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The proccss of measurerncnt alld dccoherencc is studied wilh ti modcl consistíng. of a mcasuring apparalus in inleraction with both an
oscillalor and the environment. In the prcsenl approach. (he Weisskopf.Wigncr approximation is used in arder 10 calculate (he evolution
opcrator of (he complete systcm, and 10 conslruct dircctly the density operator. Thc quanturn fluctuations of (he zero.point field make an
important contriburion of (he decohercncc; this proccss is dcscrihcd in an explicit fonn.
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Se estudia el proceso de medición y decoherencia con un modelo que consiste de un aparato de medición en interacción con un oscilador
y el entorno. Se utiliza la aproximación de Weisskopf.Wigner para calcular el operador de evolución del sistema completo y construir
directamente el operador de densidad. Se d~scrihc explícitamente cómo las fluctuaciones cuánticas del campo de punto cero contribuyen en
forma importanle a la decoherencia.
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1. !ntroduction

Several aspects of lhe quantum theory of measurement havc
been studied in reeenl years [1-6]_ An essenlial fealure 01'
quantum measurcmcnt is that lhe interaction with a measUf-
ing apparatus reduces the initially pure state 01' a measured
system lO a mixlure of states. Additional1y, the apparatus is
31soin interaction with its cnvironment, and lhe overall cffcct
of a mcasurement is the los5 of quantum coherencc. Decoher-
ence is an important cffect which may accur in a time 01'the
order 01' the atomic time scale; it has heen obscrved expcri-
menlally [7], and musl he laken inln aeeounl in high precision
mcasurements of quantum states [8}.

The proccss 01' a quantum mea5urcmcnt can bc convc-
niently deserihed with Ihe formalism of lhe densily opera-
tor developed hy von Neumann [9]. In Ihe approaeh taken
hy many authors, the density opcratm of a quantulll syslem,
in inleraction with oOlh a rncasuring apparatus and a ther-
mal bath, is obtained from a master equation hased on the
Markoff approximation. In the present paper, we tú!low an
approach used previously hy Glauher [10], and Glauher and
Man'ko [11], whieh is hased on the Weisskopf-Wigner ap-
proximation. In this way, we oblain a Langevin type equa-
tion fm the molion of the measuring 'pointer', together with
Ihe unilary opcralm describing the evolulion of thc complele
system. The results are similar to those obtained wilh lhe
Markoff approximation, hUIthe prescnt analysis is morc gen-
eral in cerlain aspccts sincc lhe evolulion of lhc slales can
he describcd directly. and lhe density opcralor is nhlained di.
rcclly from lhc analylic exprcssions of thc slales. In partic-
ular. we givc an explicit descriplion of lhe decohcrence pro-
duccd by lhe vacuum tluctuations 01'lhe zcro-point lield.

The model lo be used in the present paper is essentially
Ihe one proposed hy Walls, Collel and Milburn [4J, wilh a
slightly more general form of the interaction between the
I11casuring apparatus and the measurcd system. Our aim is
In descrihc explieilly Ihe evolulion of Ihe states 01' a quan-
lum system and a meter interaeting wilh a Ihermal bath. AII
these systel11s are l110deled hy harmonic oscillators. In order
to analyze each part of the measuring process, the interaction
belween Ihe measured system and the apparatus is considered
first in Sert. 2. The full quantum mcasurcmcnt process is ano..
Iyzed in Sect. 3, using lhe Weisskopf-Wigner approximation;
it is shown that the mOlion 01' the pointer is described by a
Langevin equalion, ami explicit expressions are obtaincd foc
Ihe densily operator 01'the full syslem and ilS redueed forms.
A hasic resuh is Ihal decoherenee is produeed bolh hy Ihe
Ihermal halh and Ihe zero-poinl field. The limil 01'zero lem-
pcraturc is considcred in Scct. 4, whcre the complete evolu-
tion of the siates is described analylically.

2. System amI measuring apparatus

In order lo gain SOllle insight into the physical processes ¡n-
volved, let liS consider first lhe case of a quantum system in
interaction with a I11casuring apparatus, withoul, for the mo-
ment, taking inlO accounl the effccts of the environment. Thc
syslem and apparalus will he modeled hy a pair 01'harmonie
oscillalors. The apparalus consisls of a pointer in direct in-
leraclioll with the systcm, and the pointcr is in a coherent
slatc. The quanlum systcm is taken to be an oscillator in a
certaill energy slate, and lhe parlicles number 01' this state is
the quantily lo be measurcd.
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(9)

(10)Ifol' [ 1. ]v = -,- I - ~ "11(<1) .

In the particular case of an external force dcscribed by
Eq. (4), il follows lhal

r = !(; eiwot (e-id - 1),
and

Given the unitary opcralor in ils general form (6), it is
straighlforward to find the evol111ionof any state ofthe system
amllhe lTleasuring apparatus, Suppose, then, thar lhe system
is inilially in the slale IN)s wilh well defined energy, amllhat
lhe pointer is in the cohercnt state In),\[. If lhe interaction be-
lwccn lhe system and the pointer acts during a time interval,
t, slarting al t = O,lhen lhe inilial slale I'¡'(O)) '" IN)sln)M
evolvcs into lhe state

HSM = ¡'w,N + T,.woata + hN(J'a + fal), (1)

The Hamiitonian lo be used is

whcre N is the particles number opcrator uf the system, a
and at are (he annihilation and crcatioo opcralors ofthc mca-
suring apparatus. w.~and Wo are the frequcncics uf the system
and apparalus rcspcctivcly. and f is a certaio funelioo of time
which control s the ¡ntcraetioo. The numbcr opcrator CQm-

mutes with thc hoson opcrators of the paioler. This Hamilto-
nian describes a typical non demolition mcasurcmcnt, sincc
lhe inlcraction lcrm cornmutcs wilh lhe Hamiltonian uf lhe
IIwasurcd systcm. As a conscquence. lhe cncrgy of Ihe sys-
tcm is con ser ved and Ihe number opcrator is a constan! of
mOlioo: d,Yjdl = O.

Thc Hcisenhcrg cquation 01'mOlioo for Ihe meter takcs
Ihe form

da-{ = -iwo" - if N,
11.

(2) (11 )

where

admits a sollltion of the form

0(1.) = e-;wo' [,,(O) - iN l' c;wo" f(t') di']. (3)

( 15)

( 14)

Tr 1/3)(01 = (nll!) = e-!(Inl'+IOI')+n'IJ,

¡'¡'(O)) = L CNIN)slo)M.
N=O

Aftcr a lime t, the ncw slale is given hy a supcrposition of
slales which can be delcrmined using the unitary operator oh-
tained above. Then, lhe full t1ensity opcralor 11/'(1))(111(1)1 can
he directly traced ovcr the meler statcs using the relation

(1' = wst + !..(roe-iwot - r*o*ciwot) (12)2 '

is a phase, and v and r are given in general by Eqs. (7) and
(R), or in lhe particular case of a resonant external force, hy
Eqs. (9) aod (10). To ohlain equation (11), we have used the
dclinition 01'a coherent state (110) = 010), togcther with the
fl)rmula

(~tJfltei41atolo) = c4{k''''o+¡J12_loI2)lei41n + (3), (13)

valid for any coherenl slale. \Ve see from Eq. (11) lhal, afler
the measurcment, the puintcr has moved lo a new coherent
statc which depends 011 Ihe quantum observable JV, and that
Ihe molion also depends implicitly, lhrough lhe funclion r,
on lhe form 01' the intcraction betwcen observed system and
apparatus. Clcarly, the ideal measurement corresponds lo the
resonanl case t = O, since this produces the maximum 010-

lion 01'the pointer.
Suppose now thal the system is not initially in a state wilh

well detlned cnergy, hUl ralher in a supcrposilion of energy
eigcnstatcs; that is

(4)

(5)

whcre, in general,

where the case f = O corresponds to a resonance hetween
Ihe external force and the characteristic frequency of the
pointer, This is the most important case, since it corresponds
lo ao ideal measuremenr producing maximum mol ion of the
poinlcr; in facl, if f: = O, lhe poinler will move with con-
stant velocity. It is also worth noting that the case studied
previously by Manein; and Tombesi [121, and nose, Jacobs,
and Knight [13} corresponds to a constant valuc 01'Ihe func-
lion f(t); in olher words, i' ;s a special case of Eq. (4) wilh
(.Jo = f.

\Ve now look for rhe unitary operator USM associated to
lhe Hamiitonian (1). The equation

., DUSM H U
'1 I-O¡- = SAl SAl

alld its solulion is

The classiC'al version 01' lhis cquation descrihes a harmonic
oscillator wilh an external foree proportional to j(I)N.

A particularly important case is thal of a periodic external
force, such that

('r(t) = -i Jo r (t')e;wo(t-") dt'

and

1'(1)= ~ ('[f(t')f(I') + c. c. ¡di'.
.2 Jo

(7)

(8)

ami il follows that the rcduccd dcnsity opcrator of the Tllea-
surcd systell1 cvolvcs according to

I's = L CNC.;,
IV,\[

x t'-i"",~t{.v - MH-il,(.,\;2 - ,\,:1) - !(.....-.\1):1 Irl:l 1N) (.A/I. (16)
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where 6(8) is the Laplaee transform of G(t).
To procecd further, we use the Weisskopf- Wigner approx-

¡mation. This approximation consists in taking the pole near
8 = O in Eq. (24) as the leading cantribution to the inverse
Laplacc transform, and then laoking for first arder correc-
tions in 1""12 to this pole. This amounts to the replacement
(see, e.g. ReL 14. Chapo 7)

it follows from Eq. (21) that:

'1:: 1n." 1

2
-, -----4

W t - (.v'o - is
" '

./. g(w")I,,(wnWdw,,
- 1 .. wn - Wo - 'lS

(24)

(25), 'S-+ - +'l.:..,),W2 '

a(O) + 6(8)
l"nl2

s + Ln'( )8 +7 Wn - Wo

¡¡O(8) =

Aftcr the prcliminary analysis 01'the prcvious section, we are
in a position lO study a complete systcm consisting of a har-
monie oscillator (dcscribing the quantum systcm lo he mea-
surcd), a mcasuring apparatus (also described by a harmonic
oscillator) and a thermal bath in intcraction with the appara-
tus. The Hamiltonian of the model is [4J

3. Decoherence

Notice the important faet that the cxponential in the ahoye
equalion contains negative definite tcrms for the non diago-
nal clements. For instancc, near a resonance, € « wo, the
funetion Irl inereases linearly with time. This implies that
ane can improve the precision of the measurcrncnt taking the
charactcristic frcqucncy of the interaction terro 10 he in res-
anance with the paioler. but the prccision is ohtaincd al ¡he
expense of suppressing all non diagonaltcrms uf the density
opcralof.

n "
(1 i) where g(wn) is the density of modes,

whcre bu and bh are the boson operators of the thermal bath
corrcsponding to modes of frequency wu, and ""u are cou-
pling constants between the pointer and the reservoir. As a
first stcp, wc note that the Heisenberg cquations of motian
take the form

and

(26)

(2i)

and

da = -i(woa + 1::"nbn + f N)
dt

"

db" .( • b )-1- = -1 ""ua +Wn n ,
rt

(18)

( 19)

As it will become clear below, the term "'(is the damping co-
efficicnt, and L\w is the energy shift of the meter due to its
intcraction wilh all the modes of the background radiation
field.

The outcome of this approximation is exactly the same as
if ooe had changed Eq. (21) to the equation

and, of course, dN / dt = O. Eq. (19) admits the formal solu-
tion

b,,(t) = e-iwntb,,(O) - i,,~ l' a(t')eiWn{t'-') dt'; (20)

da (l.) [, ]~+ 2' + i(wo +~w) a(t) =

- i 1:: "nbn(O)e-iWnl - iN f(t). (28)

"
and therefore, defining an(t) '" a(t)eiwO', Eq. (18) takes Ihe
form

This is a Langcvin equation and its solution can be written in
the form

d"n(t.) '" r' . ,----;¡¡- = - ~ 1",,1' ln oo(t')e'(-"--o)(' -'l dt' +G(I.).
" o

(21 ) ,,(l.) = (a(t)) - i 1::Q,,(t)b,,(O),
"

(29)

wherc wherc the average (a) of the opcrator a is

G(t) = _ieiwot [1:: ""e-iwntb,,(O) + N f(t)]. (22)

"
As shown hy Glauoer [lO] (see also ReL 11). Eq. (21) can
he solveJ llsing standard tcchniques of Laplace transfonns.
Dctlning

(o(t)) = a(O)e-IO/Hi{wo+Aw)]'

- iN l' el!o/2)+i(wo+Aw)J(t'-t) f(t') <lt', (30)

and the lluctuating part is givcn in terms of the functions

(23)
c-iw"t _ c-[h/2)+i(wo+~ú".)]t

Qn(t)= 1\'n-----------
(¡/2) + i(wo + ~w - w,,)

(31 )
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J.t. Thl'rmat ~n"erage

To pnx:ccJ funhcr. we recall thallhc average of any operalor
() ovcr a thermal hath at temperature T is defincd as

Clearly. the nalural hasis for Ihe operator S is the numbcr ba.
sis; aecordingly, we sel SAl'" = (AlISIN), and Ihe solulion
of Eq. (60) lakes lhe fOfln

1I is convenient 10 write this function in a farm exhihiting
explicitly Ihe avcragcd and lhe lluctualing parts:

Tr(Oe-JlulknT)
(O) - ---- (32)- Tr(e-JlulknT)

where. in accordance with the Hamiltonian appearing in
Eq. (17),

HB=Lw ••b~b.. (33)
••

in lhe Schrodingcr representation. It follows. in particular.
thal

where lhe function ll' is

IV = wJ + j' U'II + J"I) dt'.

"

(42)

(43)

(bl,(o)) = (b ••(O)) = ° (34) lV(l) = (lV(I) - iL l\"••(l)b.(O) +iL l\"~ (l)b~(O); (44)

and •• ••

(111(1)11(1)) - ("I(t»(,,(I) = LN(w ••)lq ••(lW, (37)

where
1

N(w)=----
e',w/kn'l' _ 1

It furthcr follows lhat

(35)

(36)

here, the funel;ons I'n are dctined through dI, ••/dt = rQ ...
The thermal average of lhe evolution operator appearing

in Eq. (42) can he ealculaled using Eq. (B.6). The result is

x exp { - (Al - N)' L if\ ••(t)I' [~ + N(w ••)]}, (45)

••
••

ami since ¿..IQ••(t)I' is strongly peaked around w•• =
Wo + ~w = wh. we have approximalely (sec Appcndix A)

(111(1),,(1)) - (1I1(t)("(I)) "" (1 - e-")N(w~); (38)

This IaSIformula shows that Ihe average energy 01"the pointer
lends lo a Ihennal equilibriurn acconling lo ils characlerislic
frcqucncy of osciilation.

NOlicc also lhal. in general. lhe averagcd operalors satisfy
the cOlllll1Ulalion relation

frcm where Ihe thermal average af any operator which de-
pends on lhe systcm variahles can be calculated.

Consider Ihe particular case af a periodic externa) force
deserihed hy the funelion J given in Eq. (4). It follows Ihat

1, (/) __ . JI;""
\'1 ' - 1,

(-y/2) + i(wo + Ll.w - w;,)

x [",(W'-w. -<1'- 1 ,,-lh/'I+'('+"w)}' - 1] (46)

i(wo - w" - f) + (-y/2) + i« + Ll.w) ,

(39) and the expression appearing in Eq. (45) is given by

hut Ihe complete operators do no1 violate the Heiscnherg un-
ccnainty rclations. Indeed. lhe condition [a, (] t] = 1 implies
thal

'" ,,[1 r ]_LJ 11\••1 2 + ,\ (w ••) -
••

L IQ••(I)II' = 1- e-o';

"
(40) , ')1. [1 r ]IJol (-y/2)' + (Ll.w + <) 2 + ,\ (w,,) . (47)

(in the Schrüdinger reprcsentation). lhen the elements of Ihe
dcnsily opcralor (J 01"Ihe system are C.\fC,~" in the number
representalion. anJ funhermorc. according lOEqs. (42H45).
Ihe cvolution of this apcrator is given by

this rclalion can he provcd indepcndcntly. as showll in Ap-
pClldix A.

."\.2. Systl'11Iopcnltor

Lct liS now considcr an operator S which dcpcnds only 011

lhe variahles nI' lhe syslem to he measured. Ir Ihe Hamil-
lonian (17) describes lhe complete syslem. lhe Hcisenherg
equalion 01'Illolion reduces to

"S = -i(w, + ra + J"I)[S, NI. (41)
di

for large values nf f (sec Appcndix C).
In particular. il"the systclll is initially in Ihe slale

1'1') = L C",IN)
N

(48)
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(I(t) = L e'(M-N) [w,t+(IV(t))] eMeÑlkI)(NI exp { - (M - N)"IJol' (¡/2)' +1;L'.w + e) [~+N(wo)]}. (49)
MN

Wc scc that the non diagonal lefffiS of this operator dceay
cxpuncntially. Thc dceay coefficicnt depends on lhe ¡nterae-
tion time t hctwccn lhe meter and lhe system, lhe strenglh
(Jf lhe measuring inleraction, IJI, and also the lemperalure of
lhe cnvironrncnt. It is a notcworthy [eature of lhe aboye result
that lhe decohcrcnce is nOl suppresscd al zera tempcrature.
since thcrc is always a contribution uf lhe zera point field,
given by lbe term 1/2 whicb adds to lhe Planck dislribulion;
lhis tcrln is due 10 lhe quantum fluctuations in vaCUUTn.

Now, for the operator USM given by Eq (6), we notice
thal any funclion F( a, a t) uf the operators a and a t satisfies
the relation

USifF(a,at)US.\1 =
F(ae-iwot _ Nr*, ateiwot-Nr), (51)

from where a straightforward algcbra leads to the result:

(50)

n

""

In order lo solve Eq. (50) with lhe above Hamiltonian, lhe
ll1elhod of normal ordered operalors will be used (Ref. 14,
Chapo 3). Define

where v{n) is the operator V in normal ordered foon, and
la, (3n) is Ihe coberent state of lbe meler and the background.
Then, Eq. (50) logelher with lbe Hamiltonian (52) is equiva-
lenl lo

where If' = Us,~I(H - HSM )USM is an effective Hamilto-
nian.

4, Zero temperature Iimit

Sincc dccoherencc is nol supprcsscd al zera temperature, il is
worth analyzing lhe cvolution uf a complete system including
a hackground ficld without thermal radiation but only vac-
ulIm fluctuations. Starting again with the complete Hamilto-
nian (17), we calculate the unitary operator U which is as-
socialed to it. Since we have already sol ved the prohlcm for
Lhesyslem couplcd with the measuring apparalus, it is con.
venienl to define an opcrator V such that U = USMV; Ihen,
this ncw opcrator satisfies the cquation

.,DF = H'F
'" Df '

.DC _ '" [ (3' ((3 DC) . iwot , (" DG)l--¡¡- - 6 Wn n n + D(3"' + n,nC (}' (Jn + D ,"'
f n n In

.' -''''0'(3'(. DC) lI'r. ((3 DC) Nr' .'(3']+ n,ne 11 0+ Da"' - "11 11 + Df3~ - ""n n • (54)

Selting now Ihe ansalz

G = A,,' a + L Bmn(3;,(3"+ Len'" (3n+ L Da(3;+ N [Aa+ I,a' + L v"(3,,+ L (I,,(3~),
mn n 11 n n

(55)

(56)

from where it folIows thal

I
lhal follow from Eqs. (54) and (55). Allhis stage, it is conve-
Ilient to deflne

(58)

and

where A, B'"I!> Gr. D, A. ¡l, Vr. and (1n are aH functions of
lime t (vanishing al f = O), and substituting it in Eq. (54), a
closed set of differenlial equations [oc all thesc functions can
be ohLained.

For oue present purpose, we only nced the functiolls Jt
and Pn, so that we festeict ourcalculations to these functions.
Considcr then the equations

dll . iw t '"~ = -le o 6""n(1n

"

(57) Using now the Weisskopf-Wigner approximation jusi as in
Sec!. 3, we find lhat lhe solulion of Ibe above equalions is

Rev. Mex. Fís. 45 (5) (1999) 435-442
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givcn hy where the phase ll) is gi'.'en by

(63)

(65)

Therefore, according lo Eq. (62). Ihe fulI tlcnsity operator

reduces, afler tracing uver lhe hackground stales, lo Ihe den-
sily operator for the systel1l and apraratlls

1'1«0) = (¿ G.vIN)s)IO).\fIO)JI (64)
,Y

, ( . I(1) = l' - 2 (rf.-1W(l - cc.).

It clcarly foll(w....s Ihal, tlue lo Ihe Illeasurement, the back-
ground f1eld is excited to an inf1nile-mode coherenl slate;
similarly. the poinlcr slalc mO\'es to a coherenl stale with an
amplitude proportional ooth to Ihe strength of the interaction
and lOlhe energy 01'the slate 10 oc measured.

In general. the slale 01' the systclI1 is a superposition of
energy states, and Ihe complele initial stalc is given by

(60)

(61 )

(62)

('id _ (,-[h/2)+i.:.\;.;jt
( = -i/o-------h/2) + i(':"w + <)

((1) = -; r' (,[h/'I+'''~II/'-t)ci~ot'/(1') dt'.
.lo

Furthermore. in lhe particular case of a periodic external
force /. given hy Eq. (4). we lind

alld lhe fl1llClionsf'u follow uireclly frorn Eq. (59).
\Ve are nm•...in a position lo slUtly lhe time evolution ofthe

complele state IN)sIO).\fIO)JI. For sitllpliei,y. il is assumed
Ihal Ihe meter is initially in (he ground state. Thc complete
evolutioll operator is a product of {he operalor USM given
hy Eq. (6) antl the operalor \í givcn hy Eqs. (53) and (54);
lherefore

UI'Y)sIO)\fiO)u =
('-i ..•..••1N+i<¡';V"J, IJV)slN(,-iw()1 () '" IN (111) /l,

'" " {. .,' 1 , '" ., }1',"" = Lo GNG,\! ('Xl' - /w,/(N - M) + ,<J'(N - Al ) - :¡(N - Al) Lo 11',,1-
NA! "

where we have lraceu ovcr the reser\'oir states lIsing Ihe facI, JUSI as in Secl. 2, that we are tlealing with cohercnl states.
\Ve can further trace the operator PS.'r.f over the meter statcs. Then Ihe fln;),lresult lUrns oul to he

1', = ¿ (,xI' { - iw,/(N - M) + i<¡'(S' - M') - ~(S - .\/)'(¿11',,1' + 1(1') }CsG.¡t1S)ss{.lll. (67)
.\',\1 TI

Tl1e term LIl IfI,J?+ 1(12 appearing in the aoo\'e formula
is evalualed in Appendh. B. 1I is sllfficiellt 10 Ilolicc that for
the oSl'illaling force gi\'en by E4. (4), and for ,t » 1, Ihis
(enn is appro.xim<llely

I .. . h h das Ihe external torce l~c10se to resonance wl1 t e mclcr, an
Ihe frcquency displacelllent 01'Ihe mcter tlue the oackground
radialion lield is negligible.

(68) 5. Cnllc1usinlls

\•..hich is completel)' consistent with Eq. (..J.9). Once more we
lind thal lhe non tliagonallerms of the dcnsity operator van-
ish e.xponelllially. As for lhe phase givcn by El). (63), il is
simply

in t!lis particular case.
A[ this puint, il is inlcrcsting 10 compare Ihe dcnsily l1Ia-

Irix gi\'ell hy Eq. (67), logelher \vilh Eq. (D.4), with Ihe one
obtaincd lIsing the !\.larkolT approximation. The result oh-
lained by \Va11s, Collct.and Milhurne [4J coincides exactly
\Vitll our rcsult in Ihe lill1iting case where ooth lhe energy
shift ~..uand Ihe resonance displaccl11cnt ( vanish. Thus, we
may conclllde thm Ihe Markoff approximation is valid as long

'l' '" 1/01' /
( . (69)

To sum up. we llave Jeveloped an approach 10 the problem
01't]uantl1tll decoherellcc hased on lhe \Veisskopf- \Vigner ap-
proxill1ation. An advantage 01' Ihese forll1ulation is that lhe
e\'olU!ion operalor can he ootaincd in a closed formo This,
in lurns, permits lo calculate the e\'olulion or the slates as-
socialed with a qU<lnlUmsyslem. a Illcasuring app:Jratus and
lhe envirollmenl. Prom our reslllls, it is cxplicilly sccn how
lhe pointer, lllodL'lL'das a cohcrcnt slale. moves when an in~
lcraction wilh Ihe llleasuH'd syslel1l is s\vitehed (1'1, and il is
also clcar wl1al lile etTcels of Ihis l1leasurclIlent are on the
oackground neld. The clllphasis of Ihis work has becn on the
inleraclion helwecn a qU:lntllll\ syslem ami the environment
mediated hy a Il1casuring apparatlls. A direcl intcraction oe-
Iween systclll and environlllenl can also oc studied with the
presenl formalism: Ihis will hc Ihe suhject 01' fulurc work.
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where x = wn - Wo - ,c,w. Sinee the inlegrand is slrongly
peaked arnund x = O (Ihal is, around w•• = Wo+ ,c,w '" wo)
Ihe slowly varying lerm 1,,(w••Wg(wn) can he taken oUlside
thc inlegralion as 1,,(wo)I'9(wo), and, furlhermore, Ihe lower
range 01' lhe integral can he extended lo -oo. Then, using

r= eos(xt)dx _ 2" -0'/'
J_= (-)/2)' + x' - "'1" ,

It is well known thalthe zero-poinl field is allhe origin of
Illany quantum phcnorncna. such as lhe Casimir crfeet [15].
ami il also plays a hasic role in lhe proccss of dccoherencc
Icading [mm qU3ntumlO c1assical world (scc, e.g., Rcf. 16).
This is shown explieitly in our formule (68).

A possiblc rcalization of Ihe prcsent mudel could he
at.:hicvcd with a photoclectron counter. Thc thermal bath and
lhe detector rcprcscnt the usual intcraction producing a lin-
ear Joss rnechanism, antl the meter mcasurcs lhe number of
quanla per unit time. This particular rcalization is discusscd
in ReL 4.
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Appendix A

COllsidcr a SUI1l orIhe [orm Ln IQuI2, whcrc (J" is given by
Eg. (31). This sum can he approximaled hy an inlegral of Ihe
fOfm

togelher with Ihe defin;lion (26) of"'l, il follows Ihat

in full agrecment wilh Eg. (40).

(A.4)

1 = r= :,,(wnWg(Wn)
- Lwo-t>w (-)/2)' + x'

x [e-ol + 1 - 2,,-(0/')1 cos(xt)] dx, (A.I)

Appendix B

Thc thermal average of any opcrator can be convcniently cal-
eulaled using Ihe following Iheorem (ReL 14, p. 161): For
any funel;on F(b. bt) oflhe hoson operalOrs b and bt, ;ts Iher-
mal average is givcn by

where

ji follows lhal

and c. ef are dUlllmy boson opcralors which commulc with b
and !Jt, and have an associated vacuurn statc IO)c. From

_ 1
/V ::;:->'--1'

e -
(B2)

(exp { 2)r"b~ + Ynbn) }} =
"

x ex» {~ L ""y,,} ,'xI' {L X"y"JV(wn)}, (1l.6)
" n

where now Ihe Ihermal average is as defined in Eq. (32),
and use has oeen made of Ihe Ilaker-Campoell-Hausdorfffor-
Illula:

(B.4) (B.7)

whcrc l ... )c are lhe cohcrent statcs associatcd lo the dummy
opcrators. Thc cxpcctation valucs in Eq. (13.4) can be casily
calculatcd using lhe formula for the scalar products 01'coher-
enl slales, and il linally follows that

(B.5)

From Ihis lasl cxprcssion, a general formula valid for :.In
inlinilc numocr 01' llIodes can he ohtained:

Appendix e
If Ihe eXlemal force f is given oy Eq. (4), Ihe funelions l\n,
defined hy Eg. (44), lake Ihe explieit form given in Eq.(46).
II Ihen follows Ihat

(CI)

"
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whcre wc hove dellned the integral

/

'00 lit c-i(.r+tJ)1 - 1
I(t) = . 1---- - i.l:12, (C.2). _= (,,/2)2 +:r2 J: + U

Appcndix D

Sincc, fmm lhe detinition (5X),

(D.2)

(D.l )d( ., '"dt = -ic•....o (L.., f{nPr¡ + f)

"

,~ (2:: Ip"l' + 1(12) = _i,'''O' fe + ie-i~o're. (D.3)

"

., [('-h'/2)t+í{{+~W)t _ 1 ]
+ Ifnl- [(/'/2) _ i( + ~w)'1' + c. c.. (DA)

il fo!lows hy direcl suhstilution that

This is a genernl formula va lid for any funclion f. In Ihe par-
ticular case lhnt lhe external force f is given hy Eq. (4), il
follows hy dircct integmtion lhat

'" l" l" 1 l" )tL.lt'" - + (1- = fo - (/'/2)2 + (~'" + <)
"

and olso frnm Eg. (59),
(C.3)

(CA)

x=-------
(/'/2) + ¡"

2rrt
I"" ( / »)., .,'-(:'-+lr

\Ve linally ohtain El). (47) as a good approximalion valid for
i' » 1, with Ihe additional assumplion that the Planck factor
in Ihe intcgrand can also he taken outside lhe integration us-
ing again lhe faet that lhe wholc integrand is strongly peal\ed
;¡round !.J..'II = ll.-'o + ~!.J..'.

and Ihe following approximalions have becn maJe: it is as-
stllllcd that If"l:'!!J is a slowly varying function and tha! lhe
intcgrand is slrongly pcakcd around .1: = O (whkh also im-
plies thal lhe lowcr ¡¡mil 01"inlcgration can be takcn as -00).
Tlle intcgrailcan be givcn in exac! form using succcssivc in-
lcgralioll with rcspcct uf t 01'lhe integral givcn by Eq. (A.2).
In'iICad 01'going into a tcxtbook cxcrcisc in inlcgratiun, we
silllply nole that lhe inlcgral I contains several oscillating
lcrms ¡¡ntl one dOlllinanllCfm of ordcr,', !'rom whcrc iI 1'01-
lo\\'s th~llror largc time 1,

with .1" = W" - Wll - ~w. ft = 6.w + l,
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