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1. Introduction

The notion of coherent states belongs to the most important tools in many applica-
tions of quantum physics. They found many applications in quantum optics, quantum
field theory, condensed matter physics, atomic physic etc. There exists a big number
of various definitions and approaches to the coherent states dependent on author and
application.

Our main reference is [9], where the canonical coherent states are described, and
in analogy with this paper we will formulate our approach to construction of coher-
ent states. Our approach is based on the notion of Mackey’s irreducible systems of
imprimitivity. Using the irreducible system of imprimitivity we shall construct an
irreducible set of Weyl operators, which will act on a fiducial vacuum state.

In section 2 we recall the formalism of Mackey’s systems of imprimitivity as de-
scribed in [11], [3] and [13]. We start with the configuration manifold, which will be a
homogeneous G-space of a group G. After recalling the construction of a projection-
valued measure and projective representation, we define quantum position and mo-
mentum observables. This will be the starting point for construction of the set of
Weyl operators. Special subsection is devoted to imprimitivity systems on finite con-
figuration spaces.

In section 4 we describe construction of imprimitivity systems and systems of co-
herent states on finite configuration manifold Z,,, with the symmetry group D,,. We
apply the method of paper [14], where quantization on Z, with Abelian symmetry
group Z, was introduced. Here we shall extend the Abelian cyclic symmetry group
to the non-commuting dihedral group D,,.

Section 5 is devoted to the construction of coherent states on the circle. This
problem was already solved in [4], [8] and [1]. Each of these papers has different
approach to the construction of coherent states. We follow our approach and construct
coherent states based on the notion of imprimitivity system. In analogy with [9], we
construct the coherent states of Perelomov type on the circle S!.



2. Mackey’s quantization and systems of imprimitivity

In this chapter we want to introduce briefly Mackey’s quantization method, and
its formalism. The idea of Mackey’s quantization is based on construction of sys-
tems of imprimitivity for a locally compact and separable group G. This method is
appropriate for homogeneous configuration manifolds, with the symmetry group G.

The formalism of Mackey’s quantization is comprehensively described for example
in [11] or in [3]. In these works the most general algebraic formulation of Mackey’s
quantization and its assumptions is given. We do not find necessary to define here
all algebraic structures, however they are elegant and necessary for the formulation
of symmetry in quantum mechanics. We can do with the main result of this theory,
which will be used as a basis for our further work. We will also restrict this theory
on pure states, even though the theory is formulated also for density operators —
self-adjoint positive bounded operators with trace equal to one.

2.1. Configuration manifold and symmetry group. Let us now consider a con-
nected smooth configuration manifold M. We will suppose that M is a homogeneous
G-space of some finite-dimensional Lie group G. This means that G is a symmetry
group of configuration manifold M, and there exists a transitive action > of symmetry
group G on manifold M:

(GXM)—=M: g1-(ga>m)=(g1-g2)>m, ¢1,92 € G, m € M,
(2.1) e>m=m, VYme&M.
Transitivity of this action means that any two elements of configuration manifold can
be connected by the group action:
(2.2) VYmi,mo € Mdg € G: my; = g> mo.

We will suppose that G is locally compact and separable to fulfil the assumption of
Mackey’s theorem.

Now we define a subgroup of stability H,, of element m € M as a subgroup of
symmetry group G, which does not shift the element m:

(2.3) H,, :={g € Glg>m =m}.

Thanks to the transitivity of the action > we can easily show that all symmetry
groups H,, for all m € M are isomorphic. We may also consider only one symmetry
subgroup H := H,,,, for some arbitrary mo € M. Subgroup of stability H is also
called isotropy subgroup. It is known that H is a closed Lie subgroup of G.

The quotient space G/H of left cosets gH may be endowed with factor topology.
Hence, we have a differentiable structure on quotient space G/H, and thanks to the
mapping
(2.4) ¢:G/H—-M:gH — g>myg
we can identify quotient space G/H with configuration manifold M:

(2.5) G/H =M.

We shall show that all transitive systems of imprimitivity on M will be completely
classified using the notion of projective representation of subgroup of stability H.
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2.2. Projection-valued measure, projective representation and system of
imprimitivity. Let us denote by H the Hilbert space conected with our quantum
system. On this Hilbert space we will now define Mackey’s system of imprimitivity for
configuration manifold M and its symmetry group G. Mackey’s way of quantization
has two starting points: projection-valued measure E and projective representation
V of the symmetry group G.

As we will see, the position operator will be defined using a system of orthogonal
projectors — the projection-valued measure. In quantum mechanics the result of
position measurement is point (or a subset) in configuration space M. Therefore
we construct the projection-valued measure as a mapping from the system of Borel
subsets B(M) in M to the set of orthogonal projectors in Hilbert space H. The
projection-valued measure E is defined as follows:

(2.6) E: B(M) — B(H),

where the following conditions hold:

(2.7) EM) =1,

(2.8) E(S; N Sy) = E(S)E(S,),

(2.9) E(S; USy) = E(S)) + E(S2) — E(S1NSy), S1,5 € B(M),

(2.10) E((J S =) E(S).

In (2.10) we assume that subsets S; € B(M) are mutually disjoint. Projectors E(.S)
should be also self-adjoint:

(2.11) E(S) = E*(S).

Here B(M) is the Borel structure on configuration manifold M, and B(H) is the set
of all bounded operators in Hilbert space H.

The operators of projection-valued measure form, according to [11], an orthocom-
plemented lattice of projectors on Hilbert space H.

As we can find in [3], the conditions on symmetry transformations of the quantum
mechanical description, together with the well known Wigner’s theorem, lead to the
fact that each element of symmetry group g € G is associated with some unitary
operator in Hilbert space H. That means that we obtain a mapping V:

(2.12) VG - UH),

where U('H) is the group of all unitary operators in H with strong topology. Moreover,
it is possible to show that mapping V is a projective representation of symmetry group
G on ‘H. If we define a projective group of Hilbert space H as a quotient group

(2.13) P(H) :=U(H)/Z,
where Z is a center of group U(H)
(2.14) Z.={\-TeU(H)N e U(1)},
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and 7 is the natural projection homomorphism from U(H) to P(H), then the con-
ditions on symmetry transformations of the quantum mechanical description lead to
finding that the mapping

(2.15) ToV:G— P(H)

is a homomorphism. Therefore V is a projective representation of G in H.

However, the mapping V is not determined uniquely. This is the reason why we
define equivalence of two projective representations V; and V,. Representations V;
and Vy are equivalent, if there exists a measurable mapping z : G — U(1) such that

(2.16) Va(g) = 2(9)Vi(g), VgeG.

The equivalence can also be formulated for multipliers of projective representation.
Multiplier of a projective representation V is a measurable mapping

(2.17) m:Gx G — U(1),

such that

(2.18) m(9192,93)m(91>92) = m(91,9293)m(92793)7
m(g,e) =m(e,g) =1,

and

(2.19) V(g1)V(g2) = m(g1, 92) V(9192)-

We can now formulate the condition of equivalence (2.16) for multipliers. Multipliers
m1(g) and ma(g) of projective representations Vi and Vg are equivalent, if there
exists a measurable mapping z : G — U(1) such that

(2.20) ma(g1, 92) = 2~ (9192)2(91) 2(g2)ma (g1, 92)-

The set of all multipliers of group G forms an Abelian group, the corresponding
quotient group (with respect to equivalence (2.20)) is called multiplier group for group
G. The multiplier group then plays an important role in construction of inequivalent
systems of imprimitivity, as we shall see later.

The last result of the conditions on symmetry transformations of the quantum
mechanical description is so called imprimitivity condition

(2.21) E(g>S) = V(9)E(S)V(9)™, g€G,SecBM),
which connects the projection-valued measure E with projective representation V.

We are now prepared to give the definition of a system of imprimitivity.

Definition: A pair (V,E) of projective representation V and projection-valued
measure E on a configuration manifold M with symmetry group G is called projective
system of imprimitivity, if condition (2.21) is fulfilled.

Two projective systems of imprimitivity (V,E) and (V' E’) are called equivalent,
if V is equivalent to V', and E = E'.

The last notion that we define is a notion of irreducibility of projective system of
imprimitivity. Here we cannot do with the irreducibility of projective representation

V only. We define a commuting ring C(V,E) as a set of all bounded operators in
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‘H, which commute at once with all operators of projective representation V(g) and
operators of projection-valued measure E(S) for all g € G and S € B(M)

(2.22)  C(V,E):={A e B(H)|[A.E(S)] = [A,V(g)] =0, Vg € G,VS € B(M)}.

Projective system of imprimitivity (V,E) is called irreducible if the commuting ring
C(V,E) consists only of multiples of unit operator I.

2.3. Canonical construction of transitive systems of imprimitivity. In previ-
ous sections we have defined such notions like projective representation of symmetry
group G and projection-valued measure on Borel structure of configuration manifold
M. If these two objects fulfil the condition of imprimitivity (2.21), then they form
a pair called projective system of imprimitivity. Now we will show, how we can con-
struct the projective system of imprimitivity, if we have configuration manifold M
and its symmetry group G acting transitively on M. This procedure was introduced
by G.W.Mackey in [6], and is called canonical construction of transitive systems of
imprimitivity. In this procedure we construct not only the system of imprimitivity,
but even the Hilbert space of our quantum mechanical system.

The idea of canonical construction of transitive systems of imprimitivity is based
on construction of a projective representation induced from the stability subgroup H.
Here we see that for classification of all projective systems of imprimitivity important
role is played by the set of all projective unitary representations of stability subgroup
H, and also the multiplier group for symmetry group G.

Let the symmetry group G be a locally compact separable group, H be a closed
subgroup of stability of the transitive G-action on manifold M. On the quotient space
G/H(= M) we can define a quasi-invariant measure p, that means that measures
and p o g are mutually absolutely continuous for any element g of symmetry group
G. According to [11], all quasi-invariant o-finite measures on quotient space G/H
are mutually absolutely continuous.

Thus we choose a quasi-invariant measure u, then we choose a projective unitary
representation L of stability subgroup H with multiplier m (restricted on H x H).
Projective representation L acts on some separable Hilbert space HY. First of all,
we construct Hilbert space H, on which the induced representation will act. Hilbert
space H is a space of vector valued functions ¢/ on symmetry group G with values in
Hilbert space HY satisfying conditions

(2.23) v G — HE,

the mapping

(2.24) g+ (¥(9), )

is a Borel function for all vectors f € H* and g € G. Next condition is
(2.25) w(ah) = m(g, h)L™ (h)¥(g), ¥h € H,

(2.26) ] < oo.
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Here the norm || - || is induced by the inner product on H, which is defined using the

inner product < -,- > in Hilbert space H¥, and by the quasi-invariant measure on
G/H
(227 oo) = [ < ul)o(o) > duly).

G/H

It is possible to show, that integral (2.27) is well-defined, because the integrated
function < ¥(g), ¢(g) > is constant on all left cosets «H € G/H.

Now, when we have defined the Hilbert space ‘H, we construct the projection-valued

measure using characteristic function of subsets S € G/H. The projection-valued
measure EV : B(G/H) — B(HY) is defined by

(2.28) [E(S)¢](9) = xs(9)¥(g), S € B(G/H), g € G.
The characteristic function ys(g) is

_Jo ifgH¢ES
(2:29) Xs(a) = {1 if gH € 8.

The projective representation V¥ of symmetry group G is defined by

230 [Vl i= |77 (g ) m(a ) vl ), g € G

Here dp/dp o g is the Radon -Nikodym derivative. Unitarity of projective representa-
tion VI follows from the unitarity of projective representation L.

The pair (VE, EL) fulfills the condition of imprimitivity (2.21), hence it forms a pro-
jective system of imprimitivity. The system of imprimitivity (V¥ EL) is independent
of the choice of quasi-invariant measure p, it depends only on the projective represen-
tation L. Finally, we can state the famous Imprimitivity Theorem, first proposed by
G. W. Mackey. We can find it for example in [3]. The Imprimitivity Theorem states
that any projective transitive system of imprimitivity can be obtained by canonical
construction of transitive systems of imprimitivity described above, i.e. the clas-
sification of all inequivalent system of imprimitivity is done by classification of all
inequivalent projective unitary representations of stability subgroup H.

The Imprimitivity Theorem : Let G be a locally compact and separable group,
H its closed subgroup and m a multiplier of G. Let a pair (V,E) be a projective system
of imprimitivity for G based on G /H with multiplier m. Then there exists a projective
representation L with multiplier m of subgroup H, such that system of imprimitivity
(V,E) is equivalent to the canonically constructed system of imprimitivity (VY EY).
For any two projective representations L, L' of the subgroup H the corresponding
canonical systems of imprimitivity (V¥ EY), (V¥ EY) are equivalent if and only if
L and L' are equivalent. The commuting rings C(VE EL) and C(L) are isomorphic.

The last statement that C(V¥, E) and C(L) are isomorphic means that the system
of imprimitivity (V¥ EL) is irreducible if and only if the projective representation L
of stability subgroup H is irreducible.



2.4. Definition of position and momentum operators. Having the irreducible
system of imprimitivity (V,E) and associated Hilbert space H, we define quantum
position and momentum observables [11]. To perform that, we take classical position
and momentum observables. Classical observable is in general a real measurable func-
tion on cotangent bundle (T*M, x, M, R"), where n is a dimension of configuration
manifold M. )

Classical position observable f is such function on cotangent bundle, which is con-
stant on fiber 77!(m) for all m € M. That means that position observable f is fully
determined by a real function f on configuration manifold

(2.31) fM—=R:mw— f(r"Y(m)).

The starting point to define a position operator in H is the projection-valued measure
E. We define spectral function

(2.32) E/ :=E(f7'(\), A eR.

Here E is the projection-valued measure of our system of imprimitivity (V,E). The
self-adjoint position operator, associated to classical position observable, is given by

(2.33) Qi = / MEY, ¢ e H.
R
The domain of position operator @f is formed by all functions with finite norm in H

(2.34) @0l = [ v E{w) < .

To define momentum operator, we will use the projective unitary irreducible rep-
resentation V of the system of imprimitivity (V,E). We assume that the symmetry
group G is a Lie group. We choose an element X from the Lie algebra G associated to
the Lie group G. The element X € G generates one-parameter subgroup vx(t), t € R
of symmetry group G

(2.35) vx(t) = exp(tX).

This one-parameter subgroup acts on Hilbert space H through the projective repre-
sentation V of the system of imprimitivity (V,E). Since we know that the projective
representation V is unitary, we can use Stone’s theorem, which guarantees the exis-
tence of self-adjoint operator P(X) defined by

(2.36) V(yx(t)) = exp(—itP(X)).

Thanks to the condition of imprimitivity (2.21) we can derive commutation relations
for position operator associated with classical observable f, and momentum operator
associated with element of the Lie algebra X € G. We just denote ¢x the vector
field on configuration manifold M,which is generated by X € G through the action
of group G on M. Then the commutation relation is

(2.37) [P(X),Q)] = —iQ™/.



2.5. Systems of imprimitivity for finite groups. In this section we will briefly
examine the case when the configuration manifold M and its symmetry group G are
finite [13]. We denote the configuration manifold M

(2.38) M := {my,ma,....,mp}, n=|M|

Let G be a finite group acting transitively on M, H the subgroup of stability. Let L
be a unitary irreducible representation of subgroup H on Hilbert space H¥. According
to [7], we can consider only unitary representations of H, because each representation
of finite group on Hilbert space is equivalent to some unitary representation. The
irreducibility of representation L can be assumed thanks to Maschke’s theorem: Every
unitary reducible representation of a finite group on some Hilbert space is completely
reducible [7].

If the stability subgroup H is Abelian, then all its irreducible representations L
are one-dimensional, and the quantum mechanical Hilbert space H¥ is n-dimensional
complex space

(2.39) HY = C"
The definition of projection-valued measure leads to the system of diagonal matrices
(2.40) E(m;) := diag(0,0,...,1,...,0), i = 1,2, ....n.

The only non-vanishing element is at i-th position.
The Imprimitivity Theorem holds in the following form [13]:

Theorem : A unitary representation V of finite group G in Hilbert space H pos-
sesses the imprimitivity system (V,E) based on G/H if and only if V is equivalent
to an induced representation IndG (L) for some unitary representation L of subgroup

G.

Hence, the construction of unitary representation V can be performed directly by
the construction of induced representation. This procedure is described for example
in [7].

Let G be a finite group of order r, H its subgroup of order s. Suppose, that L is a
representation of subgroup H. We can write the group G by means of left cosets

r/s
(241) G:{Ut]H‘t] S G,tl :e}.
j=1
Group elements ¢; are arbitrarily chosen representatives of left cosets. If the dimension

of representation L is [ := dim(L), then the induced representation V of group G is
defined by

L(h) if t;'-g-t; =hfor someh € H,
0 otherwise.

(2.42) (V(9))ij = {

Here (V(g));; are [ x | matrices which serve as building blocks of

(2.43) V(g) = Ind§(L).



2.6. Hilbert space as a space of sections. In previous section, we have con-
structed the Hilbert space H as a space of vector functions. We can also consider
this Hilbert space as a space of section in associated fiber bundle [13]. This point
of view may be in some cases more useful, as for example in the case of systems of
imprimitivity on S2.

We start with the principal fiber bundle (G, 7, M;H), where M(= G/H) is a
homogeneous G-space, H is the stability subgroup of G and 7 is the natural projection
(2.44) 7:G—-H:g— gH; g€ G.

In order to construct the associated fiber bundle to principal bundle (G, 7, M; H),
we choose representation L of stability subgroup H. Base space of the associated
fiber bundle is configuration manifold M, fiber of the associated bundle is the career
Hilbert space, say HY, of representation L. The total space E™ of associated fiber
bundle consists of equivalence classes in G x HY. We define a right action of stability
subgroup H on G x H™

(2.45)

(G x H) x H = (G x HY) : ((g,0),h) — (gh, L™ (h)v), h€ H, g € G, v e HE.
Using this action, we define equivalence relation ~y, on G x HY by
(2.46) (g,v) ~1 (gh, L™ (h)v),or equivalently (gh,v) ~p, (g, L(h)v).

This equivalence relation corresponds to condition (2.25). The total E™ space is then
defined as quotient space

(2.47) E¥ =G xHY/ ~y, .

The Hilbert space H is a set of all Borel sections in the associated fiber bundle
(EY, 7, M; HY), where the projection 7 is given by

(2.48) 7:EY" - M: (g,v)— 7(g) =g-H.
Mapping 7 is the projection from the principal bundle (G, 7, M; H).
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3. Coherent states

The notion of ”coherent states” is used for a wide class of quantum mechanical
states, and it appears in a huge number of quantum theories. Thanks to this fact,
there exists a big number of various approaches to coherent states and their definition.
This is also the reason why there does not exist a unique definition of the notion
of coherent states. In this section, we shall first summarize several mathematical
properties which are, according to [5], common to all definitions of coherent states.
Then we give the definition of Perelomov’s group related coherent states, which will be
our starting point to our approach to coherent states. We shall also briefly mention
canonical coherent states on the real line, which is the fundamental notion in the
coherent state theory, and also a good starting point for our work.

3.1. General definition of coherent states. In every case the family of coherent
states consists of vectors of some separable Hilbert space H, labeled by some parameter
x € X. We denote the coherent states by |x) € H. The nature of the family of coherent
states depends on the approach to coherent states and its application, same as the
nature of the label space X. As we shall see, the label space X will have various
algebraic and topological properties, but in general we assume that X is endowed
with a notion of topology; hence X is a topological space.

There are in essence two properties that are common for all coherent states. The
first property is the condition of continuity:

The set of vectors |x) is a strongly continuous function of the label x.
In other words we assume the property

(3.1) limz, =zinX = |||z,) —|2)] — 0inH.

n—oo

Usually the set of states {|x) |z € X'} forms a continuous connected manifold in the
Hilbert space H. The coherent states are then very rarely mutually orthogonal. This
condition rules out several families of vectors in H, like for example any orthogonal
basis of H.

The second property common for all families of coherent states is the resolution of
unity:

There exists a positive measure du(x) on X such that the unit operator 7 fulfills

(3.2) 1_/ ) wldp(e

As we know, (3.2) appears like a resolution of unity for self-adjoint operators. How-
ever, here the one-dimensional projection operators |x)(z| are not in general mutually
orthogonal, and the existence of the resolution of unity (3.2) must be verified for each
family of coherent states. The resolution of unity then often leads to restrictions on
the choice of the label space X as we shall see in this work.

The direct consequence of the resolution of unity (3.2) is the completeness of the
set of coherent states:

The closed linear span of the family of coherent states {|x) |z € X'} is the entire

Hilbert space H.
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In other words, the family of coherent states is a total set of vectors in Hilbert space
‘H. This condition also means that any vector in Hilbert space ‘H may be represented
as a linear superposition of coherent states. If we realize that the label space may be
uncountable, and the Hilbert space H is separable, as we assumed, then we can raise
the question if there exists some (countable) subspace X’ of the (uncountable) label
space X such that the resolution of unity would hold also for X’

(3.3) T= [ |a)(eldu(x)

X/
This problem was solved for example by Perelomov for canonical coherent states in
[10].

The notion of resolution of unity enables us to introduce the functional coherent
states representation of the Hilbert space H. Due to (3.2) we have

(3.4) |@=mewwm7wmn.

The functional representation then consists of complex-valued functions ¢ (x) := (x|v)
on the label space X', which are square integrable

(3.5) wwzﬁwwmmwzﬁwmwmm«n

Due to (3.2) each admissible function of the coherent states representation satisfies
the integral equation

(3.6) MWZLM&WWW@UﬁM@Z/K@ﬂMMWW)

X

This proposition is called the reproducing kernel property, because the function KC(z, x)
on X x X is the (reproducing) kernel of an integral operator, which is equal to the
unit operator in the coherent states representation. The reproducing kernel K(z, z")
is given by

(3.7) K(z,z') = (z|2').

Our approach to the construction of coherent states will use the Perelomov defini-
tion of coherent states [9], also called group related coherent states, where we assume
that label space X has a group structure:

Let H be a separable Hilbert space, G be a group, T(g) be an arbitrary representation
of group G on the Hilbert space H, and |0) be an arbitrary normalized vector in H.
Then the set of states |g) defined by

(3.8) l9) :=T(9)l0), g€ G

is called the system of coherent states related to representation T. The state |0) is
then called the vacuum state.

In this definition it is usually assumed that G is a Lie group, and the notions of
irreducibility and unitarity of representation T" may be assumed as well.
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3.2. Canonical coherent states on the real line. In this section we shall briefly
describe the canonical coherent states on the real line, which were first considered by
Schrodinger in 1926. In quantum mechanics the canonical coherent states describe
nonspreading wave packets for the harmonic oscillator. We shall describe them in
the sense of previous definition, and we shall show several important properties of
these states, which will be one of the aims in our following work. A more detailed
description of canonical coherent states can be found for example in [9)].

The Hilbert space of quantum mechanics on the real line R is the well-known L?(R),
as group G in the definition (3.8) we consider the complex additive group C. We define
a set of unitary operators D(«) in the Hilbert space L?(RR)

(3.9) D(a) := exp(aa™ — aa), a € C,

where at and a are the creation and annihilation operators defined by position oper-
ator Q and momentum operator P

Q- Qi
.- E

Using the notion of position and momentum operators we can write (3.9) equivalently
as

(3.11) D(o) = exp(iv2Im(a)Q + iv2Re(a)P).

We want to show that the system of operators D(«) forms a projective representation
of the additive group C. To do that we shall use the Baker-Campbell-Hausdorft
formula ([9]):

Theorem :Let operators A and B fulfil the comutation relations
(3.12) [A,B],A] = [[A,B],B] =0,

then the formula

(3.10) at =

(3.13) ewp(@ + ]§) = exp(—%[_&, ﬁ])exp(@)exp(ﬁ).
holds.
Because of (3.13) we obtain the multiplication law for operators D(«)
(3.14) D(a)D(B) = exp(ilm(aB))D(a + 3), o, € C,
and
(3.15) D(a)D(5) = exp(2iIm())D(H)D(a).

Actually, with the notation
(3.16) p = V2Im(a), ¢ := V2Re(a),
equality (3.15) takes the form of the Weyl commutation relation

(3.17) exp(igP)exp(ipQ) = exp(ipq)exp(ipQ)exp(iqQ).

Thus we see that the set of operators D(«) forms a unitary projective representation
of additive group C on the Hilbert space L*(R). This representation is, according to

9], also irreducible. The fact that the representation D(«) is projective is essential.
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The vacuum state |0) € L*(R) is in this case the ground state of the harmonic
oscillator

(3.15) 0) = J=ern(=),

which is annihilated by the annihilation operator

(3.19) al0) = 0.

The canonical coherent states on L*(R) are then defined by the action of the repre-
sentation D(«)

(3.20) la) :== D(a)|0), a € C.
The explicit form of canonical coherent states in L?(R) is then

(3.21) la) = exp(—iRe(a)Im(a)) exp(iv2Im(a)z) exp(—(z — V2Re(a))?).

Finally, we shall briefly summarize several important properties of canonical coher-
ent states on the real line.

It can be proven that the canonical coherent states are eigenvectors of the annihi-
lation operator a

(3.22) ala) = ala).

Also the resolution of unity holds in the form

(3.23) - l/cd2aya><a|.

™

The next interesting property of canonical coherent states is the fact that their
inner product (overlap) never vanishes:

2 2
(324 (9lo) = exp(~ 12— 104 ),
and
(3.25) (Bl0)] = eap(~g | — 0) # 0 Vo, f € C.

It can be shown that states |a) minimize the Heisenberg uncertainty relations

~ ~ 1
(3.26) A|Q>QA‘Q>P = 5 Va € C.
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3.3. Our approach to the construction of coherent states. Our approach to
the construction of coherent states is based on the notion of irreducible imprimitivity
system and also on the formalism of canonical coherent states described above.

We assume the configuration manifold to be a homogeneous G-space of some sym-
metry group G. Then we shall construct the imprimitivity system in a canonical way
and we shall define the quantum position and momentum operators. In the analogy
with the canonical coherent states, our aim will be to construct the Weyl operators
in the form (3.17). To perform that, we shall employ the projective representation
V of symmetry group G from the imprimitivity system, and we will define the set of
unitary Weyl operators

(3.27) W(a,g) = emQV(g), geG, aeL,

where L is some label space specified later. If G is a Lie group, then the relation
between representation V and momentum operator P is given by the Stone theorem
(2.36).

The label space £ will be some subset of real numbers and usually will have a group
structure. This set will be specified individually for each case of coherent states and
will be defined by the requirement of validity of the resolution of unity. The coherent
states will be labeled by the label set £ x G, which is closely related to the symmetry
group G of the configuration space. The label set £ x G will usually be a group.

If the position and momentum operators fulfills the Heisenberg commutation rela-
tion

(3.28) [Q,P] =1I,

then using the Baker-Campbell-Hausdorff formula (3.13) we can show that the family
of operators W(a, g) satisfies the Weyl commutation relation similar to (3.17). Hence
the set of operators W(O&, ¢g) will form a projective representation of £ x G. Then the
family of coherent states will be group rel/a\ted.

Strictly said, the system of operators W{(a, g) will form only projective represen-
tation of £ x G. Therefore we have to consider a central extension of group £ x G.
However, this extension will not bring any new state to the resulting set of coherent
states. On the other hand, we will see for the case of non-commuting finite dihe-
dral groups that there will not be satisfied the condition (3.17), and the system of
operators ‘/7\\7(04, g) will not form a projective representation of £ x G.

The choice of the vacuum state |0) will be done in analogy with (3.19). If we rewrite
(3.19) in exponential form, then using the notion of position and momentum operators
we demand

(3.29) 2+ |0y = |0).

In general we will aim to construct our vacuum state by solving this equation. The
family of coherent will then be constructed by action of the set of the Weyl operators

\/7\\7(04, g) on the vacuum state |0).
When the family of coherent states is constructed, we shall investigate several prop-

erties satisfied for the canonical coherent states. We shall be interested in the res-

olution unity and in the Heisenberg uncertainty relation. Also the inner product of
15



two coherent states will be investigated, because we shall try to find out whether the
coherent states are mutually orthogonal or not.

Our approach to the construction of coherent states gives us one important ad-
vantage. If we consider an irreducible system of imprimitivity, then the notion of
irreducibility is transferred to the set of the Weyl operators W («, g), i.e. the set of

all bounded operators commuting with \/7\\7(04, g) for all &« € L g € G is formed only
by the multiples of unit operator in the Hilbert space.
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4. Coherent states on dihedral groups

In this section we will first introduce quantization on a periodic chain. As the config-
uration space we will consider the Abelian cyclic group Zy,. In paper [14] quantization
on Z, was introduced, where the symmetry group was identical with the configuration
space. Here, we are going to extend the symmetry group to the non-Abelian dihedral
group D,,. That means that we shall consider also mirror symmetries.

In the second part of this section construction of coherent states over Z, x D, will
be introduced. This construction will be an extension of the construction of coherent
states introduced in [14].

4.1. Structure of dihedral groups. Before we perform the quantization, it is es-
sential to describe the structure of dihedral groups Dy, where n € N. D,, is a finite
group, it is constructed as a semidirect product of two cyclic groups:

(4.1) D, = Zn > Zo.

It is straightforward that the number of elements of Dy, is equal to 2n. The elements
of the group Zs are denoted as +1 (unit element in Zs) and —1, elements of Z,, will
be denoted as r;, i =0,1,...n — 1.

(4.2) Zo ={+1,-1}; Zn={e=ro,r1,...;Tn1}
Group operation in Zs is addition modulo 2, in Z, modulo n.

Group D, is thus a set of pairs of elements (a, ), where a € Z,, and = € Zs. The
multiplication law of the semidirect product of two groups is determined by a fixed
homomorphism, let be denoted f, from group Zs to group of all automorphisms of
the group Zy:

(4.3) [ 2o — Aut(Zy).
The group multiplication law has then the following form:

(4.4) (ri,@) - (rj,y) = (ri- f(@)(ry), - y), 2,y € Za, 1,7 € L.
Let us now specify the mapping f, so we can define the multiplication law in Dy,:
(4.5) f:(+)—1Id, f:(=1)+ Inv,

where Id is an identical mapping on Z,, Inv is an automorphism on Z,, which maps
element of Z,, into its inverse element:

(4.6) Inv:ar a?, a € Zn.

The multiplication law (4.4) has thus the following explicit form:
(47) (Ti? +]‘) ’ (rj7 SE) = (Ti ’ rj’ x) = (T(i+j)mod(n)7x)’
(4.8) (ri, =1) « (rj,2) = (ri - (1), @) = (P poaguy» ©)-

Let us now look at the geometrical interpretation of elements of D,. Performing

that, it will be clear also how does the transitive action of D, on Z, looks like.
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We can divide the group Dy, in two subsets. First subset {(r;,+1), ¢ =0,1,...,n—1}
is in fact a subgroup of D,, isomorphic to the group Z,. Therefore we can consider an
element (7;, +1) as a clockwise rotation of an n-sided regular polygon through an angle
of 2 /n. The second subset of D,, is formed by elements (r;,—1),7 = 0,1,....,n — 1.
Geometrical interpretation of these elements is a little more difficult. The group
element (r;,—1) can be interpreted as a mirror symmetry, where the mirror is at
angle 7/n in the n-sided polygon. If n is odd, then each axis of some mirror symmetry
passes through one vertex of the n-sided polygon, if n is even, then only one half of all
mirror symmetries has an axis passing through two opposite vertices, the remaining
axes are axes of two opposite sides of the polygon.

It is straightforward that the group D,, contains n rotation symmetries and n mirror
symmetries. That’s why we can set up a new notation of these group elements. For
rotation symmetries we will use the symbol R;, i = 0,1, ...,n — 1; mirror symmetries
will be denoted M;, + = 0,1,...,n — 1. Now we have

(4.9) R, = (r;,+1), i =0,1,...,n — 1,
(4.10) M, :=(r;,—1),i=0,1,....,n— 1.

This denotation seems to be more distinct thanks to its direct geometrical significance.
The multiplication law has now the following form:

(4.11) Ri Rj = Ry oum» 4 =0,1,...,n— 1,
(4.12) Ri- Mj = Misg)oams 67 =0,1,0n — 1,
(4.13) M; - Ry = M), a0 67 =0,1,.,n— 1,
(4.14) M; - M = Riij)ams 67 = 0,1, 0in — 1.

Equations (4.11) - (4.14) are direct consequence of multiplication law (4.7), (4.8), and
also definition relations (4.9) and (4.10).

4.2. Quantization on Z, with D, as a symmetry group. The action of sym-
metry group D, on configuration space Z, will be clear, if we identify the Z, phase
space with set of all vertices of regular n-sided polygon. The D,, acts on Z,, as a group
of rotations and mirror symmetries, as discussed in previous section. Transitivity of
this action is straightforward.

Thanks to transitivity of the group action, we can find the stability subgroup H,,
in Dy:

(4.15) H, =7, VneN.
Hence we can write
(4.16) Z,=D,/Z,.

Note that the stability subgroup is independent of the order of symmetry group Dy,.
Number of all inequivalent quantum mechanics on Z,, is determined by the number of
all inequivalent unitary irreducible representation of the group of stability Zs. Zs is
an Abelian group, therefore it has only one-dimensional irreducible representations,

and the number of all irreducible representation is then equal to the order of Zs. Zs
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has two elements, so we have two inequivalent irreducible representations of Zs and
two inequivalent systems of imprimitivity on Z, with the symmetry group D,. The
first representation is trivial:

(4.17) Ty:Zy — R:{+1,-1} — {+1,+1},

the second one is the so called alternating representation, and it is in fact the defining
representation of Zs:

(4.18) To:Zy — R:{+1,—1} — {+1,—-1}.

In both cases the Hilbert space of quantum mechanics is the space of complex
functions on the configuration space Z,,. This Hilbert space is in fact isomorphic to
n-dimensional complex linear space:

(4.19) My = C".

System of imprimitivity is a pair (E, V), where V is a unitary representation of the
symmetry group D,. This representation is constructed as a representation induced
from the subgroup of stability Zs. In our case, it is induced from irreducible repre-
sentations of T; and Ty. E is a projection-valued measure on configuration space
Z,. First, we will construct the projection-valued measure. This measure is common
for both representations T; and Ts, and moreover it is in fact the same measure as
constructed in [13] in section 5.7.

If we follow the denotation (4.2) of group elements of Z,,, then the generators of
projection-valued measure have the following form:

i+1

(420) E(’I"Z) =i+1 o 1 o], 1= 0, 1, R 1.

E(r;) is an n x n diagonal matrix with only one nonvanishing element in (i + 1)-th
row and (i + 1)-th column. This set of operators on C" generates a set of orthogonal
projectors on this space — the projection-valued measure. Measure of an empty set
in Z,, is the vanishing operator on C", measure of the whole configuration space is the
unit operator. Each of the operators of the projection-valued measure has diagonal
form.

Construction of unitary representations of the symmetry group D,, on Hilbert space
C,, is a little more difficult than construction of projection-valued measure. According
to Mackey’s imprimitivity theorem, the representation V is constructed as represen-
tation induced from some irreducible representation of the stability subgroup. In our
case, we have stability subgroup Zs, and its two irreducible representations T and
T2, so we shall construct two induced representations on C", say V1 and Va:

(4.21) Vi = Indz"(T1),  Va=Indyr(Ts).

Construction of representations induced from groups of finite order is described for
example in [7]. First, we have to decompose the symmetry group D,, into left cosets:

(4.22) Dy = {|J tm - Zo|tm € D, ti =€}
m=1
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In our case we have

(423) Zz = {Ro, Mo}, Zz C Dn,
and as representatives t,, of the cosets we choose
(4.24) tmm =Rm_-1, m=0,1,....,n— 1.

Now we have
(4.25) D, = {{Ro, Mo} U {R;,M;}U ... U{R,,_1,M,,_1}}.

Matrices of induced representation are constructed in the following way: dimension
of both representations V; and Vs is n:
D, .. 2 .
(4.26) dim(vy) = 2ol iy = 2 2 212,
|2, | 2
and elements of these matrices have the following form:
Ti(h) ift;'-g-t; =h for some h € Zy,
0 otherwise.

(4.27) (Vi(9))is = {

In our case t; = R;_;, so the matrix element (V;(g);;) does not vanish if and only if
the following equality holds:

(428> R(l_i)modn "9 R(j_l)mod(n) = {R07 MO}

Let us now construct the induced representation V1, first for rotations Ry;. Condi-
tion (4.28) then has the form

(429) R-imoan " B " Rij-1)moin = Riitjthmoan € {Roy Mo} & (7 + K)mod(n) = 0.
The matrix element (4.27) of rotation Ry is then

(430) (Vl (Rk))lﬂ = 6iv(j+k)mod(n)’

and the entire matrix is

modn

k+1 1

(4.31) Vi(Ri) =k

1

It is evident that V;(Rg) = T, representation of Ry is then just the unit matrix with
shifted diagonal.

Consider now the representation of mirror symmetries M. Due to (4.11) - (4.14),
the condition (4.28) acquires now this form:

(4.32)

R My R-1)000 = M2—ivjth)oany € {Ros Mo} & i=Fk —j+2.

20
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The matrix element (4.27) of mirror symmetry My is
(4.33) (Vi(Mx))ij = 0 —jh+o-
The matrix V(M) has this explicit form:

k41 1

(4.34) Vi(My) = | 1

1

Representation of mirror symmetries has also antidiagonal form, the antidiagonal
intersects the diagonal in the (k+1)-th row and the (k+1)-th column. The second rep-

resentation V5 can be obtained similarly, but it is straightforward that representation
V. is connected with representation V; in the following way:

(4.35) Va(Rk) = V1(Rk), Va(My) = =V (My).
It is easy to show that both these representations V; and V5 are unitary.

We have shown that there exist two unitary systems of imprimitivity (E, V) and
(E, V3) on phase space Z, with symmetry group D,,. These two systems are not
equivalent. As carrier Hilbert space we have in both cases the complex n-dimensional
space C™.

4.3. Quantum observables. The definition of position operator is based on knowl-
edge of projection-valued measure and, of course, on classical position observable.
Classical position observable is in general a Borel mapping from configuration space,
in our case from Z,, to the set of real numbers. We shall choose the following position
observable:

(4.36) fiZy—R:rij—i, i=0,1,...,n—1.

Quantization of position observable is then realized as follows. Position operator (AQf
associated to classical position observable f has the integral form:

(4.37) & = / ME(E()).

In our case the configuration space is discrete, therefore we have

—_

(4.38) Q= S E(ry).
2
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Here we obtain, in analogy with [14], this explicit form of position operator:

(4.39) Q=

n—1

This construction of position operator is independent of representations V1,V con-
structed in previous section, therefore the position operator Q is common for both
quantum mechanics.

The construction of momentum operator raises several problems. First, existence of
the momentum operator is guaranteed by Stone’s theorem, but under the assumed ex-
istence of one-parameter subgroup of symmetry group. We have a discrete symmetry
group D,,. However, the momentum operator can be evaluated by direct computation,
but as we shall see, this operator is not uniquely determined.

Stone’s theorem says, that if we have a one-parameter subgroup v(t) of a symmetry
group, then there exists a self-adjoint operator 1/57 such that the following condition
holds:

(4.40) V(y(t)) = exp(—itP), t € R.
In the following, we shall look for self-adjoint operators 139 on C" such that
(4.41) Vi(g) = exp(—iP,), i=1,2, g € Dy.

From now on we shall consider only the representation V;. Results for representation
V4 and for the second system of imprimitivity will be similar and will be discussed
later. N

We may try to compute the operators P, by inverting the exp function in (4.41).
We get

(4.42) P,=i-In(Vi(g)).

The problem is that the exponential function is not invertible, and therefore the
operator P, will not be determined uniquely.
To compute matrix functions we shall use the so-called Lagrange-Sylvester formula:
Theorem Let A be an n X n matrix with spectrum o(A) = {A, Ay, ..., A}, s < n.
Let g; be the order of eigenvalue \;, j = 1,2, ..., s.Let 2 C C be an open subset of the
complex plane such that o(A) C C. Then the formula

s BT ()
(4.43) = f k('AJ) (A — \D)*P
j=1 k=0 '

holds for every function f holomorphic on 2. Here P; is the orthogonal projector onto
the subspace of C™ which is generated by the set of all eigenvectors with eigenvalue
)\ji

oNI—A
4.44 P, .= .
( ) J H . )\l o >\j
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Now we will apply formula (4.43) to equation (4.42) and will try to evaluate oper-
ators 139 in this way. But first of all, we have to calculate the spectrum of operators
Vl(Ri) and Vl(MZ), 1= 0, 1, e n — 1.

Let us first look at eigenvalues of operator Vi(R;). In other words we solve the
equation

(4.45) det(A\I — V1(Rq)) = 0.

After the computation we obtain that (4.45) is equivalent to solving
(4.46) A" —1=0.

Hence we have

(4.47) o(ViRy)) ={N\j=en|j=01, .. n—1}

The spectra of operators Vi(R;) can be obtained from the spectrum of operator
Vl(Rl)Z

(4.48) o(Vi(Ry)) = 0(V1((R1)")) = (¢(V1(Ra)))"
Similarly we obtain spectra of operators V1(Mj;). We shall now solve
(4.49) det(AI — V1(M;)) = 0.

It is now necessary to consider separately two cases. First, if n is odd, then (4.49)
becomes

(4.50) (1-NA\-1)"z =0.
In this case the spectrum has two elements:

(4.51) o(Vi(My)) = {-1,+1},

where the order of eigenvalue +1 is ”T“, the order of eigenvalue —1 is equal to ”T’l

If n is even, then the characteristic polynomial of operator Vi(Ry) depends, in
addition to dimension n, also on parameter k. At this point, we also must distinguish
if £ is odd or even. In the analogy with the geometrical interpretation of group
elements of Dy, we have to distinguish if the axis of mirror symmetry Mj passes
through vertices of the n-sided regular polygon (k is even), or if it is an axis of two
opposite sides of the regular polygon (k is odd).

So if n is even then (4.49) has following form:

(4.52) 0— {(1 — N1+ Azt if ks even,

(1—=N)2(14+A)3 if k is odd.

The spectra for both cases are the same as if n is odd, but the orders of eigenvalues

are different. If % is even, the order of eigenvalue +1 is § + 1, the order of eigenvalue

—1lis § — 1. If k is odd, then the order of both eigenvalues is 5. To be able to use

the Lagrange-Sylvester formula (4.43), we have to determine the projectors Py for
each representation element V1(g), g € D,,. This will be performed during particular
computation of operators P,.
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Let us first start with evaluating the operators l?’Rk. Here is the situation quite
simple, because elements Ry form an Abelian subgroup Z,, of the group D,. That is
the reason why the following equality holds:

(4.53) exp(—iPgr,) = V1(Ry) = (V1(R1))* = exp(—ikP).
Here we have defined
(4.54) P :=Pg,.

This is an advantage, beg\ause we are able to replace a system of n operators by
one self-adjoint operator P. Spectrum of operator V1(R;) is determined in (4.48),
it remains only to find projectors P;. Naturally, we may use formula (4.44), but it
would be quite difficult. It is more effective to find the system of eigenvectors |j) of

operator V1(R;). Because we have n different eigenvalues \; = ezﬂ%, order of each
eigenvalue is equal to 1, and projectors PP; can be written in this simple form:

(4.55) P; = |k)(k].

It is easy to see that the explicit form of eigenvectors |k) is

-t
-2
4.56) ") = =
( : - \/ﬁ . )
Ak
1

where )\ is eigenvalue pertinent to eigenvector |k). These eigenvectors are normalized:
(4.57) (k|k) = 1.

Using (4.55), it is straightforward that matrix elements of projector [Py can be written
as
1 2rik(m-0

L nnm
(4.58) (P)im = ~A; I = ~e”

Now, we have all prepared for direct evaluation of operator P. According to (4.43),
we may write

n—1
~ g 1 wij(m—
(4.59) Pl = -y In(e5) =™
=0 "
n—1
~ 2 2mij(m—1)
(P)lm = T3 J€ "
§=0
~ 2 1
(P)lm - 27i(m—1)



But this result is valid only for the case m # n. For the other case the computation
is more simple:

. 27T n—1
(4.60) (P, = —
7=0
~ 2 (n— 1)
P, = ——
( >l n 2
Thus we conclude with
~ Q—W# m # 1,
(4.61) (P = "1 ?
—W”T_l m = .

The same result was obtained in [14]. There the momentum operator P was ob-
tained by Fourier transform of position operator Q This way of computation is a
little more elegant, but in our case we shall compute also the explicit form of operators
f’Mk of mirror symmetries.

In the case of mirror symmetry, we have to use the Lagrange-Sylvester formula
(4.43). Since equation (4.42) gives us

(4.62) f’Mk =1-In(V1(My)),

we can put down, due to (4.43) and (4.51), the following equality:

(4.63)
U+)~ -1
~ : InW(+1 InW (-1 ~
Py, =i+ Y %(Vl(Mk) DM+ Y #(VI(Mk) +I)FP_;.
j=0 ' j=0 '

Strictly said, here the assumption of the Lagrange-Sylvester formula (4.43) is not
satisfied, because function [n is not holomorphic on the negative part of the real line
(—00,0), and —1 is in the spectrum of V;(My). However, we shall see that the
computation of operator f’Mk is possible to perform in a formal way. Then we have
to verify validity of (4.41) using again (4.43). Here function exp is holomorphic, thus
the problem will not arise.

Numbers g4y and gy are multiplicities of eigenvalues +1 and —1, as was discussed
before. We Wlll show that the explicit value of these two numbers is not important
for following computation. It is necessary now to find projectors IP+1 and IP’_ These
operators are orthogonal projectors on subspaces generated by eigenvectors of eigen-
values +1 and —1. Because of the low number of eigenvalues, it will be essential to
use directly definition of these operators (4.44):

(V1 (Mk) + I[)

(4.64) Py =
5, = (aM-D)
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If we put this into equality (4.63), we obtain

_ 16 (M,
(4.65) Py, =i Z #(VﬂMk) _ H)kw _
1O 10— (ML) -

This equation will be more simple, if we realize that thanks to the group multiplication
law the elements V;(My) are nilpotent elements. Now we can write

(4.66) (Vi(My) — D(V1(Mi) +1) = (V3(My))* ~ 1 =0.

This means that all elements in sum (4.65) vanish, excluding the case j = 0! Now
we have

(4.67) Py, = i (ln(gl)

Py, = g(Vl(Mk) ).

In(—1)
2

(Vi(Myg) +1) —

(Vi(My) — 1))

So far we Considere(/i\ only representation V;. We may also ask how the generators
of mirror symmetries Py, and generator of rotation P, obtained in (4.61) and (4.67),
look like, if we consider the second quantum mechanics, i.e. if we consider represen-
tation V. The answer will be clear, if we use relations (4.35). Then we see that
generator of rotation P has the same form as in (4.61). Derivation of generators of
mirror symmetries for the representation Vy seems to be a little more complicated.
But if we compute spectra of operators Va(My), we find 0(Va(My)) = {—1,+1}.
This is the same result as in (4.51) for operators V1(My). Only multiplicities of eigen-
values +1 ad —1 are different, but this fact is not relevant for for further computation.
Finally, we find the same result as in (4.67):

(4.68) Pas, = 5 (Va(My) ~ 1)

We denoted the generator of mirror symmetry with tilde to distinguish representations
Vl and Vz.

In this section we have found an explicit form of quantum observables, i.e. we have
found operators Q, P, and Pz . Now, we shall look for commutation relations of
these operators. Let us look first at commutator [Q, P]. Using (4.39), we obtain

(4.69) (Q)jk = (7 = D)
Relations (4.69) and (4.61) gives us after simple computation
(4.70) (1Q P = (j — B)(P)js-

Now we see that the Heisenli)el;g commutation relation does not hold. Similar result
we obtain for commutator [Q, Pz, ]. Using (4.69), (4.30), and (4.67), we obtain

(4.71) (1Q. Pa])s = 5(1Q. Vi (ML)

Note, that operators P and f’Mk are not uniquely determined. This is caused

by properties of exponential mapping used in definition of these operators (4.41),
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exponential mapping is not one to one. Here may arise a question of relevance of
these operators. As we shall see in the following section, more important for us will
be thu unitary operators of representations V; and V.

4.4. Construction of the coherent states over Z, x D,. In the previous sec-
tion we have constructed quantum mechanics on discrete group Z, with symmetry
group D,,. We obtained two inequivalent quantum mechanics represented by two
inequivalent systems of imprimitivity (E, V1) and (E, Va). For both cases we have
constructed systems of quantum observables: Q, f’,f’zk for the first system of im-

primitivity, Q, 13, Pz, for the other system of imprimitivity. Now, we utilize these
results in construction of coherent states. Because of the fact that we have two in-
equivalent quantum mechanics, we shall obtain two systems of coherent states. Let
us first discuss the first case for representation V7.

To construct coherent states of Perelomov type over Z,, x D,,, we shall first construct

a system of unitary operators V/\\7(a, g), where (a,g) € Z, x D,:

__ Iria ~ . ,
(4.72) W(a, g) := exp( maQ)exp(—in) = erVl(g); a€Z,, geD,.

Elements of unitary representation Vi(g) were discussed in (4.34) and (4.31). Matrix
elements of operator exp(Q/I’%Q) can be easily derived because of the diagonal form
of position operator Q:

1

2mia 2mia (]71) 27T’LCL oy

(4.73) (e n ®)jp =10, n ,exp(

2mia(n—1)
n

e

Here we have a unitary representation of our group Z, x D,,, which acts irreducibly in
the Hilbert space C" [13]. Now, it would be essential to derive one important property

of operators W(a, g):

(4.74) JrHed imb _ 2riem i 2rialy

Using (4.30) and (4.73), we shall prove that for each matrix element:

n

(4.75) (™ RemPy = ST (PR (ViR =

=1

2mia 2mia (;

= Ze " (jil)éj,lél,(/ﬂ—m)(modn) = €en Oil)éj,(k—m)(modn)-
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On the other hand, we have

TR = N (Vi(Rom)in(e 7 Q) =

=1

(4.76) (emPe

2mia (7 omia (g,
- Z5J7(l*m)(modn)€ DS = 8 mmymoanmye Y =

=1

2mi 2mi .
= en MR (-1

5j,(kfm)(mod n)

Comparing (4.75) and (4.76), we obtain (4.74).
Note, that to derive (4.74), we cannot use the Baker-Campbell-Hausdorff formula
(3.13), because the commutation relation condition is not fulfilled due to (4.70).

Unfortunately, if we want to construct a similar relation for operator Py, we
do not get the group property of operators W(a, g). If we perform just the same

computation as for operator P, we get the following equality:
2nialy ; 2nia (9, _ ; 2nia
(4.77) (e QP )jp=e n M=) (e P 25 Q)jk.

Due to k-dependence of thr multiplier, we cannot formulate any equality similar to

(4.74).

To construct the system of coherent states in C", we have to determine the fiducial
'vacuum’ vector |0). Having this vector, we try to generalize Perelomov’s definition
of the system of coherent states in the following way:

—~

(4.78) la, g) == W(a,g)|0); a€Z, gecD,.

(= 10,¢) = 10))

In analogy with continuous case, where the coherent states are eigenvectors of the
annihilation operator and the vacuum vector belongs to eigenvalue 0, we can demand
our fiducial vacuum vector to fulfill the following condition:

(4.79) e Qe|0) = |0).

However, this equation cannot be fulfilled, because 1 is not an eigenvalue of operator

e TP Tn our approach, we shall make a little change in equation (4.79). In analogy
with [14], we shall admit such vacuum vector, where condition

(4.80) e Qe |0) = A|0)

is fulfilled for some complex A. Hence, we have a problem to find the set of eigenvalues
and eigenvectors of operator e P, Doing that, we simply find

2/pi

(4.81) ole

2w (n—1) 2wik

Qelp) — {)\k fd efeTUf - 07 17 ..777/ - 1}

Also we obtain not only one, but a whole set of vacuum states satisfying (4.80):

(4.82) e QeP|0)F) = ), |0)®).
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Looking for vacuum vectors [0)*)| we should solve

—\k 1
627_:r _)\k
(4.83) o 0)® = 0.
_)\k
6277(7';71) _Ak

We define k:](-k) the j-th element of vector |0)*)

Tt
L 92
(4.84) 0)® = .
k
oo
Now, we can (4.83) rewrite as a system of equations
21§ (k 2n(n—1) 2wk (k .
(4.85) en]gj(-)—e n engj(ﬁ1 =0, j=12,.,n—-1
gl — BB — g,

If we assume

we may solve (4.85):
n(G=nt1)(G=1) (i q)2mi
(4.87) A N
If we compute norms of these vacuum vectors, we obtain a system of admissible
vacuum vectors |0)*)

1
T(1-n) 2mik
e n € n

(4.88) 0)®) = A, : :

w(n—1) .
Te—%:k

e

where A, is a normalization constant:
1

\/Z E(j-1)(j— n+1)

Now all is prepared to construct n families of coherent states, which are labeled by
parameter k. We will use (4.78) first for ¢ = Ry:

(4.89)

(4.90) (0. R)®); = (W(a, Run)[0) ), =
271'7,& 27miaj
= OV RW)O®); =
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For g = M, we obtain

(4.91) (o, M) ®); - = (W(a, Mim)[0)M); =

2mia 9y o 2miaj (k
:(6 n QVI(Mm)’O>(k)>J = €enr g((m)—j"'Q)mod(n).

We may bring to notice that condition (4.80) is in fact independent of the order of

operators e ® and e®. This is caused by formula (4.74), where we choose a = —i
and m = 1. Thanks this to if these operators would be in (4.80) in a reverse order,
the vacuum states |0)*) would not change.

If we replace in (4.80) operator P by operator iSMk for some k =0,1,...,n—1, then
we shall obtain new set of vacuum vectors. But here we have not any formula similar
to (4.74), as shown above, so the result would be dependent on the order of operators

eQTﬂQ and eip.

Now we ask how the system of coherent states looks like for the second quantum
mechanics with representation V,. Thanks to (4.35) we find that the computation is
straightforward. We can see that the set of coherent states for representation V; will
be only multiplied by —1 to obtain coherent states for representation V.

4.5. Properties of coherent states. One of the most important properties of co-
herent states is a resolution of unity:

(492> Z |a7g>(k) <a’g|(k) - Ckif’
(a,9)€ZnxDn

where ¢, is some nonvanishing complex number. Let us now check this property for
our coherent states. Thanks to (4.90) and (4.91) we get

(4.93) > a,9)P(a,g|® =

(a,9)EZnxDn

= > JaR)P@Ra/Y+ > o, Mu)® (@, My | P,

a€Zn,m=0,..,n—1 a€Zn,m=0,..,n—1

Matrix element of the first sum on the right side of (5.19) is

(4.94) (D 1o Ran) P {a, Ron| )0 =D (10 Ran))™); ({0, Run| ™)1 =

a,m

_ N ety () (k) _ _ "9y
o en v )g(j-l-m)(madn)g(l—i-m)(modn) - n5J71<0|0> - o3

The same result is obtained for the second sum on the right hand side of (5.19):

k k)Y 2mia(j—p) (k) (k) —
(Z ’&7 Mm>( )<a7Mm‘( )>jl - Ze U )g(mfj+2)(modn)g(mflJrZ)(modn) -

a,m

_ (k) S noy
(4.95) = ndj, Zg(mfjJrQ)(modn)g(m*l+2)(m0d”) A2
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Now we conclude that the resolution of unity is fulfilled:
(4.96) > lag)®agl® = 5T
(a,g)EZnxDn

This result holds for both representations V; and V.
For the overlap (inner product) of two coherent states we have the formula

B N" (g () ®
j=1
k) _ - 274 (b—a) (k) (k)
<a’7 Mp|b7 Mq> - Z € g(p—j+2)(modn)g(q—j+2)(modn)’
j=1
(k) _ 274 (b—a) (k) (k)
(0, Rpl0,Mg)® = e 9 p)modn)Iq—j+2)(modn)”

J=1

This result is also common for both representation V; and V.

4.6. Conclusion. In this section we have constructed systems of imprimitivity on
the finite configuration space Z, — homogeneous space of the dihedral group D,,.
We have shown that there exist two inequivalent irreducible systems of imprimitivity
V; and V,. Using these systems of imprimitivity, we have constructed families of
coherent states. Unfortunately, due to (4.77) we have lost the group property of the

set of operators \/7\\7(@, m), i.e. these operators do not form a projective representation

of the group Z, x D,,.

In spite of this fact, for each system of imprimitivity n families of coherent states
were obtained. For all families of coherent states we have shown that the resolution
of unity holds as required. We have also evaluated the inner product of two coherent

states in the form of the sum (4.97).
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5. Coherent states over U(1) x Z

In this section we shall construct coherent states on the circle S according to our
approach. The problem of coherent states on the circle was solved also in the paper [8]
by M. Del Olmo and J. A. Gonzéalez, based on Perelomov’s canonical coherent states.
They used the Weil-Berezin-Zak transform 7°

(5.1) T :L*R) — L*(S' x S™)
defined by
(5.2) (TY)(g,k) == Y e“*(g—na),

2
g€ S'=(0,a), ke S™ = (0, %), b € LA(R).

Applying the Weil-Berezin-Zak transform on canonical coherent states on the real line
they obtained a set of coherent states on the circle labeled by the cylinder R x S?t.
The resolution of unity and the uncertainty relations were then investigated.

A different approach to construction of coherent states on the circle was introduced
by C. J. Isham and J. R. Klauder in [4]. They considered coherent states on the circle
labeled by the Eucledean group F(2), which is the semi-direct product of groups R?
and SO(2). However, they observed that there does not exist an irreducible repre-
sentation of E(2), such that the resolution of unity holds. Therefore they considered
only reducible representations. Their method was then extended to the most general
case for the n-dimensional sphere.

In our approach, we construct the family of coherent states using the notion of
the imprimitivity system on the circle St. Our set of coherent states will be of the
Perelomov type, they will be labeled by the group Z x U(1). We shall show that
these coherent states fulfil the resolution of unity, and we shall investigate also several
properties of them.

5.1. System of imprimitivity on S!. In this section we shall construct system of
imprimitivity, as described in [11]. Let us also consider the circle S* as the configura-
tion manifold. The symmetry group of S* is the group U(1) of all unitary operators
on the complex plane. In this case, the symmetry group U(1) is topologically homeo-
morphic to the configuration manifold S*. If we consider the natural transitive action
of U(1) on S!, then it is straightforward that the subgroup of stability is trivial
(H = {e}). Classification of all systems of imprimitivity is then simple, because
there exists only one irreducible representation of trivial group. This representation
is one-dimensional:

(5.3) p:{e}—C:e— 1.

The multiplier group for U(1) is also trivial [11], also projective representation cannot
bring any new inequivalent system of imprimitivity. Hence, if we consider the sym-
metry group U(1), so we obtain only one quantum mechanics on S* via the Mackey’s

quantization. However, if we change the symmetry group, the number of inequivalent
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systems of imprimitivity may change. According to [11] and [3], the Hilbert space of
quantum mechanics on S? is

(5.4) H = L*(S, dy),

the induced unitary representation of U(1) on the Hilbert space L?(S*,dy) has the
following form:

(5.5) [V(a)¢](8) = (8 — ), ¥ € L*(S",dp), a, 3 € U(1).

Operators of representation V() shift the argument of functions in L?(S*, dy). Po-
sition operator we define in the natural form

(5.6) (QU)(y) = (),

momentum operator is
~ d
(5.7) P=—i—.
de
One should keep in mind that the well known commutation relation for position and
momentum operator formally holds

(5.8) Q. P] =il

but they do not have a common dense domain in H.

5.2. Construction of coherent states over U(1) x Z. To define coherent states,
we have to first construct a system of unitary operators, labeled by elements of group
U(1) X Z, and then it is also necessary to find fiducial 'vacuum’ vector |0). The system
of unitary operators will be obtained using representation V defined in (5.5):

(5.9) W(m,a) = emBeiaP _ eim(QV(oz), aecU(l), meZ.
For operator /W(m, «) a property analogous to (4.74) holds:

(5.10) ¢m@eioP _ gima—iaP im@ o c (1), m € Z.
Namely, action of operator ¢™® is simply

(5.11) () = ().

Formula (5.10) can then be derived from (5.5):

(5.12) "R Py(p) = RV (a)ul(p) =

=" y(p—a) = Py —a),
v € L*(S', dy).
On the other hand
(5.13) e P Ry(p) = V(a)emRy(yp) =
= [V(@)](e"™*()) e (p — o),
Y € L*(SY, dy),

and formula (5.10) follows.
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Here, the system of operators /W(m, a) does not create a representation of group
U(1) X Z, but thanks to (5.10) we can see that we obtained a projective representation
of U(1) x Z.

The vacuum vector |0) will be chosen in analogy with canonical coherent states on
L*(R). We demand the vacuum state to be eigenvector of anihilation operator with
eigenvalue 1. So, if we write this condition in exponential form, we have

(5.14) P10y = |0).

From the Baker-Campbell-Hausdorff formula (3.13) and (5.10) we see that operator

c@+iP , because of (5.14), can be separated in product of two operators e% and ¢iP in
arbitrary order. Such change will not influence the final vacuum state |0).
It is easy to see that this condition leads to the Gauss exponential function

o2
(5.15) 0) =Ae 7, pe< —m,m > .

It is clear, that this vacuum state is an element of our Hilbert space: |0) € L?(S*, dy).
For the normalizing constant A4 we have

(5.16) = 0.751128.

1
A= =
VI eon(—¢*)dg
The system of coherent states on L?(S', dy) will be obtained by the action of the
system of operators W (m, «) on the vacuum state |0):
(5.17) Im, @) := W(m, a)|0,0).
Using (5.5) and (5.11) we find the functional form of our coherent states :

. —a)?
(5.18) |m, o) = AeimeeE5 , P ES =T, > .

5.3. Properties of coherent states on L?(S' dy). In this section we shall check
several properties of coherent states which were derived for canonical coherent states
on L?(R). First of all, we shall look at the resolution of unity, i.e. we shall try to
prove the following equality for our coherent states:

(5.19) Z/ ke, o) (k, alda = cT,
kez /S
where c is an arbitrary nonvanishing constant.
Let us choose an arbitrary vector n from our Hilbert space € L?(S*, dy). Then the
inner product of vector |n) with some coherent state |k, «) has the following integral
form:

(p—a)?

(5.20) (k,aln) = A Sle‘“““"e‘ 2 n(p)dp.

If we denote the operator on left side of (5.19) by symbol A

(5.21) A= 2/51 |k, o) (k, a|da,
3

kez
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then we have

(5.22) An(w) = A? Z/Sl el o5 [/sl L n(p)dylda.

kezZ

The orthonormal basis of the Hilbert space L*(S!, dy) is formed by functions

(5.23) exp(ikyp), p € S', k € Z,

1
V2m
then the equality (5.20) is in fact the k-th element of a Fourier decomposition function

ea:p(—%)n(gp) (up to a factor v/27) in the orthonormal basis (5.23). Denoting this
element ag(w):

(5.24) ag(w) = (k, aln),
we have
~ ) (w—a)? :

(5.25) An(w) = A / erp(———) Z V2mexp(ikw)agda.

st 2 kez
If we evaluate the sum in (5.25), then we obtain, thanks to the theory of Fourier
transform, again the function exp(—@)n(gp). So we get
(5.26) An(w) = (271').»42/ exp(—(w — a)H)n(w)da.

Sl

The integral (5.26) leads in fact to the norm of coherent state |m,a). Thanks to

unitarity of operators /W(m, a) we know that this norm is equal to norm the of vacuum
state |0). Hence we conclude

(5.27) An(w) = 2mn(w).

For the constant ¢ in (5.19) we have

(5.28) ¢ =2,

and finally

(5.29) > / Ik, o) (k, a|dov = 271
kez V8!

The resolution of unity for our set of coherent states is fulfilled.

Let us now evaluate the inner product (overlap) of two different coherent states

on L2(S',dy). Here, it is necessary to realize, how the operator ezp(—iaP)(=V (a))
acts on the Hilbert space L?(S', dy) if we identify one-dimensional sphere S, our
configuration space, with the closed interval (—m, 7). Then the action of operator

exp(—iaP) on some function ¥(p) € L2(S!, dp) has (for positive o ) the form :

@Z’(SO_O‘) 90€< —7T+Oz,7'['>7
Y(p—a+2r) pe<—m —T+a>

(5.30) e Py(p) = {

a € (0,m).
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For negative o we have
o V(p —a pES —m, T+ a >,
(5.31) Py = {0
Y(e—a—2m) pe<m+a,nm>
a € (—m,0).

In other words, we have to consider addition modulo 27 in the argument of function
. This is the reason why we cannot calculate the inner product according to

L (e=2)? _(e=p?
(5.32) (m,aln, B) # A2/ e n=m) =55 = dep.

—T

From now on we shall restrict ourselves only to the case, when « and (3 are positive
numbers:

(5.33) a € (0,m), Be(0,m).
Without loss of generality we may also suppose

(5.34) 3> a.

Regarding (5.30) and (5.31), we have to split the inner product of two coherent states
into two terms

(5.35) (m,aln, 8) = AlL(a, B,n —m) + Al (a, B,n — m),
where
(5.36)
B—m )2 _ 2
B gn—m) = [ eapliptn - mpeap(-E5 D ey - E=EET

and for the other integral we have

T+o ‘ — 2 o 2
631) hagn—m)= [ etiptn - mesn- 5L ey,
In the following, we shall be evaluating integrals I1(«, 5,n—m) and Is(a, 3,n—m). To
do that, we shall need to remind the definition of the error function, as a holomorphic
function of a complex variable:

(5.38) erf(z):= \/_ o exp(—n*)dn.

Here I'(2) is an arbitrary continuous path of a finite length which connects number
0 € C with a complex number z € C. Because the Gauss function exp(—n?) is
analytic, the definition of error function (5.38) is independent of the choice of path
['(z).

To evaluate the integral I;(«, ,n — m) we apply substitution

(5.39) w—<p+7r—%ﬁ
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Then [ («, 3,n —m) gets the form

R =m) = eap(~(P52) = meap(i(“ 5w — m).
(5.40) : /&_Z exp(iw(n —m))exp(—w?)dw

2
To evaluate the integral I5(«, ,n —m) we use a similar substitution as for integral
Il(avﬁvn - m):
a+ 3

A1 —p
(5.41) W= 5

Performing that, we obtain:
a+f

))exp(i( )(m —n))-

12<a7ﬁan_m) = exp(— )

(5.42) / ’ exp(iw(n —m))exp(—w?)dw.
Finally we obtain for integral I1(a, 3,n — m)

Lo, B.n—m) = <—§>e<%2wei<aéﬁwxmn>e("‘4"”2 :

(5.43) -[erf(a;ﬁ—i- i(n;m))+erf( - ),

and for integral Ir(a, 3,n — m) we have

Bafn—m) = (YD) (5 peRmmtept
(5.44) .[erf(a% T4+ M)+erf(a—_ﬁ M)]

2 2

Unfortunately, we do not see any way how to simplify the integrals I («, 5,n —m)
and Ir(a, B,n —m) to show in an analytical way, whether the coherent states are
mutually non-orthogonal or not. However, we may plot the absolute value of the
inner product for several cases to have some visualization of it. At the end of this
work we attach several graphs of the absolute value of overlap (Fig. 1-4) as a function
of parameter o and 3. Parameter n — m is fixed for each graph. Looking at these
graphs we see that for our chosen cases the overlap never vanishes.

Next important property of canonical coherent states on L?(R) is that for the
coherent states equality in the Heisenberg uncertainty relations is reached. We are
going to check this situation for our family of coherent states on L%(S!, dyp). So let us

find operators A|m7a>@\ and A‘mmﬁ to determine the product

(545) A|m,a>Q M A‘m7a>P
Here
(546) Ay A = /(B}y — (A2, =/ (m.al B2, ) — (m. al Am, a)?.

For a moment we suppose that a > 0.
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Now, we first compute the dispersion for the position operator in the state |m, a).
To do that we have to evaluate the mean values of operators Q and Q2 in the state

|m, ). During the computation, we have to remember the problem with the action
of operator exp(—iaP) (see (5.30), (5.31)). For the mean value of position operator
in the state |m, a) we have

(5.47) m@@m@zﬂ/

-4 s

e~ (P72 4o 4 A2 / e (P qo.

After few minutes of Computationwwe obtain w
(5.48) (m,a|Q|m,a) = o — A2V (er f(nr) — er f(m — ).
To simplify further our computation we define function q§+)(a):
(5.49) ¢i" (@) = AV (er f(x) — erf(m — ),
also

(5.50) (m, oz|@|m, a) =a+ qiﬂ(a).

We use index '+’ in definition of function q%ﬂ to remember that this result holds only

for positive values of parameter a.
The mean value of square of position operator in state |m, a) is

(5.51) mﬂ@mwzﬁ/
The computation gives us
(5.52) @zm@%na>:a?+l+

+ A (e = 2e7 () 4 2V (m — a)(er f(7) — erf(m — a))].
After substitution of
(553) " (a) = Afm(e™ —2e" ") 4 2V (w — a)(erf(m) — erf(m —a))],

we have

—T+a ™
9026—(<p—a+27r)2d90 + A2 / 9026—(go—a)2d90.

s -+

~ 1
(5.54) @mqymu@:¢+§+¢“my
Finally, the dispersion of the position operator is
(5.55) Apmay@ =/ (m, al02m, &) — (m, a|Qlm, a2 =
1 1
= \/a2 5+ 6" (@) = (a4 g7 (@) = (5 + a7 (@) - 2007 (@) — ¢V (a)?),

This result is independent of parameter m, it depends only on a. If we look at the
dispersion of position operator in the case of canonical coherent states on L*(R), where

Al Q = f , we see that our result is very similar. If we let ¢; = ¢o = 0, we would
obtain the same result. However, functions ¢; and ¢ do not vanish.

Now we look at the dispersion for momentum operator P. Here it is necessary to
point out one problem with domains of position and momentum operators. In our

case the position operator is even bounded, that means that the domain of position
38



operator is the whole space L*(S!, dy). (Note that in quantum mechanics on real line
the position operator is unbounded in L?(R).) However, the momentum operator is
unbounded, and moreover, we have to add one condition to definition of its domain
which does not appear in the case of L?(R). The domain of the momentum operator
is:
(5.56)

Dom(P) = {¢|¢ € L*((—m, 7)), 1 is absolutely continuous, (—7) = ()}

How does this fact affect our coherent states 7 If we examine the Heisenberg uncer-
tainty relation, we cannot use the Heisenberg uncertainty theorem, which guarantees
the well known inequality, because our states do not fulfil assumptions of this theo-
rem. Accordmg to [2] we have to assume that our coherent states are in the domain

of operators Q Q2 P P2 QP and PQ And our coherent states, as we can see, are
not in general in the domain of operators PQ and P2

(5.57) Im, o) ¢ Dom(PQ), Dom(P?).
This is caused by the condition
(5.58) (=m) = ()

in the definition of domain of momentum operator (5.56). Due to this fact, we can
not guarantee the Heisenberg inequality; moreover we have troubles with evaluatlon
of dispersion of momentum operator P. However, we may consider P? as a formal
operator of second derivative, which is not self—adpmt, and compute the dispersion
of P in following way.

For the mean value of momentum operator in state |m, ) we have

—T+o
(m,a|Plm, a) = A* / (m+i(p — o+ 2m))e” P2 dp +

(5.59) +A° / (m+i(p — a))e” = dp.
—m4a

After a computation we obtain
(5.60) (m,a|Plm,a) = m.

Note, that this result is the same as for canonical coherent states on L?(RR).
The mean value of square of momentum operator in state |m, «) is determined by
computation of the integral:

-7+
(m, a|P*jm, a) = A* / [+ (m +i(p — a + 2m))2e @2 o 4

™

(5.61) A [ (ot il = @)l g,
—T+a
We obtain
~ 1
(5.62) (m, a|P*m, o) = m* + 5 + A*mexp(—7?).

With substitution

(5.63) S = APrexp(—72)
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we have

~ 1
(5.64) (m, | P*|m, a) = m* + 5 + it

Finally, the dispersion of the momentum operator in state |m, «) is

(5.65) Aoy P = 1/ tm, | P2m, a) — (m, a|Plm, )? =

1 1

This result is — like for the dispersion for position operator — independent of pa-
rameter m.
Finally, the Heisenberg uncertainty relations have the following form:

~ ~ 1 1
(5:66)  Apm)Q - Apmy P = J (5+057) \/ (5 + 457 (@) —2007(a) — 47 (2)?).

Now we look at the case, when parameter « is negative: o < 0. According to (5.31),
the integrals for mean values of position and momentum operators are different to
equalities (5.47, 5.51) etc. For the mean value of position operator we then have

-~ 4 T+a
(5.67) (m,a|Qlm, a) = AQ/ pe~ o2 4 «42/ pe= P do,
T+ —
If we define
(5.68) ¢ (@) = AV (er f(m) — erf(r +a)),
we have
(5.69) (m,a|Qm, ) = a+ ¢ ().
For the mean value of square of position operator we get
T T+
(5.70)  (m,a|Q*m,a) = A? / PP dp 4 A2 / PPV gy,
T+ T

(5:71) gy (@) i= Afr(e”™ = 2e7) 4+ 2V7 (7w + @) (er f(7) —erf(mw + )],

~ 1 _
(5.72) (m, a|Q*|lm,a) = a® + 5t s (a).

For the mean value of momentum operator we have

(m,alPlm,a) = A% [T (m+i(p — o — 27))e (#0720 dop

T+
(5.73) +A? [T (m 4 i(p — a))e= (P dyp,
(5.74) (m,a|P|m,a) = m.

This result is equal to the result for positive value of parameter . Finally, for the
mean value of square of momentum operator we get

™

(m, a| P*|m, a) = «42/ [1+ (m +i(p — a — 2m))2e” o2 dyp +

T+

T+
(5.75) w2 [ Gt i - )l
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(5.76) ps) = Armeap(—n?) = ps,

~ 1 .
(5.77) (m,a|P*|m,a) = m? + 3 + 7.

So we may conclude with

~ ~ 1 _ 1 - - -
(5:78) Ay Q - Ay P = J (5+08) J (5 + 5 (@) — 2001 (0) — 017 (0)?)

At the end of this work we find two graphs (Figs. 5,6) of the function |A\m,a>@ :

A‘m7a>]3| as a function of parameter a. The first graph is for a negative value of
parameter «, the second one for a positive value of parameter .

If we look at the graphs of uncertainty relations for our coherent states we see that
function |Ajy,a)@ - Ap.eyP| achieves its minimum for a = 0. Let us now look at the
explicit value for a = 0. For the functions ¢, ¢2, and p, we have

(5.79) ¢ (0) =0, ¢5(0) = —A’re™™, p = A’me ™.
Using (5.66) and (5.78) we than get
A|m,0>@ . A\m,O)ﬁ = \/(% +p§i)) : \/(% + qgi)@)) =

(5.80) = \/(l + A2me=7?) - \/(l — A=) =

= \/ — A?n2e~ 212 \/ . er;‘zﬁﬂ') < %
Here we find the explicit value for o =0 ]A|m7o>Q : A|m70>P| = (0.4999999973.
Now we see, that there exist coherent states in our family, which do not fulfill the

Heisenberg uncertainty inequality. This is caused by the problem with domains of
operators PQ and P2.

5.4. Extension of the symmetry group U(1) to the covering group R. So far,
we have considered group U(1) as a symmetry group of our configuration manifold S*.
However, group U(1) is not simply connected. This fact could in general bring several
troubles. According to [11], if the symmetry group is connected, simply connected
and semisimple, then the multiplier group is trivial. In our case, symmetry group
U(1) is neither simply connected, nor semisimple. Nevertheless, multiplier group of
U(1) is, according to [11], trivial. In the following we shall replace group U(1) by its
universal covering group (R, +), which is simply connected. Action o of symmetry
group R on S! is natural:

(5.81) 0 :R xS — St:(z,e%) - @) ¥ c 8 g eR.

Action ¢ of symmetry group R is evidently transitive, subgroup of stability H of
action o is discrete group H = Z,

(5.82) S'~R/Z.
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The set of all inequivalent irreducible representations of subgroup of stability Z is
labeled by parameter ¢ € S: all of these representations are onedimensional:
(5.83) L7 — C: ks exp(iked).

interpretation of constant e will be done later.

Hence we have an uncountable set of inequivalent quantum mechanics labeled by
parameter ¢ € S*. Hilbert space H?, corresponding to parameter ¢, contains Borel
complex function on R with finite norm, which fulfil condition of quasiperiodicity:

(5.84) H? = {¢ : R — Clyp(z + 2k7) = exp(—iked)(x), |¢| < oo}

Inner product of two functions in H? has the following form:

a+2m
(5.85) <, x >i= / Y(z)xX(z)dr, a € R, 9, x € H.

Induced unitary representation of group R on H® has the form:
(5.86) VO(t) = exp(—itP?), t € R.
The self-adjoint operator P? is the derivative:
~ d
5.87 P? = —i—.
(5.87) T
The position operator on H? is a little more complicated. Position operator here is not

multiplication by independent variable, but multiplication by a saw-shaped function
on R:

(5.88) (QU)() = (&) modz/py (), b € HO.

Thank to this, the function @@Z) remains quasiperiodic and fulfills the condition in
definition of Hilbertspace H? in (5.84). Note that here the momentum operators p?
have the same form for all ¢ € S*.

It is possible to identify Hilbert spaces H?® with Hilbert space L2(S!,dy) using
unitary mapping U?:

(5.59) U O — IS d) : 0(a) o eap( 0D ).
The transformed operators P have on Hilbert space L2(S!, dy) the form:
~ d eop
0Pt _; 4 €0
(5.90) U PO (U i

The position operator on H? acts by multiplying by independent variable, as in (5.6).
Here we can see that the Hilbert space L?(S',dy) is the same for all inequivalent
quantum mechanics, but momentum operators are different.

Hence using the universal covering group as a symmetry group we obtain a bigger
family of inequivalent quantum mechanics. Parameter ¢ can be interpreted as a flux
of magnetic field through the circle, which is the trajectory of our quantum particle
with electric charge e. See also [11].

Let us now define a family of coherent states for quantum mechanics labeled by the
flux ¢. We shall proceed identically to the previous chapter and generalize our results

for all parameters ¢.
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It is easy to see that the equality 5.10 holds in the same form:
(5.91) em@e—iaf? _ eimo‘e_mweim@, acU(l),meZ, ¢S
We may also look for the vacuum state. Solving
(5.92) exp(Q +iP?)|0,9) = 10, ¢)

we find the vacuum state

(¢ — 52)°
(5.93) 0.6) = Agerp(—F— 220
The normalization constant Ay can be determined by direct computation A5 =
Aexp(—552 ), where constant A was given in (5.16). Coherent states are defined

by the action of operators /W¢(m, a):
(5.94) W¢(m, a) = exp(imQ)exp(—iaP?).
Then the coherent states have the following explicit form:
m.a,6) = W(m,a)m.a,¢) =
(p —a—52)
2

We have extended the symmetry group U(1) to symmetry group group R. That
means that the parameter « in definition of operator (5.94) may be an arbitrary real

(5.95) = exp(imy)exp(— ), p E< —m, T > .

number. However, system of operators /W¢(m, a) would be in this case periodic in
parameter a with period 27. That is the reason why we may restrict back to interval
(—m, ), because the rest of the real line will not bring any new state to our family
of coherent states. As we shall see later, this restriction is even necessary to avoid
several problems with divergence of integrals.

Now we may start with examining properties of coherent states for quantum me-
chanics labeled by parameter ¢. We start with resolution of unity. To do that, we
define operator A? as follows:

(5.96) A% = Z/ \k, v, @) (k, v, ¢|dar.

kezZ

Now we choose an arbitrary function n € L2(S',dy), and let act operator A% onto
this state:

(5.97) Z/ |k, o, ¢)(k, v, ¢lm)doy

kez
(w a— ze¢)2 ) ( a+ze7$5)2
= Z/ ' [/ e e T (p)de]do
kez st
If we perform the same computation as in (5.22), we finally obtain
2 42
e

472

2T

) [, eoptter = aPneda = Znto)
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(5.98) A%n(w) = (2m)exp(



Hence the resolution of unity is

(5.99) Z/ \k, o) (k a|da—A2

kez
This result agrees with (5.29).

Next we examine the inner product of two coherent states. We will keep our re-
strictions on parameters a and 3 (5.33), (5.34), and then we divide the inner product
in two integrals. This procedure is similar to (5.35):

(5100) <m7 «, ¢|TL, ﬁa ¢> = A(b[l(a;ﬁa n—m, ¢) + A¢[2(a7 ﬁam —n, ¢)7

where we have

B-m g ied 2 _faon_iedy2
(5101) Il(oz,ﬁ, n—m, Qb) — / eitp(n—m)e_(%o ";gﬂ) 6_(50 B+22 27 ) do,
and
e (oot 5207 (o)
(5.102) Lo, B,n —m, ) = / et P(n=m) = e 2z dp.

Computation of I1(c, 3,n —m, ¢) and Iy(«, 3,n — m, @) gives us

L, Bon— m, ) e e e 52 B—artam) (L YTy (2502 (2 —m) ) - 22

2
o — t(n—m o — t(n—m
(5.103) ler f( ﬁ%— ( 5 ))—I—erf( 2ﬁ— ( 5 ))],
for the second integral we have
242 —a o n—m)2
I, By —m, 6) i= ¢ e 57 (0 (LMD (a5 = B
(5.104) Jeorp@=B oo m)y e B_imm)y
2 2 2 2
If we compare this result with the result obtained in (5.43) and (5.44), we may write
2
(5.105) Li(a, B,n—m, @) =e i) e 2f(ﬂ_o‘+2”)[1(oz,ﬁ, n—m),
and
2 2
(5.106) Lo, B,n—m,¢) =e w5 (8 (o, B,n —m).
The inner product for two coherent states is finally
(5.107)

&2 2

62 2
<m Oé,(b|n B ¢> _64:) e 27T (ﬁ Oé+27l' (Qaﬁan )+€47f e 2'” 70[)[2(&767771—”).

At the end of this section we would like to say few words about the Heisenberg
uncertainty relations and how they change with the parameter ¢. If we perform the

same computation for the mean values for momentum operator and square of position
62 2

operator, we find that the only change will be in the coefficient ¢ in integrals (5.48)
and (5.52). This factor will only change the normalization constant A to normalization

constant A,. The same change holds for the mean value of momentum operator pe
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and its square. If we assume that parameter « is positive, we may generalize functions
¢ 5 and pit in (5.50), (5.53) and (5.63):

(5.108) a7 (a) == A2V (erf(n) — erf(n — a)),
s (@) = A3fr(e™ — 207" ") 4 2/73(w — a)(er f(m) — erf(r — )],
piHe = Ajmexp(—n?).
The uncertainty relations have then the following form:
(5.109)
~ ~ 1 1
BmasQ + B P* = \/ (5+057) J (5 + &7 (@) = 20617%(c) — 47%(@)?).

Computation for negative values of parameter « is straightforward.
Here the same problem arises with domain of operator P? in L?(S!,dy) as in the
previous section. For the domain of momentum operator we have

(5.110) Dom(P%) == {¢|¢h, ¢/ € L*((—m, 7)), d(—7) = e “P4()}.

(Strictly said we mean operator Ud’ﬁd’(bﬁ))’l.) Then the discussion about possible
relevance of Heisenberg uncertainty relation is similar to previous section.

5.5. Conclusion. Using the notion of imprimitivity systems on the circle St we have
constructed systems of coherent states. First we considered the symmetry group U(1).
We saw, that there exists just one system of imprimitivity, up to equivalence. Using
this imprimitivity system, we constructed the system of coherent states in the sense
of our approach to construction of coherent states, which is discussed above. For
our family of coherent states we have shown that the resolution of unity holds. We
have also evaluated the inner product of two arbitrary coherent states. This inner
product was expressed using the analytic error function erf(z), and we have shown
the absolute value of the inner product on the graphs for several cases of parameters.
The error function also appears in the computation of the Heisenberg uncertainty
relations. It shows that the Heisenberg uncertainty relation is independent of the
discrete parameter m. Thanks to this we were able to plot the relations graphically
as a function of the parameter a.

If the covering group R was considered as a symmetry group of our configuration
manifold S!, we obtained an uncountable set of mutually inequivalent systems of im-
primitivity labeled by parameter ¢. Parameter ¢ has the meaning of the magnetic
flux through the circle. After construction of coherent states, we looked at their prop-
erties. During the computation of the resolution of unity, of the inner product of two
coherent states and of the Heisenberg uncertainty relation we obtained similar results
to the results for symmetry group U(1). The only change appears in the normaliza-
tion constant A,. If the parameter ¢ vanishes, then the results fully correspond with
the results for symmetry group U(1), as expected.
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6. Conclusion

This work was devoted to the problem of construction of coherent states. We began
with the notion of Mackey’s irreducible imprimitivity system. We used this formalism
to construct an irreducible set of Weyl operators, which were then the starting point
to construction of coherent states. We were interested in two cases.

First we generalized quantum mechanics on finite Abelian groups Z, [14]. We
extended the Abelian symmetry group Z, to non-commuting dihedral group D,,.
Thanks to this extension we obtained two irreducible quantum mechanics and also a
bigger set of coherent states.

The second example is devoted to coherent states on the circle. We used the imprim-
itivity systems constructed in [11], where is shown that there exists an uncountable
family of mutually inequivalent imprimitivity systems on the circle. We constructed
families of coherent states for each such imprimitivity system, and then studied their
properties, the overlap of two coherent states and the Heisenberg uncertainty relation.
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FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

Inner product of coherent states on the circle for m —n = 0.

Inner product of coherent states on the circle for m —n = 1.

Inner product of coherent states on the circle for m —n = 4.

Inner product of coherent states on the circle for m —n =17.

7. Appendix
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FIGURE 5. Heisenberg uncertainty relation for negative values of «.

FIGURE 6. Heisenberg uncertainty relation for positive values of .
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