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Abstract

We consider several models of the damped oscillators in nonrelativistic quantum me-
chanics in a framework of a general approach to the dynamics of the time-dependent
Schrodinger equation with variable quadratic Hamiltonians. The Green functions are
explicitly found in terms of elementary functions and the corresponding gauge trans-
formations are discussed. The factorization technique is applied to the case of a shifted
harmonic oscillator. The time evolution of the expectation values of the energy-related
operators is determined for two models of the quantum damped oscillators under con-
sideration. The classical equations of motion for the damped oscillations are derived for
the corresponding expectation values of the position operator.
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1 Introduction

We continue an investigation of the one-dimensional Schrodinger equations with variable
quadratic Hamiltonians of the form
oY 0%

iy = —a(t)@ + b(t) %y — z(c(t)xgﬁ + d(t)1/1>, (1.1)

where a(t), b(t), c(t), and d(t) are real-valued functions of time ¢ only; see [8, 9, 22, 23, 25,
34, 35, 36] for a general approach and currently known explicit solutions. Here we discuss
elementary cases related to the models of damped oscillators. The corresponding Green
functions, or Feynman’s propagators, can be found as follows [8, 35]:

b= Glw,y,t) = 27r1w(t) i+ B(Oy+1(Dy?) (1.2)
where

alt) = 4a1(t) Z/((f)) - 262((?)’ (1.3)

B(t) = —Zg;, h(t) = exp ( - /0 ' (e(r) - 2d(r)) d7>, (1.4)

-t o[ o
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and the function pu(t) satisfies the characteristic equation

W =T +4o(t)p =0 (1.6)

with

/ dfd d
T(t):%—20+4d, U(t)zab—cd+d2+2<z—> (1.7)

subject to the initial data

u(0) =0, 4/(0) = 2a(0) # 0, (L8)

More details can be found in [8, 35]. The corresponding Hamiltonian structure is discussed
in [9].

The simple harmonic oscillator is of interest in many advanced quantum problems [16, 21,
26, 32]. The forced harmonic oscillator was originally considered by Richard Feynman in his
path integrals approach to the nonrelativistic quantum mechanics [12, 13, 14, 15, 16]; see also
[23]. Its special and limiting cases were discussed by many authors; see [6, 17, 19, 24, 26, 38|
for the simple harmonic oscillator and [1, 7, 18, 27, 31] for the particle in a constant external
field and references therein.

The damped oscillations have been analyzed to a great extent in classical mechanics;
see, for example, [5, 20]. In the present paper we consider the time-dependent Schrodinger
equation

oY

— =H 1.9

T (L9)
with the following non-self-adjoint Hamiltonians

H=H = %(puﬁ) — \px (1.10)
and

H=H,y = %(pz—f—l'z) — A\xp, (1.11)
where p = —id/0x, as quantum analogs of the damped oscillator. A related self-adjoint
Hamiltonian

A
H=Hy= %(p%ﬁ) ~ 5 (pr 4 ap) (1.12)

is also analyzed. Although discussion of a quantum damped oscillator is usually missing in the
standard classical textbooks [21, 26, 32] among others, we believe that the models presented
here have a significant value from the pedagogical and mathematical points of view. For
instance, one of these models was crucial for our understanding of a “hidden” symmetry of
the quadratic propagators in [9]. Moreover, our models show that fundamentals of quantum
mechanics, such as evolution of the expectation values of operators and Ehrenfest’s theorem,
can be extended to the case of non-self-adjoint Hamiltonians. This provides, in our opinion,
a somewhat better understanding of the mathematical foundations of quantum mechanics
and can be used in the classroom.

The paper is organized as follows. In Section 2 we derive the propagators for the models
of the damped oscillator (1.10) and (1.11) following the method of [8]. The corresponding
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gauge transformations are discussed in Section 3. The next section is concerned with the
separation of the variables for related model of a “shifted” linear harmonic oscillator (1.12).
The factorization technique is applied to this oscillator in Section 5. The time evolution of the
expectation values of the energy-related operators is determined for these quantum damped
oscillators in Section 6. The classical equations for the damped oscillations are derived for
the expectation values of the position operator in the next section. One more model of the
damped oscillator with a variable quadratic Hamiltonian is introduced in Section 8. The last
section contains some remarks on the momentum representation.

2 The first two models

For the time-dependent Schrodinger equation

0 0%y . oY
zat:u;()<—w~l—x2w> +z)\<x6x~l—w> (2.1)

with a = b = wp/2 and ¢ = d = —\, the characteristic equation (1.6) takes the form of the
classical equation of motion for the damped oscillator [5, 20:

p 200+ Wi =0, (2.2)
whose suitable solution is

= %6_/\7: sinwt, w=1/w—A2>0. (2.3)

The corresponding propagator is given by

wet iw 9 o
G(z,y,t) = — exp : ((z* + y°) coswt — 2zy)
2miwg sin wt 2wq sin wt (2.4)
A
X exp (2010($2 _ y2))

Indeed, directly from (1.3)—(1.4),

a(t):wcoswt—l—)\sinwt’ Bt) = — w (2.5)

wo sin wt’

2wp sin wt

The integral in (1.5) can be evaluated with the help of a familiar antiderivative

/ dt sinf el (2.6)

(Acost + Bsint)? - A(Acost + Bsint)

It gives

wcoswt — Asinwt
v(t) =

2.7
2wo sin wt (2.7)

with the help of the identity

w? — wEsin® wt = w? cos® wt — A\ sin’ wt (2.8)
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and the propagator (2.4) is verified. A “hidden” symmetry of this propagator is discussed in
[9].
The time-evolution of the squared norm of the wave function is given by

oG, 0| = /_°° [, ) dae = M[us(, 0) || (2.9)

It is derived in Section 6 among other things. We have discussed here the case wg > \2. Two
more cases, when wg = A2 and wg < A2, are similar and the details are left to the reader.
In a similar fashion, the time-dependent Schrédinger equation of the form

O wo Y 0y
A —— 2.10
Yor = 2( gmz T ) Fidag (2.10)
with a = b =wp/2 and ¢ = =)\, d = 0, has the characteristic equation
p =22+ Wi =0 (2.11)

with the solution

= 20 At sinwt, w=1/wd—A2>0. (2.12)
w

The corresponding propagator is given by

we~ A iw 9 9
G(x,y,t) = — exp - ((a: +y ) coswt — Qxy)
2miwg sin wt 2wq sin wt
(2.13)
N, 9 9
X exp <2u]0(aj Yy ))
and the evolution of the squared norm is
9,0 = e o0 (2.14)
The solution of the Cauchy initial value problem
OV
S0 =y, (r,0) = () (215)

for our models (2.1) and (2.10) is given by the superposition principle in an integral form

P(z,t) / G(z,y,t) x(y) dy (2.16)

for a suitable initial function x on R; a rigorous proof is given in [35].

3 The gauge transformations

The time-dependent Schrédinger equation

8¢ <wo

5 5 (p—A)2+U+(p—A)V+W(p—A)>¢, (3.1)
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where p = i710/0x is the linear momentum operator and A = A(z,t), U = U(x,t), V =
V(x,t), W = W (z,t) are real-valued functions, with the help of the gauge transformation

= e @y (3.2)
can be transformed into a similar form

o - ~ - \ ~

za—qf = <a;0(p—A)2+U+(p—A)V—I—W(p—A))z/J (3.3)

with the new vector and scalar potentials given by

of =~ ~ —~
g’ U=U TR V=V, W=W. (3.4)
Here we consider the one-dimensional case only and may think of f as being an arbitrary
complex-valued differentiable function. Also, the Hamiltonian in the right-hand side of equa-
tion (3.1) is not assumed to be self-adjoint; see [21, 26] for discussion of the traditional case,
when V =W = 0.

An interesting special case of the gauge transformation related to this paper is given by

A=A+

i\t
A=0, U:%xQ, V=X, W=0, f:%, (3.5)
~ ~ i~ N
A=o0, U:%xt%, V=-X\xr, W=0, (3.6)

when the new Hamiltonian is

TR \CONY, S ) G BT P
H—2(p A) —|—U+pV—2< ax2+x>—|—22<2xax+1, (3.7)

and equation (2.1) takes the form

2
iwzm(—al?p—i—ﬁw)—i—i;\(?xgﬁ—i-w)- (3.8)

The corresponding Green function is given by

G(z,y,t) = —__exp ad ((2* + y?) coswt — 2y)
2w sin wt 2wo sin wt (3.9)
N .
X exp <2Zw0(x2_y2)>’ w:m>o’

and the norm of the wave function is conserved with time. This can be established once again
directly from our equations (1.2)—(1.8). We leave the details to the reader. A traditional
method of separation of the variables and using the Mehler formula for Hermite polynomials
is discussed in the next section. The factorization technique is applied to this Hamiltonian
in Section 5.

Equation (3.8), in turn, admits another local gauge transformation:

wo o Az Ax?
0, U 5 L V=W 5 f g’ (3.10)

A=-2 =22 V=w=-22 (3.11)
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and the Hamiltonian becomes

H= %(p—g)Q—i—ﬁ—i-(p—Z)v—i-va(p—g)
_ w0, AN w0
T2 <p+ w0> T
< )\az>< Am) ( Am)( )\1:> (312)
+p+= ) -=)+(-= =
wo wo 0 wo
_ wo o W(Q) — )\2:(:2.
2 2w
As a result, equation (3.8) takes the form of equation for the harmonic oscillator:
Oy wo Y w? o, 2 2 \2

and can be solved, once again, by the traditional method of separation of the variables or
by the factorization technique.

4 Separation of variables for a shifted harmonic oscillator

We will refer to the case (3.8) as one of a shifted linear harmonic oscillator. The Ansatz
Y(x,t) = e Plo(z) (4.1)

in the time-dependent Schrodinger equation results in the stationary Schrédinger equation
Hp=FEyp (4.2)

with the Hamiltonian (3.7). The last equation, namely,

iA 2F
—" + 2o+ =20 + ) = o, (4.3)
wo wo
with the help of the substitution

e (2t »

is reduced to the equation

The change of the variable

ur) =0, w=g [ (46)

gives us the stationary Schrodinger equation for the simple harmonic oscillator [21, 26, 29, 32]:

v+ (2e =)o =0 (4.7)
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with ¢ = F//w, whose eigenfunctions are given in terms of the Hermite polynomials

Up = C’ne_fz/an(f), (4.8)
and the corresponding eigenvalues are
1 1
an:n+§, En—w<n+2) (n=0,1,2,...). (4.9)
Thus the normalized wave functions of our shifted oscillator (3.8) are given by
Y (x, 1) = e T2t (), (4.10)
where
(@) = Cuexp (222, 6), €=\ [2 (.11
ex =x,/— :
PnlL p 2&)0 0
and
CuP= JC L (4.12)
wo /270!
in view of the orthogonality relation
oo
/ Pr(@)pm () dx = Onm. (4.13)
—0o0

We use the star for complex conjugate.
Solution of the initial value problem (2.15) can be found by the superposition principle
in the form

t) = icn Un(, 1), (4.14)
where -
W (,0) ch nl(a (4.15)
and
Cn = /_: en(y)x(y) dy (4.16)

in view of the orthogonality property (4.13). Substituting (4.16) into (4.14) and changing
the order of the summation and integration, one gets

P(z,t) / G(z,y,t)x(y) dy, (4.17)
where the Green function is given as the eigenfunction expansion:

G(z,y,1) Ze w12l ()05 (1)- (4.18)

This infinite series is summable with the help of the Poisson kernel for the Hermite polyno-
mials (Mehler’s formula) [30]:

o] 2 2\,.2
H, H, 1 2zyr — (x° +y°)r
2 o N 1—r2

The result is given, of course, by equation (3.9).
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5 The factorization method for shifted harmonic oscillator

It is worth applying the well-known factorization technique (see, e.g., [2, 3, 4, 10, 26]) to the
Hamiltonian (3.7). The corresponding ladder operators can be found in the forms

a= (a—i—iﬂ)a:—i—’y(%, (5.1)
0
al = (a—if)x — a0 (5.2)

where «, 3, and v are real numbers to be determined as follows. One gets

2
aalp = (a2 + )0 + (o — B — 2y e 0 L, (53
0 0?

atap = (a® + 8%)a*y — (a +if) 1y — 22‘&%% - 728715, (5.4)
whence

(a,a,Jr - aTa)w = 2av1) (5.5)
and

2
%(aa* +ala)y = —vQ‘Z;é’ + (o + )2y — ify (2%1’ + w) (5.6)

The canonical commutation relation occurs and the Hamiltonian (3.7) takes the standard
form

H = %(anr + aTa), (5.7)
if

1 1
20y = 1, w(a2 + 62) =wy? = 5o, wly = —5/\. (5.8)

The relation w% = w? + A2, which defines the new oscillator frequency, holds. As a result, the

explicit form of the annihilation and creation operators is given by

B w i\ wg O
V2a = ( o W)m—{—,/ o (5.9)

Y R W R
V2a <w0—|—\/m>x A (5.10)

The special case A = 0 and w = wy gives a traditional form of these operators.

The oscillator spectrum (4.9) and the corresponding stationary wave functions (4.11) can
be obtained now in a standard way by using the Heisenberg-Weyl algebra of the rasing and
lowering operators. In addition, the n-dimensional oscillator wave functions form a basis of
the irreducible unitary representation of the Lie algebra of the noncompact group SU(1,1)
corresponding to the discrete positive series D7 ; see [25, 28, 33]. Our operators (5.9)(5.10)
allow us to extend these group-theoretical properties for the case of the shifted oscillators.
We leave the details to the reader.
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6 Dynamics of energy-related expectation values

The expectation value of an operator A in quantum mechanics is given by the formula

= [ w0 AR d, (61)
where the wave function satisfies the time-dependent Schrédinger equation
oY
—— = H. 6.2
Tor =Y (6.2)

The time derivative of this expectation value can be written as

d 0A
—(A) =i — AH - H'A 6.3
i (4) z<8t>+< ) (6.3)
where H' is the Hermitian adjoint of the Hamiltonian operator H. Our formula is a simple
extension of the well-known expression [21, 26, 32] to the case of a non-self-adjoint Hamilto-
nian.
We apply formula (6.3) to the Hamiltonian
H= @(p2 + x2) —Apz, p= —iﬁ (6.4)
2 oz

in equation (2.1). A few examples will follow. In the case of the identity operator A = 1, one
gets

AH — HTA = \Nap — pz) = i) (6.5)

by the Heisenberg commutation relation

[z,p] = xp — pr =i. (6.6)
As a result,

d 2 2

2 1017 = Al %, (6.7)

and time evolution of the squared norm of the wave function for our model of the damped
quantum oscillator is given by equation (2.9).
In a similar fashion, if A = H, then

H> - H'H = (H - H")H =i\H, (6.8)
and

S (H) = MH), (H) = (Hyoe™ (69)
Moreover,

S(H"Y = MH"), (HY) = (HY), N (n=0,12,..), (6.10)

which unifies both of the previous cases.
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Now we choose A = p?, A = 22 and A = px + zp, respectively, in order to obtain the

following system:

d <p2> = 3)\<p2> — wo(px + xp),

dt
d
£<$2> = —)\<m2> + wo(pz + p), (6.11)
d
$<px + :cp> = 2w0(<p2> — <x2>) + Apx + zp).
Indeed,
p’H — Hip? = % [pQ,x2] + )\[x,p?’] = 3i\p? — iwo(pz + xp), (6.12)
2?’H — Hf2? = % [mz,pz] — Azfz, plz = iwo(pr + xp) — i\x?, (6.13)
and
(px + xp)H — H' (px + xp)
> (ple, plp — @[z, plz) + A((@p)® — (px)?) (6.14)

= 2 ([pa®) + [0 +
= 2iwp (p2 - x2) + iX(px + xp),

which results in (6.11).
The system can be solved explicitly, thus providing the complete dynamics of these ex-

pectation values. The eigenvalues are given by rg = A\, r+ = A & 2¢w and the corresponding

linearly independent eigenvectors are

wo (A £ iw)?
o= |wy |, T+= wi (6.15)
2\ 2wp (A £ iw)

with the determinant

wo (A +iw)? (A —iw)?
wo wi wi = —8iwgw® # 0. (6.16)

2N 2wp(A +iw) 2wo(A —iw)

The general solution of the system (6.11) can be obtained in a complex form

<p2> wo (A + iw)?
<.Z'2> — Coe)\t wo | + C+e()\+2iw)t w(2)
(px + xp) 2\ 2wo (A +iw)
(6.17)
(A —iw)?
+ C_e()\—2zw)t wg ’
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where Cy and Cy are constants. The corresponding solution of the initial value problem is
given by

o\ "
(2?) =5 (wo (<p2>0 + <$2>0> — Mpz + :L'p)o) M| wo
(px + zp) 2\
2 2
e (ot + 22500, - 7))
()\2 — w2) cos 2wt — 2w sin 2wt
x et wg cos 2wt (6.18)

2wy cos 2wt — 2wow sin 2wt
1 22X,
+ m(@x + ap)o — ;0<x )0)
2 w cos 2wt + ()\2 — w2) sin 2wt
x eM wg sin 2wt
2wow cos 2wt + 2w sin 2wt

The mechanical energy operator E can be conveniently introduced as the Hamiltonian of
our shifted linear harmonic oscillator (3.7):

A
E=H,= ?(pQ—i-mQ) — §(px+xp), (6.19)
so that
A
H = Hy+i7. (6.20)
Then
5= (G004 ) - gon
. (6.21)
= )\<u;0(p2 +2%) — §(px + xp)>
with the help of our system (6.11). Therefore,
d
(B} =XE), (B) = (E)e" (6.22)

for the expectation value of the mechanical energy of the damped oscillator under consider-
ation.
The case of the second Hamiltonian,

A
H= %(p2 +a?) = dap = Ho—i5, (6.23)

which is the Hermitian adjoint of the Hamiltonian (6.4), is similar. Here

H"W' — H'H" = (H — H')H" = \[p,2]H" = —i\H"
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and
S = AHY), (") = (H")e ™ (n=0,12,..) (6.24)
Moreover,
P2H — Hip? = % [P, %] + Apl, plp = iAp? — iwo(px + zp), (6.25)
PH - H'a? = 2 [a% p*] + A[p,a"] = —8ida® + iw(pz + ap), (6.26)
(pz +xp)H — H' (pz + 2p) = 2 ([p,2"] + [2,p°])
+ %5 le.plp = alwple) = A((ep)? ~ (o)) (627)

= 21wy (p2 - x2) —iX(pz + xp),

and the corresponding system has the form

L) = M) — wolpe + ap),
%<x2> = —3X(2?) + wo(pz + zp), (6.28)
d

7o+ ap) = 200 ((p*) = (2%)) = Mpz + 2p).

The change p < z, A — —\, wp — —wp transforms formally this system back into (6.11).
This observation allows us to obtain solution of the initial value problem from the previous
solution given by (6.18). For the mechanical energy operator E introduced by equation (6.19),
one gets

(B = —XE), (E)=(E)je™ (6.29)

with the help of (6.28).
The case of a general variable quadratic Hamiltonian of the form

H = a(t)p® + b(t)x? + c(t)px + d(t)zp, (6.30)

where a(t), b(t), c(t), d(t) are real-valued functions of time only, is considered in a similar
fashion. One gets

o' —H'H"= (H - H')H" = (c — d)[p, 2| H" = i(d — ¢)H" (6.31)

and

) = (%) + (a0 - o)), (632)

The cases n = 0 and n = 1 result in

(1) = (1) exp < /0 () — o) dT> (6.33)
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and

e = (G ) + (@) — et (),

respectively.
Moreover,

p’H — Hp? = b[pQ, :132] + c[p?’, a:] + dp[p, z]p = —i(3c + d)p* — 2ib(pz + zp),
2?H — H'z? = a[a:2,p2] + czlz, plr + d[x?’,p] = i(3d + c)2® + 2ia(px + zp),
(pz + ap)H — H'(pz + xp) = a([z,p°] + plz, plp) + b([p, 2*] + z[p, z]x)

+(c—d)((pz)* - (zp)?)
= 4iap2 — 4iba? — i(C — d) (px + -Tp)u

and the corresponding system has the form

d
dt
d
dt
d

$<pa: + zp) = 4da(p*) — 4b(x*) + (d — c){pz + zp).

<p2> =—(3c+ d)<p2> — 2b(pz + xp),

(2%) = (c+3d)(2?) + 2a(px + xp),

We have used the familiar identities

[z,p] =i, (zp)* — (px)* = i(pz + zp),
[2*,p°] = 2i(px + xp), [x,p°] =3ip>, [2°,p] = 3ia”

once again.

7 A relation with the classical damped oscillations

(6.34)

(6.38)

Application of formula (6.3) to the position z and momentum p operators allows to modify
the Ehrenfest theorem [11, 26, 32] for the models of damped oscillators under consideration.

For the Hamiltonian (6.4), one gets

xH—HTx:%[m,pﬂ = wpp,

pH — Hfp = ?O [p,2%] + A[z,p?] = —iwox + 2iAp
and

L2y = wolp), L(p) = —wole) +2A(p)

i = wo\P), dtp = 0 D).

Elimination of the expectation value (p) from this system results in

2 d ,
@@@ - 2)\%@7) +wylz) =0,

which is a classical equation of motion for a damped oscillator [5, 20].

(7.1)

(7.2)



14 R. Cordero-Soto, E. Suazo, and S. K. Suslov

For the second Hamiltonian (6.23), we obtain

9 a) = wolp) 22, 5 (p) = o), (75

which gives

2
%(x) + 2)\%<$> +wi(z)=0 (7.6)

in a similar fashion.
Finally, our model of the shifted harmonic oscillator (3.8), when the Hamiltonian is given
by (6.19), results in

d2

73 () + (W@ — A2)(z) =0. (7.7)

We leave the details to the reader.

8 The third model

For the time-dependent Schrodinger equation with variable quadratic Hamiltonian:

0P wo —zAt@ N, 2
Zat_2< e 8x2+6 x|, (8.1)

where a = (wo/2)e 2, b = (wp/2)e?* and ¢ = d = 0, the characteristic equation takes the
form (2.2) with the same solution (2.3). The corresponding propagator has the form (1.2)
with

_ wceoswt — )\smwt€2/\t

t 8.2
o(t) 2wp sin wt ’ (8.2)
w At
t)=——"—— :
At) wo sinwt (8.3)
wcoswt + Asinwt
v(t) = (8.4)

2wq sin wt

This can be derived directly from equations (1.2)—(1.8) with the help of identity (2.8). We
leave the details to the reader. It is worth noting that equation (8.1) can be obtained by
introducing a variable unit of length 2 — 2ze’ in the Hamiltonian of the linear oscillator.

9 Momentum representation

The time-dependent Schrodinger equations for the damped oscillators are also solved in the
momentum representation. One can easily verify that under the Fourier transform our first
Hamiltonian (6.4) takes the form of the second Hamiltonian (6.23) with A — —\ and vice
versa (see, e.g., [9] for more details). Moreover, the inverses of the corresponding time evolu-
tion operators are obtained by the time reversal. Therefore, all identities of the commutative
evolution diagram introduced in [9] for the modified oscillators are also valid for the quantum
damped oscillators under consideration. We leave further details to the reader.
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