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GENERALIZED COHERENT STATES FOR
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Coherent states play an important role in quantum physics. By study-
ing the dynamical groups and recognizing their algebra relations, we can
specify coherent states for these groups. In this paper, we will specify dy-
namical group of a charged particle in uniform and variable magnetic fields,
then we obtain the coherent states for its corresponding problem.

PACS numbers: 02.20.Sv, 03.65.Yz

1. Introduction

The standard coherent state system is intimately related to a group [1-3],
considered first by Weyl, the so-called Heisenberg—Weyl group. The coherent
state method is particularly effective in cases where the Heisenberg—Weyl
group is the dynamical symmetry group of a considered physical system.
The simplest example is a quantum oscillator under the action of a variable
external driving force [3]. In this case the Heisenberg equations of motion
coincide with the corresponding equations for the classical variables. In
the course of the time evolution, any coherent state remains coherent [4, 5],
and the motion of the phase space point representing the coherent state
is described by the classical equation. This fact enables one to simplify
the quantum problem significantly, reducing it to the corresponding classi-
cal problem. The Heisenberg—Weyl group, of course, is not the universal
dynamical symmetry group, other symmetry groups appear in many cases.
For instance, the symmetry group for spin precession in a variable magnetic
field is SU(2) group, and for the problem of a quantum oscillator with vari-
able frequency, the symmetry group is SU(1,1). Coherent states of various
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Lie groups, as functions of some variable z which run over the entire com-
plex plane [6], have been successfully used in many fields of physics [1,7].
Based on the methods of group theory there are three different approaches
for defining coherent states [3]. In the first approach, the coherent states are
generated by the action of group elements on a reference state of a group
representation in the Hilbert space. For example, the reference state can be
the ground state corresponding to a quantum mechanical Hilbert space. In
the second approach, coherent states are defined as eigenstates of a lowering
group generator. Again, the lowering generator can be related to the Lie
algebra of the dynamical symmetry group of a quantum system, such that
it acts on the Hilbert space generated by the quantum states representing
the Lie algebra. The third approach for defining coherent states is related to
the optimization of uncertainty relations for Hermitian generators of a Lie
group. This method is the Schrédinger discovery [8] of the coherent states
as the states which minimize the Heisenberg uncertainty relation. Different
approaches overlap only in the special case of the Heisenberg—Weyl group,
that is the dynamical symmetry group of the quantum harmonic oscillator.
A question arises whether for other Lie group, systems of states exist hav-
ing some properties similar to those of the standard coherent state system.
The answer is positive. In [1,2], general coherent systems related to rep-
resentations of an arbitrary Lie group were constructed and investigated,
elaborate methods of group theory were employed to study properties of
these systems. Generalized coherent states, which were introduced in |1, 3],
are relevant to an arbitrary Lie group, they are parametrized by point of
homogeneous spaces where the group acts. In same cases, one can consider
these spaces as generalized phase spaces for classical dynamical systems.

Coherent states play an important role in quantum physics, for instance,
in non-equilibrium statistical physics that describes the evolution toward
thermodynamic equilibrium for quantum systems with equidistant energy
spectra set in thermostat [1], and so we can investigate the coherent states
to obtain Landau diamagnetism for a free electron gas [9]. In [10], the pos-
sible occurrence of orbital magnetism for two-dimensional spinless electrons
confined by a harmonic potential ~ %mwoRz in various regimes of temper-
ature and magnetic field is studied. There are two dynamical symmetries
of the SU(2) and SU(1,1) Lie algebra of quadratic observable. It has been
shown that the coherent states can be defined as tensor products of the stan-
dard one-dimensional coherent states that correspond to tensor products of

Fock harmonic oscillator eigenstates.

Coherent states can be studied for arbitrary groups, but here we con-
fine our problem to SU(1,1) dynamical group. The role of SU(1,1) group
in physics, especially in quantum physics, has been recognized for a long
time and its coherent states have been extensively studied. There are two
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well-know analytic representations of the coherent states for the SU(1,1) Lie
group [11]. One is the analytic representation in the unit disk based on the
overcomplete set of the SU(1,1) Perelomov coherent states [1] and the other
is the Barut—Girardello representation based on the overcomplete basis of
the Barut—Girardello states [12]. One can find interesting properties and ap-
plications of these two representations in [13-17]. In [11] it has been shown
that the Barut—Girardello representation and the analytic representation in
the unit disk are related through a Laplace transform. These representations
are useful in many quantum mechanical problems involving dynamical sys-
tems with SU(1,1) symmetry [18-21], for example, the coherent states have
been used to study two-photon realization of SU(1,1) in quantum optics [10].
In [22] these representations have been applied for photon states associated
with the Holstein—Primakoff realization of the SU(1,1) Lie algebra.

As the other application, coherent states can be considered for Péschl—
Teller potential and their revival dynamics. In [23] the properties of Barut—
Girardello and Kluder—Perelomov coherent states have been compared for
trigonometric Poschl-Teller potential with SU(1,1) dynamical group. In
[24], the behavior of electrons in an external uniform magnetic field B has
been considered where the space coordinates perpendicular to B have been
taken as non-commuting. The authors have used the coherent states for the
calculation the partition function, the magnetization and the susceptibility.

In this paper, we consider a charged particle moving in the presence of
a static and uniform magnetic field in the z- direction and we extend this
problem to the magnetic field which varies as —g [25]. The dynamical groups
for these systems are SU(1,1) groups. Then using the definition of Kluder—
Perelomov coherent states, we will write generalized coherent states for these
physical systems.

2. Generalized coherent state for SU(1,1) Lie algebra

We note that Lie algebra correspondlng to the Lie group SU(1,1) has
three generators, K 1, K2 and Kg, or K+, K_ and K3 as its basis elements.
The commutation relation of the SU(1, 1) Lie algebra is given by [1,3]:

(K3, Ky] =Ky,  [K3, K ]=-K_, Ky, K ]=—-2Ks;. (1)

The Fock space on which {K,, K_, K3} acts, is H= {|K,n)|n € N U{0}}
and its actions are

K, |K,n) = /(n+1)2K +n) | K,n+1), (2)
K_|Kn) = vn2K+n—-1)|K,n—1), (3)

Ks| K,n) = (K+n)| K,n), (4)
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where |K,0) is a normalized state:
K_|K,0) = 0, (5)
(K,0| K,0) = 1. (6)
From Egs. (2), (3), (4), we have

(K5)"

| K,n) = ————
(n!)(2K)y

| K,0), (7)

where (a)y, is the Pochhammer’s notation (a), = a(a+1)...(a+n—1). Now
we would like to consider the displaced operator associated to the SU(1,1)
Lie algebra. This operator is given by the following relation [1]:

D(§) = e+~ = exp(CK ) exp(nKs) exp(('K_), (8)
where
C = tanh lf‘ei@7 n=2 In cos ‘6’ = _ln(l - ‘CP) ) C/ = _Z7 (9)

where ¢ is a phase and £ is a complex number. This is also the key formula for
generalized coherent operators. Applying the displacement operator D(§) to
the state vector |1)y), and using the normal form Eq. (8), we obtain another
representation for the coherent states:

€)= (1~ [¢1*)" exp(CE4)]0), (10)

where |K,0) = |0).
Expanding the exponential function and using [1], we obtain the decom-
position of the coherent state over the orthonormal basis as [28|

= [(2K), .,
|<>=<1—|<|2>k;\/( | Kom). ()

The above equation is the coherent state of SU(1,1) Lie algebra. We will
use this relation in next sections in our interesting problem.

3. Charged particle in a uniform magnetic field

The Hamiltonian operator for charged particle in an external constant
magnetic field is given by [25, 26]:

1 e—n\2 —h?_, ieh— e
H_E(I_D)JFEA) =5,V —EAVJFMCQA . (12)
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. . —> —>
We can consider the vector potential A as A = %? X 7T, also we assume

B = Bz, where B is a constant. Then the Schrédinger equation for this
system is

_ 52 B 2B2
Ho = ovrg B g ©

2 2
UV=LV. 13

Now we solve the above equation in the cylindrical coordinates. We consider
the wave function ¥ (r) = U(p)e"?e**(m =0,1,2,...).

d*U(p) 1dU(p) m? e?B? 2uE eBm 4
- - — —_— — — k2| U(p)=0
(14)
Performing the change of variable, x = STBﬂp, in the above equation, we
obtain U )
d*U(z) 1dU(x) m 9
- _ p = 15
where -
4duc h°k
= (E——— | —2m. 1
A eBh < 2u > m (16)
The asymptotic behavior of wave function is
U(z) = xme_x2/2F(:E) . (17)

Now by solving the differential equation (15) and changing the variable to

y = 2, and considering that n is the principle quantum number, we have:

Un(y) = Npe ¥/ 2ym2Lm=12(y) | (18)
where NN, is the normalization factor:

2n!
Ny =,]|————. (19)
(n+m—3)!

We now address the problem of finding the creation and annihilation oper-
ators for the wave functions (18) with the factorization method [27]. The
ladder operators can be constructed directly from the wave function without
introducing any auxiliary variable [25]. So we can define the annihilation

operator P_ as:

- d y m
P =—y— -2
g gt

E ’ (20)
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with the following eigenvalue,

In a similar way, we get

d
P+_yd_y_§+ +T7 (22)

with the following eigenvalue,

p+=¢m+n(n+m+§) (23)

The operators 15_, P+ and Py satisfy

[Py, Pyl =P., [B,P]=-P_, [P, P]=-2P, (24)
where 1
A m
Py=n+—+- 25
0=nt+ 5+ (25)
and
7Un(p) = nUn(p) - (26)

Obviously Eq. (24) shows that these operators following commutation re-
lations satisfy SU(1,1) Lie algebra. In other words our problem has the
SU(1,1) dynamical group.

4. Generalized coherent state for a charged particle
in the uniform magnetic field

The Klauder-Perelomov definition of coherent states consists of applying
the operator e57+ to the ground state |0), such that

€)= &5 o), (27)

which leads to a(1/4
€)= (1= [ ™Y Py (28)
where ( = gta‘nT}fm is a complex number satisfying the condition |¢| < 1.

The last equation can be reorganized as follows

€)= (1= [¢)m/2* 1/42 "C"I> (29)
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By noting the generalized coherent state for SU(1,1) Lie algebra [1], and the
calculations in the previous sections, we can obtain the generalized coherent
state for the wave function, Eq. (18), as

Ucy) = |¢)- (30)

By substituting Eq. (28) in the above equation, we have

m/2+(1/4 m+
Ucly) = (1-1¢P) HZO\/ ,/Hm%

e —y/2 m/2Lm 1/2

Now we define the generating function of the associated Laguerre polyno-
mial, as

. —xz/(l z)
ZL =T (32)

and substituting the above relation in Eq. (30), we obtain

(1 [¢f)tm/2H /D 2
(1= Q2 [ I(m+3)

Ucly) = Y2 u((40/20-0) - (33)

U¢(y) is the generalized coherent state for the wave function of the charged
particle in a constant magnetic field.

5. Charged particle in variable magnetic field

The Hamiltonian operator for a charged particle in the presence of an
external variable magnetic field B, = 0,58, =0, B, = —m%, is given by [25]

1 o Lt 2B 1
H—@(ﬁzf‘l)—ﬂ mﬁ;a—y gz BY

where [ is a constant. Then the Schrodinger equation becomes
h? G, 10 1
< o V2 4+ —wﬁ 8 + 2,uwﬁ 2> P(z,y,z) = EP(x,y,2), (35)

where

_ P
wg = Z/LC . (36)
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Consider the wave function

B(z,y,2) = U(z)e'Fuyth=2) (37)

Substituting it in Eq. (34), one finds the wave function U(z) satisfies the
following equation

204 [2- 2 v -o. (39
where
=2y /=,  p= _kayx, (39)
and 4,uzw% B ol
o=, E:—4<?—k§—k§>. (40)

From the behavior of the wave function at the origin and at infinity, we can
consider the following ansatz for U, (p)

Un(p) = Nap'e™ 5 1F1(S 4\, 25, ) , (41)
with
+a, (42)
where 1 F1 (S + )\, 2s, p), is the confluent hypergeometric function. Now, by

using the relation between hypergeometric functions and Laguerre polyno-
mials, we obtain U, (p) as

Un(p) = Nupe ?2L2 (p) (43)

where NN,, is a normalized factor

n!
N = \/(n+23—1)!(2n—|—23) ' (44)

By using the factorization method [27], the ladder operators can be con-
structed directly from the wave function without introducing any auxiliary
variable [25], thus it is found that

- d p
Ly=p——Z+n+ 45
+=p g Tnts, (45)
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with the following eigenvalue

L n+1)(n+2s)(n+s+1) (46)
+_ (n+s) '
In a similar way, we get
A d
L_:—pd—p—g+n+s, (47)
with the following eigenvalue
| nn+2s—1)(n+s—1) (48)
T (n+s) '

We modify Ly as follows

= (n+s) = (n+s)
L+_,/mL+, =t (49)

Now, the actions of I}+ and L_ on the eigenfunctions, respectively, are

z+Un(p) = \/(n + 1)(77‘ + 23)Un+1(p) ) (50)

and
L_Uy(p) =/n(2s +n— 1)U, 1(p). (51)

Then, we define the operators n, as follows
lUn(p) = nUn(p) - (52)
Using the above equations, we calculate the commutation relation [ﬂ_, l~}+]
[L—, L4)Un(p) = 2LoUn(p) , (53)

where R
L() =n+s y (54)

so, we can conclude easily that operators L_ | 1~L+ and Lo, that satisfy the
following commutation relations as,

(Lo, Ly] = Ly, (Lo, L] =—L_, [Ly,L)=—2L. (55)

Obviously Eq. (54) shows that these operators following commutation re-
lations satisfy SU(1,1) Lie algebra. In other words, we understand that a
charged particle in variable magnetic field has the dynamical group SU(1,1).
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6. Generalized coherent state for charged particle
in variable magnetic field

In this section, we use the Klauder—Perelomov coherent states that con-
sist of applying the operator e¢“+ to the ground state |0), such that

€)= (1 — [¢[)*e<E+]0) . (56)

Expanding the exponential, we obtain

s > 28)n .n
=0 P) ;x/%c ). (57)

The overlapping property is
_[a-1aP)a- \Cz\2)]s

As mentioned above the charged particle in variable magnetic field has a
dynamical group SU(1,1). Now we will obtain the generalized coherent state
for the wave function, as follows

Uce(p) = {plC) - (59)

This formula is

2
Ueo) = (1 - 1) Z L ).

(60)

In conclusion, U¢(p) is a generalized coherent state for the wave function of
charged particle in variable magnetic field.

7. Conclusion

The coherent states are mathematical tools which provide a close con-
nection between classical and quantum formalisms. The study of coherent
states is not confined to the harmonic oscillator only, but it has been gener-
alized to various systems — for example, systems with Lie algebra SU(1,1)
or SU(2) symmetry [1,28,29] or even systems with nonlinear algebraic sym-
metry [30-32]. In this article, using a definition of the generalized coher-
ent states for SU(1,1) Lie algebra, we presented the nth state of the wave
function for a charged particle in a constant magnetic field, after that we



Generalized Coherent States for Charged Particle . .. 227

calculated the annihilation and creation operators by using the factorization
method [27] and we showed that the dominated relation between these oper-
ators is SU(1,1) Lie algebra. Then in Section 4 we obtained the generalized
coherent states for this problem. In Section 5 we extend the problem to
the varying magnetic field, then we obtained the corresponding generalized
coherent states in Section 6.

The physical system of a charged particle under the influence of a con-
stant magnetic field, which was considered early after the foundation of
quantum mechanics, has recent ramifications in condensed matter physics.
One would expect that the study of the system under a space dependent
magnetic field may result in more pronounced and interesting behaviour. In
this paper we have considered a simple situation where only the y-component
of the vector potential exists in the form B, proportional to x% Parallel to
the [10,24], one can use our coherent state, to obtain symbols of various
involved observables. We will come back to this problem in a next work.
Finally we must mention that the condition |¢| < 1 shows that the SU(1,1)
coherent state are defined in the interior of the unit disk. As it has been
done in [11], one can show that our analytic representations of coherent
state in the unit disk are related through a Laplace transform to the Barut—
Girardello representation.

The authors would like to thank the referee for his useful comments,
which assisted to prepare better this report.

REFERENCES

[1] A.M. Perelomov, Generalized Coherent States and Their Applications,
Springer, Berlin 1986.

[2] A.M. Perelomov, Commun. Math. Phys. 26, 222 (1972).

[3] W.M. Zhang, D.H. Feng, R. Gilmor, Rev. Mod. Phys. 62, 867 (1990).
[4] J.R. Klauder, J. Phys. A 29, 1293 (1996).

[5] A.M. Perelomov, Math. Phys. 6, 156 (1971).

[6] K. Fakhri, Phys. Lett. A313, 243 (2003).

[7] J.R. Klauder, B.S. Skagerstam, Coherent States Applications in Physics and
Mathematical Physics, World Scientific, Singapore 1985.

[8] E. Schrodinger, Naturwissenschaften 14, 664 (1926).

[9] L.D. Landau, Z. Phys. 64, 629 (1930).
[10] J.P. Gazeau, P.Y. Hsiao, A. Jellal, Phys. Rev. B65, 094427 (2002).
[11] C. Brif, A. Vourdas, A. Mann. J. Phys. A 29, 5873 (1996).



228 M.R. SETARE, A. FALLAHPOUR

[12] A.O. Barut, L. Girardello, Commun. Math. Phys. 21, 41 (1971).
[13] A. Jellal, J. Phys. A 34, 10159 (2001).

[14] E.C.G. Sudarshan, Int. J. Theor. Phys. 32, 1069 (1993).

[15] D.A. Trifonov, J. Math. Phys. 35, 2297 (1994).

[16] C.C.J. Gerry, Phys. A: Math. Gen. 16, L1 (1983).

[17] G.S. Prakash, G.S. Agarwal, Phys. Rev. A52, 2335 (1995).

[18] Y.S. Kim, M.E. Noz, Theory and Applications of the Poincare Group,
Dordrecht: Reidel 1986.

[19] J.G. Kuriyan, N. Mukunda, E.C.G. Sudarshan, J. Math. Phys. 9, 2100 (1968).

[20] N. Mukunda, E.C.G. Sudarshan, J.K. Sharma, C.L. Mehta, J. Math. Phys.
21, 2386 (1980).

[21] J.K. Sharma, C.L. Mehta, N. Mukunda, E.C.G. Sudarshan, J. Math. Phys.
22, 78 (1981).

[22] C. Brif, Quantum Semiclass. Opt. 7, 803 (1995).

[23] U. Roy, J. Banerji, P.K. Panigrahi, J. Phys. A: Math. Gen. 38, 9115 (2005).
[24] O.F. Dayi, A. Jellal, Phys. Lett. A287, 349 (2001).

[25] M.R. Setare, Gh. Olfati, Phys. Ser. 15, 250 (2007).

[26] T. Jana, P. Roy, Phys. Lett. A361, 55 (2007).

[27] L. Infeld, T.E. Hull, Rev. Mod. Phys. 23, 21 (1951).

28] K. Fujii, Math. J. 53, 101 (2007).

[29] B. Roy, P. Roy, Phys. Lett. A296, 187 (2002).

[30] C.D.J. Fernendez, L.M. Nieto, O.R. Oritz, J. Phys. A 28, 2693 (1995).

[31] V.I. Manko, G. Marmo, E.C.G. Sudarshan, F. Zaccaria, Phys. Scr. 55, 528
(1997).

[32] G. Junker, P. Roy, Phys. Lett. A227, 113 (1999).



