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Exact quantum states of the time-dependent quadratic Hamiltonian system are in-
vestigated using SU(1,1) Lie algebra. We realized SU(1,1) Lie algebra by defining
appropriate SU(1,1) generators and derived exact wave functions using this algebra
for the system. Raising and lowering operators of SU(1,1) Lie algebra expressed by
multiplying a time-constant magnitude and a time-dependent phase factor. Two kinds
of the SU(1,1) coherent states, i.e., even and odd coherent states and Perelomov co-
herent states are studied. We applied our result to the Caldirola—Kanai oscillator. The
probability density of these coherent states for the Caldirola—Kanai oscillator converged
to the center as time goes by, due to the damping constant y. All the coherent state
probability densities for the driven system are somewhat deformed.
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1. INTRODUCTION

A large number of solvable systems including time-dependent quadratic
Hamiltonian systems (TDQHSs) which can be applied to various quantum systems
may be classified to the type of SU(1,1) (Inomata et al., 1992). The time-dependent
quadratic Hamiltonian systems have been attracted interest in the literature (Lewis
and Riesenfeld, 1969; Yeon et al., 1997; Choi and Gweon, 2002) from the inven-
tion of the invariant operator method by Lewis (1967). Yeon et al., investigated
TDQHSs, which are connected by canonical transformations using invariant op-
erator method (Yeon et al., 1997). The TDQHSs have plentiful applications in
various fields of physics such as quantum optics (Choi, 2003) mesoscopic elec-
tric circuit (Zhang et al., 2001), and acoustics (Choi, 2004a). Dodonov applied
TDQHSs to the derivation of the coherent states for a charged particle in a time-
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dependent uniform perpendicular electric and magnetic fields (Dodonov et al.,
1972) and to the loss energy states of nonstationary quantum harmonic oscillator
with a damping term (Dodonov and Man’ko, 1978). One of the typical types
of the TDQHS is Caldirola—Kanai Hamiltonian system with a driving force. We
applied Caldirola—Kanai Hamiltonian system to the description of the electromag-
netic waves propagating through homogeneous conducting linear media in view
of quantum mechanics (Choi, 2003) and the description of the quantum sound
wave in a cylindrical conduit (Choi, 2004a).

Many kinds of phenomena such as quantum correlation, phase coherence,
and squeezing effect in quantum systems may be explained in terms of the SU(1,1)
Lie algebra and the generalized coherent states associated with these Lie algebras
(Wodkiewicz and Eberly, 1985). The phase operators for the SU(1,1) Lie alge-
bras, which plays an important role in describing nonclassical properties of light,
have been investigated theoretically (Gerry, 1988). Beam splitters (Campos et al.,
1989) and quantum mechanical interferometers in quantum optics have been also
analyzed by the SU(1,1) Lie algebra. The one mode bosonic realization of SU(1,1)
Lie algebra can be used to describe the degenerate parametric amplifier.

The concept of coherent state, which was introduced by (Glauber, 1963)
has attained an important position in quantum optics since the coherent states
not only construct a very useful representation but also have physical substance.
There exist two kinds of the SU(1,1) coherent states, i.e., even and odd coherent
states (Dodonov et al., 1974) and Perelomov coherent states (Perelomov, 1972).
Perelomov coherent states is a special case of the two-photon coherent states of
(Yuen, 1976) and investigated in connection with squeezed states of a single-mode
field (Wédkiewicz and Eberly, 1985). The purpose of this paper is to investigate
SU(1,1) Lie algebra for the TDQHS and to explain various quantum-mechanical
properties of the system using this algebra. In the following section, we realize
the SU(1,1) Lie algebra by introducing generators. In Section 3, SU(1,1) coherent
states for the TDQHS are investigated. We applied our study to the Caldiroa—Kanai
Hamiltonian system, which is an example of the TDQHS in Section 4. In the last
section, we summarize previous sections with comparative explanation for the
TDQHS and their coherent states.

2. ONE MODE TIME-DEPENDENT QUADRATIC
HAMILTONIAN SYSTEM

In this section, we consider one mode TDQHS whose Hamiltonian is given

by

. 1
HE, p,t) = 5[A(z)ﬁ2 +BO)@EP + pR)+ COX 1+ D)E + E@)p + F(1),
(1)
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where X and p are canonical variables which satisfying [X, p] = i/ and A(t) —
F (¢) are real time-dependent functions that are differentiable with respect to time.
In view of classical mechanics, we may use Hamiltonian dynamics
_0H(x,p,1) . 0H(x,p,1)
- ap ’ P= dx ’
in order to derive the classical equation of motion for the system:
d’x(t)  Adx(t) AB
== AC + ==
dr? A dt *

@)

, AE .
~B'—B)x()=-—-+BE-AD+E.
€)

The terms in the right hand side of the above equation are related to the force
exerted to the system. If we know a solution of coordinate satisfying the above
equation, say it xo(¢), we can also obtain corresponding momentum solution po(?)
from

dxo(t)
dt

Classical solutions xo(f) and po(¢) consists of two parts, complementary

functions x.(t) and p.(¢) plus particular solutions x,(¢) and p,(t) (Marion, 1970):

Xo(t) = x.(t) + x,(2), S

pO(t) = p(t) + pp(t)- (6)

Many researchers have used SU(1,1) Lie algebra in order to facilitate the in-
vestigation of diverse phenomena in 1 quantum systems. The Lie algebra of SU(1,1)
in one mode consists of operators R 0s R 1, and K 2. We define these operators as

po(t) = [ — Bxo(1) - E} : “

Ieo = L{S?zL[)C xp(t)]z

e ™ 20

+ [% (Bs(t) — S 1§ — x(0)] + 5[ — pp<r>1]2 } @)
£ = MLQ{QZ%M OF

- [% (Bs(t) — S 1§ — x(0)] + 5[ — pp(r>]]2 } ®)
g = —i{ A BSOSO~ x,(OF + {17 = xpOlLp = py(0)

+[p — pp(IX - xp(t)]}}, &)
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where 2 is some real positive constant and s(7) is some time-dependent variable
that satisfies the following differential equation

§(1) A s(t)+ [ AC + AB B?> — B ) s(t) — A’Q? ! 0 (10)
§(t)— —s — — B — s(t) — — =0.
A A s3(1)
The mutual commutation relations between 1%0, K 1, and K o are
[Ko, Ki1=iK,, [Ko, K2l = —iKi, (K1, K] = —iK,o. (11)

The third equation in (11) is the characteristic of SU(1,1) which is different from
SU(2). We can easily check that K is time-constant by differentiating it with
respect to time:

dRk,
dt

For this one mode TDQHSs, we define raising and lowering operators as

=0. (12)

Ky =K +iK,, R_ =R, —iK,. (13)

Note that a direct differentiation of the above two operators with respect to time
results

dR, 2iQA@) ,

ar T e e (14
dk_ _2is2A(t)1e 15)
e~ s20) 7

whose solutions are given by

N N . [P QAW)
K.(t) = K (0)exp (21/ - dt), (16)
o s
R_(t)=K_(0 2i tQA(t/)d’ 17
_(t) = K_( )exp(— 1/(; 20 t). (17

Thus, the magnitude of K, and K_ are evidently constant with time. Additional
commutation relations between SU(1,1) generators are

K-, Ki1=2Ky,  [Ko, Kz]=+K.. (18)
Since the Casimir operator can be calculated as
A PO U P 3
CZKO—E(K+K_+K—K+)=_E7 (19)

the eigenvalue of C is k(k — 1) = —3/16. Therefore, the Bargmann index is
k=1/4 or k = 3/4. For k = 1/4, the basis for the unitary space is a set of even
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boson number while k = 3 /4, the basis for the unitary space is a set of odd boson
number.

Let us denote the nth eigenvalues and eigenstates of Ko as A, and |n),
respectively:

Koln) = Ayln). (20)

Then, the actions of the SU(1,1) generators on |n) is

Kiln) = %\/(n + D +2)n +2), (21)
N 1
K_|n) = 5\/”(” — Din —2), (22)

X 1 1

Koln) = 2 (n + 5) |n), (23)
L 1
KoK |n) = Zn(n = Din). 24)

The generators K+ can also be used to obtain the eigenstates in position space.
Let us start with the ground and the first excited states defined by

K_|0) =0, R_|1)=0. (25)

We see that the normalized solutions to the above equations in position space are

1/4 .
(x|0) = <m92h_) PO/ M exp {—L [Q% + lZ(Bs - S)] [x — xp(t)]z} :

2sh
(26)
Q 1/41 Q i 1)x
- 91+i(8 —§) | [x — x,0) 27)
KRN TR [N T A T T (

where H, is nth order Hermite polynomial. The higher order eigenstates can be
derived by operating K, appropriate times to Eqs. (26) and (27). So to speak,
the even order (n = 2/) and the odd order (n = 2/ + 1) higher eigenstates can be
evaluated from

2

J2!

21

Q2L+ T1)!

(x|21) = (K1) (x]0), (28)

(x[2l +1) = (K ) (x1). (29)
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When we combine the results of the above two equations, the whole eigenstates
can be written as

Q \* 1 Q :
— _ —Hn _ t lpp(t)x/h'
il <m2h-> NeTT (v g Ol e

X exp {—ﬁ [Q% + %(Bs - S)i| [x — xp(t)]z} ) (30)

From Eq. (23), the eigenvalues of Ieo are

)»—1 ! 31
n_z(n+§>. 31)

The wave functions of the system, (x|,), are different from the eigenstates of
Ko, (x|n), by only some time-dependent phase factors exp[i6,(¢)] (Lewis and
Riesenfeld, 1969):

(x[¥n) = (x|n) exp[i6,(1)]. (32)

By substituting Eq. (32) into Schrodinger equation, we can find the phases 6, ()
as

1 AR
1

‘T1
“h /O [E[A(l/)Pf,(f/)—C(t/)xf,(t’)]+E(t’)pp(t’)+ F(I/)} . (33)

The wave functions Eq. (32) agree with those of (Choi, 2004b) which are obtained
using another method.

3. SU(1,1) COHERENT STATES

The coherent states of usual harmonic oscillator can be generalized to that
of the TDQHS. The even and odd coherent states (Dodonov et al., 1974; Choi,
2004b) |y ) and |a_) are the eigenstates of K_:

, 1
R law) = Salas). (34)
It is well known that |« ) and |o_) can be expressed in terms of |n) as
1 S ct,2n
loy) = [2n), (35)
T Jeosh|aP? Z:; @)

1 & 2n+1

a
o) = /sinh |a|2 ; /(@2n+ D!

12n + 1). (36)
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This implies that the even and odd coherent states are symmetry and anti-symmetry
combination of the Glauber coherent states, respectively. To obtain position rep-
resentation of these coherent states, we multiply both sides of the above two
equations by the position eigenbra (x| on the left and perform a little algebra using
Egs. (28) and (29). Thus,

< | > Q E 1 h 2Q [ (t)] ip,(t)x/h
x| = Ccos O/ ——|X — X err
" s2hm V/cosh |2 V 527 ’

L 9 LB ; HT? 12 (37
X exp mEy- s+A( s —8) | [x —xp(0)] —2a , )

Q@ \"* 20 .
(xla_) = ( ) sinh (cx ﬁ[x - x,,(t)]) oiPp X/

s2hm /sinh | |2
R LVl SRE
X exp whls T s—=38)|[x—xp Ea . (38

N

By considering the second part of Eq. (13) and Eq. (34), we can express « as

YL Ry P ' 39
a= ZE_Q”:?_HX( s—s)i|xc(t)+lspc(t)}. (39)

Using the above equation, Egs. (37) and (38) can be rewritten as

1/4
(xlors) = ( 2 ) exp (4%) iPpOx/

452 b 2h
_L g .Bs —s . 2 .[x_-xp(t)]pc(t)

x{exp[ 2Sﬁ<s+l 2 )(x xo(1)) L~ — }
n 1 Q2 Bs—35s ) 2

exp| — 5|+ +i (x + xo(1) — 2x,(1))
I = xp(0]pe®) orre?,

l—ﬁ }}{liexp{ ﬁQ|:s2xC(t)

1 2 —172

+ (Z(BS — §)x.(t) +SPL-(t)) :“} . (40)

The expectation values of canonical variables and their square in these coherent
states are

(aplfloy) = (o [Xla_) = x,(), (41)
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(aqlplay) = (a—|pla-) = pp), (42)
2
i
(@ 1£2004) = (@’ + 0 + 2laf anh o + 1)+ X0, (43)
52 s*h *2 2 2 2
(_|x7a) = E(a + o*" 4+ 2|a|” coth |x|” + D) +x,(1), 44)
hQ s(Bs —§) 7 s(Bs—$5)7* .,
A2 _ e R e 2 e e *
(s PPl ) = 2S2H1 R } « +[1+l sl
s(Bs —$) 2 5 5 5
-1+ VG (2|a|” tanh |a|” + 1)  + Pp(t)v 45)
AQ s(Bs —$) 7 s(Bs —$) 7
~2 _ " R 2 e e %2
(a—|pla-) = 2s2{[1 i 10 i| o +[1+z 10 i| o
s(Bs —$) 2 5 5 2
-1+ —aa QCla|”coth a|” 4+ 1) ¢ + p;, (D). (46)

The density operator in these states can be defined as
p = Pylay){og| + P-_lo_){a—], (47)

where P, and P_ are the weights of the even and odd coherent states in the initial
state. The probabilities of finding n” quanta in the coherent states are

Py = (n'|pn’). (48)
The substitution of Eq. (47) into the above equation gives

|4n P |Ol |4n+2

P+ |(X s
sinh |a|?2 21 + 1)!

"= Cosh|af? (2n)!

n',2n+1- (49)

n',2n

The other SU(1,1) coherent state, so-called Perelomov coherent states, can
be defined as (Perelomov, 1972; Gerry, 1991)

1 . .,
|€:k)p = exp [E(oﬂK+ - a*zK)j| 10)

& 2k — DN\ 2
=(1— g Z(; (%) E"n), (50)

where

az
£ = — tanh(|a|?/2). (51)
Joe|?
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For k = 1/4 and k = 3/4, Eq. (50) becomes (Gerry, 1991)

V(2n)
_ )‘“Z Y e 20

&5 1/4)p = o (52)
JCn+ D!
16:3/4)p = (1 — I£] )3/42 2+ ). (53)
We can express the density operator in this coherent state as
p= P& 1/4)p p(E:1/4]| + P_|§:3/4)p p(£:3/4]. (54)
Then, the probabilities of finding n” quanta in this state can be evaluated
(1—5»)"?

Py = &P [PL(20) 8y 20 + P-(1 — €20 + D8y 20al. (55

221(n!)?

4. APPLICATION TO THE CALDIROLA-KANAI
HAMILTONIAN SYSTEM

In order to apply one mode TDQHS to the real system, let us consider driven
Caldirola—Kanai Hamiltonian system (Kanai, 1948). In this case, the functions in
Eq. (1) are given by

1
A= Me_yt, C = Mwbe", D = Me" f(1), (56)

and all other functions are zero, where M, y and wq are real positive constants.
We choose driving force f(¢) as

f(@) = focos(wat + ¢a), (57)

where amplitude fj, frequency w, and arbitrary phase ¢, are real constants. Then,
the Hamiltonian reduces to

[32

2M

In this case, the classical equation of motion Eq. (3) becomes

H= eV + ;Mey’[ wiR? — 2f(t)x] (58)

Fo(t) + yXo(t) + wjxo(t) = f(1), (59)

and, Eq. (10) can be rewritten as

5(1) + ys(t) + wls(t) — Q—ze—zw L _ 0. (60)
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We introduce a solution that satisfies Eq. (60) as (Pedrosa et al., 1997)

_ Q ~—1/2 14
s(t) = \/;w exp <—§t> , 61)

where @ is modified frequency that given by

V2 1/2
- 2
= - . 62
@ (wo 2 ) (62)
We can also derive complementary functions and particular solutions as
x(1) = xeoe 7" cos(@1 + @), (63)
pell) = —Mxge"? [% cos(@t + ¢) + Bsin(@r + )| (64)
fo
xp(t) = cos(wyt + ¢pg — 8), (65)
V@ = 037+
M
ppt) = — Joou e sin(wat + ¢a — ), (66)

\/(a)g — 02)? + y2w}
where x. is amplitude of oscillation at ¢t = 0, ¢ is initial phase and
1 Ywd

§=tan~ ———. 67
an a)(z) — 67)

If we use Eqgs. (63) and (64), Eq. (39) reduces to
a(t) = age @), (68)

for the Caldirola—Kanai oscillator where ag = /M &/(2)x. In terms of Eq. (61)
and Eqgs.(63)—(66), the system can be described explicitly. Figures 1 and 2 are the
probability density in even and in odd coherent states for the Caldirola—Kanai
oscillator. The even and the odd coherent states are important since they can be
applied to describe the motion of a trapped ion (de Matos Filho and Vogel, 1996).
Matos and Vogel suggested a scheme for preparing even and odd coherent states of
a trapped ion based on laser excitation of two vibronic transitions (de Matos Filho
and Vogel, 1996). We also depicted the probability density in Perelomov coherent
states in Figs. 3 and 4. From all figures, we can confirm that the probability density
in the coherent states for the Caldirola—Kanai oscillator converges to the center as
time goes by, due to the damping constant y.

5. SUMMARY

In this paper, SU(1,1) Lie algebric formulation that enabled us to investigate
the quantum properties of the TDQHS are described. We realized SU(1,1) Lie
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(2)

(b)

Fig. 1. Probability density in even coherent state (a) and in odd coherent
state (b), Eq. (40), for Caldirola—Kanai oscillator with no driving force
(f(¢) = 0) as a function of position £ and time . Weused 2 = 1, wp = 1,
y=05M=1,k=1,x0=2%and ¢ = 0.

algebra by defining generators Ko, K;, and K, for TDQHS. We also defined
raising operator K, and lowering operator K _ for the system. These raising and
lowering operators of SU(1,1) Lie algebra can be expressed by multiplying a
time-constant magnitude and a time-dependent phase factor [see Egs. (16) and
(17)]. We confirmed that the generators Ko is constant with time. Exact wave
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(b)

Fig. 2. Same as in Fig. 1, but with a driving force Eq. (57). We used fo = 5,
wg =4.5,and ¢4 = 0.

functions for the system are derived using SU(1,1) Lie algebra. Two kind of
the generalized SU(1,1) coherent states, i.e., even and odd coherent states and
Perelomov coherent states are studied. Even and odd coherent states, Eq. (40), are
represented in terms of the classical solutions for coordinate and momentum, i.e.,
complementary solutions x.(¢) and p.(t) plus particular solutions x,(#) and p,(?).
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3

[<x|€;1/45p]|2 2

3

|<x|€;3/45:]2 2

(b)

Fig. 3. Probability density in Perelomov coherent state, Eqgs. (52) and (53) for
Caldirola—Kanai oscillator with no driving force (f(t) = 0) as a function of posi-
tion £ and time #. Figure (a) is for k = 1/4, and figure (b) for k = 3/4. We used Q = 1,
wp=2,y=05M=1k=1,x0=2%%and¢ =0.

Expectation values for coordinate and momentum and their square in even and
odd coherent states and in Perelomov coherent states are derived.

We applied our study to the Caldirola—Kanai oscillator. The eigenvalue, a(t),
of the lowering operator is given by Eq. (68) whose magnitudes are constant with
time. We confirmed that the probability density of the even and odd coherent states
and the Perelomov coherent states for the Caldirola—Kanai oscillator converges
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3

I<x|€;1/455]% 2

3

I<x|€;3/45,]% 2

(b)

Fig. 4. Same as in Fig. 3, but with a driving force Eq. (57). We used fy = 20, wg = 4.5, and
¢qa = 0.
to the center as time goes by, due to the damping constant y. All the figures of
probability density for the system with a driving force are somewhat deformed.
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