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Abstract. For a harmonic oscillator with time-dependent (positive) mass and frequency, a unitary
operator is shown to transform the quantum states of the system to those of a harmonic oscillator
system of unit mass and time-dependent frequency, as well as operators. For a driven harmonic
oscillator, a unitary transformation which relates the driven system and a system of the same mass
and frequency without a driving force is given, as a generalization of previous results, in terms
of the solution of classical equation of motion of the driven system. Thus transformations give a
simple way of finding exact wavefunctions of a driven harmonic oscillator system, provided the
guantum states of the corresponding system of unit mass are given.

1. Introduction

The harmonic oscillators with time-dependent mass and frequency have long been of interest
and give examples of exactly solvable time-dependent systems. For the oscillator of constant
mass and time-dependent frequency, Lewis [1,2] has shown that there exists a quantum
mechanically invariant operator, unaware of Ermakov’s results [3]. This so-called Ermakov—
Lewis invariant operator can be used to find exact quantum states. This method has then been
generalized to include time-dependent mass [4, 5], driving force [6], and to a general quadratic
system whose Hamiltonian has all terms of position and momentum quadratic or less than that
[7,8].

Another systematic method to find exact quantum states of the systems is to use the
Lagrangian formulation of Feynman and Hibbs [9] who have shown that the position-dependent
part of the kernel (propagator) is determined from the classical action. This observation by
Feynman and Hibbs gives a good explanation of the fact that the wavefunctions of the quantum
states are described in terms of solutions of classical equation of motion. In [10], this method
has been developed to give the exact kernel. The wavefunctions of general quadratic systems
are then found by factorizing the kernel.

With these generalizations from Lewis’s results, one important question arises: do the
generalizations give quite new systems? This question has long been studied through the
canonical transformation in classical mechanics [11,12]. In a quantum treatment [13, 14], in
addition to the recognition of the relation between a driven and an undriven system [15, 16],
a part of the answer to this question has been given by Mostafazadeh [14]. He found a
unitary operator which transforms the Hamiltonian of the oscillator of time-dependent mass
and frequency to that of constant mass. So, one of his conclusions was confirmation of the
old (classical) result, in quantum treatment, that the Hamiltonian of the Caldirola—Kanai (CK)
system [17, 18] can be obtained from that of a simple harmonic oscillator [19].
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The purpose of this paper is to show that the generalizations [4-8, 10] of Lewis’s results can
be done through unitary transformations not only at the operator level but also in representation
theory. For this, we need two unitary transformations. One of the transformations is to relate
the driven harmonic oscillator system to that of the same parameters without a driving force.
The operator of this transformation will be given in terms of the solution of the classical
equation of motion of the driven system, as a generalization of previous results [15, 16, 19]. The
other transformation is to change the mass and frequency of the system. The mass—frequency
relation given by Mostafazadeh [14] will also be obtained by comparing the classical equations
of motion of the two systems. If we choose proper parameters which will be found explicitly,
the transformation changes the system of time-dependent (positive) mass and frequency to that
of unit mass.

By applying the operators to the quantum states of the system of unit mass, it will be
shown that the wavefunctions of the driven harmonic oscillator can be obtained from those of
the corresponding undriven system of unit mass. Therefore, this transformation method gives
a simple way of finding exact quantum states of a driven harmonic oscillator system [6] or a
general quadratic system [7, 8, 10], provided quantum states of the corresponding system of
unit mass are given. As explicit examples, we consider two models which are equivalent to
simple harmonic oscillators. One of them is the CK system [17, 18] and the wavefunctions of
this system will be evaluated from those of simple harmonic oscillators.

2. The unitary transformations for harmonic oscillator systems without a driving force

We start with the transformation for the time-dependent Hamiltonian

H(p,x,1) = + M (1) wi(t) x* 1)

P
2M (1)
whereM (r) andw (¢) are the time-dependent (positive) mass and frequency, respectively. Then
the wavefunction/ (x, t) of a quantum eigenstate should satisfy the 8dimger equation

9 ho
Oy (x,t)=0 with 0 = —ih-+ H<f—,x,z>. @)

Since we will consider the time-dependent unitary transformation, it is necessary to consider
the transformation of the operatorinstead ofH [13, 14, 20]. With the unitary operatdy,.,
defined as

U, = eiaxz/ﬁeiﬁ(xp+px)/4ﬁ (3)

one may find the relation

— 0 p? ,6 o x? . . da?
Ly ST = s 2 _ -
U.oU! = Ihat+2Meﬂ+(xp+px)|: 2 Meﬂ}+ 5 Mw?e® + 2up 2“+Meﬁ

4)

where the dots over variables denote the differentiation with respect to time. Equation (4)
implies that the unitary transformation gives rise to a new system described by the Hamiltonian

2 ’3 o x2 ) i ) 40[2
2Meﬁ+(xp+px)|:—z—wi|+3|:Mw e/3+20[,8—20l+w:| (5)

As is well known, the term proportional tap + px) in Hamiltonian can be generated by acting
a unitary transformation in the Hamiltonian formulation [21], or by adding a term proportional

Hnew =
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to dx?/dr to the Lagrangian [10]. Since the term proportionalip + px) can be interpreted
as a result of simple unitary transformation, we will takas

a=—1MBe. (6)
With this relation,H,,.,, is written as
2 ) Q 22 2
p , 1M . B Blx
Hypp = —— + MéP + B+ + | 7
2MeP [w LA 0

H,., in equation (7) shows [14, 20] that a unitary transformation can be used to find a new
harmonic oscillator system which has a different mass and frequency from the original system
of equation (1). Among these systems, we can find a system of unit mass by taking

B=—InM() (8)
which is described by the Hamiltonian
2 T\ 2 Y 2 2
2 2 4\ M 2M 2 2 VM di?
That is, the mass of the system is 1, while the new frequengyis given by [14]
1 d&>/m
2 2

The unitary operator for the transformation from the Hamiltonian in equation @y te now
given as

i M iln M
Up = exF’(Eﬁxz) exp(— T (xp + px)). (1D

In the above equations, the unit mass which has not been written explicitly should be taken
into account to find the correct physical dimensions, which will also be true from now on.
One may find that the unitary operator in equation (11) [14] which does not depend on
the solutions of the classical equation of motion is different from that in [13].
The system described by Hamiltonian in equation (9) is one of those considered by
Lewis [1]. With non-negative integer, then-order Hermite polynomiaH, and two linearly
independent real solutiomng(t), vo(¢) of the classical equation of motion

)._éo+w(2)(t)fo =0 (12)

the wavefunctions of the quantum eigenstates are given as [1, 4, 5, 10]

1 (m)”“ 1 [Mo(l)—ivo(l):|n+1/2exp|:x2 (_ Q0 +ibo(f))]
V2rI\#h)  /po(t) po(1) 2R\ p3(t)  po(r)
H(M@ x). (13)

h po(t)

In equation (13)2p andpg(z) are defined as

Qo = [vo(?) uo(t) — uo(t) vo(t)] po(t) = \/ul(t) +vi(0). (14)

Qo which depends on the choice of classical solutions is constant along the time evolution.
Even though the corresponding Satinger equation is formally satisfied for any non-zero
Qo, we will only consider the cases of positiég for applications.

Y2(x, 1) =
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For the simple harmonic oscillator of unit mass and positive constant frequenone
may take the classical solutionsias= A cosw,z, andv = B sinw;t, with positive constants
A andB. The wavefunctions in equation (13) then becomes

1/4 . nt1/2
WSO (s x 1) = 1 <Cw‘y>/ 1 [CCOSwst—ISInwst} 1y

V2rut \ mh Vps () Ps (1)
x? Cwy _,(.3X(t) Cw; x
) eXp<E_[_ 20 50 DH <V T ﬁs(t)) (13)
where
3 A
55 (wo) = v/1+(C2 — 1) co wot and C==. (16)

With the choice ofC = 1, 5% 9 (w;, x, t) reduces to the usual stationary wavefunction of
the unit mass simple harmonic oscillator; however,@og 1, the wavefunctions describe the
quantum eigenstates of pulsating probability distribution.

The unitary transformation changes quantum states as well as operators. To show this fact

explicitly, we define a set of two linearly independent functiGmsv} as
uo(?) vo(?)
v(t) = . 17
vM ® vM ()

One then easily finds théi, v} satisfies the differential equation

u(t) =

%(sz) + M) w?(t)i =0 or i+ %jz +wi()x=0 (18)

which is the classical equation of motion for the system described by the Hamiltonian in
equation (1). Furthermore, by substitutiigvith %o/+/M in equation (18) and comparing
equations (12) and (18), one mgproducethe mass—frequency relation (10). We also define
Q, p(t) as

Q= M@)[v(t)ut) —u(t)v(r)] p(t) = Vu?(t) + v2(t). (19)
Q is then constant along time. Making use of the fact that
guOx@/0) £ () — (D y) (20)

through the unitary transformatigrone may find the wavefunction for the system of the
Hamiltonian in equation (1):

Y (x, 1) = Ugy? 1)
1 Q\Y* 1 Tu@) —ive) Y2 x2 Q o(t)
= —F—\ = —| — M —_—
«/_Z"n!(”h) J_po)[ 0 } exp[zh( PO (”pmﬂ

which agrees with the known result [4, 5, 10].

3. Examples

We consider two systems which are unitarily equivalent to the simple harmonic oscillator, as
examples. The first one is the CK system [17, 18] described by the Hamiltonian

2
p

HCK X, ) =
(p,x,1) o

+ %mewwfx2 (23)
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with constantz, y andw;. Equation (10) shows that the CK system is unitarily equivalent to
the simple harmonic oscillator of unit mass and constant frequepgywherew,; is given
by [19]

wh = wi - 7% (24)
For the case of positive real.,, the wavefunctions are easily found from those in equation (15)
by applying the relation in (21),

J/ 2

A —eXp< —(J/t+|nm)(xp+pX)>exp( 4h

)%SHO(wck;x,t)

Inm 0
— (e VA expf ¥LTINM ex X2\ ySHO (o xt
(me™) p R p{ — 4h Y, (Weks x, 1)
1 (meV’chk)l/4 1 |:CCOSkat—iSiankt:|"+l/2
h

NG Vhex Pet
- ' 5 ViCw.
5 exp|:mey_x (_ C~u2)Lk + i(:‘jtk _ Z)>:|Hn (J@;) (25)
2h Pek per 2 " Pek
where
Pek = Ps(Wer). (26)

By adjustingC, the wavefunctions in equation (25) can be shown to give those in [22—25]. By
taking two linearly independent solution of the classical equation of motion:

X+yx+w?@)x=0

of the CK system as = Ae 7"/?coswt andv = Be "/2sinw.t, one can also obtain the
wavefunctions in equation (25) from equation (22).

As another example, we consider the system of the damped pulsating oscillator considered
in [6, 26], where the time-dependent madsg, is given asM, = mgexp[2(yt + pSinvt)]
with constantmog, y, © and v. The frequencyw(z) of the model is defined as? =
w2, + (1//Mp,)(d?/My,/dt?), with constantw,,. Though this model looks complicated,
equation (10) implies that this system is unitarily equivalent to the simple harmonic oscillator
of unit mass and constant frequengy,. The wavefunctions can also be obtained from those
in equation (15) as

o — 1 (ML(,C_wL(,>1/4 1 [C CoSwy t — isinwLot]””/2
" 2V, 2np! h \/ﬁLo 15L0
My, Cwro (P, 1Mr, M.,Cwr,
o] (-5 B ) o )
2h Pro PLo 2 MLo h PLo
(27)
where
ﬁck = ﬁ.v(wLo)- (28)
4. The transformations for driven oscillator systems
The driven harmonic oscillator is described by the Hamiltonian
2
HY = L+ 1pm@y w2« = x Fo). (29)

T 2M®@)
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To find the unitary transformation, we define thgas a particular solution of the classical
equation of motion:

d )

o (M) + M) w?(t) x, = F(t). (30)
We also introduce a functioftr) defined as

§ = sMw?x? — IMi2. (31)
By defining an operato®r as

0
OF=—|h5+HF (32)
making use of the equations (30) and (31), one can find the relation
UrOU} = O (33)
whereUr is given as
Ur = exp[;l:(Mjcpx + 8(t))]exp<—;l:xpp). (34)

The wavefunction for the system of the Hamiltonian in equation (29) can thus be evaluated
through the unitary transformation as

vy =Ury, (35)
= UrUg¥;, (36)
_ 1 (ﬁ)m 1 [”(Z) - iv(t)}m/z exp[i(Mjc X+ 5(:))}
Veami\nh) VoL o) P
(x —x,)2 Q ) o) Qx—x
) eXp[ ZFP <_ p2(1) * IM(I)%)]H" <\/; p(t)p>' 7
One can explicitly check that ! satisfy the Schidinger equation
oy R 92 . Mw?

oryf =0 or 3 Py —x Foyyl. (38)

o oM T T2
Through a different approach, relation (35) has long been recognized as in [15, 16] for
special cases.
In [10] the wavefunctions for the driven harmonic oscillator are found by factorizing the
kernel. If§ is given as

: . : 2
s _Mv., 1 / M(2) (xp(;z)% —~ xp<z>) dz (39)

with an arbitrary constang, the wavefunctions in equation (37) reduce to those in [10]. And
one may easily check that tld¢r) in equation (39) satisfies the relation (31). The defining
relation (31), however, suggests a simpler f@d) as

50 = [ [3M@ w02 - 1@ )] d: (40)

o

which can be shown equal to that in equation (39), up to a constant, by making use of the
equation of motion in (18).

For a given particular solutiom, (), new solutions can be obtained by adding linear
combinations of homogeneous solutions. For instance, a new sojq)t(ohcan be given as
xp(t) + Cu(t). Thed(r) depend on the choice of the classical solution, and the difference of
8 evaluated With’c;,(t) from that withx, (¢) is written as—CMu(x, + %Cu) up to a additive
constant.
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5. Summary and discussions

In summary, we have found the unitary relations between the systems of time-dependent
harmonic oscillators. The first relation is between the systems of time-dependent mass and
of unit mass. The second relation is between those of the driven oscillator and the undriven
oscillator. Provided the results in equation (13) are given, these relations give a simple method
of finding the exact quantum states for a driven harmonic oscillator system [6] or a general
quadratic system [10], as shown explicitly with examples. However, a point that should be
mentioned is that the unitary relation method cannot give the results in equation (13).

The operator for the first relation is unique up to trivial phase [14], but the other operator
which depends on the classical solution is not unique.

Since the operator of the second transformation is an exponential of a linear combination
of x andp, the transformation does not change the uncertaintiesaflp: to be precise, with
the quantum states ¢f; F), |n) defined asy/ = (x|n; F), ¢, = (x|n), from equation (35)
one can easily prove the relations

(n; F|(x — (n; Flx|n; F))?|n; F) = (n|(x — (n|x|n))?|n) (41)
(n; FI(p — (n; Flpln; F))?|n; F) = (n|(p — (n|pln))?|n). (42)

As a final remark, we add a speculation that there might be some relations between a
harmonic oscillator system of unit mass time-dependent frequency, and a simple harmonic
oscillator. Independently from the time-dependent Hamiltonian system, Gaussian pure states
are constructed in [27, 28] in the study of coherent states. nThe0 wavefunctions of all
time-dependent harmonic oscillator system belong to those of Gaussian pure states [10]. Our
speculation is from the suggestion that the annihilation operator of any Gaussian pure state
may be obtained from the operator which annihilates the ground state of a simple harmonic
oscillator [28].
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