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Search for a border between classical and quantum worlds
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The effects of environmental decoherence on a mass-center position of a body consisting of many atoms are
studied using a kind of linear quantum Boltzmann equation. It is shown that under realistic laboratory condi-
tions these effects can be essentially eliminated for dust particles containing 1015 atoms. However, the initial
velocity distribution and certain geometrical conditions make standard interference-type measurements extre-
mally difficult beyond the nanometer scale. The results are illustrated by the analysis of the recent experiments
involving fullerenes. Applications of decoherence effects to precise monitoring of environment or to separation
of molecules are suggested.
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I. INTRODUCTION

Despite its long history, the problem of transition betwe
macroscopic and microscopic worlds remains a fundame
issue in the discussion of foundations of quantum mecha
@1,2#. The simplest model illustrating this topic is a macr
scopic body moving in a slowly varying gravitational pote
tial. To describe its motion we use the position of its ma
centerx(t) as a collective variable that is separated from
internal degrees of freedom. One expects that for all pract
purposesx(t) is well localized and evolves according to th
Newton equation

d2

dt2
x~ t !52“U„x~ t !…, ~1!

while apparently quantum-delocalized states correspon
to macroscopically extended wave packetsC(x,t) satisfying
the Schro¨dinger equation

2 i\
]

]t
C~x,t !52

\2

2M
D C~x,t !1V~x!C~x,t !, ~2!

do not appear@V(x)5MU(x)#.
In the literature, there are discussed at least four type

mechanisms leading to localization phenomena~or wave-
function collapse! of above.

~1! Environmental decoherence.Quantum coherence i
destroyed by scattering processes with particles of an e
ronment both massive and massless~photons! @3#. Emission
and absorption of thermal photons must also be included

~2! Decoherence by bremsstrahlung.Electric charges
moving in a slowly varying potential decohere by emissi
of soft photons@4#

~3! Wave-function collapse by gravity.Here the exact
mechanism is not known due to the absence of an ultim
theory of quantum gravity but several models were propo
@5#.

~4! Spontaneous localization theories.Fundamental sto-
chastic or/and nonlinear modifications of the Schro¨dinger
equation are proposed that are neglible at the atomic s
but become relevant for macroscopic bodies@6#.
1050-2947/2002/65~3!/034104~4!/$20.00 65 0341
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II. MARKOVIAN MODEL OF ENVIRONMENTAL
DECOHERENCE

In the following we propose a simple description of th
first, most conventional mechanism, and the only one tha
very sensitive to the temperature and the density of envir
mental particles. A generic model is a mass center of a b
described by the Hamiltonian

H5
1

2M
P21V~X!, ~3!

where X and P are the operators of mass center and to
momentum of the body. The body is immersed in a gas c
sisting of particles or quasiparticles~atoms, molecules, pho
tons, phonons, etc.! and the interaction with such an environ
ment can be reduced to processes of scattering, absorp
or emission. Guided by the classical theory of Markovi
evolutions generated by combination of jump processes~e.g.,
linear Boltzmann equation! and diffusion ones~e.g., Fokker-
Planck equation! we consider the quantum Markovian mast
equation for the reduced density matrixr(t) of the body
mass center

d

dt
r52

i

\
@H,r#1Lr. ~4!

However, in contrast to the classical theory where the co
sponding evolution equation for the phase-space probab
distribution can be easily constructed in the quantum c
there exists no such generatorL, which for a generic Hamil-
tonian satisfies the following conditions:

~a! preserves positivity and normalization of the dens
matrix,

~b! drives the system asymptotically to a proper equil
rium state,

~c! satisfies natural symmetry conditions and conserva
laws.

The exceptions are the systems with pure point spect
Hamiltonians and well-separated eigenvalues, wea
coupled to heat baths with appropriate decay of multiti
correlations functions. Under these assumptions, one can
©2002 The American Physical Society04-1
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BRIEF REPORTS PHYSICAL REVIEW A 65 034104
rive the corresponding generators applying weak-coup
~van Hove! limit or alternatively low-density limit. The ob-
tained generators possess the standard~Gorini-Kossakowski-
Lindblad-Sudarshan! form

Lr5(
a

~@Var,Va
† #1@Va ,rVa

† # !, ~5!

where the operatorsVa depend on the interaction with a
environment, the Hamiltonian of the bodyH and the envi-
ronmental parameters@7#. In particular, the best-know ex
ample is a harmonic oscillator with operatorsVa being linear
combinations ofX andP. These derivation procedures do n
apply to systems with continuous~or quasicontinuous! part
of the Hamiltonian’s spectrum including the case of free m
tion. The existing in the literature equations either viola
positivity requirement~a! ~e.g., Caldeira-Legget equatio
@8#! or does not satisfy~b! and ~c! even for the free motion
case@3,6,9#. It seems that generally we cannot have a fu
quantum~i.e., described in terms of the reduced density m
trix!, Markovian, and valid for different time scales descr
tion of the equilibration process for an open system@10#.

In the following we shall use a semiphenomenologi
construction of the generator similar to the classical deri
tion of the linear Boltzmann equation. The effect of a co
sion with a gas particle and emission, absorption, or sca
ing of a photon ~or other quasiparticle! is a transfer of
momentum\k that changes the total momentum as d
scribed by the following transformation in the Heisenbe
picture:

eik•XPe2 ik•X5P1\k, ~6!

independently of the detailed microscopic mechanism of
ergy redistribution. Assuming statistical independence of
ferent momentum transfer events~called simplycollisions!
we propose the following form of the generator:

Lr5E d3kn~k!~e2 ik•Xreik•X2r!, ~7!

wheren(k) is a density of collisions per unit time leading
the momentum transfer\k.

The generator~7! satisfies the condition~a! and partially
~c!, taking into account momentum conservation. Unfor
nately, the average kinetic energy grows to infinity fort
→` and hence the process of ultimate relaxation to equi
rium is not properly described. However, it is expected t
in the limit of large massM and for slowly varying potentia
V(x) the decoherence timetD is much shorter than the en
ergy dissipation time scaletE @3#. Therefore, the generato
~7! is a good approximation for the study of pure decoh
ence in the relevant regime of large body at slowly vary
potential and rare collisions.

Assuming rotational invariance, i.e.,n(k)5n(k),k5uku
we can introduce the following parametrization:

4pk2n~k!5Nn~k!, N54pE
0

`

dk k2 n~k!. ~8!
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Heren(k) is a probability density of collisions andN their
total number per time unit.

The generatorL in the position representation reads

~Lr!~xuy!52g~ ux2yu!r~xuy!, ~9!

where

g~r !5NE
0

`

dk n~k!S 12
sinkr

kr D . ~10!

Introducing the average wave vectork̄ defined by

k̄25E
0

`

dk k2n~k!, ~11!

we obtain simple formulas for the decay rates of the o
diagonal matrix elementsr(xuy) in two regimes:

g~ ux2yu!.N for ux2yu@l̄52p k̄21, ~12!

g~ ux2yu!.
Nk̄2

6
ux2yu2 for ux2yu!l̄. ~13!

The magnitude of decoherence can be characterized by
decoherence time

tD5N 21. ~14!

In order to analyze an experiment that takes timet between
the preparation of a quantum state and its measurement
convenient to introduce the total number of collisionsn̄
5Nt and the coherence length

l coh5
l̄

p
A 3

2tN'
l̄

An̄
, ~15!

which, according to Eq.~13! gives the maximal distanceux
2yu such that the corresponding off-diagonal elements de
here less than by a factore21. The parameterl coh puts an
upper bound on the dimensions of diffraction grating~slit
width and period! that can produce interference patterns.

One should mention that the regime given by Eq.~13! can
be approximatively described by the generator of the for

L8r52
N k̄2

6
†X,@X,r#‡, ~16!

which often appears in the literature on decohere
@3,6,8,9#.

III. THREE EXAMPLES OF DECOHERENCE REGIMES

We shall discuss three cases of environmental deco
ence regime that are important for the topic of experimen
search for the mechanisms of decoherence and the trans
between classical and quantum worlds.
4-2
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BRIEF REPORTS PHYSICAL REVIEW A 65 034104
A. Macroscopic black body

To estimate the effect of thermal photons absorption~or
emission! for a macroscopic body of a radiusR treated as a
black body we calculateN as a number of photons wit
Planck density entering a surface of a ball per unit time

N5
1

4
~4pR2c!

1

p2E
0

` k2dk

ec\k/kBT21
.0.8R2cS kBT

\c D 3

.

~17!

The corresponding decoherence timetD5N 21 is given by

tD@s#'10217~R@m# !22~T@K# !23. ~18!

It follows from Eq. ~18! that the 3 K background radiation
alone washes out all quantum-coherence effects for ma
scopic bodies. The related estimations of the decohere
effects in this regime were already performed but with
simplified model described by the Eq.~16! containing a dif-
ferent parameter called ‘‘localization rate’’ and essentia
equal toN k̄2/6 @3#.

B. Laboratory experiment with dust particles

Consider now a laboratory experiment performed at te
peratures of the order ofT'1 K, high vacuum ofn0
'109 particles/m3 ~mass of the gas particlem'10225 kg)
and with a ‘‘small macroscopic’’ body, say a metallic ball
a radiusa51025 m containing'1015 atoms. Because a
low temperatures the metallic body is almost a perfect c
ductor and its radius is much smaller than the thermal ra
tion wavelength the leading decoherence factors are the
tering of low-density gas particles and the Raylei
scattering of thermal photons. A number of collisions p
unit time for the former is given in terms of the avera
thermal velocityv th5A8kBT/pm,

Ngas5
1

2
~4pa2v th!n054A2pa2n0AkBT/m. ~19!

The Rayleigh scattering is characterized by thek-dependent
cross section@11#,

s~k!5
10p

3
k4a6, ~20!

and leads to

NR5
1

2 S 10p

3
a6cD 1

p2E
0

` k6dk

ec\k/kBT21
.380ca6S kBT

\c D 7

.

~21!

A straightforward calculation with the parameters of abo
yields

tD
gas'0.05@s#, tD

R'0.002@s#. ~22!

Both contributions are comparable in this regime and disp
quite different temperature and radius dependence. Henc
principle, the onset of environmental decoherence migh
03410
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observed and well separated from the other hypothet
mechanisms such asgravitational collapseandspontaneous
localization, which incidentally are supposed to be of th
comparable magnitude for a body containing 1015 atoms
@5,6# ~the mass-center motion of an electrically neutral bo
should not producebremsstrahlung!.

Unfortunately, the main obstacle is now a possibility
preparing and detecting quantum delocalized states. The
ficulties are illustrated, for example, by the proposal offree-
orbit experiment with laser-interferometry x rays@5#. Other
geometrical obstacles for interference experiments with m
romolecules are discussed in the next section.

C. Experiments on fullerenes

The recent successful experiments involvingC60 @12#, the
molecules witha.0.5 nm, pushed substantially the bord
between classical and quantum worlds towards macrosc
objects. The authors rightfully argued that decoherence
fects can be neglected under the conditions of their exp
ments. We can quite precisely estimate the decoherence m
nitude using their data. First, we have to compute the to
number of collisionsn̄ during the time of flight t of a
fullerene due to emission, absorption and Rayleigh scatte
of radiation and scattering of gas particles. For the emiss
the authors estimaten̄1'3.5. As the environment tempera
ture T1'300 K is much lower than the temperature of t
fullerene moleculeT2'900 K then due to Eq.~17! absorp-
tion can be neglected. The same holds due to Eq.~21! for the
Rayleigh scattering because the radiusa is much smaller
than the average radiation wavelengthlT1

'10 mm. The
number of collisions with gas particles is estimated to
n̄2'1022 and can be neglected also. Asl̄'10 mm the co-
herence length~15! l coh'1 mm—the value that is still es-
sentially larger than the width of the slits~50 nm! and their
separation~100 nm!. It follows that the diffraction picture is
not destroyed by decoherence.

IV. GEOMETRICAL LIMITS FOR INTERFERENCE
EXPERIMENTS

Any interference-type experiment demands that the
Broglie wavelengthL52p\/MV is comparable with the
width of the slitsd. In all existing experiments starting from
the historical Young’s experiment till the recent ones p
formed by Zeilinger group@12# the ratiod5L/d is between
102421. Obviously, for standard~material! diffraction grat-
ings we have a geometrical condition

d>2a. ~23!

On the other hand,V cannot be much smaller than the the
mal velocityVth5A8kBT/pM what gives

L<
2p\

MVth
5

~p!3/2\

A~2MkBT!
. ~24!

Putting M5(4/3)pa3k, where the density of the bodyk
'104 kg/m3 and a rather optimistic value ford51025 we
4-3
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BRIEF REPORTS PHYSICAL REVIEW A 65 034104
obtain from Eqs.~23!,~24! the first condition for the success
ful interference type experiment,

a<d22/5~\2/kkBT!1/5'10~T@K# !21/5 nm. ~25!

The second geometrical condition is related to the resolu
of the interference picture, i.e., the distanceD between the
interference fringes on the ‘‘screen’’ which is placed at t
distanceL from the grating. Introducing the time of flightt
5L/V and adding another reasonable assumption that
resolution cannot be finer than the atomic scale,

D>D050.1 nm, ~26!

we finally obtain the second condition

a<~\t/kD0!1/4'100~ t@s# !1/4 nm. ~27!

The very weak temperature and the time of flight dep
dence of the right-hand sides of Eqs.~25!,~27! make rather
impossible to go essentially far beyond thenanometerscale
with traditional interference measurements satisfying
geometrical constraints~23!,~26!. It would be extremally dif-
ficult to overcome conditions~23! and ~26! because a mas
center does not couple to external fields except the cas
uniform gravitational one. As a consequence, the new ide
using optical diffraction structures@13# ~‘‘made of’’ standing
light waves! to overcome~23! is unlikely to work as the
electromagnetic field will couple to a local atomic structu
increasing decoherence and the net effect on a mass c
will be averaged out. For the same reason, lacking a di
access, it would be difficult to localize the center of ma
position with better accuracy than given by Eq.~26!.
ua
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V. CONCLUSIONS

It was shown that under realistic laboratory conditions
environmental decoherence of the center-of-mass pos
can be eliminated on the time scale ofmilisecondsfor mac-
roscopic dust particles containing 1015 atoms—the regime
that is relevant for testing different theories of decoheren
Nevertheless, the emerging quantum coherence effects
extremally difficult to observe at least in standard diffractio
interference type experiments. Therefore, only complet
new ideas concerning preparation and measurement of
tially extended quantum states might push the border
tween quantum and classical worlds far beyond the scal
nanometers. On the other hand, the experiments involvin
large molecules of a diameter less than 10 nm are feas
and can provide interesting information concerning the
tailed mechanism of environmental decoherence. In part
lar, the basic Eq.~7! is appropriate for precise quantitativ
description of environmental decoherence at laboratory
will allow to use the interference of large molecules as
precise device to determine the parameters of environm
On the other hand, the presented examples show very s
tive dependence of decoherence on the size of molecule
its internal temperature. The same will be true for its sha
emissivity, etc. Hence, the interference devices might p
vide new techniques for separation of molecules.
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