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TIME EVOLUTION OF QUADRATIC QUANTUM SYSTEMS:
EVOLUTION OPERATORS, PROPAGATORS, AND INVARIANTS

Sh. M. Nagiyev* and A. I. Ahmadov'

We use the evolution operator method to describe time-dependent quadratic quantum systems in the
framework of nonrelativistic quantum mechanics. For simplicity, we consider a free particle with a variable
mass M(t), a particle with a variable mass M (t) in an alternating homogeneous field, and a harmonic
oscillator with a variable mass M (t) and frequency w(t) subject to a variable force F(t). To construct the
evolution operators for these systems in an explicit disentangled form, we use a simple technique to find
the general solution of a certain class of differential and finite-difference nonstationary Schrédinger-type
equations of motion and also the operator identities of the Baker—-Campbell-Hausdorff type. With known
evolution operators, we can easily find the most general form of the propagators, invariants of any order,
and wave functions and establish a unitary relation between systems. Results known in the literature

follow from the obtained general results as particular cases.
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1. Introduction

A principal problem in quantum theory is studying the time evolution of physical systems. The
evolution of nonrelativistic quantum systems from a given initial state 1(to) to a subsequent state ¥ (t) is
defined by the nonstationary Schrédinger equation [1]

Sty(t) =0,  S(t)=ihd; — H(t) (1.1)
or the unitary evolution operator U(t, o),

P(t) = U(t, to)i(to), (1.2)

where 5 (t) is the Schrodinger operator, H(t) is the system Hamiltonian, and ¢ > #¢. If we substitute (1.2)
n (1.1), then we find that the operator U satisfies the Schridinger equation §(t)U(t, to) = 0 with the initial
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state U(to,to) = 1. According to the principles of quantum theory, information about the dynamics of a
quantum system is encoded in the matrix elements of the evolution operator

t

Ult,tg) =T exp{—;
to

H(t) dt’}, (1.3)
where T is the chronological ordering operator.

The kernel of operator (1.3) is the Green’s function (or the Feynman propagator) in the appropriate
coordinate, momentum, mixed, or other representation. It follows from definition (1.3) that the evolution
operator has the group property: for t > t; > to,

t t ty

Texp{—; ; H(t) dt’} =Texp{—;i H(t’)dt’} Texp{—; H(t) dt’}. (1.4)

t1 to

Exactly solvable problems play a special role in nonstationary problems in quantum mechanics. But
constructing exact analytic solutions of equations of motion is a difficult problem and is not always solvable.
Schrodinger equation (1.1) can be exactly solved only in some cases (see, e.g., [2]-[21]). Nonstationary quan-
tum mechanical problems can usually be solved using approximate methods, for example, time-dependent
perturbation theory, the adiabatic approximation, the sudden perturbation method, and numerical methods
among others. Constructing exact analytic solutions of the nonstationary Schrodinger equation describing
the time-evolution of quantum systems is of great interest because exact solutions allow following varia-
tions of physical quantities characterizing the considered system most closely, i.e., obtaining more physical
information about a system.

One more reason for focusing much attention on describing the behavior of physical systems analytically
is as follows. Exact solutions can serve as models of real physical processes and allow, first, analyzing
both the mathematical side of the problem and the physical features of the considered process deeply and
comprehensively and, second, justifying the approximate methods used to solve a problem.

In particular, the nonstationary quadratic quantum systems from a free particle to a time-dependent
harmonic oscillator are exactly solvable nonrelativistic systems. These systems have long attracted the
attention of physicists because they are important for applications in many branches of quantum theory:
statistical mechanics, superconductivity theory, atomic physics, molecular spectroscopy, nuclear physics,
quantum field theory, etc. (see the references in [9], [10]). Various methods are used to study nonsta-
tionary quantum systems such as the method of invariants (integrals of motion) [4], [7], the path integral
method [2], the space-time transformation method [17], the generating function method [3], [21], and the
evolution operator method [22], [23]. We note that although the evolution operator method (S-matrix the-
ory) plays a central role in quantum field theory [22], it has rarely been used to solve problems in quantum
mechanics [18], [23]-[25].

Here, our purpose is to study physical properties of time-dependent quadratic nonrelativistic quantum
systems using the evolution operator method. We consider a free particle with a variable mass M(t), a
particle with a variable mass M (¢) in an alternating homogeneous field, and a harmonic oscillator with a
variable mass M (t) and frequency w(t) subject to a variable force F(t). To obtain the evolution operators
of the considered quantum systems in an explicit disentangled form, we use a simple technique to find
the general solution of a certain class of differential and finite-difference nonstationary Schrédinger-type
equations of motion (1.1). We show that the evolution operator method allows obtaining solutions of the
nonstationary Schrodinger equation for quadratic systems directly and relatively easily. For these models,
we find the general form of the evolution operators, which we use to construct the propagator, invariants,
and wave functions. From the obtained general expressions, we obtain the known results as particular cases.
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This paper is organized as follows. In Sec. 2, we find the general form of the solution of a certain
class of differential and finite-difference nonstationary Schrodinger-type equations of motion; as a result,
we find operator identities of the Baker—Campbell-Hausdorff type. We consider particular cases of these
operator identities. We devote Sec. 3 to the evolution operators. In Sec. 4, we obtain propagators and their
particular cases. We construct the invariants in Sec. 5 and the wave functions in Sec. 6.

2. Operator identities of the Baker—-Campbell-Hausdorff type

In this section, we use a simple tool to derive some new operator identities of the Baker—Campbell-
Hausdorff type, which we use in the following sections. For this, we consider the nonstationary Schrédinger-
type equation of motion in the momentum y-representation [26]:

ihOpu(y,t) = [Ho(y,t) — ihF (t)g(y)0ylu(y, t). (2.1)

Here, Hy(y,t) is the time-dependent “free Hamiltonian,” F(t) is the time-dependent force, g(y) is some

function included in the “potential energy,” and the dependence of the functions Hy, F, and g on their

arguments is arbitrary. The Hamiltonian in (2.1) is a Hermitian operator (but it can also be non-Hermitian).
We present particular cases of Eq. (2.1):

1. If Ho(y,t) = y?/2M(t) and g(y) = 1, where y = p, then it coincides with the Schrédinger equation
describing a nonrelativistic particle with a variable mass M (t) in an alternating homogeneous field [1].

2. If Hy(y,t) = mc?coshy and g(y) = 1/me, where y = x = log[(p + po)/mc] is the rapidity, and
Po = \/ p2 + m?2c2, then it describes the motion of a relativistic quantum particle in an alternating
homogeneous field [18].

3. With Hy(y,t) = 3iy?/2 and —hF(t)g(y) = v, it was used in [27] to analyze differences between
nonlinear classical and quantum dynamics by calculating the time evolution of the Wigner function
for simple polynomial Hamiltonians.

We find a solution of Eq. (2.1) by the evolution operator method with the initial condition u(y, tp) =
©(y), where p(y) is the initial “wave” function. We pass to a new variable n in Eq. (2.1) [19]:

ih0ulG (n). ] = LHo[G ™ (n). 1] — ihF ()8, }ulG (1), 1], (2.2)
where v gy
_ vy _ _
n= / sy =€) = Glwo) (2.3)

and yo is an arbitrary constant. The function g(y) must be such that integral (2.3) exists. For simplicity,
we hereafter assume that the lower integration limit yo is a root of the equation G(yg) = 0. Then n = G(y)
and y = G~ *(n).

It is easy to verify that the solution of Eq. (2.2) can be written as [18]

) =en{ =) [ HIGTG) = 600 + 51 ol Glo) - D) (24)

where §(t) = ft

+, F'(t") dt" is a force pulse. We introduce the notation

A= _/t ho(y,t') dt' —d(t)g(y)0y, Ao = —0(t)g(y)dy,

Ay = _/ holG™H(G(y) — 6(t) + 6(t)), ¢ dt', Ay = — /t hol[G™H(G(y) +8(t)t'] dt’,

to to
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where ho(y,t) = (i/h)Ho(y,t). Tt follows from (2.4) that, first, the evolution operator for Eq. (2.1) can be
written in a disentangled form
U,(t,tg) = et = Mredoghidz) (2.5)

where A\ = A() is an arbitrary function of time and A\; = 1 — )\, and, second, the action of the operator e“°

on an arbitrary function ¢(y) is defined by the formula

e=39W y(y) = LG (G (y) — ). (2.6)

We consider particular cases of operator identity (2.5) and formula (2.6). It is clear that choosing
different functions ho(y,t) and g(y) in (2.5), we can obtain different Baker-Campbell-Hausdorff-type iden-
tities, which we can use either to solve differential and finite-difference equations by the operator method
or to disentangle exponential expressions that include noncommuting operators.

1. Let g(y) = 1. Then n = G(y) = y, y = G~ (n) = n. Setting ho(y,t) = e1y™ at n # —1 and
F(t) = Fy = const, we obtain the operator identity

ey 00y exp{)\ﬁ(na+ 1)[(y +6)n+1 _ yn+1]} «
xeomn B - o )

If n = —1, then instead of (2.7), we obtain

e/ Y+BOy exp{)\g log y+p

}eﬁay exp{)\l g log

yﬁﬁ‘} 28)

Formula (2.7) can be written for any two operators A and B with the commutation relation [21\, E] = —c,
where c is a number:

QA Bé_ « n n+1 An+1
e TP = eXp{/\ﬂc(n+1)[(A+ﬁc) At ]}x

x BB exp{/\l [A\”“ - (ﬁ - 50)"“]}. (2.9)

o
B(n+1)c

can be also generalized to the case of two operators A and B satisfying the commutation
| = cA2:

Identity (2.8)
relation [A, B
oA+BB Ao ~ 5B Ao ~
e = exp Be log |1+ BcA|p e’ expq — Be log|l — BcAlp. (2.10)

2. Let g(y) =y. Then n = G(y) = logy, y = G~1(n) = €". If we choose the function hg in the form
ho = e1y”, v € R, and assume a constant force F'(t) = Fy = const, then we obtain the identity

v A A
eV +PY0y — exp{ g(e”ﬁ - 1)y”}eﬁy8y exp{ 15(1 - e”ﬁ)y”} (2.11)
v v

from (2.5). This identity can be generalized to the case of any two operators A and B with the commutation
relation [A4, B] = —cA:

Any8B Aa -, B Ao -,
aA"+3B nBc _ n BB 1 _ _—nfc\gn
e = exp{ nﬁc(e 1A }e exp{ nﬁc(l e )A }, ncN. (2.12)
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3. Now let g(y) = 1/y. Then n = G(y) = y?/2 and y = G~1(n) = /2. Setting ho(y,t) = e1y* and
F(t) = Fy = const, we obtain the identity

S an ~ 1 =~ 1 5 ~ 1 =~ 1
e ATAE — exp{)\oz {A + 2HCA vz 4 12ﬁ262] }eﬁB exp{)\loz {A — 2ﬁcA 12 4 126202} }, (2.13)
which holds for any two operators A and B satisfying the commutation relation [A, B] = —cA /2.
We give one more important particular case of formula (2.6), where g(y) = —y”, v € R, and v # 1:
MV Pp(y) = pl(y™ +116)""], (2.14)

where v1 = 1 — v. For v = 1, the right-hand side of Eq. (2.1) is equal to

lim (3" +16)"/"1] = ¢l lim (5" +110)/] = p(ey). (2.15)

v1—0
We now write operator identity (2.5) in the configurational z-representation:
eB = erBigBoghi Bz (2.16)

where we introduce the notation

t . .
B= —/ ho(—ihdy, t') dt’ + ;5(t)g(—ih81)x, Bo = ;5(t)g(—ih8w)x,

By =— /t holG~H(G(—ihd,) — 8(t) + 6(t)),t'] dt’, (2.17)
By = — t ho[G™H(G(—ihdy) +6(1)), '] dt'.

From the identity in general form (2.16), we can also obtain various operator identities of the Baker—
Campbell-Hausdorff type. We here consider only two of them, which we use to disentangle the evolution
operators of quadratic systems. We set g(—ihd,) = 1 in the first case and g(—ihd,) = —ihd, in the second
case and then obtain the respective identities

exp{— /t ho(—ihd,,t") dt’ + ;5(t)x} = exp{—)\/t ho|—ihdy — &(t) + 5(t’),t’]dt’} X

to tO

t

x ¢ih” otz exp{—)\l ho[—ihdy + 6(t'), 1] dt’}, (2.18)

to

t t
exp{—/ ho(—ihdy,t") dt+5(t)3za:} = eXp{—/\/ ho(—ihaze_a(t)w(t/)at/)dt/} X
to to

¢
x )0z exp{—/\l/ ho(—ihd,e’®) ) dt/} (2.19)

to
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If we now set ho(—ihidy,t) = —a(t)0}, n € N, in these identities, then we obtain two necessary identities:

exp{]ﬁcﬂﬂ)dﬂ@?%—;éa)x}::exp{A<;>n/C(dﬂ)}%h5w——5@)+wﬂﬂﬂ”dﬂ} X

« i 60z exp{)\l (;)n / o) ihds + 6" dt’}, (2.20)

to

t
exp{/ a(t")dt'ol + §(t)0, x} = exp{)\e ”J(t)/ a(t')e™ ) dt’ 6"}
to
t
(o exp{)\l/ a(t ) dt’ 6"} (2.21)

3. Evolution operators

In what follows, the evolution operator of a quantum system, which (as stated above) contains complete
information about the system, plays a very important role. In this section, we construct the evolution op-
erators for the considered systems. It is well known that they can be described by Hermitian Hamiltonians.

3.1. Free particle with a variable mass. We consider the time-dependent Schrodinger equation
in R for a free particle with a variable mass M (t):

2

Se(w We(e,) =0, Sel@t) =ihd, +

02 4+ Vi (t), (3.1)

where V() is a potential well (barrier) whose depth (height) varies with time. The evolution operator for
Eq. (3.1) has the simplest form:
Up(x, t) — ei/\o(t)+ih$2(t)ai7 (3'2)

where
Ao(t) = 1/tV(t’)dt’ S(t)—/t “
R B ’ ) 2M @y

3.2. Particle with a variable mass in an alternating homogeneous field. A particle with a
variable mass in an alternating homogeneous field can be described by the Schrodinger equation

2

S.(z, ), (z,t) =0, 8 (x,t) =ihd, + ) AZ 0 92 + F(t)x + Vy(t). (3.3)

In this case, the evolution operator in a disentangled form is given by the formula [18], [23]

U (2,t) = Vi (2, )Us (2, 1), (3.4)
where we introduce the notation
Vi(z,t) = eieo@t =100 e~ 5100 ik MBS (Da+or(®)] (3.5)
pole0) = (1) = So(0), (36)
So(t) = /t t 2‘324(’&)) a',  Si(t) = /t t 1\54(@)) dt'. (3.7)
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Here, o, is the classical action for a particle in an alternating homogeneous field,

@@=wmw—&@:f

to

M8 + FO)S, 0

and the function S (¢) satisfies the equation

d

SIM®S®] = F() (33)

with the initial conditions S (o) = 0 and S (to) = 0. For M(t) = m = const, we have

_ 52(t) Sl (t) _ (51 (t) Sg(t) _ T

2m m 2m

So(t)

where 0y(t) = [} 8(t')dt!, 5y(t) = [} 62(t') dt’, and T =t — to.
Formulas (3.2) and (3.4) establish a unitary relation between a free quantum particle with a variable
mass and a quantum particle with a variable mass in an alternating homogeneous field [23]:

1/’L(33at) = VL(x7t)wF(m5t)7 ¢F($at) = VL_l(m,t)¢L($,t),

S, =Vv.S. v, S. =V 'S V.

3.3. Harmonic oscillator with a variable mass and frequency subject to a variable force.
A harmonic oscillator with a variable mass and frequency subject to a variable force can be described by
the Schrédinger equation

~

SI—I(xﬂ t)’g/JH(:E, t) =0,
A hQ (39)

Sulant) = o + oy 0~ ;M(t)wZ(t)a:z + F(t)r+ Vo(t).

To find the evolution operator, we first reduce problem (3.9) to the case where the oscillator is not subject
to a force. For this, we perform the unitary transformation of the wave function ¢y (cf. [3], [21]):

(@, 1) = Uz, ) (@, 1), (3.10)
where the unitary operator Uj is
Up(z,t) = e*é(t)ameih_l[M(t)f(t)erUH(t)]’ (3.11)

the function £(t) satisfies the classical equation of motion

d

aM (OED] + M (D?(E) = F(1), (3.12)

and oy (t) is the classical action of a harmonic oscillator with F'(t) # 0,
‘1 : 1
7u(t) = [ [SM@E) ~ MO + PO ar. (3.13)
to
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Without loss of generality, we can take a real solution £(¢t) of Eq. (3.12), which together with its first
derivative £(t) vanishes at the initial instant: £(tg) = 0 and €(¢g) = 0. We hence obtain the initial condition
for operator (3.11) in the form Uj(x,tp) = 1. In addition, it is clear that if F(¢) = 0, then necessarily
&) =0.

As a result, (3.9) becomes the Schrédinger equation for a harmonic oscillator with a variable mass and

frequency:
50 (0) 50 : W 1 2002
a (x, )y (z,t) =0, a (z,t) =1ho, + 2M(t)a”” - 2M(t)w (t)z* + Vo (). (3.14)
We next choose the wave function wgo) in the form
OO (2,1) = Uy, ), (2, 1), Us(z,t) = @07 (3.15)

where the real function «(t) satisfying the initial condition a/(ty) = 0 is defined from the nonlinear first-order
differential equation (Riccati equation)

A(t) = — . M(t)w?(t). (3.16)

alt) = (3.17)

we can reduce Riccati equation (3.16) to a linear homogeneous second-order differential equation

d

gt M @) + M(t)w?*(t)n(t) = 0. (3.18)

It follows from the initial condition a(tg) = 0 that n(tg) # 0 and 7(tp) = 0. Substituting (3.15) in (3.14)
yields the equation for ¢, (z,t):

Suy (0, 1) s, (2, 1) = 0,

h2
2M (t )‘92 M(t)

2 (3.19)

Su, (, 1) = ihd; + a(t) (8, + 20,) + Vo(t).

Taking formula (2.21) with n = 2 into account, we can now represent the evolution operator Us(z,t) for
Eq. (3.19) in a disentangled form as

Us(z,t) = emo(t)+”(;> (Bszrsz)eiS(t)@i’ (3.20)

where . o) 250t
b(t) = —2h dt’ =h 3.21
®) /t0 M) / 2M (1) (3.21)

or, in terms of the function 7n(t) in (3.17),

b(t) = log ’;((tf)), S(t) = hP(to) /t QM(;Z;;]Q o (3.22)
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It is now clear that evolution operator (3.9) for harmonic oscillator with a variable mass and frequency
subject to a variable force is equal to the product of the unitary operators Uj(z,t) in (3.11), Us(x,t)
in (3.15), and Us(z,t) in (3.20), i.e., Uy = U1U2Us or, explicitly,

Un(a,t) = e~ 'Y iho(t)+ 0w (t) ,—E(1)0a , § M()E()T gic(t)a” Lb(1) D ,iS(1)D; (3.23)

We represent it as
U, (2,t) = Uy (2, ) UL (2, 1), (3.24)

where
UO (g, 1) = ¢ +ilko(t) gia(t)s? h(t)z0, iS5 ()05 (3.25)

is the evolution operator for a harmonic oscillator with a variable mass and frequency. It follows from (3.24)
that the harmonic oscillator problem is unitarily equivalent to the problem of an oscillator subject to a force.
By virtue of the operator relation e??:7¢iS9% = ¢iSe™*" 9% bdsx (see identities (2.21)), we rewrite ul” (z,t)
given by (3.25) as

U}(IO) (z,t) = ebg” +ilo(t) yia(t)a? jiSe >0 07 baed, (3.26)

We note that there is a close analogy between the operators V,, given by (3.5) and U; given by (3.11).
First, they are operators “generating” the action of the force: Vi generates the action of F(t) on a free
particle, and U; generates the action of F(t) on an oscillator; second, both operators are expressed in terms
of a classical action: V;, is expressed in terms of the classical action of a particle in a homogeneous field,
and U is expressed in terms of the classical action of an oscillator in a homogeneous field. In addition,
Eq. (3.12) for the “coordinate” £(t) of a classical oscillator in a homogeneous field with w(t) = 0 transforms
into Eq. (3.8) for the “coordinate” Si(t) of a classical particle in a homogeneous field. Therefore, in the
limit as w — 0, we have the relations

lim £(t) = S1(¢), 31_% S(t) = hSa(t). (3.27)

w—0

The first relation is obvious, and we prove the second. As w — 0, the limits

lim a(t) =0, lim 7(t) = 0, (3.28)

w—0 w—0
must exist from physical considerations, i.e., n(t) — const or n(t) — 0. Consequently, as w — 0, equali-
ties (3.27) follow from Eq. (3.21). It is clear from limit relations (3.27) and (3.28) that

lim U (2,t) = Up(z, ), lim U, (x,) = Uy (x,t), (3.29)

i.e., the evolution operator for an oscillator in the limit w — 0 coincides with the evolution operator for
a free particle, and the evolution operator for an oscillator subject to a force coincides with the evolution
operator for a particle in a homogeneous field.

We introduce the notation

O (2, 1) = P D/261002” bD)20x 1 (3 4y = U, (2, ) VD (2, ) (3.30)

and the notions of a renormalized mass Mpg., (t) = M (t)e~2*®) | the renormalized free Schrodinger equation

2

SFRen(x7 t) Il}en (x’ t) — 0’ SFRen (x, t) = Zhat + 2Mch(t)

02 +Vo(b), (3.31)
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and the renormalized evolution operator for a free particle

Ul?cn (ZIJ, t) =Uy (ZIJ, t)|M—>MR = eiAO(t)eiS(t)az . (332)

Here, the difference from formulas (3.1) and (3.2) is that the renormalized mass appears in expressions (3.31)
and (3.32).

Comparing Ul® given by (3.25), Uy given by (3.24), and UF™ given by (3.32), we conclude that the
harmonic oscillator problem (subject to a force or not) is unitarily equivalent to the problem of a free
particle with a renormalized mass, i.e., we have the relations

(@, t) = Vi (@, O UE (2, 8),  Uy(,t) = Vi (2, )UE (2, 1). (3.33)
Based on formulas (3.24) and (3.33), we therefore conclude as follows:

1. The operator Ui(z,t) transforms each solution of Eq. (3.14) into a solution of Eq. (3.9), and the
operator U, *(z,t) performs the inverse transformation.

2. The operator V;) (z,t) transforms each solution of renormalized Schrédinger equation (3.31) for a free
particle into a solution of Eq. (3.14), and the operator Vp(g)fl (z,t) performs the inverse transformation.

3. Similarly, the operator V., (x,t) transforms each solution of renormalized equation (3.31) into a solu-
tion of Eq. (3.9), and the operator V, ;! (x,t) performs the inverse transformation.

We hence have

Yy(,t) = Uy (2, )y (2, 1), O (2,1) = Up (@, 0, (x, 1),
Oz, t) = Vil (@, )i (2, 1), ren (. 4) = Vi (@, )l (2, 1), (3.34)
¢H(x7 t) = VFH (:E7 t) Ecn(xv t), ?Cn(xv t) = VF;I1 (:E7 t)de (:E7 t)'

In addition, the Schridinger operators S5 (z,t), S0 (2,t), and S, (z,t) are related to each other by the
formulas

~

S, =U,8u;, 0 =Urts, Uy,
G = O Grey @=L Gren _ O 1G Oy (0) (3.35)
S = VeuSE Vi S = Vi SV

4. Propagators

Because the propagator at the initial instant is K (z2, to; x1,%0) = d(z2—x1), in analogy to formula (1.2),
there is the well-known relation

K(ﬁg,t; xl,to) = H(t — tQ)U({EQ,t)(S({EQ — xl). (41)

We first find the propagators for the considered systems (3.1), (3.3), and (3.9) in the z-representation using

formula (4.1). In this case, we take into account that the action of the operators e"‘az, €% and e*% on

an arbitrary function f(x) is given by the equalities

ad? — 1 > _ @ d
‘ (x) \/47T0z /—ooe f(g) 57 (4'2)

eo‘wamf(x) = f(e“x), eaamf(x) = f(z + ).

We obtain the following results:
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1. The propagator for a free particle with a variable mass is

Ot —to) iGa-=1? Lin, )

Ke(z2,t;21,t0) = e o2 4.3
(z2, 571, o) VAmihSs(t) (43)
For M(t) = m = const, we obtain a known formula from (4.3) [2]:
m im(z2—zl)2 iNo (t
K (2, t; 21, — 0t —t 2n(i—tg) Tiho(E), 4.4
TS | I— O)\/Zm'h(t—to)e : (4.4)
. The propagator for a free-particle with a renormalized variable mass is
Ot —t i(wa—21)?
K (za,t;21,t0) = 0(t — t0)US ™ (w2, t)0(x2 — 21) = ( o) e is Tifo(t) (4.5)

\/AmiS(t)
The propagator for a particle with a variable mass in an alternating homogeneous field is

0t —t .
K (29, t;x1,t0) = \/ZL(wihSozt) exp{upo(xg,t) +
2

i[!Eg — 1 — Sl (t)]2

P +ilg (t)}. (4.6)

This is the most general expression for the propagator of a quantum particle in an external homoge-
neous field where both the mass and the force acting on the particle from the field arbitrarily depend
on the time. This expression can also be obtained from propagator (4.3) of a free particle using the
action of the shift operator Vi, (x,t) given by (3.5):

Ky (2o, t; 21, t0) = Vi (22, ) Ke (2,171, 10) = €90 @20 K (20 — Sy (1), t; 21, t0). (4.7)

Obviously, propagator (4.6) coincides with propagator (4.3) if F(t) = 0.

. The propagator of a harmonic oscillator with a variable mass and frequency subject to a variable force

is
Ku(zo,t;w1,t0) = 6(t — to) ¢S Fiho )+ fou(®) o

\/AmiS(t)

e’ (2o — — x1)?
X exp{i[ (w2 4;(%)) 1 } (4.8)

This is the most general expression for the propagator of a harmonic oscillator with a variable mass
and frequency subject to a variable force. We note that according to relations (3.33), propagator (4.8)
can be obtained from the renormalized free-particle propagator (4.5) of a free particle via the action
of the operator Viy:

Ku(za, t;x1,t0) = Viu(2e, t) KL (22, t; 21, tg) =

b(t)

_ M fon(o exp{i [M“,?f(” (22 — £(1)) + a(t) (@2 — f(t))’ﬂ } x
X K?“(eb(t) [z — &(P)], t; 21, to)- (4.9)

We consider particular cases of propagator (4.8):



4.1.

4.2.

4.3.

Let M(t) = m = const and w(t) = wp = const. Then the solutions of Egs. (3.12) and (3.18) with
the initial conditions &(to) = 0, £(tg) = 0, n(te) # 0, 7(te) = 0 are

1 t
€(t) = / F(t)sinwo(t — ) ', n(t) = wo cos(wor).

mwo to
In this case, we obtain a known formula for the propagator of a stationary harmonic oscillator
subject to a variable force [2].
Let w(t) = 0. Because b(t) = 0, a(t) = 0, £(t) = S1(t), n(t) = 1, and S(t) = hSa(t), ou(t) =
S1(t)d(t) — So(t) = on(t) in this case, propagator (4.8) coincides with propagator (4.6), i.e.,
KH|U.):O = KL-
Let F(t) = 0. In this case, £(t) = 0, ou(t) = 0, and we obtain the propagator for a harmonic
oscillator with a variable mass and frequency from (4.8):

Kéo)(xg,t;xl,to)z H(t—to) eil\o(t)ei[al(t)1§+51(t)1211+71(t)ﬁ]7 (4.10)
V/2mip (t)
where
25(t)eb® e L ! 4.11
t) =25(t)e" t)=aft t)=— t) = o4
pa(t) (t)e Y, a(t) = a(t) + 48(t)’ B (t) (1)’ 7(t) 48(1) (4.11)

Obviously, there is a relation between the propagators of an oscillator and of a free particle with
a renormalized mass analogous to relation (4.9),

K (2,21, t0) = Vi (w2, ) KR (w2, 21, 1) =
= eb(t)/zem(t)ng?“(eb(t)xg, t;x1,t0). (4.12)
We also present the relation between propagators (4.8) and (4.10):
Ky (za,t;21,t0) = Ul(azz,t)K}(IO)(a:z,t;xl,to) =
A MWEW @& tou) KO (1) _ £(4), t: 21, 1), (4.13)

Formula (4.10) yields the most general expression for the propagator for a harmonic oscillator
with a variable mass and frequency. All the propagators found in [10] can be obtained from this
propagator as particular cases. We here consider only three particular cases of formula (4.10):

4.3.1. Let w(t) = 0. In this case a(t) =0, b(t) = 0, n(t) = 1, and S(t) = hS2(t). Then

1 1

() =205, aal®) =nl) = 0 4 AO== 4

and propagator (4.10) coincides with propagator (4.3) for a free particle with a variable

mass.

4.3.2. Let M(t) = wy'e®, w(t) = wo, to = 0, and /i = 1. This choice corresponds to the model

of a damped quantum oscillator: the Caldirola—Kanai model (see, e.g., [10], [28]), which is

defined by the Hamiltonian
wo

2

H =" (e 2Mp? 4 23?). (4.14)
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In this case, from Eqgs. (3.17), (3.18), and (3.22), we obtain

n(t) = e MQ(1), Q(t) = wcos(wt) + Asin(wt),

. 4.15)
wo sin(wt) oy, wet (
a(t) = — e b(t) = log ,
©=""2n00) =18 g
where w = /w2 — A2 > 0. For coefficients (4.11) in the case of Hamiltonian (4.14), we
obtain the expressions

= hewo e M sin(wt), ay(t) = L (wcot(wt) — /\)eZAt, 7 (t) = @)

t =
ma(t) w 2hwo 2hwo sin(wt)’

which coincide with the results obtained in [10] in a different way.
4.3.3. Let M(t) = 1, w?(t) = w? + 2X2/cosh?(\t), to = 0, and i = 1. Then we obtain the
Hamiltonian of a parametric oscillator [10],
1
H= 2(;52 + W3 (t)i?). (4.16)
In this case, the solution of Eq. (3.18) with the initial conditions 1(0) = wg and 17(0) = 0
can be written as
n(t) = wp cos(wot) — Asin(wot) tanh(At). (4.17)

Consequently, b(t) = log(wo/n(t)), a(t) = 7(t)/2hn(t), and the function S(t) is

hwo

S0 = 9wz + x2n(t)

[wo sin(wot) + A cos(wot) tanh(At)]. (4.18)

Coefficients (4.11) are

uy(t) = wgh:io)@ [wo sin(wot) + A cos(wot) tanh ()],
(4.19)
o (t) [w3 4 A% cosh™?(\t)] cos(wot) — Awp sin(wot) tanh(At)
1 = )

2[wo sin(wot) + A cos(wpt) tanh(At)]
and these expressions also coincide with the results in [10].

We note that in view of the limit formula lima_o(ra)~1/2e=2"/® = §(z), it is easy to verify that all
the obtained propagators satisfy the required initial condition lim;_.;, K = 0(z2 — z1).

5. Invariants: General expressions

Invariants play an important role in studying properties of nonstationary quadratic systems [4], [7].
In this section, we construct invariant operators for the considered systems using the method of evolution
operator U(t). By the invariants of a quantum system, we mean time-dependent operators I (¢) whose means
are independent of time, i.e., dI(t)/dt = 0. An invariant I(#) commutes with the Schrédinger operator,
[§ (t),I(t)] = 0, and consequently transforms each solution of the Schrédinger equation into another solution
of this equation. On the other hand, we know (see, e.g., [7]) that we can use the evolution operator to
construct 2N independent invariants for any quantum system, where NN is the number of degrees of freedom
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in the system. In our case, there are two independent (basis) invariants Zo(t) and po(t). We construct these
invariants using the formulas

Zo(t) =UMEU'(t),  po(t) =U)pU ' (¢). (5.1)

The physical meaning of these invariants is that they are operators of the initial coordinate and momentum.
In general, operators (5.1) are linear combinations of the operators & and p with time-dependent coefficients,

Zo(t) = e1(t)Z + e2(t)p + e3(t), Po(t) = di(t)Z + d2(t)p + ds(t), (5.2)
where Zo(t9g) = & and po(to) = p, i.e.,
el(to) = dg(to) = ]., eg(to) = 63(t0) = dl (to) = dg(to) =0. (53)

It follows from the commutation relation [po(t), Zo(t)] = [p,&] = —ih that the coefficients in (5.2) satisfy
the equality doe; —dies = 1, and the equations for these coefficients follow from the commutation relations
[S,20) = 0 and [S,pg] = 0. If we write the system Hamiltonian as H = ay(t)p2 + SB2(t)22 — F(t)2, then
these equations become

€1 = 2fsea, €2 = —2apeq, €3 = —Fes,
(5.4)

dl = 2ﬂ2d2, dQ = —20[2d1, Oéledg = —FdQ.

We now present the most general forms of the operators Zo(t) and po(t) for the considered quadratic
systems explicitly:

1. For a free quantum particle with a variable mass, we have
Zop(t) = & — 255(t)p, Pox (t) = D, (5.5)

ie,e1 =1,ea=—-259,e3=0,d; =0,ds =1, and d3 = 0. If M (t) = m = const, then

dor=i— "1, for=p. (5.6)
m

2. For a particle with a variable mass in an alternating homogeneous field, we have
Do (t) = & — 252()p + 20(t) Sa(t) — S1(t), pou(t) =p—4(t), (5.7)

ie,ep =1,ea=—289 e3 =205 —S1,d; =0,ds =1, and d3 = —0. If M(t) = m = const, then

) ) 1 . )
Fou(t) = & — f:lf +(6T=8),  poult) =p—0. (5.8)

3. For a harmonic oscillator with a variable mass and frequency subject to a variable force, we have

Fou(t) = =M (t)az(t)E + a2(t)p + M (t)Aa(t), 5.9)
Bou(t) = —M(8)ar (t)% + ar(t)p + M(H)AL(2), '
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i.e., €1 = —Mdg, €2 = a9, €3 = MA2, dl = —Mdl, d2 = aq, and d3 = MAl, where

ar =e "M = n(t) ag = — 2 a
: o) S(t)an (1),

Ai = Ai(t) = ai(B)E(t) — ai(t)E(t), i=1,2.

(5.10)

The functions a1, az, A1, and Ay satisfy the initial conditions
aq (to) = ]., dl (to) = 0, ag(to) = 0, M(to)dg(to) = —1, Al(to) = Ag(to) =0.

We consider two particular cases of formulas (5.9):

3.1. The Hamiltonian for Caldirola-Kanai oscillator (4.14) subject to a variable force is

2
_ DT —oxe | WO .2 ane .
H= om € + , Te F(t)z, (5.11)

and we obtain (7 =t —tg and 7/ =’ — tg here)

A p
a () = G A _ “A(t+to) o
ZTou(t) = Te (cos(wT) " sm(un')) i © sin(wt) +

I :
+ / e MEH) B¢ sin(wr!) di (5.12)

mw Jy,

. ~ t
e / e MF()Q(t) dt
w w

to

Pou (1) = Emw3e
Pou(t) 0 w

where Q(t') = wcos(wr’) + Asin(w7’). For A = 0, formulas (5.12) coincide with the formulas for

a stationary oscillator subject to a variable force. For wg = 0, we obtain the operators oy, (t)

and po..(t) (see (5.7)) for a linear potential in the case of a variable mass M (t) = me?*:

1 ,
Foo(t) =& — L e Mt+t) sinh(Ar) + e MNEH) B (¢ sinh (A7) di
mA mA Jig (5.13)

Pou(t) =p —6(t).

In the limit case A — 0, we hence obtain operators (5.8) for a linear potential with M (¢) = m =
const.

3.2. For parametric oscillator (4.17), we have

R T . A2 cos(woT
x((f:{) (t) = W2 A2 [w% cos(woT) — Awg sin(woT) tanh(A7) + COSh2((/\T))] _
el +2) [wo sin(woT) + A cos(woT) tanh(A7)],

(5.14)

2 .
]5((321) (t) = ma [wo sin(woT) + A cos(woT) tanh (A7) + A”sin(wor) }

wo cosh? (A7)

A sin(woT) tanh()n-)} .
wo

+p [cos(wor) -



For A = 0, these formulas coincide with the formulas for the stationary oscillator with F' = 0. In
the limit wy — 0, from (5.14), we obtain the formulas for the oscillator with a variable frequency
w3 (t) = 2X%/ cosh?(\t):

P
tanh(\7),
mA (5.15)

PO (t) = m@Atanh(A) + AT cosh~2(A7)] + p[1 — Ar tanh(A7)].

20 (t) = & cosh (A1) —

It is now clear that the most general form of the (either Hermitian or non-Hermitian) nth-order invariant
(n=1,2,...) after its expansion in powers of &y and py is

Z Qnm + OnO; (516)

where
m

Qumn(t) = D _[AS 25 (OB (1) + B o " (6)ak (1) (5.17)
k=0

and the coefficients Aé?rzk, B((J:;Zk, and C,,, are arbitrary constants. In general, these quantities can be
complex. Hence, all invariants I,,(¢) (n = 1,2,...) can be expressed in terms of basis invariants (5.2). Here,
we construct only the linear and quadratic invariants. In the most general case, we have the expressions

for them
Li(t) = A1 (t)p + B1(t)z + C1(¢),
- (5.18)
Ir(t) = As(t)p* + Ba(t)2* + Co(t)pd + Co(t)2p + Da(t)p + E(t)d + Fa(t).
Here, the coefficients of the linear invariant are
Aq (t) = Aqypds + Bygeo, By (t) = Aypdy + Byper, & (t) = Ajods + Biges + Cho, (5.19)
and the coefficients of the quadratic invariant are
As(t) = Aggd2 + Bagel + (Cap + Cap)daes,
By(t) = Aa(do — di,e2 — e1),
Ca(t) = Agodrda + Bagerea + Capdaer + Caodyes,
Ca(t) = Ca(Cap « Cho), (5.20)

Dy (t) = 2A90dads + 2Bageses + (Cao + 520)(d263 + dsez) + Dagda + Eapes,
Eg(t) = DQ(dQ — d1,€2 — 61),

Fy(t) = Agod? + Bages + (Cag + Cao)dses + Dagds + Esges + Fap.

The initial conditions for coefficients (5.19) and (5.20) are A;(to) = A1g, A2(to) = Asg, and so on. It is
clear that the quadratic invariants of the type I3, Ifr I;, and so on are particular cases of the invariant

I, given by (5.18). For instance, if we choose coefficients (5.20) in the form Asy = A%, By = B,
Cao = Cio = A10Bio, Dag = 2A19Ch0, Eag = 2B19Cho, and Fag = C3y, then I = L.
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The differential equations for the coefficient functions involved in the invariants I; and I follow from
the commutation relations [S, 1] = 0 and [S, I5] = 0. We can write these equations as

Al = —20&231, Bl = 262141, Ol = —FAl (521)

and

Ay = —20&2(02 =+ 52), B2 = 262(02 + 62), OQ = 52 = 262142 — 2a9 Bs, (5 22)

DQ = —2FA2 - 20&2E2, EQ = —F(OQ + 52) + 262D2, FQ = —FDQ

It in turn follows from the first two equations in (5.21) that

OégAl — dgAl + 40[%52141 =0.

d

4IM(t)A;1(t)] = 0 in the case of a free particle and a particle in a homogeneous field and

This equation is

d

S MOALD] + M) (1) A () = 0

in the case of an oscillator. As a consequence of formulas (5.21), we find that linear invariant (5.18) can be
expressed only in terms of the coefficient A (t):

Li(t) = Ay(t)p — M(8) A (6) — /t F(t) A (') dt,

to

where (2a)~! = M (t). Another relation between A;(t) and Bi(t) also holds:
A(0)BL (1) = A (DB (t) = Ay Bio — AjgByy = const,

which can be easily verified using the equality ezdz — éady = 205. It follows from the definition of the
functions a1 (t) and as(t) given by (5.10) that they also satisfy Eq. (3.18),

d

Ut [M (t)a;(t)] + M (t)w?(t)a;(t) =0, i=1,2,

and the relation M (az2a; — aras) = 1.
6. Conclusion

We have used the evolution operator method to study the physical properties of simple nonstationary
quadratic quantum systems, namely, a free particle with a variable mass, a quantum particle with a variable
mass in an alternating homogeneous field, and a harmonic oscillator with a variable mass and frequency
subject to a variable force. By successive unitary transformations of the Schrodinger equation, we con-
structed the evolution operators for these systems in an explicit disentangled form. In this regard, we note
that in the particular case where the mass M = m = const and Ag(t) = 0, formula (3.25) was obtained
in [29] using a different method: using the Feynman method to disentangle noncommuting operators. But
there is a misprint in formula (28’) in [29]: it must be written as b(t) = zfttg e~ 2ict) gy

As emphasized in [23], the evolution operator method for studying quadratic systems turns out to be
rather simple and fruitful at the same time; for example, using this method, first, we easily established
unitary relations between the considered systems, and second, we found various exact solutions of the
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equations of motion with an arbitrary time variation for the Hamiltonian parameters (mass M (t), frequency
w(t), and force F'(t)), which itself is of research interest.

A unitary relation allows obtaining the wave functions for the harmonic oscillator subject to a force
from the appropriate expressions for a free particle with a variable mass. For example, a free particle with
a variable mass has the oscillator states [23]

Yn(@: ) = N CEEg )W eXp{_ 22;5(20 }H" <¢h|:F(t)| ) ’ (1

where N, = Nop/v/27n! is the normalization factor, Nor = (7h)~/4[ex(t)]~ /2, and H,(x) are Hermite
polynomials. We can then write the appropriate expressions for a nonstationary oscillator with a variable
driving force as

MY U e T p) e ON? iporn MOEDE—e®))
Yi(x,t) = Vet F(z,t) = Npu en(t) e X

MO (76
<onlspongy - 0P} (G 50 ) o2

where

E(H) = ar (D™ (1) = Aoar () — idras(t),  €%0(t) = Ao + 20N A7 LS (1),

NOH

Nn = )
" V27 !

Now = (wh) ™ /e ()] /2,
A1 and A are the complex numbers satisfying the condition Re(AjfA;) = 1, and

w;{en F(x7 t) = wg (x’ t) }EF—NSEC“ , Ep = é-?en

Functions (6.1) and (6.2) are normalized by the conditions

/Oo F (2, 1)[2 da = 1, /Oo o8 (2, )2 d = 1. (6.3)

— 00 — 00

We emphasize a feature of the unitary relation between a harmonic oscillator and a free particle: the
problem of a harmonic oscillator is unitarily equivalent to the problem of not only a free particle but also
a free particle with a renormalized mass. Hence, knowing some states of a free particle, we can construct
appropriate states of both a particle in a homogeneous field and a harmonic oscillator (whether the latter
is subject to a force or not) by applying a unitary operator.

The third result in our paper is that using the evolution operator method, we immediately obtain the
most general expressions for the propagators of a free particle, of a particle in an alternating homogeneous
field, and of a nonstationary oscillator. Using the unitary relation established above, we express the prop-
agators of both a particle with a variable mass in an alternating homogeneous field and a nonstationary
harmonic oscillator in terms of the propagator of a free particle. As particular cases, these general ex-
pressions contain results already known in the research literature, which we demonstrated with particular
examples. We note that problems with a time-dependent particle mass have long been considered in the
literature (see, e.g., [28]). There is reason to believe that such problems are directly related to real physical
unstable systems, to the systems with dissipation, and also to real physical processes in an alternating
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homogeneous gravitational field arising in the early evolutionary stages of the Universe (see [30] and the
references therein).

The evolution operator method can be also useful for other quantum mechanical problems that are
not specified by quadratic Hamiltonians, of course, if the evolution operators can be constructed in an
explicit form. For example, such systems can include a singular oscillator with a variable frequency [5]
and a relativistic quantum particle in an alternating homogeneous field described by a finite-difference
equation [18]. Other examples can be systems defined by Eq. (2.1) and also some thermal conductivity
problems.

We note that for quadratic quantum systems defined by Hamiltonians of the most general form

H = A(t)p* + B(t)i* + C(t)(pz + 2p) + D(t)p+ E(t)& + F(t),

where the coefficients are real functions of time, the evolution operators can be completely disentangled, and
these systems are obviously unitarily equivalent to a free particle but, perhaps, with a mass renormalized
in a certain way. This means that we can, in principle, construct all the states of these systems from the
known states of a free particle using the unitary operators even if the parameters of the Hamiltonian A(t),
B(t), C(t), D(t), E(t), F(t) arbitrarily depend on the time.

We now briefly list advantages of the evolution operator method. If we know the evolution operator,
then we can

1. find a solution of an equation with a required property,

2. uniquely find an unlimited number of solutions of an equation with an arbitrary time dependence
of the Hamiltonian parameters (there is no problem of defining the phase in this case, unlike in the
method of invariants [4]),

3. easily determine the form of propagators,
4. easily determine the form of invariants of any order, and
5. easily establish a unitary relation between the considered systems.

We also note that we can use this method to construct a perturbation theory that is an analogue of the
Feynman diagram technique in quantum mechanics.
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