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Violation of the gravitational weak equivalence principle in quantum mechanics (W&s@een earlier studied using
Gaussian as well as n@aussian wave packets in free fall. Here we study the effect ofuuastatistics on the

arrival time distribution of quantum particles computed through the pitlgaburrent density. We show that
symmetrization or asymmetrization of the wave function impacts the arrivaldistribution of wavepackets. The

mean arrival time is dependent thre mass of the particles, and varies according to the statistics
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Introduction

The motion of freely falling particles is traditionally taken to conform to the weak
equivalence principle (WEP) of gravitation which states that all sufficiently small objects fall with
the same acceleration independent of their mass and constituent in a uniform gravitational field
WEP is regarded to be a fundamentally classical and local principle. Study of the equivalence
principle in quantum mechanics has evoked a lot of interest. A statement of the principle in
guantum mechanics is as follows: "The results of experiments in an external potential comprising
just a sufficiently weak, homogeneous gravitational field, as determined by the wavefunction, are
independent of the mass of the system" [1]. This assertion is also called the weak equivalenc
principle of quantum mechanics (WEQ).

Various approaches have been used to study the possibility of violation of weak
equivalence principle in guantum mechanics, such as the prediction of mass-dependence of tt
radii, frequencies and binding energy of a particle in an external gravitational field [2]aAkg®
experiment studying the free fall of quantum test particles in a uniform gravitational field predicts
mass-dependence of the time of flight distribution [3]. Another approach using a model quantum
clock predicts violation of WEQ in the vicinity of the turning point of classical trajectories [4].
Experimental violation has been observed in the interference phenomenon associated with th
gravitational potential in neutron and atomic interferometry experiments [5-6]. An explicit mass
dependence of the position probabilities has been shown for quantum particles projected upwarc

against gravity around both the classical turning point and the point of initial projection using
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Gaussian [7] and non-Gaussian [8] wavepackets. Explicit mass dependence of the mean arriv.
time at an arbitrary detector location has also been predicted for a Gaussian [7] wave-packet und
free fall, an effect which may be enhanced using suitably chosen non-Gaussian wavepackets [8]

The violation of WEQ has been established in single particle quantum mechanics. In the
present work we are interested to examine the effect of quantum statistics on the WEQ. Sever:
important phenomena based on quantum statistics are experimentally revealed through th
measurement of time of flight of quantum particles in free fall [9]. Here we study the effect of
statistics on the arrival time distribution of a system of freely falling wavepackets consisting of
two identical particles. Consideration of quantum mechanical effects on such time of flight
distributions beyond the standard semi-classical analysis could reveal interesting observatione
effects, as discussed earlier in the literature [10]. Our analysis is based on the probability currer
approach for computing the mean arrival time distribution of wavepackets [11].

Formalism

We consider a two-body system composed of two non-interacting identical particles in an
external field. ldentical particles are classically distinguishable and obey Maxwell-Boltzmann
(MB) statistics, while they are indistinguishable in quantum mechanics and obey different
statistics. For Fermi-Dirac (Bose-Einstein) statistics the total wavefunction must be
antisymmetrized (symmetrized) under the exchange of particles in the s$stem particles do
not interact, solutions of the Schrédinger equation are constructed from two single-particle

wavefunctionsp, andys, as follows [1]

Y, (Zl,Zz,t) =N, [Lpa (zl,t)qu (zz,t)irtpb (zl,t)d}a (zz,t)] (1)

where the upper (lowesjgn stands for BE (FD) statistics and the normalization constants are

given by ¥, =[2(1 J_rK\Pa(t) | ‘Pb(t)>‘2)];.

Here we employ the probability current approach to study the effect of particle statistics on the
arrival time distribution of a two-body system. In this approach, the arrival time distribution at a

detector locatioz = Z is given by [11]
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n(z, t)= ‘fll(z't)‘

=— (2)
.[odt 2 (Z’t)‘
As a result one obtains
o(2)=[deen(z, v) ©
0

for the mean arrival time at the detector locatica Z. Now, using single-particle continuity

equation, one obtains the following relation for the one-body probability current density [12]

()= AN 3ty L, s (O (e S
“4)
.0
b (01w, (e, 2

Arrival time of particles in free fall

The arrival time of freely falling wavepackets using the probability current approach has
been studied earlier [7-8], where it was noted that the arrival time distribution acquires a mass
dependence due to wavepacket spread. Now we study the effect of symmetrization anc
asymmetrization of the wavefunction of a system of two particles falling freely under gravity. Here

we choose the initial single-particle wavefunctions as Gaussians,

2
1//1(2,0)— 1 —exp ikl.z—(Z_Zz”) . i=a)b
(27[0‘2 )Z 4oy,
07
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and set the initial velocity of the particles to be zero, i.e., the particles are dropped from rest

with k, = k;, = 0, and accelerate downwards under gravity with 10 m/s?. The time-evolved

single-particle wavefunctions in the uniform gravitational fié(d) = mgz are given by [13],

v, (Z,l")— T expx
\e
(27s2)* (5)
2,4 2 2
t ht .
x) T 22 gtz 8L ? Ul gz +EL 10,
2ht 12 2mo,. “) s, “ o, °
wheres;; = gy; (1 + ihtz). The overlap integral is given by
2moy
W, (£)iw, (t) : ©)

and hence the normalization constants become

1
2 2
1 20— o (an h Zcb)
N, = 1+—0a 00 7
) \/5 6032 + 60172 o 4(0'0: + Gobz) "

Using the following values of the parametess = oy, = 0, = 5 um, z., = 90,,, 2, =

705, m = m, = 1.67 X 107*’kg and t,.; = 0.79 ms for numerical calculations, we have
plotted in figure 1 the arrival time distribution at the detector locdtien0 by substituting the
expression for the time-evolved wavefunction eq.(5) in the expression for the probability current
given by eq.(4), and then using eq.(2). As one sees, the particle statistics has an impact on tt
arrival time distribution. Such an effect of symmetrization and asymmetrization of a two-body
wavefunction on arrival times of freely falling wavepackets may be regarded as nonlocal (in th
sense that the single-particle arrival time distribution depends on the spatially separated secor
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particle, as well), and thus contrary to the tenet of the local weak equivalence principle of classica

gravity, which forms the inspiration of the statement of WEQ.
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Fig. 1. Arrival time distribution versus time.

The mass dependence of arrival time for particles in free fall is exhibited in the plot of the
mean arrival time versus mass in the figure 2. Here again, the mean arrival time is computed at tr
detector locatio = 0 using eq.(2) and eq.(3) after substituting the expression for the time-
evolved wavefunction eq.(5) in the expression for the probability current given by eq.(4). The
values of the parameters used are as before. One sees that for all types of statistics the mean arr

time decreases with mass at first and then becomes constant for large mass.
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Fig. 2. Mean arrival time versus mass.
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Conclusions

In this work we have studied some effects of quantum statistics on the equivalence
principle in quantum mechanics. Symmetrization and asymmetrization of the wavefunction clearly
affects the magnitude of the violation of WE®uch an effect is more prominent compared to the
effect of violation of WEQ [13] through explicit spatependence of the grability current density
[14]. However, the violation of WEQ observed explicitly for low masses tends to disappear
smoothly in the limit of large mass. The classical limit of the mean arrival time may be computed
using the probability current approach [15]. We observe here that even in the presence of particl
statistics, the classical limit of mean arrival time emergaaoothly through this

approach.
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