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We determine the nonlocal in time and space current-current cross correlatorkÎsx1,t1dÎsx2,t2dl in a mesos-
copic conductor with a scattering center at the origin. Its excess part appearing at finite voltage exhibits a
unique dependence on the retarded variablet1− t2−sux1u−ux2u d /vF, with vF the Fermi velocity. The nonmono-
tonic dependence of the retardation onx1 and its absence at the symmetric positionx1=−x2 is a signature of an
instantaneous wave function collapse, which thus becomes amenable to observation in a mesoscopic solid state
device.
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The recent years have seen a confluence of interests in
quantum optics and condensed matter physics. This trend is
particularly apparent in the field of quantum information
science,1 where quantum optical as well as mesoscopic
nanoscale devices are being designed and implemented as
potential hardware components for quantum computing. In
addition to this technological aspect, fundamental questions
traditionally investigated in quantum optical setups2 are now
being implemented in mesoscopic structures. Examples are
the recent proposals for solid state entanglers3 and their po-
tential use in testing Bell inequalities4,5 or the fermionic
implementation6 of Hanburry-Brown-Twiss-type experi-
ments testing for particle correlations induced by their statis-
tical properties. Another fundamental issue is the measure-
ment process and the associated collapse of the wave
function. The latter has lately been discussed in the context
of quantum measurement of quantum bits7–9 with the main
focus on issues related to the backaction dephasing of the
qubit and the aquisition of information by the detector. In the
present paper, we concentrate on the wave function collapse
itself and demonstrate how it can be identified and analyzed
in a measurement of current cross-correlators in a mesos-
copic device.

In the orthodox interpretation of quantum mechanics, the
wave packet reduction is introduced as an independent pos-
tulate within the context of the measurement process.10

While the ordinary time evolution of a quantum system fol-
lows the dynamics described by the Schrödinger equation,
the measurement process involves an instantaneous projec-
tion onto the pointer basis of the measurement device. At-
tempts to bind the wave function collapse into the conven-
tional frame of unitary time evolution have been made,
particularly in model systems describing a quantum degree
of freedom coupled to a reservoir,11 but with limited success
so far. The experiment suggested and analyzed below will be
suitable to separate an instantaneous collapse from one car-
rying its own dynamics through the measurement of retarda-
tion effects.

According to usual expectations, the detection of an indi-
vidual particle induces a wave function collapse, however,
no useful quantitative information on the collapse itself can

be extracted from such an isolated measurement. On the
other hand, the wave packet reduction appears naturally in
von Neumann’s prescription of repeated measurements,10

motivating its experimental observation throughrepeatedde-
tection. In today’s context this is realized in the measurement
of correlators, e.g., the current-current correlatorssnoised
kÎstdÎs0dl in a mesoscopic device. In such an experiment, the
second measurement tests the change in state induced by the
first measurement and hence carries the signature of the
wave function collapse.

In our theoretical analysis below we stay within the
framework set by the orthodox interpretation of quantum
mechanics. We determine the current cross correlator within
the second quantized formalism which treats the wave func-
tion collapse as an instantaneous and nonlocal process. Ac-
cordingly, our result carries the signature of an instantaneous
collapse as expressed through a vanishing delay time be-
tween the appearance of particlesselectronsd in one place
and the vanishing of their quantum-alternative partnerssap-
pearance of holesd in the other place. On the other hand, one
expects that a collapse involving its own dynamics, e.g., the
unitary Schrödinger evolution, naturally leads to a finite de-
lay which will show up in the noise experiment. Hence the
proposed experiment provides quantitative information on
the properties of the wave function collapse in a mesoscopic
device.

To fix ideas, consider a particle wave incident from a
source leads and split with amplitudestsu and tsd into the
uppersud and lowersdd arms of a fork device, see Fig. 1sad.
We emphasize that it is the unitary evolution dictated by
wave mechanics which determines the propagation of par-
ticles into the two arms. For the time being, we ignore the
possibility that the splitter projects the particles and distrib-
utes them into the two arms via a classical random process,
i.e., we assume that there is no object in the splitter associ-
ated with a local hidden variable. This assumption has to be
checked in the experiment and we will return back to this
point later.

Hence before any measurement, the particles propagate in
terms of waves and are delocalized between the two arms. A
measurement of the current in one of the arms, sayu,
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projects the wave function and the subsequent evolution is in
terms of particle streams, see Fig. 1sad. Note that we only
need one measurement to project the waves to particle
streams inbotharms. However, in order to detect thesinstan-
taneousd collapse of the wave function, we have to perform
two measurements in the two arms allowing us to observe
the coincidence between a particle missing in one arm and
the additional particle propagating in the other arm. Such an
experiment can be realized efficiently if detectors are used
which react on the presence of particles in one arm and holes
in the other arm. The observation of a perfect coincidence
between the appearance of particles and their partner holes
then is a demonstration of the instantaneous reduction of the
wave function in this setup.

The information that can be extracted from the noise ex-
periment depends crucially on its time resolution. For ex-
ample, one may deliberately separatesin timed the stream of
coincident events, i.e., particles and holes ind and u, by
choosing an asymmetric splitter with a small transmission
Tsd= utsdu2 into one of the arms; this type of splitter has been
introduced by Beenakkeret al.5 in a recent proposal for the
measurement of the degree of entanglement in a many body
wave function. A detector with limited temporal and/or spa-
tial resolution then is still capable of detecting individual
events and thus can serve in this type of coincidence experi-
ment; however, the limited resolution restricts the analysis of
the wave function collapse and its intrinsic dynamics. On the
other hand, if detectors with high resolution are used in the
measurement of cross-correlatorssof either current or den-
sityd a finite frequency/short time measurement can trace the
signature of the wave function collapse for any value of the
transmissionutsuu2. Furthermore, a high resolution provides
quantitative details on the collapse itself; in particular, it al-
lows us to determine accurately the delay time involved in
the collapse and hence an instantaneous collapse can be dis-
tinguished from a dynamical one. Typical parameters used in
mesoscopic setups involve time scales of order GHz and
length scales of order micrometers — one then easily checks
that a dynamical collapse involving the Fermi velocity and
beyond can be resolved, while a dynamical collapse involv-

ing a ssuperdluminal velocity is beyond the attainable reso-
lution.

The above idea for a direct measurement of the wave
function collapse can be implemented with different types of
mesoscopic experiments:sad a beam splitter in a fork geom-
etry can be realized with the help of electrostatic gates struc-
turing a two-dimensional electron gas as done in Ref. 6,sbd
a nearly ideal splitter can be realized in a quantum Hall setup
with a split gate,6 andscd use can be made of a simple quan-
tum wire with a localized scatterer where the two arms cor-
respond to the backward and forward scattering channels, see
Fig. 1scd. First, we concentrate on the last example,12 the
quantum wire, and determine the irreducible current-current
cross-correlator

Cx1,x2
st1 − t2d ; kkÎsx1,t1dÎsx2,t2dll, s1d

with the signal measured once on the same side of the
scatterer sx1x2.0d and subsequently on opposite sides
sx1x2,0d. In the coherent conductor studied here, the excess
noise Cx1,x2

ex st ;Vd;Cx1,x2
st ;Vd−Cx1,x2

st ;V=0d is entirely
due to the quantum shot noise; the latter has been intensely
studied during the past years.13 Most of these studies have
concentrated on the low-frequency limit, identifying quasi-
particle charges14 or antibunching of fermions,6 to name two
well-known examples. While the partitioning of the particle
beam due to the reduction of wave packets was clearly iden-
tified as the source of shot noise13 this aspect has never been
analyzed in detail. The most interesting result is found for
the measurement involving current fluctuations on opposite
sides of the barrier: we find that the excess noiseCx1,x2

ex std
depends on a spatially retarded variable with the particular
form t−t− where t−=sux1u−ux2u d /vF, see Fig. 1sbd. This
should be contrasted with the ballistic retardation appearing
in the equilibrium noiseCx1,x2

eq st ;V=0d and exhibiting the
causally retarded dependencet−t+ with t+=sux1u + ux2u d /vF

involving the ratio of the traveling distance and the Fermi
velocity. This latter type of retardation has to be expected
due to the relation between the equilibrium correlator and the

FIG. 1. sad A splitter directs an incident wave
into armss‘u’ d ands‘d’ d with amplitudestsu and
tsd. After measurement inu sat t1= t and x1,0d
the wave is projected resulting in a specific se-
quence of particles. The simultaneous measure-
ment in armd sat t2= t+ andx2=−x1.0d will de-
tect the conjugate sequence. Shifting the
measurement point inu to smaller valuesx1 pro-
duces a delayt−=sux1u−x2d /vF in the excess
noise with the symmetric dependence shown in
sbd. The actual calculation of the current excess
noise is carried out for the quantum wire with a
scatterer characterized by transmission and re-
flection amplitudest andr, seescd. The processes
contributing to the equilibrium and excess noise
are sketched insdd.
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scausally retardedd linear response function enforced by the
fluctuation-dissipation theorem. On the contrary, the particu-
lar dependence ont−t− appearing inCex identifies the pres-
ence of instantaneous correlations between spatially sepa-
rated events, which we interpret as arising from the
instantaneous collapse of the wave function.

We now turn to the derivation of the above results and
determine the excess noise in the current-current cross-
correlator. We concentrate on the geometry sketched in Fig.
1scd and define the field operatorssfor one spin component;
ve=Î2med

Ĉux,0 =E de

Îhve

fseikx + ree
−ikxd âe + tee

−ikxb̂ege−iet/",

Ĉux.0 =E de

Îhve

ftee
ikxâe + se−ikx + re8e

ikxdb̂ege−iet/"

with âe sb̂ed the electronic annihilation operators for the left
srightd reservoir andt, r, r8 the usual scattering amplitudes.
Substituting these expressions into the current operator

Îsx,td=sie" /2mdf]xĈ
+sxdĈsxd−Ĉ+sxd]xĈsxdg and using the

standard scattering theory of noise,13,15,16we obtain the ex-
pression for the current-current cross correlators1d. We split
the result into an equilibrium partCx1,x2

eq std and an excess part
Cx1,x2

ex std with t= t1− t2; correlators evaluated at the same side
of the scatterer are denoted byC, those on opposite sides by
C. Assuming ue8−e u ,eV!eF, with V the applied voltage
and eF the Fermi energy, we drop terms16 small in the pa-
rameterue8−e u /eF and find the result forx1x2,0 fthe Fermi
occupation numbersnLsed andnRsed denote the filling of the
attached reservoirsg,

Cx1,x2

eq std =
2e2

h2 E de de8eise8−edt/"
†te8te

*eise8−edt+/" nLse8d

3f1 − nLsedg + te8
* tee

−ise8−edt+/" nRse8df1 − nRsedg‡,

s2d

while the corresponding result evaluated on the same side of
the scatterersx1x2.0d takes the form

Cx1,x2

eq std =
2e2

h2 E de de8 eise8−edt/"
†Te8e

−ise8−edt−/"nLse8d

3f1 − nLsedg + seise8−edt−/" + Re8e
−ise8−edt−/"d nRse8d

3f1 − nRsedg − sre8
8 re8

*eise8−edt+/" + c.c.d nRse8d

3f1 − nRsedg‡. s3d

The time dependence appearing in Eqs.s3d ands4d involves
the retardations

t± = sux1u ± ux2ud/vF s4d

with vF the Fermi velocity. The excess partCx1,x2

ex std is given
by the expressions

Cx1,x2

ex std =
2e2

h2 E de de8eise8−edst−t−d/"te
* te8re8

* re fnLse8d

− nRse8dg fnLsed − nRsedg, s5d

Cx1,x2

ex std =
2e2

h2 E de de8eise8−edst−t−d/"fTe8Re nLse8d

− Re8Te nRse8dgfnLsed − nRsedg, s6d

with the unique retardationt−. In the following, we drop the
energy dependencies of the scattering amplitudes, allowing
us to perform the integration over energies, and we find the
simplified expressionsswe denote the temperature byu and
assumekB=1d

Cx1,x2

eq st,ud = −
2e2T

h2 fast + t+,ud + ast − t+,udg,

Cx1,x2

eq st,ud = −
2e2

h2 ast + t−,ud + ast − t−,ud − Rfast + t+,ud

+ ast − t+,udg,

Cx1,x2

ex st,ud =
8e2TR

h2 sin2FeVst − t−d
2"

Gast − t−,ud, s7d

with the temperature dependence given by the expression
ast ,ud=p2u2/sinh2fput /"g; in the zero-temperature limit
this reduces toast ,0d="2/t2. The singularity att→0 is
cutoff for t," /eF and the equilibrium correlator changes
sign as individual fermions extending over the Fermi wave-
length lF are probed; proper calculation of this feature re-
quires us to account for the finite Fermi energy and band-
width of the electron system. Quite remarkably, the excess
noise is given by a unique expression and involves only the
retardationt−. The above results apply for the quantum wire,
see Fig. 1sbd. The results7d for the excess noise is easily
rewritten for the fork geometry in Fig. 1sad by replacing the
product of transmission and reflection probabilitiesTRby the
product −TsuTsd, with Tsu andTsd the transmission probabili-
ties from the soure leads into the uppersud and lowersdd
leads. The sign change is due to the current reversal as the
reflected beam in the quantum wire is replaced by a second
forward directed beam in the fork geometry.

Let us analyze the resultss7d in more detail. Consider first
the equilibrium noise. The sign of the correlator follows from
the fact that a, say positive, current fluctuation is followed by
a compensating and hence negative excursion. The terms~ 1
and ~ R appearing inCeq derive from correlations in the
incident flow and between the incident and reflected flow,
while Ceq measures correlations between the incident and
transmitted waves and hence involves the transmission coef-
ficient T, see the diagrams in Fig. 1sdd. The signs are as
expected from the above argumentsnote the sign change in
the term~ R due to the current reversald and all retardations
are causal involving the geometric distance between particle
detection. The symmetryt↔−t is due to the equivalence of
the two reservoirs injecting particles symmetrically under
equilibrium conditions.
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The excess noise measures correlations between the trans-
mitted and reflected particles, see Fig. 1sdd. Its retardation
and sign are those expected assuming an instantaneous col-
lapse of the wave function. That is, projecting the wave by
the detection of an electron atx1 implies the instantaneous
appearance of a hole atx2 traveling in the opposite direction,
thus resulting in a positive sign ofCex snote the change in
sign when going from the point contact to the fork geom-
etryd. Furthermore, the vanishing of the relaxation timet−

right at the symmetric locationx1=−x2 is the hallmark of the
instantaneous collapse of the wave function. On the other
hand, the observation of a nonzero time delaysat the sym-
metric locationx1=−x2d would indicate the presence of a
nontrivial dynamical element in the process of wave function
collapse beyond the framework of the orthodox theory with
its projection postulate. Hence measuring the excess noise in
an experiment and comparing to our results7d allows us to
confirm or refute the instantaneous and nonlocal nature of
the wave function collapse. Finally, the oscillations appear-
ing in the excess noise are a consequence of the sharp Fermi
surfaces, their scaledt,h/eVbeing determined by the volt-
age shifteV between the reservoirs; a temperatureu.eV
smears this sharp shift and the tails with their oscillations
vanish exponentially~exps−2ptu /"d.

Above, we have emphasized the quantum nature of wave
propagation in our determination of the excess noise. One
may ask about the outcome of this experiment within a clas-
sical model of electronic transport, where the splitter ran-
domly distributes thesordered stream ofd particles among the
two arms of the forkfsee Fig. 1sadg or, in our geometry, in
the forward and backward directionsfsee Fig. 1scdg. Indeed,
particles sent into the forward direction then are correlated
with missing particlessholesd in the backward flow and the
correlator has the same sign and retardation as in the quan-
tum case. Note, that the particular retardation given byt− has
a different origin in the classical and in the quantum case: in
the classical situation where particle-hole pairs are locally
generated at the splitter, the delay derives from the difference
in the travelling times of the particle and the hole, while in
the quantum case, the particle-hole pairs appear due to the
nonlocal process of instantaneous projection.

A meaningful experiment has to distinguish between the
classical and the quantum-mechanical scenario producing the
measured results. In order to show that quantum mechanics
is at work one has to confirm the wave propagation in the
device prior to measuring the current cross correlator. This
can be achieved through the observation of a coherence phe-
nomenon and we discuss two specific setups in the follow-
ing.

sid Inserting a second barrier, the observation of resonant
transmission through the interferometer formed by the
double barrier system confirms the wave propagation in the
device. An implementation using electrostatic gates modulat-
ing a 2DEG allows us to manipulate the second barrier with-
out significant perturbation of the remaining sample.

sii d Following ideas developed within the context of the
famous double slitsGedankend experiment, we propose the
specific setup sketched in Fig. 2 which tests the particle-
wave duality during the experiment. The incident particle
beams is split into an uppersud and lowersdd arm sfork

geometryd and subsequently recombined and redirected into
the leadsu and d with the help of a tunable reflectionless
four-beam splitter. The phase differencedw=wu−wd picked
up during the propagation in the upper and lower leads can
be tuned, either via a magnetic fluxF threading the loop or
via an additional gate electrode biasingswith Vgd one of the
arms. The second beam splitter is characterized through its
transfer matrixMud

ud

s8d

with the anglesq P s0,p /2d,f ,c P s0,2pd; without loss
of generality we assumef=c=0. The wave function behind
the splitter then can be written in the form

Cud = scosq eiwu tsu− sinq eiwd tsdduul + ssinq eiwu tsu

+ cosq eiwd tsddudl. s9d

The four-beam splitter shall be tuned such that all electrons
propagate to only one of the output leads, say the down lead
d, implying the condition tanq0=ÎTsu/Tsdexpfisdw+xsu

−xsddg, where we have separated the amplitudes and
phases of the transmission coefficientstsu=ÎTsuexpsixsud
and similar fortsd. Tuning the phasedw+xsu−xsd to a mul-
tiple of 2p and choosing the appropriate angle

tanq0 = ÎTsu/Tsd s10d

one may redirect the recombined waves into the down lead.
Furthermore, subsequent scanning of the phasedw will pro-
duce an oscillating current in the output leadd, analogous to
the intensity oscillations observed on the detector screen in
the double split experiment. The observation of current os-
cillations as a function ofdw proves the coherent wave
propagation of the electrons through the device.

After establishing the quantum nature of the electron
propagation, the wave packet reduction is investigated

FIG. 2. Experimental setup testing the wave propagation of
electrons before projecting the wave function in the noise measure-
ment. In a first step, the phase differencedw=wu−wd picked up in
the propagation along the uppersud or lower armsdd and the mixing
angleq of the four-beam splitter are arranged such that no electrons
propagate into the upper armu; the phasedw may be manipulated
through changing the fluxF through the loop or via an electric gate
potential Vg. Next, the noise correlator is measuredsblack tri-
anglesd, projecting the electrons in the armsu andd and transform-
ing the wave propagation into a flow of discrete particles. As a
result of this projection, a finite current turns on in the upper armu.
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through a measurement of the current cross-correlator be-
tween the two armsu andd. This measurement and its con-
commitant wave function collapse will transform the wave
propagation in the two arms into streams of particles. As a
consequence of the projection through the measurement a
finite current will appear in the upper leadu. The magnitude
of this current is determined with the help of the density
matrix r behind the four-beam splitter: transforming the den-
sity matrix r=Tsuuulkuu +Tsdudlkdu describing the electron
streams in the two armsu andd after the projection with the

help of Eq.s8d, we obtain the currentkÎul=2se2/hdVruu with

ruu = kuuruul = Tsucos2 q0 + Tsdsin2 q0 = 2
TsuTsd

Tsu+ Tsd
,

s11d

where we have made use of Eq.s10d in the last equation. For
a reflectionless splitter we haveTsu+Tsd=1 and the final re-
sult for the current appearing in the leadu after projection
takes the form

kÎul = 4se2/hdVTsuTsd. s12d

The maximum difference between the currents with and
without projection is obtained for the symmetric splitter with
Tsu=Tsd=1/2.

The above two-step procedure confirming the wave
propagation of the electrons before the measurement of the
current cross correlator excludes a classical interpretation of
the features showing up in the noise correlator; analyzing the
time delayt− in the excess noise then provides the seeked for
information on the wave function collapse. In particular, the
instantaneous collapse should manifest itself through a zero
time delay if a symmetric setup withx1=−x2 is chosen; on
the other hand, one expects that a collapse within the frame
of unitary time evolution produces a finite delay which the
present experiment is able to detect, provided the time reso-
lution of the noise measurement is adequate.

The test for the instantaneous wave function collapse dis-
cussed here is related to the nonlocal properties of quantum
mechanics. The standard test demonstrating the nonlocal na-
ture of quantum mechanics is due to Bell.17 Bell inequality
tests produce different outcomes within a classical frame-
work sbased on local hidden variablesd and within a
quantum-mechanical description. On the other hand, the
measurement of correlators, while producing interesting re-
sults on fundamental issues of quantum mechanics, too, can-
not separate between the quantum mechanical and the clas-
sical predictions. A prominent example is the measurement
of strangeness correlations in theK0K0 system: The decay of
the kaons prevents one from carrying out Bell inequality
tests. Still, the observation of oscillations in the strangeness
correlation provides information on the entanglement in the
kaon wave function.18 Nevertheless, this type of oscillations
can be generated within the framework of a hidden variable
theory, too. In the present case, the measurement of the noise
correlator provides information on the wave function col-
lapse, in particular, its dynamics. Again, the experiment itself
cannot separate between quantum mechanical and classical

predictions. In fact, a local hidden variable at the splitter
could emulate the shape of the time resolved correlator in-
cluding even the oscillations on the time scaletV=h/eV. One
then may assume one of the following two view points.sad
Accepting the applicability of quantum mechanics one only
needs to rule out the presence of dephasing in the device; the
absence of dephasing is most simply confirmed through the
observation of the time oscillation~sin2seVdt /2"d in the
correlator itself.sbd Those critical about the validity of quan-
tum mechanics first have to confirm the wave dynamics in
the device; the experimentssid and sii d described above are
designed to achieve this goal.

The current correlator is not directly measured in an
experiment; e.g., an old-fashoned Ampère meter determines
the angular excursion of the pick-up loop. One then has to
relate the correlator of this classical meter variable to the
correlator of the quantum system.19 For a linear detector, one
expects that the measured classical correlator can be
constructed from the quantum correlator through a linear
connection. Conventional wisdom tells that it is the symmet-
ric correlator that appears in an actual measurement.20 In-
deed, a recent analysis carried out for an Ampère meter mea-
suring local current-correlations shows that the main term in
the response is determined by the symmetrized correlator
fCstd+Cs−tdg /2;19 however, additional small corrections ap-
pear involving the antisymmetrized correlator, too. The gen-
eralization to measurements at spatially separated locations
relates the measured correlator to the fully symmetrized
expressionfCx1,x2

std+Cx1,x2
s−td+Cx2,x1

std+Cx2,x1
s−tdg /4 as

the main term.
Alternatively, the signature of the wave function collapse

may be detected in a frequency domain experiment; the re-
sult for the spectral powerSx1,x2

ex svd=edtCx1,x2

ex s−td expsivtd
of the excess noise takes the form

Sx1,x2

ex svd =
2e2TR

h
e−ivt−F "v + eV

1 − e−s"v+eVd/u +
"v − eV

1 − e−s"v−eVd/u

−
2"v

1 − e−"v/uG s13d

and contains the characteristic delayt− as a phase factor.
Again, a detailed analysis is required in order to relate
the experimentally measured quantity to the current excess
noise. For the case of an inductive measurement with an
LC circuit and coinciding positionsx1=x2 such a study
has been carried out;21 here, it is the symmetrized power
fSx1,x2

ex +Sx2,x1

ex gV.0/2 which can be measured via the charge
fluctuations on the capacitor in anLC circuit with two
pick-up loops atx1 andx2.

The above analysis has been carried out within a nonin-
teracting approximation. Accounting for the effect of Cou-
lomb interaction one may worry that the noise signal is
damped due to the smoothing produced byslongitudinald
screening; the latter involves the Fermi velocityvF. On the
other hand, the incoming electrons propagatesalso with
Fermi velocityd in the form of a regular sequence of wave
packets separated by the single particle correlation time22

tV=h/eV, a consequence of the Fermi statistics of electrons.
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The screening of the density modulation on scalevFtV then
involves a time scaletV or longer. As the time resolved noise
correlator also peaks on the time scaletV one expects that
screening modifies the shape of the noise correlator but pre-
serves its basic form. This conclusion agrees with the obser-
vation that shot noise is usually observed with the large am-
plitude obtained within a noninteracting approximation.
Unfortunately, only few detailed theoretical results are avail-
able on the modification of shot noise due to interaction: in a
diffusive conductor the zero-frequency noiseSs0d is even
enhanced due to Coulomb effects;23 the analysis of a ballistic
quantum point contact with a large transmission produces
again an enhancement ofSs0d, while the shot noise is weakly
reduced in the tunneling limit.24 Finally, weak interactions
can be accounted for via an energy dependent renormaliza-
tion of the scattering matrix25 leading to a broadening of the
electron wave packets, in agreement with the above discus-
sion.

Dephasing due to interactions among the particles or with
the environment acts differently on the electrons propagating
in the two leads and causes an exponential damping of the
excess correlator on the coherence lengthLw. As a conse-
quence, the sum of distancesx1 and x2 should be chosen
smaller thanLw. An additional requirement is a sufficient
experimental time resolution: with a peak width inCx1,x2

ex std
given bytp=maxfh/eV,1 /nmg, with nm the cutoff frequency
in the measurement setup, only shiftsut− u .tp can be re-
solved. Assuming a frequency resolution in the 10 GHz
regime26 the peak inCx1,x2

ex std can be resolved for voltages

below 0.1 meV. Given a typical valuevF,104 cm/s for the
Fermi velocity this corresponds to a spatial resolution
vF /nm,100 Å. The comparison with a typical mesoscopic
dimension ofL,mm scale demonstrates that potential de-
lays expected for a collapse with a unitary time evolution can
be observed well beyond the scale of the Fermi velocity.
However, the observation of a superluminal collapse would
require frequenciesc/L,1014 s−1 in the 100 THz regime as
well as large voltages of the order of volts, both well beyond
the acceptable range.

To conclude, we have suggested an experiment testing for
the instantaneous wave function collapse in a solid-state
setup based on the time resolved measurement of current-
current cross correlations at spatially separated points. This
scheme allows to investigate details of the wave function
collapse itself, provided a sufficiently high frequency resolu-
tion is available in the experiment. While measurements of
time delays due to a unitary collapse involving super-Fermi
velocities are within experimental reach, the type of mesos-
copic setup described here cannot trace time delays arising
from a collapse involving superluminal velocities.

We acknowledge financial support from the Swiss Na-
tional Foundationsthrough the program MaNEP, SCOPES,
and CTS-ETHZd, the Landau Scholarship of the FZ Jülich,
the Russian Science Support Foundation, the Russian Minis-
try of Science, and the program “Quantum Macrophysics” of
the RAS.

1A. Steane, Rep. Prog. Phys.61, 117 s1998d.
2See A. Aspect, NaturesLondond 398, 189 s1999d, and references

therein.
3G. Lesovik, Th. Martin, and G. Blatter, Eur. Phys. J. B24, 287

s2001d; P. Recher, E. V. Sukhorukov, and D. Loss, Phys. Rev. B
63, 165314s2001d; C. Bena, S. Vishveshwara, L. Balents, and
M. P. A. Fisher, Phys. Rev. Lett.89, 037901s2002d.

4N. M. Chtchelkatchev, G. Blatter, G. B. Lesovik, and Th. Martin,
Phys. Rev. B66, 161320s2002d; P. Samuelsson, E. V. Sukho-
rukov, and M. Büttiker, Phys. Rev. Lett.91, 157002s2003d.

5C. W. J. Beenakker, C. Emary, M. Kindermann, and J. L. van
Velsen, Phys. Rev. Lett.91, 147901s2003d.

6M. Henry, S. Oberholzer, C. Strunk, T. Heinzel, K. Ensslin, M.
Holland, and C. Schonenberger, Science284, 296s1999d; W. D.
Oliver, J. Kim, R. C. Liu, and Y. Yamamoto,ibid. 284, 299
s1999d.

7Y. Makhlin, G. Schön, and A. Shnirman, Rev. Mod. Phys.73,
357 s2001d.

8A. N. Korotkov, Phys. Rev. B63, 115403s2001d.
9D. V. Averin, Phys. Rev. Lett.88, 207901s2002d.

10J. von Neumann,Mathematical Foundations of Quantum Me-
chanicssPrinceton University Press, Princeton, 1955d.

11A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher, A.
Garg, and W. Zwerger, Rev. Mod. Phys.59, 1 s1987d; W. H.
Zurek, ibid. 75, 715 s2003d.

12After proper redefinition of flow directions the main results7d for
the excess noise in the wire also applies to the fork with an ideal
splitter, see later.

13Y. M. Blanter and M. Büttiker, Phys. Rep.336, 1 s2000d; Noise
in Mesoscopic Physics, Vol. 97 of NATO Science Series, edited
by Y. NazarovsKluwer, Delft, 2003d.

14V. A. Khlus, Sov. Phys. JETP66, 1243 s1987d; C. L. Kane and
M. P.A. Fisher, Phys. Rev. Lett.72, 724 s1994d; J. Torrès, T.
Martin, and G. B. Lesovik, Phys. Rev. B63, 134517s2001d, and
references therein; L. Saminadayar and D. C. Glattli, Phys. Rev.
Lett. 79, 2526 s1997d; R. dePicciotto, M. Reznikov, M.
Heiblum, V. Umansky, G. Bunin, and D. Mahalu, Nature
sLondond 389, 162 s1997d; A. A. Kozhevnikov, R. J. Schoe-
lkopf, and D. E. Prober, Phys. Rev. Lett.84, 3398 s2000d; X.
Jehl, M. Sanquer, R. Calemczuk, and D. Mailly, Nature
sLondond 405, 50 s2000d.

15G. B. Lesovik, JETP Lett.49, 592 s1989d.
16G. B. Lesovik, JETP Lett.70, 208 s1999d.
17J. S. Bell, PhysicssLong Island City, N.Y.d 1, 195 s1965d.
18A. Apostolakiset al.Phys. Lett. B422, 339s1998d; N. Gisin and

A. Go, Am. J. Phys.69, 264 s2001d.
19G. B. Lesovik, Phys. Usp.41, 145 s1998d savailable from ww-

w.ufn.rud.
20L. D. Landau and E. M. Lifshitz,Statistical PhysicssPergamon

Press, London, 1958d, Vol. 5 Sec. 117.
21G. B. Lesovik and R. Loosen, JETP Lett.65, 295 s1997d; U.

LESOVIK, LEBEDEV, AND BLATTER PHYSICAL REVIEW B 71, 125313s2005d

125313-6



Gavish, Y. Levinson, and Y. Imry, Phys. Rev. B62, R10637
s2000d.

22L. S. Levitov, H. Lee, and G. B Lesovik,J. Math. Phys.37, 4845
s1996d.

23K. E. Nagaev, Phys. Rev. B52, 4740s1995d.
24A. V. Galaktionov D. S. Golubev, and A. D. Zaikin, Phys. Rev. B

68, 085317s2003d.
25M. Kindermann and Yu. V. Nazarov, Phys. Rev. Lett.91, 136802

s2003d.
26R. J. Schoelkopf, P. J. Burke, A. A. Kozhevnikov, and D. E.

Prober, Phys. Rev. Lett.78, 3370s1997d.

WAVE FUNCTION COLLAPSE IN A MESOSCOPIC DEVICE PHYSICAL REVIEW B71, 125313s2005d

125313-7


