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Detection of quantum noise
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We discuss the detection of quantum fluctuations in the light of the relationship between time-dependent
correlators and measurable properties@L. Van Hove, Phys. Rev95, 249 ~1954!#. Considering the interaction
between the fluctuating electron system and a resonant circuit or a photon mode, we prove that zero-point
fluctuations~ZPF! are not observable by a passive detector, corroborating the results of Lesovik and Loosen
„Pis’ma Zh. Éksp. Teor. Fiz.@JETP Lett.65, 269 ~1997!#…. By a passive detector we mean one which is itself
effectively in the ground state, and cannot transfer energy to the ZPF whose detection is attempted. We find
that the ZPF can, on the other hand,be observed from deexcitation of an active detector. We also make the
connection between these statements and the recent discussion of whether decoherence can be caused by the
ZPF. The distinction is made between decoherence via making a real excitation in the environment and effects
due to its polarization byvirtual excitations.
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There is much recent interest in the observability of qu
tum noise, and especially of the zero-point fluctuatio
~ZPF!. While it is well known that these fluctuations d
manifest themselves, e.g., in the Debye-Waller factor,
Lamb shift, and the Casimir force, other more direct aspe
of these fluctuations are still being debated. Questions s
as which correlation function of the ZPF can be measur2

~see also Ref. 31! and whether the ZPF can be amplified,3 are
discussed in the literature. One is sometimes led to bel
that the random fields produced by charge and current fl
tuations in the ZPF,4 can be directly observed, and can cau
for example, decoherence of conduction-electrons w
functions.5 We are going to show that that is not the case

In the classical case the current correlator of an elec
system~which we will refer to as the ‘‘antenna’’! CC(t8
2t)[^ j (t) j (t8)& is real and symmetric, i.e.,CC(t)
5CC(2t). Its Fourier transform is also real and symmetr
i.e., SC(v)5SC(2v). @In what follows all Fourier trans-
forms are defined asS(v)5(1/2p)*2`

1`dtC(t)exp(ivt).# If
the current fluctuations are coupled to the electromagn
field in vacuum, the radiated power at frequencyv is easily
seen to be proportional toSC(v).6,7 Alternatively, one can2

couple the antenna~inductively! to some resonant circui
~with frequencyv0) and measure the power induced by t
antenna in the circuit. If the circuit is at zero temperature
measured signal is proportional toSC(v0) and this is similar
to radiation by the antenna into the vacuum. If the tempe
ture of the circuit ~or the coupled electro-magnetic~EM!
field! is T0Þ0, there is also a backflow of energy from th
circuit ~or the field! to the antenna, and the measured sig
is the net energy flowQ from the antenna to the circuit~or
the field!.

In the quantum case one has to replacej (t) by the current
operator ĵ (t)5exp(iĤt) ĵ exp(2iĤt), whereĤ is the Hamil-
tonian of the antenna. The operatorsĵ (t) for different times
do not commute, and because of this the quantum corre
CQ(t82t)[^ ĵ (t) ĵ (t8)& is generally not real and not sym
metric, insteadCQ(t)5CQ(2t)* . Its Fourier transform is
PRB 620163-1829/2000/62~16!/10637~4!/$15.00
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also nonsymmetric,SQ(v)ÞSQ(2v). This can be seen
from the explicit expressions1,7

CQ~ t !5(
i

Pi^ i u ĵ ~0! ĵ ~ t !u i &, ~1!

SQ~v!5\(
i f

Pi z^ f u ĵ u i & z2d~Ei2Ef2\v!, ~2!

whereu i & are the states of the antenna with energiesEi and
populationsPi . In the case when the antenna is in equili
rium at a temperatureT, one finds1

SQ~v!5SQ~2v!e2\v/kBT, ~3!

which means that the classical symmetry holds only for l
frequencies\uvu!kBT. In the time domain this means tha
the classical symmetry becomes valid only for late tim
utu@\/kBT. Because the quantum correlator1 CQ(t) is not
real and not symmetricit is not a directly measurable quan
tity. This also happens often in nonequilibrium situations

SQ(v) has the following important physical significanc
generalizing the Born scattering results of Ref. 1. It is p
portional to the energy emission rate8 into the vacuum~i.e.,
the state of the EM field where allNv50) for v.0 and the
absorption rate forv,0 and a given photon,Nuvu51.

The customary way in the quantum case is9,2 to consider
the symmetrized correlatorCS(t82t)[(1/2)^ ĵ (t) ĵ (t8)
1 ĵ (t8) ĵ (t)&, which is real and symmetric like the classic
one. HoweverCS(t) is not, as we will show~see also Ref.
11!, the measured ‘‘radiating correlator,’’ since it contai
the ZPF. For example, if the antenna is in equilibrium a
temperatureT, it follows from the fluctuation-dissipation
theorem9 that for v.0 one has SS(v);@NT(v)
1(1/2)#\v, whereSS(v) is the Fourier transform ofCS(t)
and NT(v)5@exp(\v/kBT)21#21 is the Planck function.
This means thatSS(v)Þ0 when T50, i.e., when the an-
tenna is in its ground state. Since being in the ground s
the antenna cannot radiate energy,SS(v) cannot be consid-
R10 637 ©2000 The American Physical Society



tio
o

-
an
.

ite
a

e

or
ta
a

-

m
th

u

l,

of

-

ic

it

i.e.,
enna

g in

its

the

d as
of
et-

i-
ye-
ce

en-

ts.
rate

-
ave
w-
24
nd
6.
ted

-
the
led

not

RAPID COMMUNICATIONS

R10 638 PRB 62U. GAVISH, Y. LEVINSON, AND Y. IMRY
ered as the correlator measured by detecting the radia
Attention to this point was already attracted in the paper
Lesovik and Loosen.2 Very recently, during the final prepa
ration of this paper, the distinction between the emission
absorption parts of the noise spectrum was made in Ref
as well.

To further clarify the above and generalize it to a fin
Nv , consider a quantum oscillator representing the reson
circuit ~capacitanceC and inductanceL!, which interacts
with a quantum antenna, the interaction beingV5ax6 ĵ ,
wherex̂ is the coordinate of the oscillator (ẋ is the current in
the circuit! and a is the coupling constant~mutual induc-
tance!. Using a quantum kinetic equation13 one can calculate
the energy flowQ from the antenna to the oscillator, th
increase of the energy of the oscillatordE due to this flow,
and the increase of the oscillator displacementd^x2& ~see
Ref. 2!. One finds in this waydE5Qt and d^x2&
52a2(dE/\v0) with

Q5a2~2pa2v0
3/\!@SQ~v0!~N11!2NSQ~2v0!#. ~4!

Here t is the relaxation time of the oscillator,a25(\c/
2)(C/L) is the square of the ZPF amplitude of the oscillat
andN ~similar toNv above! is the average number of quan
in the oscillator. When the oscillator is in equilibrium at
temperatureT0 , N[NT0

(v0). The result forQ follows also

from the above mentioned properties ofSQ(v),1 where the
terms with the factorN are the induced probabilities. It fol
lows from Eq.~4! and the detailed balance Eq.~3! that if the
antenna and the circuit are in equilibrium with different te
peratures the energy flow is always from the hotter to
colder system. The flowQ, if it is positive, is the energy
dissipated in the circuit andQT0 is the entropy generation
rate.

The relation betweend^x2& and E can also be obtained
from the quantum virial theorem.14 Written in terms ofQ,
this relation confirms the conjecture of Ref. 2 and allows
to state that the measured current noise spectral density~for
positivev) is ~for an analogous result for a two-level mode
see Ref. 11, Eqs. 1.5.33-34!:

SM~v!5SQ~v!@NT0
~v!11#2NT0

~v!SQ~2v!, ~5!

whereNT0
(v) is the Planck function with the temperature

the measuring device. Thus,SM(v) generalizes the above
mentioned well knownSQ(v) to the case of finiteT0. The
measured correlator in the time domain is

CM~ t !52E
0

`

dvSM~v!cosvt. ~6!

We emphasize that the statement thatSM(v) is the measured
noise power spectrum is valid for an arbitrary state@used to
perform the averaging in Eqs.~1!,~2!# of the antenna. This
includes nonequilibrium states in mesoscopic systems,15 for
example, current-carrying ones, where shot noise10 is rel-
evant, as well as states encountered in the quantum opt16

context.
A zero temperature circuit~passive detector! measures

SQ(v) for v.0. If the antenna is in its ground state,
follows from Eq.~2! that SQ(v)50 for positivev and one
n.
f
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can see now that the signal of a passive detector is zero,
a passive detector does not respond to the ZPF of the ant
current. Only an active detector~circuit with T0.0) ‘‘re-
sponds’’ to the ZPF, which means that the antenna bein
the ground state absorbs quanta from the detectordeexciting
it. The last statement is clearer from the representation~see
Ref. 2!:

SM~v!5SQ~v!1NT0
~v!Im x~v!, ~7!

where

Im x~v!5SQ~v!2SQ~2v!

5\(
i f

~Pi2Pf !z^ f u ĵ u i & z2d~Ei2Ef2\v!

5~1/2p!E
2`

1`

dt^@ j ~0!, j ~ t !#&exp~ ivt ! ~8!

is the absorption coefficient of the antenna, related to
response

x~v!5
i

pE0

`

dteivt^@ ĵ ~0!, ĵ ~ t !#&. ~9!

~Here@ ,# means a commutator.! When the population of the
antenna is not inverted~i.e., Pf,Pi if Ef.Ei) the absorp-
tion Imx(v).0 for negativev. Note that the equilibration
between the antenna and the circuit happens only due to
absorptive part of the response Imx(v).

The deexcitation of an active detector can be regarde
an indirect observation of the ZPF. Indirect observation
the ZPF is also possible in pumped systems, like a param
ric amplifier.17 It is well known that the ZPF appear in var
ous other physical effects such as the Lamb shift, the Deb
Waller exponent, and the Casimir force. How they influen
a linear amplifier is considered, for example, in Ref. 3.

We now consider electronic dephasing whenT→0 in me-
soscopic systems. Recently, Mohantyet al.18 have published
extensive experimental data indicating that contrary to g
eral theoretical expectations,15,19,20 the dephasing rate in
films and wires does not vanish asT→0. Serious
precautions22 were taken to eliminate experimental artifac
It was speculated that such a saturation of the dephasing
when T→0, might follow from interactions with the zero
point motion of the environment. These speculations h
received apparent support from calculations in Ref. 5. Ho
ever, the latter were severely criticized in Refs. 23 and
and were in disagreement with experiments in Ref. 25 a
with results on the zero-point motion of the ions in Ref. 2
In fact, it is clear that since dephasing must be associa
with a change of state of the environment,19 it cannot happen
as T→0. In that limit neither the electron nor the environ
ment has any energy to exchange. Below, we review
proof21,27 of this qualitative statement, based on the detai
balance condition, Eq.~3!, for the structure factor. While
demonstrating unequivocally that zero-point motion does
dephase, the proof does show whatfurther physical assump-
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tions can, in fact, produce an apparently finite dephasing
whenT is very small, but not in the strictT→0 limit.

It is useful to apply a recently derived semiclassic
expression28 for the dephasing rate:

1/tf}E E dqdvuVqu2Se~q,v!Senv~2q,2v!, ~10!

whereVq is the Fourier transform of the interaction betwe
the electron under discussion and the particles of the e
ronment ~the other conduction electrons, in this cas!,
Se(q,v) is the van Hove dynamic structure factor~Fourier
transform of the density correlator! of the diffusing electron
~a Lorentzian with widthDq2, in the classical limit!, and
Senv(2q,2v) is the same for the environment. What E
~10! means is that the dephasing rate is given by a sum
tion over all the (qW ,v) channels of exchange between t
electron and the environment. One21,27 now uses the above
expression Eq.~10! and applies the very general detaile
balance equilibrium relationship, as in Eq.~3!

S~q,v!5S~2q,2v!e2\v/kBT, ~11!

to eitherSe(q,v) or Senv(2q,2v). It is immediately seen
that the integrand of Eq.~10! is a product of two factors one
of which vanishes forv.0 and the other forv,0, asT
→0. Thus the integral and the dephasing rate vanish, in g
eral, whenT→0. The dephasing of a conduction electron
the Fermi level constitutes a very sensitive passive dete
for the fluctuations of the environment. However, it dete
nothing when the environment is in its ground state as w
One may note, however, that ifSenv(2q,2v) has an ap-
proximated-function peak at smallv, due to an abundanc
of low-energy excitations, relatively strong dephasing w
follow at the correspondingly low temperatures. A particu
model for those, invoking defect dynamics, was suggeste
Ref. 27.

Thus, the ‘‘standard model’’ of disordered metals~in
which the defects are strictly frozen! gives, as expected, a
infinite tf at T50. On the other hand, there may be oth
physical ingredients that can maketf relatively short at very
low temperatures~but diverge at the T→0 limit!, without
contradicting any basic law of physics. We reemphasize
this doesnot imply dephasing by zero-point fluctuation
which has been repeatedly, and wrongly, claimed in the
erature. The failure of the semiclassical approximation u
in these considerations was clarified in Ref. 21.

The reduction of theT50 persistent current in a meso
copic ring with a resonant transmitter, reported in Ref. 4, i
valid result for the model considered. It is due, however,
the reduction of the tunneling amplitude between the re
nant level and the ring,29 by a reversible polarization of th
environment. Modeling the latter, for example, by a set
independent harmonic oscillators linearly coupled to
electron coordinate, it is found that the tunneling amplitu
between the resonant level and the ring is reduced. The
cillators are polarized differently when the electron is in t
wire and in the resonant level. The tunneling amplitude
tween the latter two states is reduced by the product of
overlaps between the two shifted states of each oscillato30
te
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Under some conditions, this total overlap can even vanis29

However, onlyvirtual excitations of the environment osci
lators are produced, but no real excitation, needed19 to cause
‘‘decoherence.’’ Such a reversible polarization of the en
ronment by two partial waves is different from a real dec
herence. It occurs only as long as the environment inter
with the electron. The polarization disappears if the coupl
of the electron with the environment is switched off. Th
happens, for example, when the electron leaves the med
and is far enough from it. An electron wave whose energy
just at the Fermi level will emerge after spending an ar
trarily long time in an environment which is in a nondege
erate ground state, without creating any real excitation in
This wave will therefore retain full coherence with anoth
partial wave which has not interacted at all with the enviro
ment. This is very different from the case where a real ex
tation of the environment is produced by one of the par
waves. That will imply that the two partial waves will leav
the environment in two orthogonal states. This orthogona
lives forever after the coupling has been switched off19 and it
causes a real dephasing of the electronic interferen
Whether the persistent current reduction due to the ab
polarization is a true ‘‘decoherence’’ effect, was left witho
a clear answer in Ref. 4. We would like to make here
unambiguous statement that this reduction has nothing to
with ‘‘ T50 decoherence.’’

There is no doubt that the ZPF are measurable, using
right experimental arrangement. However, one of the m
points of this paper is that one shouldnot think naively that
the EM fields produced by the fluctuating charges and c
rents in the ZPF~Refs. 4 and 5! are directly measurable by
passive detector. In quantum physics, one does not dire
measure the time dependence of operators, but rather ex
tation values. If the Hamiltonian is time independent then
expectation value of the current in any stationary state,
cluding the ground state, is time independent. The curr
dynamic correlators@as in Eq.~1!# are generally nonzero an
time dependent also in the ground state. We demonstr
here, however, that they are not measurable through sig
that they send to passive detectors, but can very well
measured for example via the nonzero absorptive par
their Fourier transformS(v). The sign of the variablev has
an important physical significance~absorption vs emission!
and the symmetrizedS(v) is, in general, not the relevan
quantity for typical experimental setups in the quantum d
main. Care is needed in using too vividly the picture4 of
flows of matter and energy between subsystems when
total closed system is in its nondegenerate ground state.
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