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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 properfiesVan Hove, Phys. Re®5, 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 detectmrroborating the results of Lesovik and Loosen
(Pis’'ma Zh. Kksp. 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 hamd, observed from deexcitation of an active detecide 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 byirtual excitations.

There is much recent interest in the observability of quanalso nonsymmetric So(w) # So(— w). This can be seen
tum noise, and especially of the zero-point fluctuationsfrom the explicit expressiong
(ZPPH. While it is well known that these fluctuations do
manifest themselves, e.g., in the Debye-Waller factor, the N
Lamb shift, and the Casimir force, other more direct aspects CQ(t):Ei PIiI (O], @
of these fluctuations are still being debated. Questions such
as which correlation function of the ZPF can be measured R
(see also Ref. 31and whether the ZPF can be ampliffeare SQ(w)=ﬁE Pil(f|1]1)|?8(E;—Ei—fw), (2)
discussed in the literature. One is sometimes led to believe E
that.the random fields prodt_Jced by charge and current ﬂu%here“) are the states of the antenna with enerdiesnd
tuations in the ZPF can be directly obseryed, and can CausepopulationsPi . In the case when the antenna is in equilib-
for example, decoherence of conduction-electrons waveym at a temperatur@, one finds
functions® We are going to show that that is not the case.

In the classical case the current correlator of an electron So(®)=So(— w)e "/keT, 3)
system (which we will refer to as the “antenng”Cq(t’
—t)=(j(t)j(t")) is real and symmetric, i.e.,Cc(t) which means that the classical symmetry holds only for low
=Cc(—t). Its Fourier transform is also real and symmetric, frequenciesi|w|<kgT. In the time domain this means that
i.e., Sc(w)=Sc(—w). [In what follows all Fourier trans- the classical symmetry becomes valid only for late times
forms are defined aS(w)=(1/27) [ " ZdtC(t)explat).] If  |t/>%i/kgT. Because the quantum correldt@q(t) is not
the current fluctuations are coupled to the electromagnetif€@l and not symmetrit is not a directly measurable quan-
field in vacuum, the radiated power at frequeneys easily tity. This also happens pften in nonequmbnum ;ltu_a_tmns.
seen to be proportional t5.(w) .57 Alternatively, one cah SQ(w') 'has the following wnportant physical S|gn|f|cgnce,
couple the antennginductively) to some resonant circuit gen_erallzmg the Born scattering rgs_ults of Ref. 1. It. IS pro-
(with frequencyw,) and measure the power induced by theportlonal to the energy emission r Eeto the vacuunfi.e.,
antenna in the circuit. If the circuit is at zero temperature thethe state of the EM field where ;ttla,—O) for w>9 and the

. ; . S absorption rate fow<<0 and a given photori\;,, = 1.

measured signal is proportional $2(wg) and this is similar The customary way in the quantum cas?—:-iim consider
to radiation by the antenna into the vacuum. If the tempera- . , . 2N
ture of the circuit(or the coupled electro-magnetiEM) e Symmetrized correlatorC(t _t)_=(_1/2)<1(t)1(t )
field) is To#0, there is also a backflow of energy from the +j(t")J(t)), which is real and symmetric like the classical
circuit (or the field to the antenna, and the measured signaP€- HoweveiC(t) is not, as we will show(see also Ref.

is the net energy flov® from the antenna to the circuior 11), the measured “rad!ating correlato'r,”. since'ilt gontains
the field the ZPF. For example, if the antenna is in equilibrium at a

temperatureT, it follows from the fluctuation-dissipation

- AR - J " theoreml that for w>0 one has Sg(w)~[Nt(w)
operatorj(t) = exp(Ht)j exp(=iHt), whereH is the Hamil- +(1/2)]fiw, whereSg(w) is the Fourier transform ofg(t)
tonian of the antenna. The operatg(s) for different times and Nt(w)=[expfia/ksT)—1]"* is the Planck function.

do not commute, and because of this the quantum correlatqthis means thaBs(w)#0 whenT=0, i.e., when the an-
CQ(t’—t)E<](t)](t’)> is generally not real and not sym- tenna is in its ground state. Since being in the ground state
metric, insteadCq(t)=Cq(—t)*. Its Fourier transform is the antenna cannot radiate energy(w) cannot be consid-

In the quantum case one has to replgé by the current
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ered as the correlator measured by detecting the radiatioman see now that the signal of a passive detector is zero, i.e.,
Attention to this point was already attracted in the paper ofa passive detector does not respond to the ZPF of the antenna
Lesovik and LooseR.Very recently, during the final prepa- current. Only an active detectdcircuit with To>0) “re-
ration of this paper, the distinction between the emission andponds” to the ZPF, which means that the antenna being in
absorption parts of the noise spectrum was made in Ref. 1fhe ground state absorbs quanta from the detalgexciting
as well. it. The last statement is clearer from the representdsee

To further clarify the above and generalize it to a finite Ref. 2:
N, , consider a quantum oscillator representing the resonant
circuit (capacitanceC and inductancel), which interacts SM(w)ZSQ(w)-i-NTO(w)Im)((w), @

with a quantum antenna, the interaction beikg aX],

wherex is the coordinate of the oscillatox (s the current in where
the circuid and « is the coupling constanfmutual induc-
tance. Using a quantum kinetic equatibione can calculate

the energy flowQ from the antenna to the oscillator, the Im x(@)=Sq(®) — So(~ )

increase of the energy of the oscillat®iE due to this flow, A

and the increase of the oscillator displacemé(t?) (see =t >, (Pi—P|(f|}[i)PS(Ei—Ei—hw)
i

Ref. 2. One finds in this waySE=Q7 and &(x?)
=2a%(5E/hwy) with b
~am [ dgiioiohesion @
Q=a?(2ma?w¥h)[ So(we)(N+1)—NSy(—wg)]. (4) -

Here 7 is the relaxation time of the oscillaton’=(%Ac/ s the absorption coefficient of the antenna, related to its
2)(C/L) is the square of the ZPF amplitude of the oscillator,response

andN (similar toN,, above is the average number of quanta
in the oscillator. When the oscillator is in equilibrium at a A
temperatureT g, NENTO(wO). The result forQ follows also Y(w)= '_J dteiwt<[j(o)j(t)]>. (9)
from the above mentioned properties iQﬁ(w),1 where the mJo
terms with the factoN are the induced probabilities. It fol-
lows from Eq.(4) and the detailed balance E@) that if the  (Here[,] means a commutatoiWhen the population of the
antenna and the circuit are in equilibrium with different tem-antenna is not inverted.e., P<P; if E;>E;) the absorp-
peratures the energy flow is always from the hotter to thdion Im y(w)>0 for negativew. Note that the equilibration
colder system. The flov, if it is positive, is the energy between the antenna and the circuit happens only due to the
dissipated in the circuit an@T, is the entropy generation absorptive part of the response itw).
rate. The deexcitation of an active detector can be regarded as
The relation betweed(x?) and E can also be obtained an indirect observation of the ZPF. Indirect observation of
from the quantum virial theoref. Written in terms ofQ,  the ZPF is also possible in pumped systems, like a paramet-
this relation confirms the conjecture of Ref. 2 and allows ugic amplifier!” It is well known that the ZPF appear in vari-
to state that the measured current noise spectral deffisity ous other physical effects such as the Lamb shift, the Debye-
positive ) is (for an analogous result for a two-level model, Waller exponent, and the Casimir force. How they influence
see Ref. 11, Egs. 1.5.33-84 a linear amplifier is considered, for example, in Ref. 3.
We now consider electronic dephasing wiier-0 in me-
Su(w)= SQ(w)[NTO(w) +1]- NTo(w)SQ( —w), (5 soscopic systems. Recently, Mohamyal.18 have published
extensive experimental data indicating that contrary to gen-
whereNy (o) is the Planck function with the temperature of eral theoretical expectations;®?° the dephasing rate in
the measuring device. ThuSy(w) generalizes the above- films and wires does not vanish a¥$—0. Serious
mentioned well knowrSo(w) to the case of finitél,. The precaution& were taken to eliminate experimental artifacts.
measured correlator in the time domain is It was speculated that such a saturation of the dephasing rate
when T—0, might follow from interactions with the zero-
point motion of the environment. These speculations have
received apparent support from calculations in Ref. 5. How-
ever, the latter were severely criticized in Refs. 23 and 24
We emphasize that the statement t8gf w) is the measured and were in disagreement with experiments in Ref. 25 and
noise power spectrum is valid for an arbitrary stateed to  with results on the zero-point motion of the ions in Ref. 26.
perform the averaging in Eq¢$1),(2)] of the antenna. This In fact, it is clear that since dephasing must be associated
includes nonequilibrium states in mesoscopic systenfist  with a change of state of the environméhit cannot happen

cM(t)zzf:dwsM(w)coSwt. (6)

example, current-carrying ones, where shot ndise rel-  asT—0. In that limit neither the electron nor the environ-
evant, as well as states encountered in the quantum Ypticsment has any energy to exchange. Below, we review the
context. proof1?’ of this qualitative statement, based on the detailed

A zero temperature circuifpassive detectprmeasures balance condition, Eq(3), for the structure factor. While
So(w) for >0. If the antenna is in its ground state, it demonstrating unequivocally that zero-point motion does not
follows from Eq.(2) that So(w) =0 for positivew and one  dephase, the proof does show whather physical assump-
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tions can, in fact, produce an apparently finite dephasing raténder some conditions, this total overlap can even vaftish.

whenT is very small, but not in the stricf—0 limit. However, onlyvirtual excitations of the environment oscil-
It is useful to apply a recently derived semiclassicallators are produced, but no real excitation, neédedcause
expressioff for the dephasing rate: “decoherence.” Such a reversible polarization of the envi-

ronment by two partial waves is different from a real deco-
herence. It occurs only as long as the environment interacts
1/T¢°‘f J dqd|Vg|*Se(d,©)Sen, (=0, = @), (100 ith the electron. The polarization disappears if the coupling
of the electron with the environment is switched off. This
whereV, is the Fourier transform of the interaction betweenhappens, for example, when the electron leaves the medium
the electron under discussion and the particles of the envand is far enough from it. An electron wave whose energy is
ronment (the other conduction electrons, in this case just at the Fermi level will emerge after spending an arbi-
S.«(g,w) is the van Hove dynamic structure fact@fourier  trarily long time in an environment which is in a nondegen-
transform of the density correlajoof the diffusing electron erate ground state, without creating any real excitation in it.
(a Lorentzian with widthDg?, in the classical limi, and  This wave will therefore retain full coherence with another
Serno(—0,— w) is the same for the environment. What Eq. partial wave which has not interacted at all with the environ-
(10) means is that the dephasing rate is given by a summanent. This is very different from the case where a real exci-
tion over all the §,w) channels of exchange between thetation of the environment is produced by one of the partial
electron and the environment. Ghé’ now uses the above waves. That will imply that the two partial waves will leave
expression Eq(10) and applies the very general detailed- the environment in two orthogonal states. This orthogonality

balance equilibrium relationship, as in E§) lives forever after the coupling has been switched’athd it
causes a real dephasing of the electronic interference.
S(d,@)=S(—q,— w)e "keT, (11)  Whether the persistent current reduction due to the above

polarization is a true “decoherence” effect, was left without
to eitherSy(q, ) or Sen,(— 0, — w). It is immediately seen @ clear answer in Ref. 4. We would like to make here the

that the integrand of Eq10) is a product of two factors one uUnambiguous statement that this reduction has nothing to do
of which vanishes forw>0 and the other fow<0, asT  With “T=0 decoherence.”
—0. Thus the integral and the dephasing rate vanish, in gen- There is no doubt that the ZPF are measurable, using the
eral, whenT—0. The dephasing of a conduction electron atright experimental arrangement. However, one of the main
the Fermi level constitutes a very sensitive passive detectgroints of this paper is that one shouidt think naively that
for the fluctuations of the environment. However, it detectsthe EM fields produced by the fluctuating charges and cur-
nothing when the environment is in its ground state as wellrents in the ZPRRefs. 4 and bare directly measurable by a
One may note, however, that 8,,(—q,—w) has an ap- passive detector. In quantum physics, one does not directly
proximate é-function peak at smalb, due to an abundance measure the time dependence of operators, but rather expec
of low-energy excitations, relatively strong dephasing will tation values. If the Hamiltonian is time independent then the
follow at the correspondingly low temperatures. A particularexpectation value of the current in any stationary state, in-
model for those, invoking defect dynamics, was suggested igjuding the ground state, is time independent. The current
Ref. 27. ) dynamic correlatorfas in Eqg.(1)] are generally nonzero and
Thus, the “standard model” of disordered metdls  (ine dependent also in the ground state. We demonstrated
which the defects are strictly frozegives, as expected, an pere however, that they are not measurable through signals
infinite 7, at T=0. On the other hand, there may be othery,t they send to passive detectors, but can very well be
physical ingredients that can makg relatively short at very  eagyred for example via the nonzero absorptive part of
low temperaturegbut diverge at the T-0 limit), without eir Fourier transforn$(w). The sign of the variables has

contradicting any basic law of physics. We reemphasize thal,, jmportant physical significandabsorption vs emission
this doesnot imply dephasing by zero-point fluctuations, ;.4 the symmetrize®(w) is, in general, not the relevant

which has been repeatedly, and wrongly, claimed in the lit . antity for typical experimental setups in the quantum do-
erature. The failure of the semiclassical approximation use¢ 5in  Care is needed in using too vividly the pictuc

in these considerations was clarified in Ref. 21. flows of matter and energy between subsystems when the

The reduction of ther=0 persistent current in @ MesoS- 44| closed system is in its nondegenerate ground state.
copic ring with a resonant transmitter, reported in Ref. 4, is a
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