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Explicit density-matrix solutions are obtained for several simple open quantum systems without
the usual trace being taken over the thermal bath. This is achieved using a representation of the
density matrix in terms of the dynamic operators of the system. The results are compared with
those from conventional reduced calculations. Different types of irreversible behavior are found,
and the implications of this distinction for models of quantum measurement are considered.

I. INTRODUCTION

Some recent work in the quantum theory of measure-
ment! ~¢ has developed models in which the environment
of an open system plays a key role in achieving state
reduction. The underlying ideas is, of course, not new,
but it is only in the last few years that explicit solutions
for the states of some sample systems have been obtained,
exhibiting very clearly diagonalization of the reduced
density matrix in the basis given by the eigenstates of the
measured operator (Zurek’s “pointer basis””®). Such
measurement schemes, in which state reduction is
modeled as a loss of coherence, of course, do not, and can
never, completely solve the so-called “measurement prob-
lem;” their dependence on an average being taken over
the quantum states of the environment means that they
can never be more than a partial (though suggestive)
description of the process of measurement. As a response
to this, it can be argued that this is a limitation of all
physical models of irreversible processes. Thus (goes the
argument), while loss-of-coherence measurement models
solve nothing completely, they do reduce two problems to
one: quantum measurement becomes just a special case
of the general problem of irreversibility in quantum sys-
tems. For instance, Peres has argued® that the unobser-
vability in practice of phase relationships within the envi-
ronment which carry the lost information means that the
irreversibility of a quantum measurement can be ex-
plained entirely analogously to “familiar classical irrever-
sibility.”

The crucial question here is the relative importance for
irreversibility of two quite distinct aspects of open sys-
tems (considered together with their environment). First-
ly, the fact that they are large systems with many degrees
of freedom. Secondly, the fact that our knowledge of
them is incomplete. Obviously, in practical terms, the
second is an almost inevitable consequence of the first,
but this does not mean that the distinction is not real. To
see the effects of these two properties separately, we need
to study open systems without making the usual average
over the environment; we must look at the behavior of
the unreduced density matrix, including the detailed be-
havior of the thermal bath.

In this paper I present such complete calculations for
several simple open quantum systems: a phase-damped
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oscillator, an amplitude-damped oscillator, a Raman
amplifier, and a photon-number measurement model. Al-
though, as the preceding discussion indicates, these cal-
culations were principally motivated by concerns of mea-
surement theory, they do not use any assumptions or
techniques peculiar to it, and may equally well be taken
simply as more comprehensive solutions than hitherto
presented for some standard quantum models.

II. OPERATOR REPRESENTATION
OF DENSITY MATRICES

This paper makes extensive use of density matrices as
functions of the operator dynamical variables describing
the system. As this approach is not widely used, this sec-
tion gives some properties and examples of it. As a start-
ing point, one may use the operator representation most
commonly found: that for a thermal state in terms of the
Hamiltonian'®

1
pT—Zexp %7 |’ (2.1)
where
Z =Tr |exp ~%T

A. Single-mode states

For a harmonic oscillator (and all examples in this sec-
tion will be for the harmonic oscillator),

H =twa'a 2.2)
and
z= 1 =N +1
"~ 1—exp(—fiw/kT) ’
so that
N fw o+
pT—N+1exp Pl (2.3)
Using the operator ordering relation!!
exp(ka'a)=exp[(e*—1)a'a]: , (2.4)
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this may be rewritten as

(ITG

TN +1

or Xp (2.5)

:N+1 €

The zero-temperature limit of this gives the vacuum den-
sity matrix
Puac=|0)¢0| = :exp(—a'a): . (2.6)

From this it follows immediately that for an element in a
number state basis the representation is
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The representation for a coherent element similarly fol-
lows by the application of displacement operators

|a){B| =D(a)p,, DB

2 t t * 2
—e—lal®2pa'a g —a'a oB ap—|BI7/2

=(B|a) exp[—(aT—B*)a —a)):.  (2.8)

In fact, we can go further than this and obtain the repre-

m)n | =;(a1')m cexp(—a'a)an . (2.7)  Sentation for the combination of a coherent element with
Vm!n! thermal noise:
J
fiw
exp |~ pda
D DT — —fa|2/2—|ﬁ[2/2 a'a —a*a _afﬁ B*a
(a)prD'(B)=e e? % Nl e e
_{Bla) . S LD TPt 2.9
=N+l exp | —(a'—pB*)Na a)+N+1(a a*)a—-pB)|:. 2.9

We see that this reduces to (2.8) for N=0, while for a=p
(coherent state with thermal noise),

(a'—a*)a —a)
N +1

exp | — :

A

1
D DY a)=
(a)prD '(a) Nl

(2.10)

as we would expect from (2.5).

As a final example for the single mode, the representa-
tion of a squeezed state can be produced using squeeze
generators.'? ! An ideal squeezed state is given by

| a,re’®){B,se'?| —_—__<§Ji>__

(coshr coshs

|a,re’®) =D (a)S(re'®)|0)
=D(a)exp{%r[e""’(af)z—e"—“az]} |0) .

2.1D

Using (A9) with 0, =1e iba"2and o _=— Le ~i%q2, this
becomes

a,re'®) =(coshr)~"2exp[Le'*(a’ —a*)*tanhr] | @) ,
2

In similar fashion, using (A9), (A7), and (A8), the general element for a squeezed thermal state is

D(a)S(rei)p ST (se’*)DN(B)

—M:-YB|a) exp{—(a"—B*)a —a)+ M2N(N +1)a'—a*)a —B)

+ %M,S_Z[(N +1)%¥sinhr coshs — N2e‘¥coshr sinhs](aT—a“ )?

+%M,S_2[(N +1)% ~"¥sinhs coshr — N2e ~*4coshs sinhr](a —B)?*}: ,

(2.12)
so that a general density matrix element is
. t idr T 2 —iy 2 .
7 :exp[ —(a'—B*)a —a)+Je'®(a’—a*)*tanhr + Le ~'¥(a —B)"tanhs]: . (2.13)
(2.14)
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where
M, =[(N +1)*coshr coshs
—e'"Y=9N2sinhr sinhs]'/? .

It may be noted that these normally ordered operator
representations of the density matrix are identical in form
to the Q function (the antinormal quasiprobability distri-
bution) for the same states. In particular, by taking pro-
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B. Continuous modes

All the single-mode representations of Sec. Il A apply
in an obvious fashion to multiple independent modes. In
particular, in the case of a continuous distribution of
modes (for a field or heat bath) the vacuum state is

Pvac= expl fda)b b(w)

Here b(w) has dimensions [7T]!/2, with the commutator
being

(2.15)

fction overth coherent st of the on iagonal s {10, 01) =bt0r—).
and Vourdas,!” respectively. Similarly, for the coherent state,
|[ate)]) {[a(@)]| = [] Pola(@))pyee [I Dhal@))
=exp [fdw[bT(w)a(a))—a*(w)b(w)] :exp [—fdwa(a))b(w) :
xexp | [dolb(0)a*(w)—b'(0)alw)]
— ‘exp [-fdw[b*m)—a*(m)][b(w —alw)] }: . 2.17)

The product over  in the right-hand side of the first line is a continuous product, interpreted as in the following line.
A continuous product of a more awkward type arises when one considers the thermal state, which is not normalizable:

pr= —eXP =——:exp

fdw b(w)

Here the partition function Z; is a product containing a factor of 1+ N (

bt
(cu b(co) 2.18)

) for each of the continuously infinite number

of modes. However, this causes no problems in practice. The combination of thermal and coherent elements gives

I . (al0)pr TT DL (Ble)) =5~ [A@)]| [a(w)])
2] @ T

where

([B(@)]]|[a(w)]) =exp

Multimode squeezed states could similarly be obtained
using the appropriate generators.!®

C. Time-dependent behavior

Although the density matrix is a quantum-mechanical
operator, and can be represented as a function of the
dynamical variables of the system, it of course obeys not
Heisenberg’s equation of motion but von Neumann’s,
differing by an overall sign. The density matrix (in the
Schrodinger picture) may therefore be treated as an ordi-
nary operator (in the Heisenberg picture) evolving back-

: |exp

— [do[b(0)—B*(@)][b(0)—alw)]

[bY(w)—a*(0)][b(w)—Blw)]

L

—fdw N(w)
N(w)+1

(2.19)

—fdw[B*(w)a(m)—%IB(a))lz—%Ia(a))Iz]] .

wards in time. This means that we can obtain its time
evolution by solving the equations for the dynamical
operators, and substituting these solutions into the opera-
tor representation, changing the sign of the time.

As a trivial example, take a free harmonic oscillator in-
itially in a coherent state:

-uﬁ_a Na—a),

pl0)= (2.20)
The Heisenberg equation for a (¢) gives
a(t)=e~"“'a(0)=e~“a , 2.21)
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so we can immediately write
p(t)=exp{ —[a'(—t)—a*][a(—)—a]}:

= exp[—(a'—a*e ) (a —ae~]: . (2.22)

Care may be needed when the evolution mixes annihila-
tion and creation operators; the normal ordering applies
before substituting in the solutions. Special attention to
detail is also required when dealing with a driven system,
in which the total Hamiltonian is time dependent.

III. PHASE DAMPING

Phase damping is a suitable first choice for unreduced
calculation for two reasons: firstly, it is mathematically
straightforward; secondly it is a system for which a con-
ventional reduced calculation is most clearly
inadequate—a Markovian master equation can be ob-
tained only in the limit of high bath temperature.

The model Hamiltonian is conventional, with the iso-
lated (system) mode being coupled to the continuous
(bath) modes via its number operator N =a ta.

H =tiwN +1 [do{pHe)+[og(0)—k@NF} . (3.1)

Obviously, slightly different models are possible; for in-
stance, N could couple to p(w) instead of g (w). The ex-

J

Y=*é[Y’ H]l_=—io[Y, N]_+ﬁfdwx(a))

ceptional simplicity of the calculations for this process re-
sults entirely from the fact that the coupling operator is a
constant of the motion (ie., N(#)=N(0) since
—i#i"![N, H]_=0); in the terminology of measurement
theory, it is a quantum nondemolition variable of the sys-
tem. The choice of any other such constant coupling
(e.g., a quadrature phase operator'’) would give results
formally very similar to those below.

As a first step, the Heisenberg equations of motion for
the bath operators are easily solved. The equations are

J(w,t)=p(w,t),

(3.2)

p(w,t)z—mzq(w,t)+a)x(w)N.

In terms of the annihilation operators defined by
1 .

b(a))=‘(’2"m[wq(a))+lp(w)] , (3.3)

we have the solution
—iw k() —iwl
blw,t)=e 'bo(w)+WN(l—-e Y, (3.4)

where I use by(w)=b(w,0).
Next consider the equation of motion for an arbitrary
system operator Y:

1 t
[Y,N]_, W[b(w)+b (w)]—K(w)N] , (3.5)

+

where [ 4, B] + denotes the anticommutator of 4 and B. Since bath and system operators commute at equal times, this

can be rearranged as

1/2
Y= —iwglY, N]_—+—ifdwx(w)

2%

1/2
+ifda) Klw)

@ —iw
7 [Y,N]_{e "bolw)+
172
4]

=—io[Y, N]_+i [doxlw) |2

iwtb'f( )+ K(w)
€ 0\® (zﬁw)l/Z
k()
(2%iw)'/?

N(1—e) |[Y, N]_

N(1—e~ier)

— 55 [doRoIY, N1, N1,

(bH(@)e™[Y,N]_+[Y, N]_e~*by(w))

5= [ doR(@){[LY, N1, N1, cost@n—i[[¥, N]_, Nsin(n)] , GO

where the solution (3.4) for the bath operators has been used. At this point we may select an appropriate basis in which
to represent the system density matrix. As N is constant, the number states are the obvious choice. Specializing Y to a

matrix element in this basis gives

dt

i|m)(n | =—i(n —m)wg | m){n | +i(n——m)fa’wk(w)

172
zw—ﬁ] (bi(@)e™ | mYn |+ |m)n|e “bylw)]

_2—;{fdcoKz(w)[(nz—mz)cos(wt)—i(n —m)sin(wt)][m)n | , 3.7

which can be directly exponentiated to give
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—i(n —m)wgyt i t . .
(|mXn|)=e Yexp ——22fdwxz(w)fodf[(nz—mz)cos(an')—t(n —m)%sin(wr)]

172

xexp |i(n—m) [dox(@) [dr |2 | bl@le™ |(|m){n |
172

Xexp |i(n —m)fdwx(w)fotdf % bo(w)e—iwf]

—iln —mwyt . w) . )
=e Oexp [—zfda)zﬁ—w{(nz—mz)sm(wt)-w(n —m)*[cos(wt)—1]} ]

(@) i
Xexp [(n —m)fdw?;ﬁw%bg(w)(e ’-—1)’(|m)<n [ o
Xexp | —(n -m)fdm(z—;i)“’)—f/;bo(w)(e*im—1) (3.8)

We now have all the information we need to write down the solution for the total density matrix for the process. We
start with a density matrix of the form

p(0)=py,®pr= E.cm"( |m){n | )O%T :exp —f w%}é? . 3.9)
A typical term in the solution is
=%T ey i(n>—m? [do KZZ;(:)) sin(wt)
Xxexp |(n —m)zfdw%[cos(wt)—l] l (Im)n|)
X exp —-fdco bg(w)—(zn—;::;%(l—ei“’) bo(w)—?%(l—e‘”")]
+fdw—&%)_—:_—l lbg(w)—%(l——e“‘”) bo(m)—éﬁ%(l—e—‘w') . (3.10)

From (2.19) we can recognize the bath part of this as off-diagonal coherent excitation of the original thermal state, al-
lowing us to write

2
. . 2 (o) .
i(n—mogt +i(n?—m )fdw_Zﬁw sin(wt)

P)=3 CpnPrmn(t)= 3, Cppp€XPp
mn m,n

X exp [m fdw[b:;(w)ﬁ(w)—B‘(a))bo(w)] (pr® |mX{n|)

X exp

n [ dolB* (0)bo(@)—b}(0)Ble)] ] : 3.11)

where

_ Kklw)
(2ﬁ(0)1/2

Thus the effect of the coupling between bath and system is twofold: a phase shift given by the factor involving an in-
tegral over sin(wt), which for «(w) slowly varying will rapidly reach a steady value; and more importantly, the coherent
excitation of a range of bath modes in correlation with the state of the system. From this point of view there is no sign
of phase damping, or loss of coherence. These two (related) effects may be made to appear by tracing over the bath
modes, to give

Blw) (1—e—'o) .
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2
. . 2 k(@) .
(p(t)):mzncm,,exp i(n—m)ogt +i(n*—m )fdco o sin(wt)
2
xexp |(n —m)? [ do 2N (@) + Hlcos(on —11 [([m ) (n | )y (3.12)

It is the extra factor involving (n —m)?, arising from ig-

norance of the bath rather than from the intrinsic nature
of the physical process, which gives the decay of the
coefficients of off-diagonal elements, i.e., the loss of
coherence which can be described as phase damping.

Equation (3.12) may be compared with the approxi-
mate result obtained from a Markovian master equation
in Ref. 2. The interaction picture master equation is

(p)=Ma'apata —(a'a)p—plata)?], (3.13)
giving
(3.14)

(p1)) =" cme X" =™ m)n | ).

Similar behavior may be seen in (3.12) in the high-
temperature limit N(o)+1~kT /#io, giving [for k*(w)
constant]

T2k T
24

’

2
J, dwﬁ—ﬁ%l[N(w)+%][cos(wt)——1]z—

(3.15)

that is, A=m«?kT /2#. For times short compared with
the thermal correlation time (¢t <#/kT), (3.12) yields
highly non-Markovian phase damping. The n*—m?
anharmonicity is also relatively more important at short
times.

IV. AMPLITUDE DAMPING

I use here a standard model for a harmonic oscillator
linearly coupled to a heat bath of oscillators in the

,_im,_e—ia)ot—m(zlt |

b(o,t)=e""by(w)+k a,

sgn(2)mk? —i (o —wg)

[

rotating-wave approximation (RWA). The Hamiltonian
is

H=tfoa'a +%[ " dowb'(@)b(w)

+i [ 7 doti(o)[b(@)a —a'b(w)] . (4.1)
The extension of the bath frequency range down to — «
is an unphysical idealization, but appropriate within the
RWA. As a further idealization, the coupling constant
k(w) will be taken to be a constant. The equations of
motion are

i=—iwg— [dokwb(o), (4.2)

b(w)=—iob(w)+klw)a . (4.3)
The formal solution of (4.3) is

blw,0=e “bo@)+x [ dre=""Ta(r), @4
which substituted into (4.2) gives
a=[—iwy—mk’sgn()]a —k [ doe by(w) 4.5)
the solution of which is

a(t)=e_iw°'_W2“ lao

it —iwgt —me ||
—«[do*—== bolw). (4.6)

sgn(t)m? —i (0 —wg)

The full solution for b (w,t) is not really needed here, but
for completeness (4.6) can be substituted into (4.4) to give

o't _ it —"“’0'“’”‘2“\_ —iot bo(w')
A — T = : @.7)
H{o—o")  sgn(t)m’—i(0—awy) | sgn(t)mk?—i(w' —wg)
I
The solution (4.6) can be rewritten in a very simple form This is normalized so that
as follows. Define a combined bath mode operator B, by )
Jdolg|?=1, 4.9)
B,=[doglob(e), 4.8)
and hence
where
" _i(("_wO)t___e'm(ZUi [Bt,B,T]_=1 .
glw)=

l—e—2m1t1)172 sgn()mk®—i(w—wyg)
( ) 0

For convenience, further define the overall loss to be



38 EXACT DENSITY-MATRIX CALCULATIONS FOR SIMPLE . ..

C=e—™1t1
Then (4.6) becomes
a(t)=e “[Tag—(1—T?)/2B,] . (4.10)

In effect, for any chosen time ¢, one can write the mul-
timode combination of (4.6) as the two-mode combination
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(4.10). Instead of describing the bath by N (= « ) equally
spaced modes, we are doing so with one isolated mode,
and N — 1 remaining modes with some new spacing.

As before, we allow an arbitrary initial state of the sys-
tem, and assume an independent thermal state for the
bath. This time, the appropriate basis states for expand-
ing the system density matrix are the coherent states:

(Ja){B] )y

p(0)= [ d*a [ d*BP(a,B*) Blay oPT

_ 2 2 . (at _p* _ _# i .
_fdadeP(a,B)ZT exp | —(a'—f*)a —a)— 1 [dobT@b (@) ;. (4.11)

As the evolution does not mix creation and annihilation operators, there are no ordering problems. To be able to write
down the evolved density matrix p(¢) we simply need

B Mg —)—qle —L to — _
[a'(——B*lla(—1) a]+N+1fda)b(co, 1)b (@, —1)

— N el —(1-12)'28" J[Tay—(1—T2)2B_,]—e"'8*[Tay—(1—T2)'2B_,]

N+1
—iwnt 1
—e 0[I‘ag—(l_rz)l/th,]a+B*a+m [fdwbg(w)bo(w)+a$a0]
(ag—einlFB')(aO—e_iw"'Fa) 1 +
_ ¥ [db()b()—B*.B,]
N(1-T2)+1 i1 |Jdets@bole P
LLENU=TY [y NDO=TDYa (V4 11T 2 e
1+N ' 14N(1=T?) 1-N(1-T?)
NT(1-T?%)!"%q N
x |B_ - 20 (N+1)(1-T) 2’ a , 4.12)
I1+N(1-T7) 1+N(1-T7)
where the first step uses the fact that f dwb'(w)b(w)+a'ais a constant of the motion. So
t iwol * —iwor
1 (ag—e °T'B*)ay—e I'a)
(t)= | d*a | d*BP(a,*)— :exp | —
pi=[daf Pz, e N(—T2)+1
1+N(1—T?) | (1—-T?)1”2 + ioyt
———— |[Bl ,————————[NTa—(N+1)e °pB*
1+N TN Ve = (N4 De ]
(1—-T2)172 —iwgt
_,—————————F[NTlay,—(N +1) 0
[ TIpN(_y (Nl el
1
+N—+1 [fdwbg(a))bo(w)—B*_,B_, ] J: . (4.13)

That is, the system mode a has amplitudes decaying as C=e—™ 1| , with the number of thermal quanta rising as
N (1—T?); the isolated bath mode B, has amplitude rising as 1 —I'2, and its thermal fluctuations are transiently corre-
lated with the system, with the number of thermal quanta decaying as I'? [this can be confirmed by rearranging (4.12) so
that the correlation terms are grouped with a instead of with B, ]; and the other bath modes remain unaffected. Tracing
over the bath now gives

—iwyt

(af—e"'TB* Nag—e

N(1—-T?)+1

P(a,B*) Ta)

NO—T2)+1

TrB[p(t)]=fd2adeB exp | —

2 22.P(a,B*) —expl—2m | ¢ [ V/I1+2N(] 1y (=1 .
=[d%a [d*B5 o (Bl D(@):exp |— (4.14)
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where
N()=N(1—e27™1tl)

—iwgt—m? 1| [N(t)4+1]a+N(2)B

a=e ’
2N (1)+1

(4.15)

E_e—iwotAﬂ'K2|t| [N@)+1]B+N(t)a
- 2N (1)+1 ’

in agreement with the result obtained by the fully re-
duced calculation of Appendix B.

In the reduced density matrix (4.14) we can see not
only the overall decay of amplitude but also preferential
decay of the off-diagonal elements. This preferential de-
cay has two aspects. Firstly, the coefficients of off-
diagonal elements are reduced compared to those of diag-
onal elements by a factor which starts as 1 and ends as
(B|a). This is similar to the decay of off-diagonal ele-
ments in phase damping in Sec. III. Secondly, for finite
temperatures, any off-diagonal component of amplitude is
reduced compared to the diagonal component. The
reduction is given explicitly in (B13). In this case then,
unlike the phase damping of Sec. III, the damping of the
system mode arises out of the motion of the system, but
exhibiting the loss of coherence still requires ignorance of
the state of the bath.

V. RAMAN AMPLIFICATION

Raman amplification is superficially similar to the
damping process of Sec. IV—indeed the reduced equa-
tions have exactly the same form (see Appendix B).
However, in this case there is additional complexity re-
sulting from the process mixing annihilation and creation
operators. The physical difference from simple damping
is that the coupling between local system and bath is not
direct but is achieved via a high-frequency driving field
(usually with the pump frequency w, roughly twice the
system frequency wg). This means that in the rotating-
wave description the important interaction terms are
those which couple system and bath operators with the
same frequency sign rather than the opposite one. The
same effect can be achieved with an ordinary damping
coupling to a local system modeled as an inverted (i.e.,
negative frequency) oscillator.

The Hamiltonian is

H =#wya'a +ﬁfw do wb(0)b (o)

—iw t

+ifdwfzx(w)[e p bT(w)aT—eiw"tab(w)] ,
(5.1)

where the explicit time dependence of the interaction
term indicates that this is a driven process: the effective
coupling constant « is in fact the product of the real cou-
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pling constant with the amplitude of the driving field,
which is assumed to be strong enough to be treated classi-
cally. Clearly, for the rotating-wave Hamiltonian (5.1) to
be valid, ®, —®, must be positive and large compared to
the gain rate [which turns out to be 7k w)]. The solu-
tions of the equations of motion can be found in just the
same fashion as for amplitude damping, giving

. 2
—iwnt +mK” |t |
a(t)=e °

i(wp—m)t —im0t+1rK2|t|

—dew £ —£
sgn(t)me* —i (0 +wy—w,)
0 P

blw). (5.2

Again, similarly to the damped case, we can write this as

—I(A)OI

a(t)=e “'[Gay—(G*—1)"2B]], (5.3)
where the combined bath mode is given by
B,=fdwg(w)b(w) ,

with

K« e—l(wp—mo—a))t_em(zltl

(2™ |t] _1)12 sgn(t)mcz—i(co—f—a)o—a)p)

glw)=

so that

(B, Bl]_=[do|g(w)|*=1, (5.4)

and the overall gain is given by

G=e7rK2|t| .

At this point we can usefully begin to disentangle
creation and annihilation operators, by noting that (5.3)
is of the same form as the solution for a two-mode para-
metric interaction. That is, we can write

~iogt ~r(agB, —ags,*)aoer(aOB, —alBh)

a(t)=e , (5.5)

where r corresponds to (coupling multiplied by time) in
the two-mode case. Here r =cosh™!G. The analogy
should not be pressed too far, since important differences
between the two are hidden by the time-dependent
definition of the mode B,. Since a'a —[do b (w)b(w)

is a constant of the motion, it follows from (5.5) that

Jdoblw,0b(w,1)
r a* T —r a* 1.—a
—e B8 [ bl (@bg(wle T O T

(5.6)

This can be established as follows:
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Jdoblw,nb(w,0= [dobl(w,0b(w,0)—a'(t)a(t)+al()a (1)
= [dobl(@)by(w)—ala,+[Gaf—(G*—1)2B,][Ga,—(G*—1)2B]]
= [dwb(w)by(w)— BB, +[GB]—(G*—1)'"%a,][GB, —(G*—1)""%a{]

tot _ tpt
= [dobl(wbg(@)— BB, +e 0" ~*F'plp 0 (5.7)
I
_ ‘ tot _ tpt
and (5.6) follows since Blw,1)=e ~iwtg" #0Br ~%05: )bo(w)e'(a"B’ aoB;)
=e "“[by(w)+(G —1)g*(w)B,
+
<aoB,—a$Bf>, [fd“’bg;(a’)bo(w)—BtBr ]_:0 . —(Gz—l)l/zg*(co)ag] )
Note that it is not true that the transformation used in For an initial density matrix representing a vacuum

(5.5) and (5.6) gives the correct time dependence of the  State for the system and a thermal state for the bath,
bath modes individually. Using (5.6) it is, however, possi-

. 1 fiw
ble to write 0)=——: —ata): —— t
Po Z, exp(—a'a):exp kadwb (0)b(w) |,
[dob’o,00(0,0= [dobo,0bw,), (5.8 (5.9)
where the density-matrix solution is then
J
po(t)=er(a6811—aOB_t)po(o)er(aOBH,—agB*_,)
T
1 aodo 1 t +
ol _ db()b()—B_B_]
Gz; TP |TIHG —DIN+D) N+l [f ©P0NR@ITE B
_1+U=G "IN |+ _ G(G*—D'(1+Nag _ GG -4 N | | (5.10)
1+N T 14(GP=1)(1+N) ' 14(G*=1)(1+N) " '

using successively (A14) with o =a2,Bt,, o_=ayB_,, and azzagao+BT_,B_, +1; the vacuum state of the system
[aopo(O)zpo(O)a:g =0]; the ordering relation (2.4); and the definition of .
For a coherently displaced initial system element, i.e.,

fiw,
pa,,(O):(—lza—) exp[—(a"—B*)a —e)]rexp |- = [dwbl@b(@) |, (5.11)
T
we can use a modification of the transformation (5.5), since
a(t)—a=e "“[Ga —(G*—1)'"2B] —e"al=e ™'V (ag—Ge'a)U ", (5.12)

where

—iawgt "

U,=exp(r{(a}—Ge B! —(G2—1)"%"a]—(ay— Ge 'a)[ B, — (G1—1)"2% "'g*]}) ,
and also

tpt tpt
er(aoB, —ayB,) ayB,—ayB,)

Be" =GB, —(G'—1)"a} =U,[B,—(G*—1)"2% '"“'g*ju" . (5.13)

So the calculation can proceed in exactly the same fashion as for the vacuum case, with the replacements

— iwnt t_ 1t —iwyt
apy=ay—Ge ’a, aj—a,—Ge °B*, (5.14)

B,—B,—(G*—1)1% g+ Bl—BI_(G?—1)%""¢

This gives as the complete density-matrix solution



2242 M. J. COLLETT 38
t iwot* —iwot
1 (ayg—Ge °B*)ay—Ge a)
()= [ d?a | d*BP(a,B*) :exp | —
pi=[d’a[dBP(ap Gz, P 1+(G = 1)(N +1)
_14+U=G N |+ G
1+N 14 (GP=1)N +1)

X[(G2=1)""2(14N)ag+Ne “'a] I

G

X |B_,— .
14(G2—1)(N +1)

1
v [fdwb(’;(w)bo(w)~Bi,B‘, ] l: :

Tracing over the bath gives for the reduced density matrix

P(a,B*)

(azg—e

[(G>—1)'/X(1+N)a}+Ne' *]]

(5.15)

iwotGB‘ )(ao_e—iworGa)

TrB[p(t)]=fd2adeB exp

1+ (GI—D(N+1)

14(G*—1)(N +1)

(B a)—ew2me |1 /11+2N ()]

+
apag

= [d%a [d*BP(a,B*) NGO

where

D(&) :exp DY@,

N()+1

N(D=(14+ N 2™ 11 _1), g o+t [N(D+1]Jat N (1)

2N (1) +1 ’

*iwot+1rK2|II [N(t)+1]B+N(t)a
2N (1) +1 ’

B=e

again agreeing with the result of Appendix B.

As for amplitude damping, we can see in (5.16) decay
of both the coefficients and the off-diagonal amplitude of
off-diagonal matrix elements. The latter effect is, howev-
er, much more important here, since the diagonal ampli-
tudes are now being amplified (as G), while the off-
diagonal ones are still being damped (as G~!). Thus in
this case all elements of the density matrix eventually be-
come diagonal. Temperature considerations are less im-
portant than in the damping case, as any amplifying pro-
cess must in any case introduce extra noise.?’ (The extra
noise introduced by the Raman amplifier is in fact the
least noise allowed by the uncertainty principle.) This di-
agonalization is of course not present in the unreduced
density matrix (5.15), although the amplification is, being
a direct consequence of the substitution (5.14).

VI. AMEASUREMENT MODEL

As a final example of unreduced calculation, I will con-
sider the measurement model of Walls, Collett, and Mil-
burn.* This is a three-part model, including the quantum

f

system being measured, the measurement apparatus or
meter, coupled to the system; and the environment,
modeled as a heat bath coupled to the meter. The
specific choice of Hamiltonian is

—lwot

H =#QN +hw0a*a —iﬁN(e‘aeimO’——afee )
+fda)ﬁa)b*(w)b(w)+ifdwﬁk[b*(a))a —aTb(w)] ,
6.1)

where N is the system number operator and a is the meter
annihilation operator. The reasons for these choices are
given in detail in Ref. 4, the principle considerations be-
ing the following.

(i) The coupling to the system is back-action evading,
giving a more nearly ideal measurement.

(ii) Amplification (a necessary component of any
genuine measurement scheme?®) is built in by the driven
system-meter coupling.

(iii) The amplitude coupling of meter and environment
means that after the bath is traced out the meter is diago-
nalized in a basis of coherent states, which have a well-
defined classical limit.
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The equations of motion are As in the phase-damping model of Sec. III, the system
d ot iont number operator is a constant of the motion
—d—t}m)(n t=[—iQ+(aTee " _€*ae 9)]
i = —iwg e N f dokb(w), (6.2) Solving (6.2) in a fashion similar to preceding sections
gives

blw)=—iwb(w)+ka .

’

a(h=e " |Fag+ —S—=N(1-T)=(1-T2) B,
sgn(t)mk

—(n —m)e* fotdfa(r)e_i%r , (6.4)

|m )(n | =e—iﬂ(n—m)texp

—(n —m)efotdraT(T)e—m"T]( |m){n | )exp

where I' and B, are as defined in Sec. IV.
To avoid unnecessary complexity, I shall specialize to the zero-temperature case, with the meter initially in a vacuum
state:

—a'a— [dobN @b (w) |[m)n|:. (6.5)

pl0)= 3 c,, :exp

This choice of initial state exhibits the measurement process most clearly, although some interesting effects might well
be seen with the meter and bath prepared in, for instance, a squeezed state.?!

It would be possible to proceed from here as in earlier sections, just substituting the solutions (6.4) into the initial
density matrix. In this case the additional mode makes such an approach considerably more complicated. With the
simple initial state (6.5), it is, however, quite straightforward to solve the evolution of the density matrix directly. We
have

%pmn=%:( |mYn | )_exp [—a'(—tla(—0)— [dabY(0,—b(w,—1) |:

cuot

=iQ[p,ns N1_—L[pmn> Nlat(—t)ee’ —e*a(—1t)e

—lwot

1=
=iQn —mp,,, +[pmane*al—te ' mea( -—t)eiw"tpmn] . (6.6)

Since [a (t),a (¢t')]_ =0 for any times #,t', we can directly exponentiate (6.6) to give

— piUn—m)t ! to__ i“’OT] « [! _ _i("OT] 7
Pmn=¢€ exp [mefod‘ra (—7le Pmn(0)exp |ne fodTa( T)e . (6.7)
From (6.4),
Efotha(—T)e_iw(":a(t)ao—{— fdwﬁ(w,z)bo(m—gzv[|a(z)|2+ fda)|,3(a),t)|2] , (6.8)
where
_T"KZIH i(lwo—wgt
_ € Iy _ K€ l—e e —1
- 1_ ’ s/ = - .
alt) 7TKZ( e ), Blw,t) i (@ —ag) 2 (o—wg)
Putting all this together gives
pt)=3 cpy( | m){n | )y [ ma(D))na()| 1y® { | [mBlw,)]) ([nBlw,1)]] )5 . (6.9)

Thus both meter and bath are coherently excited in correlation with the number of photons in the system. Tracing out
the bath gives
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Trplp(t)]= 2 Cmn €XP

2

€n — K’ t)

27K

X([m)(n|)gy® (1—e

2

as obtained by reduced calculation in Ref. 4.

VII. INTERPRETATION AND CONCLUSION

The aim of this paper has been to try and shed some
light on the behavior of open quantum systems by a
method which allows the detailed description of the envi-
ronment to be retained, at least in the simple cases stud-
ied here. All the results here follow exactly from the ini-
tial (usually approximate) Hamiltonians. One possible
approach to more complex systems would be to calculate
the behavior of the bath along the lines of the
input/output formalism of Gardiner and Collett.”> Given
an “input” field (specified by the initial state of the bath)
the behavior of the local system can be calculated by con-
ventional methods (such as a master equation), and the
final state of the bath is then the “output” field, given by
boundary conditions between system and bath. To con-
struct a description in terms of an unreduced density ma-
trix one would also need to know the system-bath corre-
lations. For a general nonlinear system this is clearly not
possible exactly, but might reasonably be attempted with
a Gaussian approximation for the fluctuations. Effective-
ly, one would be assuming an unreduced density matrix
in the form of an exponential quadratic, as in Secs. IV
and V above, and determined the coefficients by inverting
the antinormally ordered covariance matrix, neglecting
higher-order cumulants.

Interpretation of the complete density-matrix solutions
is not necessarily obvious, especially when correlated
quantum noise terms are present. In the case of zero
temperature, where no such correlations arise we can
venture an identification of two distinct sorts of irreversi-
ble behavior, as suggested in the Introduction. Firstly,
there is the deterministic loss or gain of amplitude seen in
Secs. IV and V, and in the meter mode in Sec. VI. This is
of the same nature as classical damping or amplification,
and does not depend on any tracing out of the bath,
though of course for true irreversibility we will require
the limit of a continuous number of bath modes. Second-
ly, there is a loss of coherence, manifested as a diagonali-
zation of the system density matrix, and also appearing as
phase damping in Sec. III. This is evidently a specifically
quantum-mechanical effect—the expression of the initial
state as a superposition is necessary for the notion of di-
agonalization to have any significance. It is purely a
property of the reduced density matrix, and thus, unlike
the first sort of irreversible behavior, only appears when
all possibility of any detailed knowledge of the bath is
denied.

At finite temperature, the picture is less clear. In the
case of phase damping, a thermal randomization of phase
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2
ﬁ(n —m)P?[1—mKk*t —e ""‘z'+%(1—e
s

I

€Em

—‘n'KZI)Z] ’

5 (1— —imczt)

27k

would be expected even classically, but the only apparent
effect of the increase in temperature is that the quantum
loss of coherence becomes stronger. Part of the difficulty
here, of course, is that the chosen number-state basis has
no classical limit or analogue. Where a classical analogue
can be found, in the amplitude-coupled cases, we can see
thermal contributions to both types of irreversible behav-
ior: even before tracing out, thermal excitation of the
system mode is evident (though the system-bath correla-
tions leave some ambiguity as to just how much there is),
while loss of coherence after tracing out is also increased.

As far as measurement models are concerned, we noted
at the beginning of the paper one principal objection to
all loss-of-coherence measurement schemes. That is that
to work as models of a collapse and hence perhaps of a
measurement, they require not merely the inclusion of
the environment in the model, but the explicit reduction
of the density matrix by tracing out the environment.
One might perhaps say that a scheme such as that of Sec.
VI does not so much show state reduction arising out of
the behavior of a real physical system, as arising out of
the calculational technique of tracing over the bath.
Some knowledge still present in the model has to be ac-
tively suppressed before it can exhibit the empirically fa-
miliar features of a quantum measurement.

It is tempting to appeal here to the enormous practical
difficulty, amounting to a practical impossibility, of “un-
doing” the processes which distribute the quantum
coherences over the bath modes. But this is to miss the
point; were we concerned solely with practical predic-
tions, there would be no reason to question the ‘“‘text-
book” account of quantum measurement, which has,
after all, passed strenuous experimental tests. Merely to
raise the problem of measurement in the first place is to
indicate that one is concerned with matters of theoretical
principle and consistency. In any case, this appeal is
somewhat circular; to make use of the difficulty of
measuring phase relationships in the environment is to
assume the availability of some acceptable account of
measurement, which is just what the model seeks to pro-
vide. Increasing the complexity of the already infinite
bath would just further increase the practical difficulties
without introducing anything new in principle.

I also noted in the Introduction another possible
response to this objection. While accepting that models
of this type do not represent the whole answer to the
problem of quantum measurement, it may be pointed out
that questions of the legitimacy of tracing out the envi-
ronment are not specific to measurement models. They
are, rather, a common feature of all models of irreversible
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quantum processes. It might seem reasonable then to
consider that measurement models of this type, while not
solving any problems completely, do reduce two prob-
lems to one: measurements may be considered as just a
special case of irreversible processes in general.

The unreduced solution for the model considered here,
(6.9), allows us now to make some assessment of this de-
fence. Recalling our distinction between the two sorts of
irreversible behavior, one which does not depend on the
tracing out and the other which does, we can see both at
work here. The development of correlations between the
system and the meter is an irreversible process of the first
kind, like the amplitude damping of Sec. IV. It appears,
described by the quantity a(z), even in the unreduced
solution. But the system part of each term in the density
matrix is constant in this solution. The diagonalization
which gives a mixture of number states as the system
state only appears when the bath is traced out, like the
phase damping of Sec. III. If amplitude damping is taken
as the more typical instance of an irreversible process, as
I think it must be, then the (reluctant) conclusion must be
that the assumptions needed to make loss of coherence a
source of diagonalization do go further than those re-
quired for normal dissipative irreversibility.

In saying this, I do not wish to deny the value of mea-
surement models of this type. What such a model actual-
ly shows is that: if in a sufficiently large and complex sys-
tem the coherences between distinct subsystems are negli-
gible (allowing us to trace over at least some of those
parts of the system which we are not directly interested
in), then the measurement postulates (or something very
like them) must be approximately true. If this assump-
tion holds, then we would in effect be justified in treating
the local system as being genuinely open, in which case
the diagonalization of the density matrix follows trivially
(as Peres’ points out). The problem is that while this cru-
cial assumption is intuitively plausible, and seems far less
of an arbitrary addition to quantum mechanics than the
measurement postulates themselves, it is still by no means
clear that it is in any way a consequence of quantum
mechanics, or even that the two are compatible.

In summary, standard theories of open systems not
only include a heat bath, perhaps with the essentially
classical ignorance represented by a thermal initial state,
but also, by tracing out over this bath, introduce a much
more thoroughgoing ignorance amounting to a denial of
any possibility of more detailed knowledge. The former
is a necessary part of the theory; the latter can be con-
sidered a legitimate calculational technique, greatly re-
ducing the complexity of the problem without affecting
the conclusions for the system alone. But if wider con-
clusions are to be drawn concerning the loss of quantum
coherence, as measurement theory would like to, this
more complete ignorance also becomes indispensible.
However attractive measurement models which exploit
this loss of coherence may seem, the fact remains that the
specifically quantum-mechanical aspects of irreversibility
still require explanation beyond that which is needed for
ordinary classical irreversibility.

More broadly, we have here an instance of an ambigui-
ty in the representation of quantum states: the mixture
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of states was originally introduced to allow classical un-
certainty to be represented within quantum mechanics; it
is also used to describe incomplete quantum systems.
Whatever their mathematical similarities, the two are
physically distinct, and any careful interpretation of the
density matrix must recognize this.
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APPENDIX A: SOME OPERATOR RELATIONS

In using operator representations of density matrices,
one frequently wishes to reorder exponentiated operators.
I summarize here some of the operator relations which
have been particularly useful in preparing this paper.
The starting point in each case is of course the Baker-
Hausdorff expansion

B —B 1 n
e’de~"=3 - "B, 4]_, (A1)

n

where ‘"[B, A]_ denotes the n-fold-nested commutator
of B with 4. In particular, for the case that

[4,B]_=kA, (A2)
we have

erhe ey (A3)
which for 4 =a, B =a'a gives

ePatagaa_ yexp(—Piaa,Ba’a (A4)

needed for the derivation of (2.9). For A,B satisfying
(A2), we can further show that

ed+8 A ek eB=eBexp

=exp |

%(ek—-l)J.

(AS)

This can be done in standard fashion by differentiation of
the product e 4 + 8¢ —ABp —24

Now consider a set of operators o, 0 _, o, with spin
commutation relations

[o,,0_1_=0,, [0,,0.]_=%20, . (A6)
Using (A1) we immediately obtain
e’ gye _m"zeﬂ"afE (A7)

Again using the technique of differentiating and then
reintegrating, we may also derive two particularly useful
ordering relations:
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ko, Ao Ao T /(1+Ak) to, ko /(1+Ak)
e Te T=e T (14Ak) e * (A8)
and
«( ) tanhk Fo, ogtanhk
e T+ e T ™ (coshi) " Tz’ T (A9)

APPENDIX B: REDUCED DAMPING
CALCULATIONS

The reduced density matrix p=Trg(p) can be calculat-
ed directly for amplitude damping using the usual master
equation for this process:

p=1y(1 +N)(2apa*—a'ap—pata)
+%yN(2aTﬁa —aaTﬁ—ﬁaat) , (B1)

where a rotating frame has been used to remove the free
system frequency from the equation. This has been
solved by direct integration for the zero-temperature

case.? Here we make use of the characteristic function,
defined by
+
X(A)=Tr(e*® —*"a5) . (B2)

Using the operator correspondences which follow from
(B2), we find
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to give
X(A,1)=e 4 +BY(1,0)
=exp[— (N +1)|A|H(1—e~ "]

3 .. d
Aot e

Xexp | —1yt X(A,0). (B4)

We obtain a standard form for X(A,0) by expanding p
over coherent states

~0)— [ 42 2 o [a)B]

p(0)= [d%a [ d*BP(a,B*) Bla) (BS)
so that

X(A,0)= [d%a [ d*BP(a,B*)X 41,0, (B6)
where

Xop(A,0)=e = 1417/2418% -A*a (BY)

Now using (A3) with 4 =A, B =—1yt(3/0A), we have

—%ytki e =exp(e ~""al) , (B8)

exp EYY

so that
Xoght)=exp[ —(N +1)| A | H(1—e 7]
Xexp[ —e 7L A |2 4e VAR  —A*a)]

(B9)

The Q function can be obtained as the Fourier transform
of the antinormally ordered characteristic function

XA _ 2,,.0 ., 3 XA=e— 21772y,
5 — 127 (2N +1) | A | +Aak+k e X(A) . e :
1
(B3) (§)=——
Qs N(l—e~")+1
We can produce a formal solution of this by exponentia- 1 X
tion, and then use (A5) with X exp _ (8—e""q)(8* —e 7' /?B*)
N(l—e 7)+1 ’
A=_lytQN+1)|A|% B=—1ly1 xaikm* a1, (B10)
aA so that
J
P(a,B*) (a'—e=7"28*)a —e~"""a)
t)= | d*a [ dB——F——exp | — . (B11)
pln=[ d’a [ a5 e N(1—e="9+1

The operator part of this represents a coherent element with thermal noise, as one might expect, but it is not quite in
the form of (2.9). To put it into this form we want to find effective displacements @ and j3, such that

(aT_e—yr/ZE* Na _e—yt/Za)
N(l—e ")+1

:exp |— : =C :exp

—(a'=B*)Na—a)+

- N (1)

t_ =« _m.
N(t)+1(a a*)a-p)|:,

(B12)
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where N(t)=N(1—e~7"). Identifying coefficients of a

and a' gives

d+B=e """ a+B),

B (B13)
% _Be-11/2_92—8
e 2N(1)+1
Then
C= ‘ <B|a) | [2N()/[2N()+ 1] e 7!
=<B|(7)(.3|a)—e—rt/[2N(t)+1] , B10
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giving a final result identical to (4.14), where y = 21K,
If in (B1) we make the replacements

y——€ N——(N+1), (B15)

we have the equation for a Raman amplifier with gain e.
Making the corresponding substitution into the solution
(4.14), now with e=2mk?, gives the solution for the Ra-
man amplifier (5.16).
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