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Search for a border between classical and quantum worlds

Robert Alicki
Institute of Theoretical Physics and Astrophysics, University of Gklawita Stwosza 57, PL 80-952 Ge&&nPoland
(Received 19 September 2001; published 5 February)2002

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 containifgt@ts. 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 II. MARKOVIAN MODEL OF ENVIRONMENTAL
DECOHERENCE

Despite i_ts long h.istory, th_e problem of tr_ansition between In the following we propose a simple description of the
macroscopic and microscopic worlds remains a fundament:ﬂr

issue in the discussion of foundations of quantum mechanic st, most conventional mechanism, and the only one that is
. ) . Fguantu \§ery sensitive to the temperature and the density of environ-
[1,2]. The simplest model illustrating this topic is a macro-

i o 4 . mental particles. A generic model is a mass center of a body
scopic body moving in a slowly varying gravitational poten- described by the Hamiltonian

tial. To describe its motion we use the position of its mass
centerx(t) as a collective variable that is separated from the 1
internal degrees of freedom. One expects that for all practical H=-—P?*+V(X), 3
purposes(t) is well localized and evolves according to the 2M

Newton equation where X and P are the operators of mass center and total

g2 momentum of the body. The body is immersed in a gas con-
Wx(t): —VU(X(1)), (1) sisting of particles or quasiparticléatoms, molecules, pho-

tons, phonons, etcand the interaction with such an environ-

. . . ment can be reduced to processes of scattering, absorption,
while apparently quantum-delocalized states corresponding, emission, Guided by the classical theory of Markovian

to macroscopically extended wave packéttx,t) satisfying o, 01utions generated by combination of jump procesess,

the Schrdinger equation linear Boltzmann equatigrand diffusion onese.g., Fokker-
5 Planck equationwe consider the quantum Markovian master

—iﬁi\[’(x,t):—ﬁ—A T(x,t)+V(x)W¥(xt), (2) equation for the reduced density matyXt) of the body
at 2M mass center

do not appeafV(x)=MU(X)].

i
In the literature, there are discussed at least four types of qiP= " zlH.pl+Lp. (4)
mechanisms leading to localization phenoménr wave-
function collapsg of above. However, in contrast to the classical theory where the corre-

sponding evolution equation for the phase-space probability
distribution can be easily constructed in the quantum case
there exists no such generatgrwhich for a generic Hamil-
tonian satisfies the following conditions:

(1) Environmental decoherenc®uantum coherence is
destroyed by scattering processes with particles of an env
ronment both massive and masslgsisotons [3]. Emission
and absorption of thermal photons must also be included.

(2) Decoherence by bremsstrahlunlectric charges () preserves positivity and normalization of the density
moving in a slowly varying potential decohere by emission matrix,
of soft photond 4] _ (b) drives the system asymptotically to a proper equilib-
(3) Wave-function collapse by gravitydere the exact rium state,
mechanism is not known due to the absence of an ultimate (c) satisfies natural symmetry conditions and conservation
theory of quantum gravity but several models were proposed laws.
[5].
(4) Spontaneous localization theorigSsundamental sto- The exceptions are the systems with pure point spectrum

chastic or/and nonlinear modifications of the Sclinger Hamiltonians and well-separated eigenvalues, weakly
equation are proposed that are neglible at the atomic scat®upled to heat baths with appropriate decay of multitime
but become relevant for macroscopic bodiék correlations functions. Under these assumptions, one can de-
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rive the corresponding generators applying weak-couplingiere v(k) is a probability density of collisions andy their
(van Hove limit or alternatively low-density limit. The ob- total number per time unit.

tained generators possess the stan@@natini-Kossakowski- The generatoL in the position representation reads
Lindblad-Sudarshgrnform

(Lp)(Xly) == ¥(|x=yDp(Xly), )
Lp=2 ([Vap,Vil+[Va.pViD), (5 where
where the operator¥, depend on the interaction with an y(r):wadkv(k)<1_ sinkr). (10)
environment, the Hamiltonian of the body and the envi- 0 kr

ronmental parameted]. In particular, the best-know ex- .

ample is a harmonic oscillator with operatafg being linear  Introducing the average wave vectodefined by
combinations oX andP. These derivation procedures do not

apply to systems with continuouysr quasicontinuoyspart e mdk 2ok 11
of the Hamiltonian’s spectrum including the case of free mo- o v(k), 1D
tion. The existing in the literature equations either violate

positivity requirement(a) (e.g., Caldeira-Legget equation we obtain simple formulas for the decay rates of the off-

[8]) or does not satisfyb) and(c) even for the free motion  giagonal matrix elements(x|y) in two regimes:
case[3,6,9. It seems that generally we cannot have a fully

qyantum(i.e.,_ described i_n terms of the r_educed density ma- y(|x—y)=N for |x—y] Sh=2mk 1, (12)
trix), Markovian, and valid for different time scales descrip-
tion of the equilibration process for an open sys{di|. N2

In the_followmg we shall use a sem|phenom.enolog|.cal y(|x—y|)=——|x—y|? for |x—y|<\. (13)
construction of the generator similar to the classical deriva- 6

tion of the linear Boltzmann equation. The effect of a colli-

sion with a gas particle and emission, absorption, or scatterrhe magnitude of decoherence can be characterized by the
ing of a photon(or other quasiparticleis a transfer of decoherence time

momentum7k that changes the total momentum as de- .

scribed by the following transformation in the Heisenberg o=N"" (14)

icture:
P In order to analyze an experiment that takes tintbetween

gk Xpe=ik X=pizk, (6)  the preparation of a quantum state and its measurement it is
convenient to introduce the total number of collisions
independently of the detailed microscopic mechanism of en= At and the coherence length
ergy redistribution. Assuming statistical independence of dif-

ferent momentum transfer evenisalled simplycollisiong N 3 N
we propose the following form of the generator: lcon= I (15)

7 V2N Jn

which, according to Eq(13) gives the maximal distande
—y| such that the corresponding off-diagonal elements deco-
wheren(k) is a density of collisions per unit time leading to here less than by a facter 1. The parametef.,, puts an
the momentum transfefrk. upper bound on the dimensions of diffraction gratifsjt

The generato(7) satisfies the conditiofa) and partially  width and periodi that can produce interference patterns.
(c), taking into account momentum conservation. Unfortu-  One should mention that the regime given by E@) can
nately, the average kinetic energy grows to infinity tor be approximatively described by the generator of the form
—oo and hence the process of ultimate relaxation to equilib-
rium is not properly described. However, it is expected that K2
in the limit of large mas$ and for slowly varying potential L'p=— T[X,[X,p]], (16)
V(x) the decoherence time, is much shorter than the en-
ergy dissipation time scaleg [3]. Therefore, the generator nicyy often appears in the literature on decoherence
(7) is a good approximation for the study of pure decoherT3 6,8.9
ence in the relevant regime of large body at slowly varying™ "~
potential and rare collisions.

Assuming rotational invariance, i.en(k)=n(k),k=|Kk|
we can introduce the following parametrization: We shall discuss three cases of environmental decoher-

ence regime that are important for the topic of experimental
4mk2n(K) = N(K), /\f:47-rfwdk KR n(k). (8) search for the 'mechanisms of decoherence and the transition
0 between classical and quantum worlds.

Lp=f d*kn(k) (e~ K *pek X —p), (@)

Ill. THREE EXAMPLES OF DECOHERENCE REGIMES
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A. Macroscopic black body observed and well separated from the other hypothetical
mechanisms such agavitational collapseand spontaneous
localization which incidentally are supposed to be of the
comparable magnitude for a body containing**1@toms
[5,6] (the mass-center motion of an electrically neutral body
should not producéremsstrahlung
1 = Kk2dk keT)3 Unfortunately, the main obstacle is now a possibility of
f 0.8R? (%) preparing and detecting quantum delocalized states. The dif-
ficulties are illustrated, for example, by the proposafreé-
A7) orbit experiment with laser-interferometry x raj/s|. Other
geometrical obstacles for interference experiments with mac-
romolecules are discussed in the next section.

To estimate the effect of thermal photons absorption
emission for a macroscopic body of a radikstreated as a
black body we calculatéV as a number of photons with
Planck density entering a surface of a ball per unit time

1
— 2~ I
N_ 4(4’7TR C) 772 0 eCﬁk/kBT_l =

The corresponding decoherence time=/A"1 is given by

p[s]=10"Y(R[m]) ~(T[K]) 2. (18)
C. Experiments on fullerenes
It follows from Eq. (18) that the 3 K background radiation , )
alone washes out all quantum-coherence effects for macro- | "€ recent successful experiments involvig [12], the

scopic bodies. The related estimations of the decoherendB0l€culés witha=0.5 nm, pushed substantially the border

effects in this regime were already performed but with gbetween classical and quantum worlds towards macroscopic

simplified model described by the E(.6) containing a dif- objects. The authors rightfully argued that decoherence ef-

ferent parameter called “localization rate” and essentiallyfeCts can be neglected under the conditions of their experi-
equal toA’k¥/6 [3] ments. We can quite precisely estimate the decoherence mag-
q ' nitude using their data. First, we have to compute the total

number of collisionsn during the time of flightt of a
fullerene due to emission, absorption and Rayleigh scattering
Consider now a laboratory experiment performed at temof radiation and scattering of gas particles. For the emission

peratures of the order oT~1 K, high vacuurI125ofno the authors estimate;~3.5. As the environment tempera-
~10° _partlsles/rﬁ (mass of the gas particla~10 > kg) = yre T,~300 K is much lower than the temperature of the
and Wlth a smﬁasll macroscopic bodyé say a metallic ball of fjierene moleculél,~900 K then due to Eq(17) absorp-
a radiusa=10"° m containing~10" atoms. Because at tjon can be neglected. The same holds due to(Eh.for the
low temperatures the metallic body is almost a perfect CONRayleigh scattering because the radauss much smaller

ductor and its radius is much smaller than the thermal radiagyqn the average radiation Wavelengtla1~10 um. The

tion wavelength the leading decoherence factors are the scat- g . . . X

. . : -~ humber of collisions with gas particles is estimated to be
tering of low-density gas particles and the Rayleigh— , =
scattering of thermal photons. A number of collisions perl2~10 ° and can be neglected also. As=10 um the co-
unit time for the former is given in terms of the averageherence lengttild) leon~1 um—the value that is still es-

thermal veloci = /BkgT/m, sentially larger than the width of the slitS0 nm) and their
Yot Bl separatior(100 nm). It follows that the diffraction picture is

not destroyed by decoherence.

B. Laboratory experiment with dust particles

1
Ngaszz(4’ﬂ'a2vth)n0:4\ 27Ta2no\ kBT/m (19)
IV. GEOMETRICAL LIMITS FOR INTERFERENCE
The Rayleigh scattering is characterized by kheependent EXPERIMENTS

cross sectior11], . .
L] Any interference-type experiment demands that the de

107 Broglie wavelengthA =27A/MV is comparable with the
a(k)= Tk436, (200 width of the slitsd. In all existing experiments starting from
the historical Young's experiment till the recent ones per-
and leads to formed by Zeilinger group12] the ratios=A/d is between
10 *—1. Obviously, for standar@materia) diffraction grat-
1107 |1 J—w k8d k 280088 kgT\” ings we have a geometrical condition
R_E Ta ¢ ’JT7 0 eCﬁk/kBT—l_ a % d=2a. (23
(21

) ) ) On the other handy cannot be much smaller than the ther-
A straightforward calculation with the parameters of abovey, 5 velocity V,,= \8kg T/7M what gives
yields

gas__ R__ 27h (77)3/2ﬁ
5 ~0.09s], m5~0.007s]. (22 A< = ) 24
MVin  {(2MkgT) 9
Both contributions are comparable in this regime and display

quite different temperature and radius dependence. Hence, Putting M = (4/3)7a’k, where the density of the body
principle, the onset of environmental decoherence might be=10* kg/m® and a rather optimistic value fa¥=10"° we
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obtain from Eqs(23),(24) the first condition for the success- V. CONCLUSIONS

ful interference type experiment, It was shown that under realistic laboratory conditions the

a<o (h% kkeT)YP~10(T[K]) Y5 nm. (25  environmental decoherence of the center-of-mass position
can be eliminated on the time scalemilisecondsor mac-
The second geometrical condition is related to the resolutiomoscopic dust particles containing *fcatoms—the regime
of the interference picture, i.e., the distaridebetween the that is relevant for testing different theories of decoherence.
interference fringes on the “screen” which is placed at theNevertheless, the emerging quantum coherence effects are
distancel from the grating. Introducing the time of flight extremally difficult to observe at least in standard diffraction-
=L/V and adding another reasonable assumption that thiaterference type experiments. Therefore, only completely

resolution cannot be finer than the atomic scale, new ideas concerning preparation and measurement of spa-
tially extended quantum states might push the border be-
D=Do=0.1 nm, (260 tween quantum and classical worlds far beyond the scale of

nanometersOn the other hand, the experiments involving
large molecules of a diameter less than 10 nm are feasible
a<(fit/kDgy) ¥4~ 100(t[s])¥* nm. (27) ~ and can provide interesting information concerning the de-
tailed mechanism of environmental decoherence. In particu-
The very weak temperature and the time of flight depeniar, the basic Eq(7) is appropriate for precise quantitative
dence of the right-hand sides of Eq85),(27) make rather description of environmental decoherence at laboratory. It
impossible to go essentially far beyond th@nometerscale  will allow to use the interference of large molecules as a
with traditional interference measurements satisfying theprecise device to determine the parameters of environment.
geometrical constraint®3),(26). It would be extremally dif- On the other hand, the presented examples show very sensi-
ficult to overcome condition§23) and (26) because a mass tive dependence of decoherence on the size of molecule and
center does not couple to external fields except the case @b internal temperature. The same will be true for its shape,
uniform gravitational one. As a consequence, the new idea gfmissivity, etc. Hence, the interference devices might pro-
using optical diffraction structurg4.3] (“made of” standing  vide new techniques for separation of molecules.
light waves to overcome(23) is unlikely to work as the
felectror_nagnetic field will couple to a local atomic structure ACKNOWLEDGMENTS
increasing decoherence and the net effect on a mass center .
will be averaged out. For the same reason, lacking a direct The author thanks M. @kowski and M. and R. Horodec-
access, it would be difficult to localize the center of masski's for discussions. The work is supported by the Grant
position with better accuracy than given by Eg6). KBN 2PO3B 04216.

we finally obtain the second condition
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