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Original scientific paper

The interaction of a quantum particle with a heat bath of quantum oscillators
under the influence of an external force has been studied and the mean displace-
ment of this particle has been computed up to second order approximation in the
propagator. The heat bath has been considered as Brownian and the characteristic
frequencies are close to the characteristic frequency. of the particle. The mean
displacement of the particle has been found to oscillate with time. The tempera-
ture dependence of the mean displacement follows an exponential function of ¢~ /T,

1. Introduction

The behaviour of a quantum particle coupled with a heat bath has been stu-
died by many authors. Iche and Nozieres!’ have been considered a heavy particle
in a thermal bath. The statistical properties of a quantum mechanical system of’
quantum oscillators have been found to be of the generalized Langevin form (Lin-
denberg and West?’). Caldeira and Leggett have been studied this mo:’el under
the influence of an external force using a path integral approach3#). The corre-~
lation functions of such a model have been calculated by Astangul, Pottier and
Saint James?>’.
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In this work we study the problem of a quantum particle in 2 thermal bath
under the influence of an external force. The heat bath is initially in thermal equi-
librium and the density operator obeys a Bolzmann distribution. The perturbed
part of the Hamiltonian has been treated with the aid of Feynman’s perturbation
formula for the propagator. The propagator has been calculated up to second
order approximation.

In the calculation of the second order approximation to the propagator we
considered another approximation involving the dependence on 4w,, where dw, =
= w, — o is the difference between the eigenfrequencies of the particle and the
oscillators of the heat bath.

In many cases one frequency is close to the frequency of the particle and
the others do not contribute to the final result.

2. Formulation of the problem

a) Coherent states

For the harmonic oscillator problem, we use the creation and annihilation
operators, a* and a, respectively, and a complete set of basis vectors.

Glauber® defined the eigenvector of the non Hermitian operator by:
ala) = a|e). (D
The coherent states |@) can be shown to obey the following relation:

[af2

|a>=e‘T§Vn, > @)

and they form a complete set of states, i. e.:

fd_;S|a> o] =1, 3)

where
d?a = d (Re a) d (Im q). 4)

Coherent states have been extensively used, see for example Ref. 3.
The operation of a* upon the eigenstates |a) leads to the formula:

a* |a>—(53-- = )|a), (5)
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where the bar over a means complex conjugation. Another useful relation of the
coherent states is:
N L i
(ale’) =e 2e 2

eea’ 6

For more details on coherent states see Refs. 2, 4 and 6.

b) The propagator

For a time independent Hamiltonian the evolution operator U (¢/t’) is given by :

UG =exp [~ 4-HG =) 9
and the propagator associated with two different states is given by:

K(at|a' 0) = (ol e 7|, (8)

The difficulty arises when the terms consisting the Hamiltonian operator don’t
commute with each other, and so they can not be separated. For more details on
non commuting operator see Ref. 10 and Baker-Hausdorft’s theorem of group
theory?! V).

When the Hamiltonian consists of two parts
H=H, + H' )
that don’t commute with each other, ‘we use Feynman’s perturbation the-
ory!? to compute the propagator K (az|a’ 0). In Eq. (9), H' is the perturbed
part of the Hamiltonian. In what follows we are going to use the symbol
K (¢) for the propagator K (at| e’ 0), which is the probability for a system
being in state a’ at time ¢ = 0, to go to the state a at time ¢ = ¢.
The solution of the Schridinger equation

ik 'éi“ Ko (1) = Ho K, (t) (10)

is the zero-order approximation of the propagator of the system and is given by
Ko (at|a’ 0) = (a| e-ifot |a'). (n

In order to find the first order approximation we use the known Feynman's
formula:

Ki ()= Ko@)+ [ Ko el ' (3) Ko () i, (12
0

where K, (¢]t) means K, (¢ — 7).
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In our work we go up to second order approximation for the propagator,
which is given by:

K, (1) = Ko (2) — '”;i“fKo (t|]r) H' (z) K, (7) dr. (13)
()

The propagator associated with the Hamiltonian of the system can be used to
propagate in time any operator describing a variable of the system. If A4 (¢,) is
an operator at time ¢ = ¢y, the same operator at time ¢ is:

A (1) = Ut (t]te) A (20) U (t]20)s (14)
where U* (1]t,) is the Hermitian adjoint of U (¢|¢,).

¢) The density matrix

In order to compute mean values associated with our'system we use a proce-
dure based on the density operator, which at time ¢ = 0 is given by:

R(a,a%) =277, (5= ) s

where Z is the normalizing factor given by the trace of the matrix
2 , N d?a
Z,=Tre-fhtwa*a = [ (a] e~bhwa*a|a) —. (16)

The density operator at time ¢ is given by:
R (1) = U(z]0) R, U™ (¢]0). (17)
We evaluate thermal averages using the generalized Wick’s theorem??,
The Hamiltonian of our problem is such that
U* () = U(-1), (18)
because the annihilation and creation operators obey the following property:
((@*a))* = (a*a), 19)
so the density operator (17) is given by:
R()=U(@) RU* (—0). (20)
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To find the matrix elements of our operators we make use of the well known
(see for example Ref. 11)formula:

2 |02
{a|e~*xa*a| o'y = exp [e—xaa’ = 1%1— == -"(—IQL]. (21)

The matrix elements of the equilibrium density operator are given by:

_ ﬂe—ﬁhm a+a|a’>

(a, @ - 22)
Qo Z-e (
From Eq. (16) we can find Z,
Zip = J' <a| e—Bhwa+a1a> Qx = Y efion— 1_ (23)
n n | —e-Puk
and from Eq. (21) we obtain
{a| e~phwatala’) = ex e~ﬂfi‘"Ea’—| 2—,(1'12 24
) P 5~ 3 ) (24)
The equilibrium density matrix elements in (22) are given by:
L Y
0o (a, @)= (1 —e-Bho)exp(e—Phoeqga)e 2 e 2. (25)

If we know the density matrix R, we can compute the mean value of any operator
M, from the trace of the matrix MR:

(M> = Tr (MR). (26)

3. The density matrix for a particle in a thermal bath

The Hamiltonian of a quantum particle coupled to a thermal bath and driven
by an external force F is given by:

H = ¥ howg agax - hwa*ta + 3 Cx(a®™ - a)(af + ax) — F(a* + a). (27)
K K

The third term in the Hamiltonian represents the interaction of the particle with
the bath and the coupling constants Cy are small. _
The Hamiltonian (27) can be separated in two parts, H/, and H’', where

Hy, =Y hwg ay ax + hw a* a (28)
<
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is the Hamiltonian that corresponds to the particle and to the system of oscilla-
tors, and

H' = (a* + a) ¥ Cx(ag + ax) — F(a* + a) (29)
K

which is the perturbed part of the Hamiltonian associated with a weak interaction
of the particle with the oscillators and with the external force excerted on the
particle.

The system is initially in thermal equilibrium and its density operator is given
by the following Boltzmann distribution

e—hh (}x: WK a:ax+wa+ @)

g + = - —_— =
Ko (al(, x> @ 4 ) Tr (c—ﬂh(-‘é oK a; ax + wa+a)). (30)
The matrix elements of the density operator are:
(axa| Ro (ax, ag, a,a*) |ag a’y = [1 /1 — e-hor) (1 — e~ho) .
o
- exp(Z ag age—Ffrex L q o e-Bho)
K
: B lax|®? o lakl?  |a]? ia’|2)
~exp( % ) % > 3 5~ ) (31)

4. First order approxumation of the mean displacement of the particle

We start our evaluations from the propagator K, (z|t) corresponding to the
Hamiltonian H,.

From Eq. (11) we can see that the matrix elements of the zero order propa-
gator is:

K, (2]0) = exp (X ax ax e~ixt + q o’ e~iv ) -
K
L e . S LA
'°"p( IR I i mt B (32)

We proceed via Feynman’s perturbation theory!?’ and with the aid of Eq. (12)
we evaluate the first order approximation to the propagator. The matrix element

{ag a] Uo (t|‘7) H' (1) Ug (1'!0) Ia; a’

186 FIZIKA B 1 (1992) 3, 181—19%



KOSTAKIS AND KOSTAKIS: 'éECOND ORDER APPROXIMATION...

(U, (2) is the evolution operator associated with the zero order propagator K (¢))
will be evalvated from the following integral:

[ <axa| U (t]r) |ag a”’> Lag a”’| H' (1) U, (1]0) |ay a’> d? o [T d%ajp. (33)
K

For the second factor of this product we use the relation (A12) given in Appendix
II:

(ay a”| H' (1) Uq (1]0)| ax @’> = exp (. @} ay eioxt + @ a’ e=io) .
K

- [(@" + o' emio7) ¥ Cx (ag + aye~ioxt) — F (@ + o’ e=iw7)] -
K

[ A

-exp|— — . 34
P ( % 2 2 EK 2 2 (34)

The first tactor of Eq. (33) is the zero order propagator K, (z/t) given by (32)
at time f — 7.

The integral (33) can be written as follows:

Jexp (T ax afe—iox -1 4 g o e=iwG—n) .
K

e P S . S | N o
'exp(?ﬁz a T 2}'

(" + o emier) £ Cx (@f + age—iox?) — F (@ + o e-ivr)] -
K

'

- exp (T aga g e~iox® - @'’ a’' e—io7) .
K

| _oplaxl? el ;_a_;,|_2_}a“|2) 2 g TT d2 of
-CXP( IHy 5o Eey— ) dt e Idi g (35)

The integrations over ay and a’ will be performed with the aid of the generating
function given in Appendix I. The corresponding formulae from Appendix I are
(A4) and (AS) and the matrix element {axa| U, (¢t/r) H' (z) U, (7/0)| a, ') is:

Ko (tf7) H' (v) Ko (¢/0) = [(a e=ioa-0) | o’ e=iav) -

. 2 CK (EK e—iog (t—1) -+ a;{ e—iox r) _ F(E e—iw (1-1) - a e~iwr )]
K

. exp(z ax a;(e—-ith L ad c—iw!) 5
K

a2 'l "2
cop(— gl a1, (36)
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Feynman's formula (12) requires an integration of (36) over 7, that can be easily
performed
The final result for the first approximation of the propagator K, (z) is:

K,(aagt|a, a' 0) = exp (X ax a, e~ioxt + g o' e~ivt) «
K

-1 +%DK(I)(EKE—{—a;a')—i-%EK(t)(EKa' +a,a)+ A@)(«+ a)] -

op(—p o) -
where

Dxy= xS =, (38)

Bet) = ol = ®

A) — }% (1 — e-inr), (40)

This is the first approximation to the propagator of our system and we use this
propagator to compute the first approximation to the density matrix of our system,
which was initially in thermodynamical equilibrium. The first order approxi-
mation of the density matrix is given by:

Ry (1) =U,(t) Ry U, (—1), (41)

where R, is given by (30). _
To compute the matrix elements of R, (z), we use the same method as be-
fore, i. e. we insert a complete set of states between the operators, i. e.

o, (ax, a, a;, a’yt) = {aga| R, ()| ag a’) = _[ _f (ax a| Uy (t)|aga’"y -
< apa”| Ryl af &'y (ay «''| U, (—1)|a, @’y d? «" [Id? ajd? «’' [ d? a].
K K
(42)

The mathematical work can be seen in Appendix III up to first order approxi-
mation to the density matrix and the result is given by (A20).

Now the question is: What is the behaviour of a quantum particle coupled
to a thermal bath and under the influence of an external force? Or, in other words,
what s the average displacement of such a particle? This question can be answered, as
long as we know the density matrix. In terms of the creation and annihilation
operators the operator associated with the position of a particle is a* - a. So
the mean value of the displacement of the particle (according to Eq. (26)) will be
given by:

{at + a) =Tr((a* + a) R, (1)). (43)
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8% mentioned in Appendix II, to eva-
luate the matrix elements of (43). To find the trace required in (43) of all these
states we choose only the diagonal ones, and we integrate over all these states

We use again the substitution at - a, a = -

@ +a=[[(a+ L) @aeaiaun] o al o e @

where
) L 1 - l=x?
_@2 a = ?e 2 d.2 a, @2 ag = —¢€ 2 dzax. (45)

There are only two kinds of integrals that will appear in (44) and that they will
not vanish. These integrals are the following:

1 1
fexp(lalz e~fho) 92 g = -;fexp [—|a|? (1 — e-8hv)] d%a = T

-0 —_—00

(46)
J‘lal2 exp (|a|? e=Fho) D2 ¢ = ~1n—J. |a|2exp [—|a|? (1 — e-8h»)]d? a =
1
— e (47)

The general formula in computing these integrals is given by (A9).
Using (46) and (47) in (44) we compute the average displacement of the particle

a* +ay = "h% (e~iet of gmisr — ), (48)

This is a result already known from Ref. 5 but the procedure followed is very
interesting because we can go up to higher order approximation, as we are going
to do in what follows.

5. Second order approximation

The first order approximation to the mean displacement of the quantum par-
ticle coupled to a system of other quantum particles does not show dependence on
the motion of the other particles and the coupling of the test particle with them.
The displacement of the particle is sinusoidal as we can see from (48) and de-
pends only on the external force acting on it, a result in agreement with previ-
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ous ones. We use the same method as in the previous paragraph for the second

order approximation of the propagator. This can be evaluated with the aid of
Feynman'’s formula (13).

The propagator K, (7|0) from (37) will be used in (13) and the matrix elemen
ag a| Ko (1]r) H' (z) K, (7]0) |ag a’>
will be evaluated according to the following integrations
_f {ag a Ko (/1) |ay a”’> {ay a”| H' (z) K, (7/0)| aja’> 22 o'’ [] D? a.
(49)

The first factor of (49) is given by (32) with the following substituticn:

r>1— 1, ad —»a’, a, > ag.
The second factor of (49) can be evaluated with the aid of (A12) of Appendix II.

In our problem we consider a set of particles with frequencies close to the
frequency of the particle. Then the thermal bath will affect the motion of the
particle although the coupling is weak. The differences wx — w are small and in

our result we keep only the terms involving

and higher order terms; all
Wg — W

the other terms are neglected because they are small compared to this. In order

to find the propagator K, (ag, a, a,, a’,z) we perform the integration over 7 in
Eq. (13).

The second order approximation to the density matrix is given by:
Ry (1) = Uy () Ro Uy (—1) (50)

where U, () is the evolution operator associated to the propagator with the fol-
lowing formula:

K, (g, @ al, @'y 1) = {@x @] U (2) |a] a’>. (51)

The matrix elements of (50) can be evaluated as before, i. e. by inserting a com-
plete set of states between the operators and then by integrating over these states.

So the matrix elements of (50) are:
Q2 (EK’ a, a;; ala t) = j- j- K2 (al(, a, a;’: a”” l) R, (a’xﬁa a', (l:, a’, t) o
‘Ka (@@ ) a, —0) 92 a” 92 0" 1197 o] 9 af, (52)
K

The integrations involving the coherent states can be performed with the aid of
(A4) — (A8).
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Finally the displacement of the particle up to second order approximation
will be given by:

(a* +a) = f [(E -+ a%_) 0. (a,ax, a’, a,, t)] u;_“.@z a g P2 ag. (53)

a'=g
According to Eq. (51) the propagator K, (ax, @, a;, a’,t) will be given by:
K, (ax, @, ag, @', 1) = exp (T ax @, e~iox? + @ a’ e~io) -
K

- =fi@®aa — fi(aa—g()aa?+g@)a e’ -

la*> || _|a|? _|ail?
—2“2"2"27\’ (54)

- exp (
where

hi()=E G (55)

c—iwll J— c—-ziwt

I} (t) . F? C[ -ﬁT(wl —_ 0)) (w‘ = 2(0)‘

(56)

We perform the integrations in (52), then the integrations in (53) and we keep
only the real part for the mean displacement {a* + a).

The final result is:

FC? I 1
+ — ! X ) ;
@+ @ =2 L e T F e E B (o, — ) (@, — 20)

- {[—cos (w, — 2w) t + 1 + cos wt — cos (w, — w) t] e—*bhe +
+ [cos (w; —2w)t + 1 + cosw t — cos (w, — w) ] e~Whore—Iho |
+ 2 [cos (0w, — 2w)t — cos @t — 1 + cos (o, — w) t] e=28hwi}, (57

This is the approximation involving the third order dependence of the mean dis-
placement of the particle in the inverse dw.

The 1esult involves a summation over all frequencies that are close to the
eigenfrequency of the particle. Usually only one frequency, say wg, is close to
that of the particle and only one term remains in (57), the term involving wg.

The result (57) shows an oscillation of the mean displacement of the particle
and it is positive.
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6. Summary

The problem of interaction of a quantum particle with a thermal bath has
been studied up to second order in coupling and up to third order in the diffe-
rence of the eigenfrequency of the particle with the frequencies of the quantum
ocillatois ot the bath.

The procedure followed involved a perturbation method for the propagators
of the problem and the use of the density matrix for the evaluation of the averages.
The results, up to first order approximation in the propagator, are in agreement
with previous ones (see for example Ref. 5), but with the method used, we can
proceed up to higher order approximations in the propagator.

We wave computed the mean displacement of such a particle in the presence
of an external force and the results shows an oscillation of the particle as expected.
Appendix 1

In order to perform some complex integrations, that otherwise would require
a lot of work, we use a generating function.

F (4, W = %J‘C—V|¢]2+la+yid2 i (A])

where a = x + iy is a complex variable and
d?a =d(Rea)d(Im a) = dx dv. (A2)
The integration of (Al) gives the generating tunction

]
F(u = 7(:7, (A3)

Using this formula we can compute the following integrals, that we are going to
use our work:

":;.rae—la?2+lu+ﬂ?id2a :%F(}., p) = p et (A4)
i 5. _ 0 .

([ ge-la2+iatuad2g — ] — ] et

n_[ae a2 +iatuzdq a'uF(),‘u) J ehn (AS)
L“alze_fa.‘2+za+pad2a.—:(l _;_;‘[u)eiy (A6)
T
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Lnjae—lazzd%:o (A7)
1

_n_j'ae—lal’dza=0 (A8)
1 2n a— 218|242 g = n!

?_Hal € d G—FT. (A9)

Some other useful relations are:

2 Au
_jlt_.“aaze—vluﬂ+za+uid2a = i—};-i-zy—'f)e—’_ (A10)
. 2 el
%f&a26—71a32+z«+uid2a 2(%/_:+%I&)ey' (All)
Appendix 11

We are going to show that

{a| H(a,a*) U(a,a*)|a’) =H ((—;2&, 6) K (a, a) (Al12)
where H (a, a*) is'a Hamiltonian of the form
H(a+,a)=A1a+Bla++Cla+a+Dl (A13)

and U(a,a™) is the evolution operator with matrix elements:

a2l

|2
-2 2

(a) U(a,a*)|a’y = K(a,a’) = e4i+Bx+Caw'+D ¢~ 2 ¢ (A14)

In (A11) we used K (a, @) instead of K (az/a’ 0) or K (1) to indicate that the pro-
pagator is a function of @ and «a’.

The operator a* is the Hermitian adjoint of the operator a and operates only
on the bra form ({a|) of the state vector |a>. We start from the left hand side of
(A12) and we proceed by using the complex integrations of Appendix I

{a| H(a,a*) U(a,a*)|a"> =
=[4,(4+Ca)+B,a+Cya(4+ Cd)+ D,]-
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_leld i
.edi+Bod +Cax'+Dea 2 @ 2 —

— [Al_af_.f_Bl @+ C, ;i_a:+ D,| eAZ+Ba+Cau+D .
da da

_ =2 _lai2 d
e Ze 2=H(a—i,E)K(E,a’). (A15)

Note that according to our notation in the differentiation of K (a, a’) we do not
(i3 _ Ja’|2

include ¢ 2 e 2 which remains unchanged.

Appendsx 111

Evaluation of the matrix elements of the first order approximation of the
density matrix

<ax al Rl (I) |a;a'> = <ax al Ul (t) Ro Ul (—t) |a," a'}. (A16)
We start by computing the following integral:

<oz a"| Rolag oy (g @[ Us (=0)|ag o’y d* @ [Td% o (ALT)

The second matrix element of (Al7) is given by (37), if we substitute ¢ by —¢
and ag, @ by a’, a’’. The integral (Al17) can be written as follows:

j(l = e—'Bhw) H (1 —_ e—ﬂhw‘) exp (z —a: a:le_ﬂhw‘ + @’ e_‘ghw) s
K K

o lad? e o led]P a7y
e"p( 5 7 T2 2)

- exp (X ay ayeiwxt + @' o eiet) .
K

5 [1 -+ E DK (—Z) (E;’ a’’ 4= a; a') + ;{:ER (_[) (a:’ a + ax, Eur) +
K

12 el 2
+ A(—1)(a"” + a')] - exp (—Zlaxl Sl
) 2
"2 "2
_5 |£‘sz _ |_“2L) d? o T d? a. (Al8)
K

The integrations can be performed with the aid of (A4) and (AS).

194 FIZIKA B 1 (1992) 3, 181—196



KOSTAKIS AND KOSTAKIS: SECOND ORDER APPROXIMATION...

In order to find the matrix elements given in (Al7) we multiply
K, (a axt| a; @'’ 0) given by (37) with the result of the integration (Al8).

The final result for the first order approximation to the density matrix is:
0, (a, ag, @’y a,t) = (1 — e—bho) II}(I — e—6hw) .
. exp (E ag a,e—Bhox + @ a' e=BA) [1 + Dg (1) (axa +
+ a, e—fhoxeioxt g’ e—Bhagiot) 4 ,§ Ex (t) (ag @’ e—Bhveiot 4
+ ap e~ Pexeioxt@) + A (t) (a + a’ e-Phoeior)] .

. [1 + £ Dg(—1) (@ge-ionte—fhor g e=int e~hho — g ') +
K

-+ Y EK (—t) (EK e—ioxt e—phog g’ + aéae-imt e—ﬂhm) +
K

lacl? _|al? lad? _ 1%}

+A —1t) (q e—ivt o—B ho g (_ PR B B
(=0 (ae e + a’)] exp % > > 23 3
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APROKSIMACIJA DRUGOG REDA ZA SREDNJI POMAK CESTICE
URONENE U TOPLINSKU KUPKU UZ PRISUSTVO VANJSKE SILE

GEORGIA C. KOSTAKIS! i CONSTANTIN G. KOSTAKIS?
Hellenic Air Force Academy, Rodon 27, Kifissia 14564, Greece
2Technological Institute of Pireaus, Athens, Greece
UDK 530.145

Originalni znanstveni rad

Razmatrano je medudjelovanje kvantne Cestice s toplinskom kupkom kvantnih
oscilatora uz prisustvo vanjske sile. Odreden je srednji pomak Cestice do pribli-
zenja drugog reda za propagator. Toplinska kupka Brownovskog je tipa s karak-
teristicnim frekvencijama bliskim karakteristi¢noj frekvenciji Cestice. Nadeno je
da srednji pomak cCestice oscilira u vremenu.
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