Flza b / dav(w)[F (—ws a, b; )] ® ()

a,b=0

— [ da(w)R(z,w")P(w) = ®(z). (6.55)

]

7. The 5(7,5;1&) is a two-dimensional Fourier transform of

d—1

> bla, by )w(—27"by + 27 ad). (6.56)

a,b=0

27
L2

Proof. Eq.(6.56) is proved by inserting Eq.(6.50b) into Eq.(6.56) and using

Eqs.(6.39), (5.57b)

¢(v,0:¢) =

g d—1

4 1 -1 . . *
v a7b0w<_2 by + 27 ad) /S da(w) [F(w;a,b;1)]" ®(w)
QL—Z | da() [F(-wi,5:0)] @(w) = 67, 6:). (6:57)
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O]
Proposition 8. The marginal properties are

d—1
2m _ 2712 T 27
ﬁZF<23aa2b;w> = 7 04 { 72 _ZZ;Zﬁl

a=0

d—1
2m _1/4 22 2r%a . w 2m
B2 Ptk = 7 aexp( 5) @3[ LI R
or 1
7 F(z;a,2b;¢) = Y(—2). (6.58)

a,b=0

2 . . 2 2 . .
where O3 [222” — z%; zi—’; represents position states and exp (—%) O3 [222‘1 — 1275 zi—’;

represents momentum states (see Eqs.(6.12), (6.14)).

Proof. The first property can be proved using Eq.(6.34), after taking the

summation over a and applying it to both sides

o d—1 d—1 o d—
§ZF(z;a,2b;w) - —1/4Z¢ —22 (ab + am)
a=0 a=0
27% (m + 2b) T 2mi
X6 [L— AL L_]
o d—1
ﬁZw(ab—i-am) = §(b,—m) (6.59)
a=0
d—1 d—1
27 . _ — 27% (m + 2b) T 2mi
12 2 Flza2b) = / mzowm@g [T T
xd (b, —m)
27%b w2
—1/4 .
™ /w,bgg |:? —ZE,F] (660)
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Applying the Fourier transform into Eq.(6.34), leads to

d—1 d—1
2m _ ~ 27
7 E F(z2a,b:¢) = n /4 g ;Dkﬁw(ab + 2am + mk)
b=0 k,m,b=0

(6.61)

272 (m + b) T 2mi
xOs [L— ANA

Since there is a bijective map from Z(d) x Z(d) to Z(d) x Z(d), the variables
m, b are substituted by u = m+b and A = m—b. To prove this, it is assumed
that the subsitution is a bijective map for odd values of d, which allows the

use of 271, As a result,

d—1 d—1

2T _ 1 ~ _ _
EZF@?GJMM =7 1/4W Z Ypw (271 3ap + 27 kp)
b=0 k,u=0
d—1 ‘
212 T 2mi
X Zw (2*1a)\ + 271]€)\) O3 l—Z —z— —2}
£ LI
(6.62)
9 &1 a
EZF(ZS 2a,b;¢) = 7T_1/4W Z Ukd(a, k)w (27 3ap + 27 )
b=0 k,u=0
212w 2mi
X0 { Ea Zz?ﬂ

o am Lo~ i o 2m’y w 2mi
= e 2 e [T e

1 ~ 22 27%a T 27
— o4 -z .
s 37 _aexp( 2)@3[ 5 e 2}

(6.63)
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The third property is proved with an extra summation ZZ;& and then

21 <A = 212 T 2mi
, o o —1/4 _ LT
7 agbzoF(z, a,2b;v) =7 bEZO Y_,O3 { PRI AN } (6.64)
Changing b = — B, then Eq.(6.64) becomes
or 4 272 B T 2mi
E . . _ *1 4 E .
LQULB:OF(Zva’v_QB7w> - / wBGS |:_ 12 ZZ7 L2:|
- \I/(—z). (6.65)

6.5 Analytic representation in terms of co-
herent states using F;|¢)) as a fiducial vec-
tor

Definition 2. The analytic representation of a fiducial vector F¢|)) is given

by

27T2m s 27r
. . _ —14
J(ziabiy) = 7 Z (m|Fy(a,b)[1)0s | =5 — 2711 77((6.66)

Using a different fiducial vector, a different set of d? coherent states is
expected, but in this case the result is the same set of d? coherent states as

the next proposition indicates.
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Proposition 9.

3 z;—%(a—b),—%(wrb);q/z] = WE (a2+62)] exp (—?)
x F(iz;a,b; ). (6.67)

Proof. In order to prove Eq.(6.67), Eq.(3.15) is used

27m2m, T 27

S§(z;a,0; f) —7r_1/4z (m|F(a,b)|f)O3 [ 72 —zz;iﬁ} (6.68)

Eq.(3.15) is inserted into Eq.(6.68), then Eq.(6.68) becomes

d—1
S(z;a,b;0) = @W‘l/% 27" (a® +0%)] Z +(n|Ds(—a —b,a — b)|y)

m,n=0

2m2m . 2
IR AN

Xw(mn)Os [ (6.69)

Using Eq.(6.14), it can be concluded that

d—1
F(za,b;9) = 7% (a?) exp (——z?) +(n —a+blY)w(—an — bn)

(6.70)
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Letting M =n — a+ b it can be concluded that

d—1

-2
S(zaby) = 77w (%) exp (_%Z?) Z Yy exp <_M)

L2

4im?b M 4im? nM dim2an  dimbn
xZexp 2 72 +L2_L2

2
X exp (2271% - % 2) (6.71)

Letting N = —a—b+n

1
S(z;a,b;0) = 7r’1/4w(a2)exp (—521—1-22 a+2z— b——(a+b)>

L L' d
d—1 0o . R
4m*NM  4dir?aN
D S e
M=0 N=—00
4im*bN 2 2 2
X exp (— ”TLQ n 2ZLN 4ﬁbN - %NQ - %a]\/’)

(6.72)

Letting a = 3(a+b) and b = —1(a + b)

3 [z;—% (a — b),—% (a+b) ;14 = w E (a® +b2)} exp (_%2)
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6.6 Entropic uncertainty relations

The entropic uncertainty relation in a finite systems [65-67] of an arbitrary

state |¢) is given in terms of

Sy + S, —log d>0 (6.74)

Sy and S, are described by

QL

-1

d—1
Sy = — |¢m|2 IOg’¢m’2; Sp = _Z ’¢m’2 10g’¢m’2' (6.75)
0 m=0

3
|

A numerical example is considered, where d = 3. Given a fiducial vector

Yo = 0.1890 + 0.10947; 1, = 0.3821 — 0.0404;

g = 0.4077 — 0.0588s. (6.76)

Using this fiducial vector the entropic uncertainties S, + .5, for the coherent
states Dy(a,b)|y)) can be calculated. The results are shown in the matrix

below (the base e was used for the logarithms):

Sz + S, — In(d)

a

0 ]0.1276 | 0.2845 | 0.4148
b|1|0.3286 | 0.3306 | 0.2613

21 0.1276 | 0.3305 | 0.6183
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In the case of Glauber coherent states, the result must be equal to the
minimum possible value. However, several generalized coherent states do not

obey this property, as it happens here.

6.7 Wigner and Weyl functions for finite quan-
tum systems

Wigner and Weyl functions can be represented for an arbitrary state |¢) as

W(gia,b) = (¢|Ds(a,b)|e); W(¢;a,b) = (¢|Py(a,b)|o)
W(¢;7,0) = Z w(By — ad)W (g5 a,b). (6.77)

The Wigner function is given in terms of ¢(a,b; ) as

d—1
W(¢;a,b) = 2—7; Z w(ad — by +271¢y —al — 27" + be)
v,0,€,(=0
X6(e, G 0)0 (3, 6,0). (6.75)

The Weyl function in terms of ¢(a, b;1)) can be expressed as

W (¢; a, b) L2 Z O(7,8;0)9" (v — a, 8 — b;)w [27(ad — by)] . (6.79)

~,6=0

Proof. The expression (6.78) for the Wigner function is proved by inserting
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Eq.(6.42) into Eq.(6.77), leading to

d—1
2T

I3 D AADs (1, )W) D(—y. —0)Pr(a, b)) (6.80)

7,6=0

W(¢;a,b) =

Using Eqgs.(6.50a), (6.51a), (6.56), Eq.(6.80) can be written as

d—1
W(p;a,b) = 2—7T Z w(ad — by +271¢y —al — 271 + be)

v,9,6,(=0

x¢(e, G)o" (7, 6;9). (6.81)

In order to prove Eq.(6.79) for the Weyl function, Eq.(6.42) is inserted
into Eq.(6.79)

d—1

W(6:0,0) = 75 S {61D; (1 O)WIWIDH(—, ~0)Ds(a. D8} (6.52)

v,6=0
Using Eq.(6.50a), Eq.(6.82) can be written as
d—1

% Z A7, 6;9)p" (v — a,0 — b;Y)w [2_1(a5 — b’y)} (6.83)

7,6=0

W (; a,b) =

An example with the following pure state [¢)) for d =5 is considered.

4
=" nlmya; o = 0.6822 +0.2762i; 1y = 0.4959 — 0.0323i;
Wy = 0.4016 — 0.1597i b5 = 0.1016 — 0.09213; by = 0.044 + 0.0535i;

(6.84)
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Fig.(5.7) shows the real part of the Weyl function of the state of Eq.(6.84).

In Fig.(5.8), the imaginary part of the Weyl functions of the state of Eq.(6.84)
is presented. In Fig.(5.9) the absolute value of the Weyl function of the same
state is shown. In Fig.(5.10) the Wigner function for the state of Eq.(6.84),

is demonstrated.
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Figure 6.7: Real part of Weyl function of the coefficients of Eq.(6.84)
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Figure 6.8: Imaginary part of Weyl function of the coefficients of Eq.(6.84)
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Figure 6.9: Absolute value of Weyl function using the coefficients of Eq.(6.84)
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Figure 6.10: Wigner function using the coefficients of Eq.(6.84)
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6.8 Discussion and Conclusion

In this chapter, quantum systems with finite Hilbert space for odd values of
d are considered. The states of such systems are represented by the analytic
function in Eq.(6.4), which obeys the quasiperiodicity conditions of Eq.(6.7),
and therefore it is effectively defined on a torus. The scalar product is given
in Eq.(6.9). Using the theory of analytic functions it can be proved that the
scalar product of an arbitrary state in terms of coherent state is not zero
since the zeros of analytic functions are isolated .

The following results are the novel work in this chapter. An analytic
representation in terms of coherent states Dy(a,b)[y)) is given in Eq.(6.30).
The reproducing kernel Eq.(6.41) is important in this formalism since plays
the role of the resolution of identity in the language of analytic functions.

Wigner and Weyl functions are expanded in Eqs.(6.78), (6.79), respectively.
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Chapter 7

Finite quantum

systems:Periodic paths of zeros

7.1 Introduction

In this chapter, the time evolution of a finite quantum system is considered.
The paths of the zeros with Hamiltonians with a rational ratio of the eigen-
values (such that there exists ¢ with exp(iHt) = 1) are studied. Using the
analytic represenation in Eq.(6.4) and the time evolution the zeros follows
closed paths. The paths of d zeros are investigated. In some cases, a number
N of the zeros follow the same path, and we say that the path has multiplic-
ity N. Some examples of the paths of d zeros using differents Hamiltonians
are used in order to analyse the behaviour of the paths of d zeros on a torus.
In Section 7.2 the time evolution operator in periodic systems is defined. In

Section 7.3 several examples are presented.
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7.2 Periodic systems using time evolution op-

erator
Let -
6(0)) = > dm(0)[m). (7.1)
If Eq.(7.1) is time dependent then
|9(1)) = exp(—itH)[¢(0)) = i P (t)[m) s (7.2)

where H is the Hamiltonian.

2mm? T 2'27} (73)

d—1

O(t;2) = 7T1/4T;)¢m(t)@3 {7 AN
When the ratio of eigenvalues of H is rational, the time evolution of quantum
system is periodic. That is, when the eigenvalues of H are denoted by N;
(where j = 0,1..d — 1) and % is a rational number, then the system is
periodic.

In order to plot the paths of the zeros Eq.(7.3) is used. Given the zeros
the coefficients f,,, can be found using Eq.(6.25) and inserting into Eq.(7.3)
the zeros follows closed curve.

Using different Hamiltonians and different set of zeros of [73] the be-

haviour of the paths of the zeros is considered.
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7.2.1 Hamiltonians with rational ratio of the eigenval-

ues

Using the following Hamiltonian

2 20
H=|2 2 0 (7.4)

00 3

with eigenvalues 0, 3, 4 and period T = 27.

Assuming that the paths of the zeros are denoted by (y(t), (1(t), (2(t), where
t = 0, the zeros of the analytic function are (y(0), ¢1(0), (2(0), respectively.
Using the same Hamiltonian with varying values of zeros, a different multi-
plicity of the paths of zeros is obtained.

The zeros are equal to [73]

G(0)=1.01+2i;  ((0) =2.15+256i  ((0) =3.35+ 1.95i. (7.5)

In a period of 27, using the zeros of Eq.(7.5) and Hamiltonian of Eq.(7.4),
the zeros follow their own path with a multiplicity equal to 1, (M=1). In

Fig.(6.1) the paths of these zeros are demonstrated.

Go(0) =1.4+233i;  ¢(0)=215+2.32;  ((0) =2.95+1.85i. (7.6)

In Fig.(6.2) the paths of the zeros of Eq.(7.6) using the same Hamiltonian
are illustrated. When multiplicity is equal to 2, (M=2), it is illustrated two

of the zeros follow the same path while the first is used in order to follow its
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own path such that Co(t) 2% Go(t), Gi(t) 25 G(t), G(t) 2 Gi(1).

In Fig.(6.2) it can be observed that there is a loop of the paths of the

zeros during the period. Therefore,there are singular points for the zeros.
C0(0) = 1.56+2.49i; ¢1(0) = 1.99+2.167; (2(0) = 2.95+1.85:. (7.7)

In Fig.(6.3) using the zeros of Eq.(7.7) with same Hamiltonian, it can be
observed that the zeros follow a closed path, resulting to (y(t) 21, G (),
Gi(t) KN Ga(t), Co(t) LN Co(t). As a result, the multiplicity of the path of the

zeros equals to 3, (M=3).
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x  (,(0)
o 0
Sf > 0[]

2.5 3 3.5 4

_3 1 1 |
0 0.5 1 15

2
Figure 7.1: Paths of the zeros (y(t),(1(¢),(2(t) of Eq.(7.4) using the Hamilto-
nian of Eq.(7.3)
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x 0
o 0
3l > 4,00

=
(631
T
1

o
a1
T
1

2.5 3 3.5 4

0 1 1 1
0 0.5 1 15

2
Figure 7.2: Paths of the zeros (y(t), ¢1(t), (2(t) of Eq.(7.5) using the Hamil-
tonian of Eq.(7.3)
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w
a1
T

N
(631
T

=
(3]
T

o
a1
T

2.5 3 3.5 4

.ZR

Figure 7.3: Paths of the zeros (o(t), (1(t), (2(t) of Eq.(7.6) using the Hamil-
tonian of Eq.(7.3)
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Also, the following Hamiltonian is considered

2 -3 0
H=13 2 0 (7.8)
0 0 3

with eigenvalues —1, 3, 5 and period T = 2.

Using the zeros of Eqs.(7.5), (7.6), (7.7) and the Hamiltonian of Eq.(7.8)
after a period 7 = 27, two of the zeros exchange their positions and the
third return to its initial position, leading to (o(t) 21, G (1), Gi(t) 2, Co(t),
Ga(t) 21 6 (t), therefore, the paths of the zeros has a multiplicity of 2, (M=2).

The paths of these zeros is presented in Figs.(7.4),(7.5) (7.6), respectively.
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4.5

x  (,(0)
o 0]
> (0]

i

R

Figure 7.4: Paths of the zeros (y(t), ¢1(t), (2(t) of Eq.(7.4) using the Hamil-
tonian of Eq.(7.7)
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3 T T T T

2_ .

1_ .
Z | -

! x  {,(0) |

o 1,0

Ll > 4,0 |

-3 I I I I

-2 0 6 8

2 4
Figure 7.5: Paths of the zeros (o(t), (1(t), (2(t) of Eq.(7.5) using the Hamil-
tonian of Eq.(7.7)
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0_ .

b x 7 0)] .
o 4,0

ol > 0]

-3 I I I I

-2 0 6 8

2 4
Figure 7.6: Paths of the zeros (o(t), (1(t), (2(t) of Eq.(7.6) using the Hamil-
tonian of Eq.(7.7)
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After, comparing the result of two Hamiltonians in Eqs.(6.3) and (6.7) it

can be concluded that:

1) Using the zeros of Eqs.(7.6) with the Hamiltonians of Eqs.(6.3) and

(6.7), the multiplicity of the path of the zeros remains constant.

2) Using the Hamiltonian of Eq.(6.3) and the zeros of Eq.(7.7), it is con-
cluded that the multiplicity of the path of the zeros is equal to 3, while
using the same zeros with different Hamiltonian in Eq.(6.7) the multi-

plicity of the path of the zeros is equal to 2.

3) Using the Hamiltonian of Eq.(6.3) and the zeros of Eq.(7.5), it is con-
cluded that the multiplicity of the path of the zeros is equal to 1, while
using the same zeros with different Hamiltonian in Eq.(6.7) the multi-

plicity of the path of the zeros is equal to 2.

4) It can be observed that when M=2 the period of the zeros in order to

return to their initial positions is equal to 27 .

5) It can be observed that when M=3 the period of the zeros in order to

return to their initial positions is equal to 37 .

7.3 Discussion

In this chapter, the paths of the zeros is studied. The two cases under
consideration are firstly when the d zeros return to their initial position and

secondly, when they exchange positions where the multiplicity of the paths
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of the zeros is equal to 1 and d, respectively. Some examples of the paths of

the zeros are provided in order to explore their behaviour.
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Chapter 8

Analytic representation of
quantum systems on S using

Theta functions

8.1 Introduction

This chapter begins by defining an analytic representation of an arbitrary
state |v) on a strip 4. Coherent state on a circle are also studied. An analytic
representation in space A in terms of these coherent states is studied. Wigner
and Weyl functions are considered. In Section 8.2, an analytic representation
on a circle is defined. Furthermore, coherent states on a circle as well as
Wigner and Weyl functions in terms of an arbitrary state |v) are examined

in Sections 8.3 and 8.4, respectively.
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8.2 Analytic representation for quantum sys-

tems on a circle
Let |v) be an arbitrary normalized state on a circle S

1
o

) / " dr (@) ole) = (zlv) (8.1)

with the following normalization condition

1 2w

o /. dz|v(x))* = 1. (8.2)

The analytic representation of a state |v) is defined as

T(z) = /0% dz v(z)Os {x =, %} (8.3)

with periodicity relation
T (z+27m) =7(z). (8.4)

Y(z) is defined on a strip A = [0,27] x R

Proof. The periodicity can be proved using Eq.(2.2). The analytic function

Y(z) can be shown to be periodic along the real axis as follows

T (st 2m) = /0% dz v(z)Os E - %(2 + 2m): ﬂ
T(z) = /0% dz v(z)0; [? %} (8.5)
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Therefore, T(z) is defined on a strip A = [0, 27| x R. O

The following states are considered

) = 276, [;_}

2 27
1
IN), — 2mexp (iNz - 5]\72) (8.6)

Proof. Using Egs.(8.1), (8.3) the position representation is given by

T—z 1
lz) — 27r@3{ 5 ,%} (8.7)

In order to prove the momentum representation Eq.(5.8) is used

2w . .
IN), = / dzx exp(iNx)Os [UL}
0

2 2
2m o 1
= / dx exp(iNx) Z exp (zMx —iMz — —M2>
0 M=—0c0 2
- 1
= 2 —iMz — = M?
Td(N + M,0) Z exp( iMz 2M>
M=—occ
: J R
= 2mexp |iNz — §N : (8.8)
[

Proposition 8.2.1. Orthogonality relation

[anoes [T e [P L —he-n @9

where dme(z) = %7 exp (—27) d*z.
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Proof. Using Eq.(6.5), Eq.(8.9) can be written as follows

1 S , , 1
= 155 Z exp (iNx + iKy) exp [—5 (N2—|—K2)}
i N,K=—o00
X / dzy exp (—z% + Nz — Kz[)
o
X / dzgexp (—iKzr — iNzR) (8.10)
0

Calculating the integral over dzg in Eq.(8.10)

1 .
= Z exp(iNz + iKy)
T N,K=—00
X / dzy exp (—z? + Nz; — KZ[)
1
X exp [—5 (NQ—FKQ)} d(K,—N). (8.11)
Let N = —K into Eq.(8.11)
1 _ .
= 5% Z exp (—iKz + iKy)
& K=—0c
X / dzrexp (—z] + Kz + K?) . (8.12)

The integral over dz; is a gaussian integral, therefore Eq.(8.12) becomes

o0

Z exp(—iKz + iKy)

_ L
de( —y). (8.13)
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The scalar product of two states in terms of the analytic representations

of these states is given by

1

(Uf|va) = %/Admc(z)“fl(z*)'rg(z). (8.14)

Proof. Using Eq.(8.9), and multiplying both sides by integrals over dxdy and

the wave functions vy (z)ve(y)* it can be concluded that

1 e N T—z 1 y—2z* i
o AdmC(Z)/O /0 dzxdy vy (z)ve(y) O3 [ 5 7%] O3 [ 5 a%:|
1 2

dx vy (z)vy(z) (8.15)

Hence, the scalar product is given by

1

(v1]vg) = %/Admc(z)“fl(z)Tg(z)*. (8.16)

The wave function v(z) in terms of analytic function Y(z) is given by

(@) = /Admc(z)®3 {“22% T(2) (8.17)

Proof. By the use of Eq.(8.9) and multiplying both sides by Theta function
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and integrating over dm.(z) it following that

[ e[ 10 = [T [dn
B S N

= /O ' dr v(z)é(x —y) = v(y)

8.3 Coherent states on a circle

Let D.(c, N)|A) be the definition of coherent state |«, N) [54-58]. The fidu-

cial vector can be expressed as in Eq.(8.1), then the overlap is the following

(B, M|a,N) = /O%dx)\(x)/\*(x—ka—b)exp [i(N—M) (IJF@;ﬂ)}

X exp EN/B ~ Ma). (8.19)
2 2
Proof. Using Eq.(5.14) it can be concluded that

(8, Mla, Ny = / e / " dy(y|Dula — BN — M) |2 (y)r(a)

X exp (%NB — %Ma)

[ el (o)

X exp (%Nﬁ - %Ma) : (8.20)
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Proposition 8.3.1. Resolution of identity
Z / daD (o, N) A (A|De(—a, —N) = 1. (8.21)

Proof. In order to prove Eq.(8.21), both sides are multiplied by position

states, resulting in

% > /Oﬂd@@l\Dc(@aN)W(AIDC(—a,—N)\y1>=27r5(x1—y1).(8.22)

Using Egs.(5.9), (5.14), (8.1) we get

1 oo 27 27 27
=23 Z/ da/ dm/ dy (x1|z + a)(y + aly;)

X exp(iNx — iNy)A(z)A(y)*

/da/ dx/ dy 6(x1,x + a)d(y1,y + «)

XA(@)A(Y) (2 = y)

= 0(x; — yl)/o ' dx Mz)A(z)" = 27m6(x1 — 11). (8.23)

Given a ‘fiducial state’ |A), let A(z) be its analytic representation.

Definition 1. The analytic function G(z;a, N; X) based on D.(a, N)|A) is
defined as

Gz, N;\) = /0% dz (x| De(a, N)|A\)Os {% ﬂ . (8.24)
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It is easily to proved that

G(z0,0; ) = A(z)

G(z;a+2m N;\) = (=1DVG(z 0, N; ). (8.25)
The periodicity relation of Eq.(8.24) is analogous of Eq.(8.4) and is given by
G(z+2ma,N;\) = G(z;a, N; A). (8.26)

The relation between the analytic representation G(z;a, N; \) of the co-
herent states |«, N) and the analytic representation A(z) of the fiducial vector

|A) is given in the next proposition.

Proposition 1.
1. _ 1 5 .
G(z;a, N;\) = exp —52Na+zNz—§N A(z+iN—a). (8.27)
Proof. Using Eqs.(8.24), (5.14), leads to

2 1
G(z;a, N;A) = / dx exp <z’Na: - éiNa) (x — a|A)
0

r—z 1
X@g[ 5 ,%} (8.28)

Let £ — a = X in Eq.(8.28)

2w 1
G(z;a, N;A\) = / dX AX)exp <iNX+ 52’]\[0[)
0

(8.29)

X+a—2z 1
X@3|:—2 ,%]
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Using the definition of the Theta function and changing variables as N+ M =
K in Eq.(8.29) leads to

1 1 2
G(z;a,N;A) = exp <—§iNa+iNz—§N2>/ dX AX)
0

> 1
x Y exp (iKX)exp <iKa — 5}(2 + KN — iKz)
K=—00

(8.30)
From Eq.(8.30) it can be concluded that
G(z;a, N;A) = exp —§zNoz—|—zNz—§N A(z+iN —a). (8.31)

]

Proposition 2. The zeros (. of A(z) are related to the zeros (. (a, K) of the

G(z;a, N5 A) as follows

Gela, N) = (s —iN + a. (8.32)

Proof. Eq.(8.32) is a direct consequense of the Proposition 1 O]

Proposition 3. G(z;a, N;\) is the two-dimensional Fourier transform of

the G(—z; 8, M; \)

1 o0 27
Gz a,N;\) = o Z/O dBG(—z; B, —N + 2M; \)
M=c0

X exp {iMa - %Nﬁ - %aN . (8.33)
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Proof. In order to prove Proposition 3, it should first be defined that

2 _ .
PN = [ delafpa VWO {— i] (5.34)
0 2 27
where P, (a, K) is the displaced parity operator.

(x|Pe(a, N) = exp(iNz —iNa) (—z + o

1
(|De(a, N) = exp (iNx - 52’Noz> (x — . (8.35)
Using Eqs.(8.24), (8.34), (8.35), it can be proved that
PB(z; o, N3 A) = G(—z; —a, —N; \) (8.36)

Using Eq.(5.23), including the variable z, it can be concluded that

1 0 27
Pz, N3N = %Eo/o dB G(—z; 8, N + 2M; \)
X exp {ENﬁ —iMa — EOzN (8.37)

Substituting Eq.(8.36) into Eq.(8.37)

1 0 27
G(zo,Ni\) = > /0 dBG(—z; B, —N + 2M; \)
M=o0
X exp liMoz — %Nﬁ — %ozN . (8.38)
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Proposition 4. Resolution of identity

1
472

Z /0 ' da G(z; 0, Ny N [G(w; oy N3 N)|* = 8(z,w") (8.39)

N=—o0

where

Proof. In order to prove the resolution of identity, Eq.(8.24) is used

(e ¢ 27
Z/ da G(z;a, N; NG (w*; o, N3 N)
N=—00 0
o) 2 27 xr—z 7/
_ Z/ da/ de (x| Du(cr, N)|N) O,
0 0 2 27
N=—00
2 Yy — * )
< [ anip-a-mes |15 L

0
27 27 OO 27 — )
:/ d:z:/ dy Z / da(x|D.(a, N)|\)O3 {x 5 Z,QL]
0 0 N oo /0 T

y—w* Z:|

<D= N es [L5

Using Eq.(8.22) we get

2w 2m . * ;
_ 2 r—z v y—w v
—/0 dx/0 dydn=o(z,y)O3 [ 5 ’2%} O3 [ 5 ’27?} (8.42)
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Finally, the resolution of identity of these states is given by

1 oo 21 i}
) Z /0 do G(z; 0, N; N)G(w™; o, N3 A)
N=—o0
2m rT—2z 1 r—w* 1
_ , N SO N 4
/0 dz @5 |: 9 ’27T:| @3 |: 5 ’27T:| (8 3)
]
Proposition 5. Reproducing Kernel relation
Y(z) = / dm.(w) €(z, w*) Y (w). (8.44)
A
where Y(z) is given in Fq.(8.3).
Eq.(8.44) can be written as
1 o0 2
T(z) = — Z / da G(z;a, Ny Nv(a, N3 A) (8.45)
2m N Jo
and
1 0 2w
() =5 30 [ B G-n 8 M NT(6 M (8.46)
2T i Jo
where
v(a, N;\) = (AD.(—a,—N)|v). (8.47)
The v(a+ 27, N; A) is periodic and is given by
v(a+2m, N;N) = (=1)Nvu(a, N;N). (8.48)
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and (5, M; \) is given by

0(B, M;A) = (ADe(=8, =M)Pc(0,0)v) = (A[Pe(=8, —M)|v).(8.49)
The ©(B, M; \) is periodic and is given by
O(B42m, M;\) = (=D)M(B, M;N). (8.50)

v(a, N3 A) is also given by

v(a, N3N = %/A dm.(w)G(w; a, N; A)* T (w) (8.51)

and (5, M; \) is also equal to

S8, M:A) = % [ Gowsp 22y T@). 852)

Proof. Eq.(8.44) is proved by inserting Eq.(8.40) into Eq.(8.44) and using
Eq.(8.18)

T(z) = /Admc(w)T(w)/O%dl’ O [%%}
x O3 [x ;w*; %}
= Mo [[amwres [F5 v

<O [ﬂ ﬂ — T(2). (8.53)
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Eq.(8.45) is proved by inserting Eq.(8.47) into Eq.(8.45) and using Eq.(8.24)

() - %N:f_jm [T [ detelp WOl
%O [% i] (8.54)

Based on Eq.(8.21), it can be concluded that

_ /:ﬂ dr (2]0)Os {%%} —T(2). (8.55)

In order to prove Eq.(8.51), Eq.(8.51) is inserted into Eq.(8.45)

1

0 2m
T(z) = HN:ZOO/O da G(z; o, N; /\)/A dm.(w)G(w; a, N; )" Y (w)
(8.56)
Using Eq.(8.39) it can be easily proved that
- / dm(w)e(z, w*) T (w) = T(2). (8.57)
A

Eq.(8.46) is proved using Eqs.(8.24), (8.49)

) = Y / W / " Q{2 Du(B, M)A ADo(— B, —M)P.(0,0) )

<O, [x—i—z. 21

i 8.58
5o (8.58)
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Therefore, using Eq.(8.21)

_ /0 " (=)0 [IT“ %} (8.59)

Let X = —z into Eq.(8.59)

_ /o%dX v(X)Os F;z%} = T(2). (8.60)

In order to prove Eq.(8.52), Eq.(8.52) is substituted into Eq.(8.46)

T(z) = 4%2 Admc Z / dB G(—z; 8, M; \) G(—w; B, M; \)*
= /Admc(w) T(w)K.(z,w") = 7T(z). (8.61)
O

Proposition 6. v(3, M; \) is the two-dimensional Fourier transform of v(a, N; \)

1 > 2
o(p,M;N) = — / do v(—a, M — 2N; \)
N 00”0
X exp {—%Ma +2iNB — éﬁM (8.62)

Proof. Multypling both sides Eq.(5.23) by (A| and |v) it can be proved that
1 oo
WP Nl) = 5o 3 / BB, N +2M))
27
X exp {5]\75 —iMa — §aN (8.63)
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Using Eqs.(8.47), (8.49) it can be concluded that

_ 1 0 2m
Ha NN = 5o 30 [ dset=g.-N =215
M=o0

X exp [%NB —iMa — %QN} (8.64)

Let « = f and N = M then

_ 1 0 2m
o(p,M;\) = —Z/ do v(—a, M —2N; \)
2m = Jo
X exp (—%Ma +2iNG — %BM) . (8.65)
O
Proposition 7. Marginal properties
- 1 27la —z i
. N: - 9 - L
Z G(z;a,N; ) 7r)\( 2@) O3 { 5 ’2%]
N=—o00
2 1
/ doa G(z;a, —2N;\) = 4m*Ayexp (—izN - §N2> . (8.66)
0

where 2mO3 [2715“%; ﬁ] represents position states and 2 exp (—izN — %Nz)

represents momentum states (see Eq.(8.6)).

Proof. Using Eq.(8.29) with an extra > x_ _ leads to

00 o oo 1
Z G(z;a,N;\) = / dx () Z exp (z’Nx + —iNa)
0 2
N=—00 N=—00
rT+a—2z 1
X O3 {T, %} (8.67)
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S v exp (iNz + 2iNa) =6, (z + 2a) . Therefore,

> 27 1
Z G(z;a,N;\) = 27T/ dx\(z)d, <x + 504)
N=—o00 0

THo—2z 11

©® R
x?’{ > on

(8.68)

Using the dirac comb delta function it can be concluded that

i G(z;a,N;)) = 27r)\(—%oz) O, [M—_Zi} (8.69)

2 27
N=—o0
Integrating both sides of Eq.(8.29) by fo% do leads to

2m 2m 2m
/ daG(z; o, —2N;\) = / d:c/ da MNx) exp (—i2Nx — iN«)
0 0 0

X@3|:
S 2 1
= Z/ da exp(iKa—iNa—iKz—§K2)
K=—000

2
X / dx Mz)exp (iKx — 2iNx) (8.70)
0

r+a—z 1
2 "o
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The integral over do is equal to Dirac comb delta function, therefore

=27 Z d (K — N,0)exp (—ZKZ— §K >
K=—00
27
X / dx Nz)exp (iKz — 2iNz)
2m ’
= 27r/ dx A(z)exp (iNz — 2iNx)
0
1

X exp [—izN -5 (N)Q] : (8.71)

Using Eq.(5.5) it can be concluded that

27 1 2
/ da G(z;a, —2N;\) = 4n*Ayexp [—izN - <—§N) ] . (8.72)
0

O

8.4 Wigner and Weyl functions for systems
on a circle

The Wigner function of a state |v) on a cirlce is given by
W(a, Niv) = (v[Pe(e, N)Jv) (8.73)
and the Weyl function on a circle is equal to

—~

W(a,N;v) = (v|D.(a, N)|v). (8.74)
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The Wigner function in terms of v(a, N; \) is written as

1 S 2 2
W(a, N;v) = ) Z /0 dX/o dB v(—=x,—N + M — 2K; \)

M,K=—c

xv(8, M;\)* exp <%XN — %MX + 2NB>
X exp (—%BM —iKa+ @5[{) . (8.75)
The Weyl function in terms of v(a, N;\) is given by
N 1 o0 2
W(a,N;v) = — Z / dp v*(a, My Nv(—a+ B, —N + M; \)
27 = Jo
1
X exp {5 (—aM + Nﬂ)] : (8.76)

Proof. In order to prove the Wigner function Eq.(8.21) is inserted into Eq.(8.73)

WiaNio) = 3 [ dseln.o.anp

X (AD(—=p,—M)D.(a, N)P.(0,0)|v) (8.77)
Using Eq.(8.47), the Wigner function can be expanded as

Wi Niv) = 3 / 48 0(8, M; ) (D=5, —M)Di(a, N)P(0,0) o)

(8.78)
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Using the Eqgs.(8.78), (8.49) it can be proved that

0 27
WiaNio) = 3 [ 803 MNT(-a+ 8,-N + M)
M=—c0 0
X exp B (—Ma + Nﬁ)} (8.79)

Using Eq.(8.62), Eq.(8.79) becomes Eq.(8.75).

The Weyl function is proved by inserting Eq.(8.21) into Eq.(8.74)

WiaNw) = Y [ d8 wlD.(3 MM AIP=5.~M)P.(a. M)

(8.80)

Using the Eq.(8.80), (8.47) it can be concluded that

1 oo 2T
W V) = o= 3 /0 48 v* (0, M; No(—a + B, —N + M; )
M=—0c0

X exp B (—aM + Nﬂ)] | (8.81)

8.5 Discussion and Conclusion

An analytic representation of an arbitrary state |v) on a strip A is defined in
Eq.(8.3). The novel part of this chapter is the following. The resolution of
identity of the coherent states when displacement operator acts on fiducial
vector |\) is given in Eq.(8.21). An analytic representation corresponding to

the coherent states D.(a, N)|A) is also given in Eq.(8.24), which is part of
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the novel work. We also study some properties of this analytic represenation
such as the reproducing kernel in Eq.(8.40), which plays a central role in
this formalism. The reproducing kernel relations are defined in Eq.(8.44).

Wigner and Weyl functions are given in Eqs.(8.75) and (8.76), respectively.
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Conclusion

In this work, quantum systems with d dimensional Hilbert space are stud-
ied. An analytic representation on a torus in terms of Theta functions is
considered. The quantum states of Eq.(6.1) are represented by the analytic
function in Eq.(6.4) on a torus. In finite quantum systems, the number of
zeros of this analytic function is equal to d, Eq.(6.17) and the zeros obey the
constraint of Eq.(6.19). In d dimensional Hilbert space the zeros define the
state uniquely.

The novel work in this thesis is described by the following paragraphs.
An analytic representation based on d? coherent states is given in Eq.(6.30).
The reproducing kernel of Eq.(6.41) plays a central role in this formalism.
An arbitrary state |¢) can be expanded in terms of d* coherent states as in
Eq.(6.49), and can be represented by the ¢(a,b;1). The Wigner and Weyl
functions for this state can be calculated from the coefficients ¢(a, b; 1), as
in Eqs.(6.78), (6.79), respectively.

The d zeros are used to describe the time evolution of these systems. The
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d paths of the zeros define completely the state. The time evolution operator
of the system in Eq.(7.2), as well as, the motion of the d zeros on a torus are
examined. For the time dependent system, the d zeros follow closed paths
on a torus, which define the Hamiltonian. Some examples of the paths of the
zeros using different Hamiltonians are given.

Also, the analogous formalism for systems with positions in a circle S
and momenta in Z defined. The quantum states on a circle Eq.(8.1) are
represented by the analytic function of Eq.(8.3) on a strip A and obey the
periodicity relation Eq.(8.4). The scalar product is given in Eq.(8.14).

Coherent states on a circle S are also considered. An analytic representa-
tion based on these coherent states in Eq.(8.24) is studied. The reproducing
kernel in this language is given in Eq.(8.44). An arbitrary state |v) can be
written in terms of these coherent states as in Eq.(8.45), which is defined as
v(a, N; A). Using these coefficients, Wigner and Weyl functions can be also

calculated as in Eqgs.(8.75), (8.76), respectively.

9.1 Future work

The work may be extended in order to study the behaviour of the paths
of the zeros using quantum systems which is not periodic. The work may
be also extend to consider the analytic representations using entaglament,

symplectic transformations and various unitary transformations.
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Appendix

In order to prove Eq.(6.39), it should be first defined that

d—1
Y(zia,b0) = 74" o(m[Pr(a, b))
m=0
27%m T 2w
X@g 12 - Zz, Zﬁ
d—1
p /4 Z w(—2ab + 2am)_p, 10
m=0
212m T2
x@;;{ T2 —zz;zﬁ} (10.1)
Substituting the variable m in Eq.(10.1) with M = —m + 2b, Eq.(10.1)
becomes
d—1
Y(zia,biyp) = 74 w(2ab—2aM) ey
M=0
212 (—M + 20b) T .27
X O3 [ 732 — 273y (10.2)
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Using Eq.(6.5), Eq.(6.34) becomes

d—1 00 : ;
_ 4im®>Mn  S8im’Ma
Visabo) = =) Y i 3 e (< - H)
M=0 n=—00
i8nm2b o 2mPn?
X exp <T — 2ZnZz — T) . (103)

Letting n = N — 2a, it follows that

i M
Y(z;a,b;¢) = 7 7 w(2ab) Z¢Mexp< ”; )

y Z ox [28(1\[—22@) b]

272 (N — 2a)?
X exp {—2@(1\[ - 2@;;% - %} (10.4)

16N72ab  8m%a?
Y(za,b;0) = 7 Y4 (2ab) exp (—42’@2z e )

L L? L?
G 4 M
3 S e ( A m%)
N=—0c0 M=0
i8N72h  27*N?  871?Na
X exp ( 7z T I + 72 > (10.5)
Using Eq.(2.1), Eq.(10.5) becomes
Y(zia,b;) = 7 Y4 (—2ab)exp —diaz > + S’
Y 7 Y L L2
= 212m U 42 4% 2
XMZOZDM@g |:— —Zz—FbF —ZGF;2L2:|10.6)
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Using Eq.(2.5), Eq.(10.6) becomes

8ra’
Y(za,b;9) = 7 Y (—2ab —diaz>
(z;a,b;9) 7w ( a)exp< za2L+ 72

d—1

X2, w0 [L— e b e

S8a’m? LT
Y(z;a,b;1) = exp <7 - 4zzaz> w (—2ab)
4 4
x U (—z — ia% + b%) = F (—2z; —2a; —2b;1)(10.8)

In this case the Eq.(3.23) is used, including the variable z and fiducial state
[¥)
9r &1
Flzaby) = 55 Y(57.80w(-by+ad).  (10.9)

~v,6=0

Taking into account Eqs.(10.8), (10.9) and changing variables then
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