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Classical underpinnings of gravitationally induced quantum interference
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We show that the gravitational modification of the phase of a neutron bi&nColella-Overhauser-Werner
(COW) experiment has a classical origin, being due to the time delay that classical particles experience in
traversing a background gravitational field. Similarly, we show that classical light waves also undergo a phase
shift in traversing a gravitational field. We show that the COW experiment respects the equivalence principle
even in the presence of quantum mechar{i§4050-294{®8)03802-5

PACS numbegps): 03.75.Dg, 04.20.Cv, 04.90e

In a landmark series of experimentk,2] Colella, Over- To address these issues specifically we have found it con-
hauser, and Werner and subsequent worlsgs, e.g.[3-5]  venient to carefully follow the neutron as it traverses the
for overviews detected the modification of the phase of ainterferometer, to find that the two beams do not in fact
neutron beam as it traverses the Earth’s gravitational field, tarrive at the same poif or even at the same time, with this
thus realize an experiment that involved both quantum mespatial offset and time delay not only producing the interfer-
chanics and gravity. A typical generic experimental setup issnce effect, but also being present in the underlying classical
shown in the schematic Fig. 1, in which a neutron beam fromheory. Quantum mechanics thus does not cause the time
a reactor is Bragg split at poidt into a horizontal beamB  delay; rather it only serves to make it observable. Since grav-
and a vertical beamAC (we take the Bragg angle to be 45° ity is a relativistic theory we shall need to introduce curva-
for illustrative simplicity in the following, with the subse- ture (which we do below, but we have found it more in-
guent scatterings @& andC then producing beams that in- structive to consider the nonrelativistic limit first. Since we
terfere atD, after which they are then detected. If the neu-can treat the neutron beams as rays, their motions round the
trons arrive alA with velocity v, (vo~2.8X10° cmsectis ~ ABCD loop can be treated purely classically between the
typical [4]) and ABCD is a square of sidél (~4.8 cm),  various scatterings. Moreover, the various scatterings them-
then the phase differenagcow= ¢acp— dapp iS given by  selves atA, B, C, andD introduce no additional phases, are
—mgH?/fv, to lowest order in the acceleratign due to  energy conserving, and give angles of reflection equal to the
gravity [1] and is actually observable despite the weakness ddingles of incidencfs]. Thus the entire motion of the neutron
gravity, since even thougfip dr differs only by the very is the same as that of a spinless macroscopic particle that
small amountm(vcp—vag)H=—mgH/v, between the undergoes classical mirror reflections.

CD and AB paths, nonetheless this quantity is not small A nonrelativistic classical neutron that goes up vertically
compared to Planck’s constant, to thus give an observablom A arrives atC with a velocity (Oyo—gH/vo). The
fringe shift (~56.5 rad[4]) even forH as small as a few heutron AC travel time is t(AC)=(H+ 6)/vo (where &
centimeters. =gH2/2v(2)) and the standard nonrelativistic classical action

The detected Colella-Overhauser-Wer(@OW) phase is  S;, = [(p dr —Eydt) (Eo=mv3/2) undergoes a change
extremely intriguing for two reasons. First, it shows that it iSS(AC)=mvo(H —8)—Et(AC). On scattering atC the
possible to distinguish between different paths that havgeutron is then reflected so that it starts off towBravith a
common end points, with the explicit global ordering in velocity (v,—gH/v,0). On its flight it dips slightly to arrive
which the horizontal and vertical sections are traversed leadyt the next scattering surface at the p@twith coordinates
ing to observable consequences. Second, it yields an answgy — 5 H — 5), so that there is a change in the end point of

that explicitly depends on the mass of the neutron even whilghe motion that is first order iy and thus relevant to our
the classical neutron trajectoriész., the ones explicitly fol-

lowed by the centers of the wave packets of the quantum-

mechanical neutron bearaf course do not. The COW result G
thus invites consideration of whether the detected ordering is e, 6 f
possibly a topological effect typical of quantum mechanics

and of whether quantum mechanics actually respects the
equivalence principle. As we shall see, the ordering effect is
in fact already present in the motion of classical particles in ZL 4
gravitational fields and even in the propagation of classical

waves in the same background, with this latter feature en-

abling us to establish below that the mass dependence of the
neutron beam COW phase is purely kinematic with the — A 8 15
equivalence principle then not being affected. ) —»il— B :

[
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*Electronic address: mannheim@uconnvm.uconn.edu FIG. 1. COW wave paths.
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discussion. AtD, the neutron has a velocityw §—gH/vg,
—gH/vy), with the CD; segment taking a time&(CD;)
=(H+d8)/lvy and contributing an amountS(CD,)
=muvo(H—368)—Ept(CD,) to S . A classical neutron that
starts horizontally fromA arrives not aB but at the poinB,
with coordinates l—6,—6) and with a velocity ¢,
—gH/vy). The AB; segment takes a timé&(AB,)=(H
—06)lvy and the action changes B(AB;)=muy(H— )
—Eqt(AB,). After scattering aB; the neutron sets off to-
ward D with velocity (—gH/vg,vo) and arrives not ab or
D, but rather at the poinD, with coordinates I —365,H
—36) and reaches there with velocity—@QH/vq,vq
—gH/vgy). The B;D, segment takes a timgB.D,)=(H
—6)/lvy and the action changes b$(B;D,)=muvy(H
—368)—Ept(B1D5).
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FIG. 2. Double-slit wave paths.

This is thus a global, path-dependent effect in purely classi-
cal mechanics in a background classical gravitational field

As regards the neutron’s path around the loop, we segyat is completely independent of quantum mechafifds
from Fig. 1 that the small vertical dip during each of the  However, since the classical action is not observable in clas-
two horizontal legs causes both of these neutron paths to bgical mechanics, it is only in the presence of quantum me-
an amounts shorter in the horizontal than they would have chanics that phase differences become observélblelas-
been in the absence of gravity, to thus provide a first order isical mechanics what is observable is that the neutron paths
g modification tof p dr in each of these legs, even while meet atD; rather than on thé\D axis)
these same vertical dips themselves only contribute to the Returning now to the COW experiment itself, in order to
action in second order. However, for the two horizontal secunderstand the implications of the time and spatial offsets
tions, each leg is shortened by the same amount in the horbetweenD; andD,, it is instructive to consider the Young
zontal, so that the difference Irp_dr_between the€D; and fjou_ble-inF experiment with purely classical I'ight. As shown
AB, legs still takes the value mgH?/v, quoted earlier. As 1N Fig. 2, light from a sourcé goes through slit® andR to
regards the two vertical legs, we note that even though thirm an interference pattern at points suchRaswith the
AC leg is completely in the vertical, since the neutron beanfliStanceAx=QT representing the difference in path length
starts theB,D,, leg with a small horizontal velocity, during PEtween the two beams. Given this path difference, the phase
this leg the neutron beam changes its horizontal coordinatdfference between the two beams is usually identified as

by an amount 3, thereby causing it to readd, after having kAx, from which an interference pattern is then readily cal-
also traveled a distancesZess in the vertical than it would culated. However, because of this path difference SREP

travel in theAC leg. Consequently, there is both a spatial '@ fakes the extra timat=Ax/c to get toP, to thus give a
offset (25,26) betweenD, and D,, and a time delay net_ change in the_phase of_tPSQP beam oka_x—a)At,
t(ACD,) —t(AB,D,) = 46/v, between the arrival of the two which actually vanishes for light rays. The relative phase of

beams, with/p d thus not taking the same value in each the two light rays in the double-slit experiment thus does not
' P ) change at all as the two beams traverse the interferometer.

of the two vertical legs. However, our calculation shows that]ﬂowever because of the time delay, BRPbeam actually
all these modifications actually compensate in the Overalmterferes: with arSQP beam that hac; left the source a time
loop with there being no difference ifip dr between the At earlier. Thus, if the source is coherent over these time
ACD,; andAB;D, p_aths. Howevgr, even though there is still scales, theSQP beam carries an additionat wAt phase
a net ghange in the actionS(ACD,) —S(AB1D2)  from the very outset. This phase then cancels theAt
= —mgH/v because of the net time delay, we cannot idenpnase it acquires during the propagatiorPtéa cancellation
tify this quantity with the COW phas&A ¢cow Since the  that clearly also occurs for quantum-mechanical matter
beams have not interfered due to the spatial offset betweegayes moving with velocities less than the velocity of light
D; andD,. ) ) ) ] ~ leaving justkAx as the final observable phase difference, a
Before discussing the issue of this spatial offset, it is in-qyantity that is nonzero only if there is in fact a time delay.
structive to ask where the plassmal neutron pgths would havi@g/e thus see that the double-slit device itself actually pro-
met had there been no third crystal@tto get in the way.  gyces no phase change for light. Rather, the choice of point
Explicit calculation shows that the paths would in fact havep o the screen is a choice that selects which time delays at
met at the asymmetric poinD; with coordinates K the source are relevant at eahwith the interference pat-
—36,H— 6) with the CD; andB, D3 segments taking times  tern thus not only involving a time delay at the source, but in
t(CDg)=(H—-0)/vo and t(B1D3)=(H+&)/vy, respec- fact even requiring one.
tively, while yielding action changesS(CD3)=muvy(H With this in mind, we now see that we also need to moni-
—50) —Eot(CDs) and S(B1D3)=muvo(H=5)  tor the time delay of the neutron in the COW experiment.
—Eot(B1D3). The neutron paths would thus meet@§  However, since the total energy of the neutron does not
without any time delay and wittS(ACD3;)—S(AB1D3)  change as it goes through the interferometer, the time-delay
=—2mgH/v,. We thus see that for purely classical par- contribution will still drop out of the final phase-shift expres-
ticles reflecting off mirrors aB; andC the quantityfp dr sion (explicitly but not implicitly). However, for the COW
evaluates differently for the two pathsCD; and AB;D3;.  experiment we noted above that as well as a time delay be-
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tween theACD; andAB;D, paths, there was also a spatial the Earth’s surface, to lowest orderniR, y/R, zZ/R, MG/
offset. Consequently, th&B; D, path interferes not with the ¢?R(=gR/c?) the Schwarzschild line element is then found
ACD, path, but rather with the indicated offsé;C,D, [12] to take the formdr?=[1—a(z)]c?dt>*—dx>—dy?
path, a very close path that in fact is found to lie a distance-[1+a(z)]dZ>— (4g/c?)(xdx+ydy)dz  where a(2)
26 vertically belowAB, an offset distance that is within the =2g(R—z)/c?. For this metrid13] the nonrelativistic geo-
resolution of the bearfB]. The evaluation of the phase shift desics for material particles are given By=0, y=0, z
is then exactly as before witB(A;C;D;) taking the exact — g to thus enable us to completely justify our earlier
same value aS§(ACD;) to lowest order irg. Now we noted  nonrelativistic calculatiofi14].
above that all thef p dr contributions actually cancel for As regards the purely classical, massless case, on defining
this particular set of paths. However, because of the spatiab(x) =exgiT(x)], we can this time identify the eikonal
offset betweenD; and D,, the AB,D, path beam has to phase derivativeT* with the wave numbek*=dx*/dq,
travel an extra horizontal distanég A= 26 to first get to the  whereq is a convenient affine parameter that can be used to
interferomete(to therefore provide an analog to the distancemeasure distances along trajectories. In the massless case the
Ax=QT in the double-slit experiment, with; andA, act- Hamilton-Jacobi equation takes the light cone form
ing just like the pair of slit€) andR). Now in traveling this 9,.,k*k”=0 and yields the requisite massless particle geode-
extra A,A distance this beam actually acquires yet anothegjc equationk”k”.,=0 just as in the massive case. Given
time delayt(A;A), to therefore impose yet another relative these geodesics, the motion of a classical light wave around
phase condition at the source, which then identically cancelghe ABCD interferometer loop is readily calculated, with
the associated Eqt(AA) change in the action. Moreover, expjicit calculation[15] then showing that the ensuing light
in traveling this extraA,A the integralfp dr acquires yet rays precisely follow Fig. 1 around the interferometer. How-
one more contributiomgH?/v,, and this term then emerges ever, even while there is still a spatial offset; A,
as the only contribution in the entire circuit that is not can-=gH?2/c? just as beforgexplicitly because of the gravita-
celed, to thus yield\ ¢cow= —mgH/fiv, as the final ob-  tional bending that the light rays experienctor light nei-
servable COW phase shift. ther a time delay nor any net phase shift is found between the

Turning now to a fully covariant analysj9], we r_1eed to A,C,D, and AB,D, paths. However, just as with the neu-
look  at 230““'0”3 to the Klein-Gordon equatiot”,,  on case, the spatial offset itself leads to a time délgic,
—(MdA)"¢=0 (¢ dengesaqsmzx#g n t?e backgzround so that there is still observable interference. Then, witii2
f/'\ﬁ:grngt(hr(; Eir—thzyl\\/lnéldc;r_FBiﬁsrt)?Ngtn;tgrtASt(;%; Lodn(rléla— (whereX is the wavelength of the incident beameplacing

' mdc/# in the normalization of the phase shift, we thus find

tivistic reduction of this Klein-Gordon equation is straight- . . : X
forward, with the substitutiong=exp(imct/A)y then that in traversing the interferometer the two light beams ac-

yielding ihayl ot + (A212m)V2y=mc[B(r)—1]/2= quire a fiznal 2observable net relative p_hase_ shiftp,.,
—mMG/r for slowly moving particles. We thus see that the — _ 279H7/Ac®, where cl denotes classical light. Now
inertial masam that is defined via the starting Klein-Gordon While H would have to be of the order of 1@m for A ¢, to
equation thus also serves as the passive gravitational ma@§tually be detectable in a Bragg scattering interferometer of
that serves to couple massive particles to gravity, so that thiie same sensitivity as the COW experimetttually a quite
particle modes associated with the quantization of the Kleinconservative requirement sinc&¢cow~56.5 rad [16],
Gordon field thus automatically obey the equivalence prinnonetheless, we can still identify this phase shift as a, in
ciple, precisely because of quantum mechanics in[fE@k principle, completely classical effect that reveals the intrin-
As regards the covariant Klein-Gordon equation, it is con-sically global nature of classical gravity.
venient to make the substitutiapi(x) =exdiS(X)/%], so that Now that we have obtainefl ¢, it is instructive to com-
the phase then obey&S,+m?c?=i#S* . In the eikonal pare it withA ¢cow. If we introduce the neutron de Broglie
or ray approximation the#S*,, term can be dropped, so wavelength\ ,=h/muv,, we may rewriteA ¢cow in the form
that the phaseS(x) is then seen to obey the classical —27TgH2/)\nv(2). A comparison withA ¢, thus reveals a
Hamilton-Jacobi equationS*S,+m?c?=0, an equation peautiful example of wave particle duality, with the
whose solution is the stationary classical action between reljyantum-mechanical matter wave inheriting its interference
evant end points. We thus establish that in the eikonal apsgpects from the behavior of the underlying classical wave.
proximation the phase of_the wave _functlon of a matenal—rhus, even whileA oy does depend on the mass of the
pgrtlcle_ls in fact the classical action just as requwgd for theneutron[l?], its dependence is strictly kinematithe time
d!scussmn of the QOW experiment we gave earlier. In thedelay needed for COW interference is independenmif
eikonal approximation we can also identi®* as the mo- ith ity only coupling viar, (a quantity whose mea-
mentump*=mcdx‘/dr, so that we can s&(x)=[p,dx*, with gravity only ping nlad y ; :
with the covariant differentiation of the HamiltolF\-Jacobi surement is thus a measurement of the neutron’'s passive
gravitational mass with the A ¢cow formula thus appar-

; N per ) X
equation the.n Y'e'd".‘@“] PTD"k 0, Wh'Ch we recognize ently being completely compatible with the equivalence prin-
as the massive particle geodesic equation. ciple [18]

. In order to actually caICl_JIaFe the geo_desms n the.grawta- Note addedFor some recent related studies of atoms in
tional field of the Earth it is convenient to rewrite the ravitational fields sef19]

Schwarzschild metric in terms of a Cartesian coordinate sy's(-J '

temx=r sind cosp, y=r sindsing, z=r cosh—R erected at The author is extremely indebted to Dr. H. Brown for
a point on the surface of the Earth. Wizhbeing normal to  introducing him to the COW experiment and would like to
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