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Quantum/classical transition in matter-wave interferometers
through the scattering of gravitational wave backgrounds
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Stochastic backgrounds of gravitational waves correspond to intrinsic fluctuations of spacetime
and lead to a universal decoherence mechanism. This mechanism defines an ultimate limit for
matter-wave interferometry which sets a natural borderline between classical and quantum worlds.
The decoherence border is characterized by figures which involve the gravitational environment as
well as the quadrupole of the matter probe. We discuss the feasibility of experiments aimed at its
observation in the context of ongoing progresses towards highly sensitive matter-wave interferometry.

PACS numbers: 03.65.Yz, 03.75.-b, 04.30.-w

The idea that intrinsic fluctuations of gravity might
draw a borderline between classical and quantum world
was already present in Feynman’s lectures on gravita-
tion [[l]. Tt is quite natural since the Planck mass
mp = y/he/G built on the Planck constant A, the ve-
locity of light ¢ and the Newton constant GG, has a value
mp ~ 22 pug which lies on the borderland between micro-
scopic and macroscopic masses. An object with a mass
m larger than mp is thus associated to a Compton wave-
length /i/mc smaller than the Planck length ¢p = h/mpc
typical of quantum fuzziness of spacetime. Even if this
length scale fp ~ 1073%m is not accessible to experi-
ments, one may wonder whether fluctuation behaviours
are modified when m crosses the mass scale mp [J].

This question can be answered in a precise manner
when considering the coupling of a quantum probe to
the stochastic gravitational waves which are the intrinsic
fluctuations of spacetime predicted by General Relativity.
Such waves are scattered by any physical system leading
to a universal decoherence mechanism which is the dom-
inant source of decoherence for macroscopic probes [H]
This mechanism however tends to be negligible for the
microscopic probes usually involved in matter-wave inter-
ferometers [[f]. The difference between microscopic and
macroscopic probes is clearly reminiscent of the argument
on the mass m of the probe crossing the Planck mass mp
but the precise position of the quantum/classical bor-
der depends not only on the mass ratio but also on the
underlying parameters controlling decoherence, in par-
ticular the geometry of the interferometer and the noise
spectrum describing the gravitational environment.

In fact, the decoherence process can be thought of as
revealing the large number of scattering processes of grav-
itational waves by the matter waves. It results from a
long-term diffusion of the dephasing which can be ob-
servable though the sensitivity of the interferometer is
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not sufficient to see single scattering events. Decoherence
here plays a role analogous to that of Brownian motion
which has the ability to reveal collisions of light molecules
with a heavier particle even in cases where single colli-
sions or single molecules are not observable [f.

In this letter, we give a discussion of the quan-
tum/classical transition for matter-wave interferometers
coupled to stochastic gravitational waves (GW). Within
this fully calculable problem, the coupling of the probe
field to GW is treated by standard techniques and a nat-
ural measure of decoherence in the interferometer is given
by the reduction of the fringe contrast. Precisely, we will
extract the relevant figures characterizing this transition
from the quantitative study given in [E} We will then
discuss the case of more and more sensitive experiments
which are being developed with higher and higher mass
molecules [f]. At the moment, the decoherence of these
interferometers stems from collisions with the residual
gas, emission of thermal radiation by the molecules or
instrumental dephasings produced for exemple by vibra-
tions of the gratings. These noise sources can be reduced
by using higher vacuum, lower temperature, improved ve-
locity selection and, more generally, a better controlled
and quieter environment available in particular in space
experiments B] With the ongoing progress in the con-
trol of these noise sources, more fundamental limits may
eventually be reached such as the unavoidable gravita-
tional decoherence. It is precisely these intrinsic border-
lands of the quantum world which are investigated for
matter-wave interferometers in the present letter.

Besides the bursts of GW which are looked for by ex-
isting interferometric detectors [E], there exist stochastic
GW backgrounds extending over a large frequency range.
A part of these backgrounds is originating from the grav-
itational emission of binary systems in our galaxy and
its vicinity [@] The stochastic character thus comes
from our lack of knowledge on the precise parameters
associated with the enormous number of unresolved bi-
naries. It does not have a quantum origin but is never-
theless unavoidable since neither can the associated GW



be monitored nor can the probes be protected against
their influence. There also exists a cosmological back-
ground corresponding to relic GW originating from the
primordial era of the cosmic evolution. These waves were
produced through the amplification during the expansion
of the Universe of the primordial vacuum fluctuations of
the gravitational field [[L].

For the sake of simplicity, we suppose here the back-
ground to be gaussian, stationary, unpolarized and
isotropic. The latter assumption is not true for the binary
confusion background because of the anisotropy of the
galactic contribution but it is anyway sufficient for giv-
ing rough estimates of the decoherence. Note that more
general background can be dealt with [E} Within these
simplifying assumptions, the backgrounds are described
by a spectral density Sp[w] of strain fluctuations giving
the gravitational noise at a given frequency w. This spec-
tral density determines the whole correlation function of
the metric in a TT coordinate system, at a fixed position
taken here to be the center of the coordinate system :
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Informations on the spectral density Sy[w] can be found
in [IJ]. The binary confusion background, deduced from
our knowledge on the distribution of binaries in the
galaxy, shows a roughly flat plateau between the pHz
and mHz and drops rapidly on both sides on this plateau.
The cosmological background shows a 1/w? dependence
and should dominate at low frequencies. It depends on a
poorly known parameter )y, measuring the GW energy
density compared to the critical cosmic density.

The phase difference between the two arms of the inter-
ferometer is a gauge-invariant quantity which can there-
fore be evaluated in an arbitrary coordinate system. We
chose here a T'T coordinate system comoving with the
center of mass of the interferometer. This choice is conve-
nient because the metric is thus transverse and traceless
with only purely spatial components differing from zero.
We then evaluate the sensitivity to GW of this dephas-
ing by well-known techniques. For the sake of evaluating
decoherence, the simplest treatment using the eikonal ap-
proximation @] is sufficient. We also make the simpli-
fying assumption of a nearly freely fall of the mechanical
setup defining the geometry of the interferometer.

The gravitational perturbation of the interferometer
can in fact be represented as a Lagrangian density ]
proportional on one hand to the energy momentum ten-
sor TH¥ of the probe and on the other hand to the metric
perturbations h,,. Using the realistic assumption that
the size of the interferometer is small compared to the
gravitational wavelength, we can use the quadrupole ap-
proximation which is analogous to the dipole approxima-
tion used in electromagnetism to describe the coupling on

an atom having a size much smaller than the wavelength.
The perturbation can thus be written as an action term
S which couples the spatial part h;; of the metric to the
second time derivative of the quadrupole Q% associated
with the probe [[L7] :
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We also use the eikonal approximation, so that
Hamilton-Jacobi theory leads to an identification of the
matter-wave phase to the action S divided by h. The
dephasing A® between the two arms of the interfer-
ometer is then given by the difference AS between the
two action integrals and, therefore, by the expression (E)
where Q% is replaced by the difference AQ¥ between
the quadrupoles evaluated on the two arms. We write
the resulting expression in the frequency domain as :
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The apparatus function a*[w] describes the geometry of
the interferometer which has here been assumed to have
a rhombic form with 7 the time of flight along each arm.
The expression (E) of the dephasing includes the whole
frequency spectrum. Some frequency components lie in-
side the detection window of the interferometer taken as a
GW detector and are thus considered as contributing to a
GW signal. Other frequencies lying outside the detection
window act as an uncontrolled noise and are responsible
for decoherence. To be more precise, we denote dy(t) the
uncontrolled noise written as a convolution of the dephas-
ing A®(t) by a filter function f. Again the expression is
conveniently written in the frequency domain :
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In a simple signal processing strategy, the function f[w] is

a high pass filter defining uncontrolled noise as frequen-

cies larger than the inverse of the averaging time 7.
The decoherence can then be characterized by the

value of the fringe contrast V deduced, within a gaus-

sian description of the fluctuations, as the exponential of

the variance of the uncontrolled noise :

A 2
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Using expressions (E—E) of the phase noises as well as
the correlation functions (f]) of the metric perturbation,
we finally rewrite the variance Ag? as an integral in the



frequency domain [E] :
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The integrand is the product of three terms, the gravita-
tional noise spectrum Sy, the apparatus response func-
tion A and the filter function F'.

The apparatus function A[w] has a complicated ex-
pression for an arbitrary geometry with however simple
asymptotic properties : (i) it goes to zero at the high
frequency limit; (ii) its static limit at zero frequency is
determined by the phase difference evaluated for a per-
turbation constant in space; if the interferometer has a
center of symmetry in particular, the static response is
null because the GW have equal effects in both arms.
For forthcoming discussions, we will consider the com-
monly studied case [E] of a Mach-Zehnder geometry with
rhombic symmetry in the limits of small aperture angle
(a < 1) and non relativistic velocity (v < ¢). The appa-
ratus function is thus given by the following expression
which captures the main ingredients of the physical de-
scription of decoherence [[ :
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This response function scales as the square of the ki-
netic energy €2 of the probe field measured as a frequency.
Note that this scaling law, deduced from the quadrupole
expression () of the dephasing, is radically different from
that associated with atomic interferometers considered
as inertial sensors, with the response determined by the
rest mass energy mc?. We also remark that the function
Anmzlw] goes to zero with the angular separation since
the two arms are thus exposed to the same perturbation.
Through its last term finally, it selects a frequency band
in the gravitational spectrum which is essentially deter-
mined by the inverse of the time of flight 27 of the probe
field inside the interferometer.
These features are sufficient to give an estimate of de-
coherence deduced from the preceding calculations :
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Assuming that the averaging time T is much larger than
7 and that the filter F' cuts off the potential divergence of
the integral at its low frequency side, Sj, may essentially
be interpreted as the average of S} over the bandwidth
of the interferometer, the latter being roughly given by
the inverse of the time of flight.

For a first estimation of the orders of magnitude, we
can consider the simple assumption of a bandwidth lying
within the plateau of the binary confusion background.

This entails that S}, is roughly flat so that the averaged
value S}, is simply given by the noise level on the plateau,
that is Sy, ~ 10734s. In particular, this value is indepen-
dent on 7 so that the variance (E) effectively reproduces
a Brownian-like diffusion of the phase characterized by
a linear dependance of Ay? in the time of exposition 7
to the perturbation. In a more general case, the aver-
aged value Sj also depends on the filter function and,
therefore, on the parameter 7.

We now discuss the numbers coming out of expression
(B) for specific experimental configurations. Our main
purpose is to investigate the possibility for a matter wave
interferometer to approach the quantum/classical tran-
sition now characterized by the quantitative condition
Ap? ~ 1. Starting from the known fact that Ap? is usu-
ally much smaller than unity for microscopic probes [@],
we see on formula (E) that approaching Ag? ~ 1 requires
two kinds of condition. Considering first the point of view
of geometry, we need to have an interferometer combin-
ing large angular separation and large time of flight. This
condition is different from the large area condition help-
ing the atomic interferometer to be used as an inertial
sensor. The difference is due to the fact that GW vary
in space and time so that even a null area interferometer
could be sensitive to them. As already noticed, sensi-
tivity to GW is determined by the kinetic energy of the
probe and not to its rest mass energy. This entails that
rapid probes should be prefered to slow ones, a condi-
tion clearly different from the one looked for with atomic
interferometers used as inertial sensors.

The geometrical and energetical conditions are cer-
tainly conflicting with each other : a high velocity of
the matter beams decreases the time of flight for a given
spatial size; meanwhile, it decreases the angular separa-
tion between interfering paths if the momentum transfer
is fixed, which is the case for beam splitters built up on
Raman scattering processes [E] This last argument can
be made more precise by introducing the velocity v of
the probe along the arms and the momentum Ap = AK
transfered on the beam splitters. As a matter of fact,
the factor (Qsina) appearing in () is just the prod-
uct vAK. For interferometers using Raman scattering
processes for beam splitting, the transfered momentum
is equal to twice the momentum of one photon. The
variance Ap? is thus read as 8v2AK?7S), and it has an
extremely small value, when taking as an example the
design of the HYPER project [L§]. The transfered mo-
mentum AK can be increased by using multiple Raman
scattering, up to 140 emissions/absorptions [@], but this
is not enough for approaching Ap? ~ 1.

Other experimental configurations are conveniently
discussed by noticing that the previous expression vAK
may also be written as AQ = AFy/h where Ey is the
kinetic energy of the probe and AFy = vAp its varia-
tion on the beam splitter, if we consider the case of a
transfered momentum orthogonal to the velocity. With



this notation, the variance A¢? is read as 8(AQ)2S,T
which shows that the most relevant parameter for char-
acterizing the beam splitting is AFEy. With the figures
corresponding to HYPER, AF) has a very small value of
the order of 10~%eV.

The value of AF) can be enlarged for example by using
magnetic interaction guiding [2(]. In this case, it is only
limited by the depth of the guiding well and can go up to
a few 10~7eV. Even larger values of the potential depth
(1 — 100 meV) are obtained with non resonant dipole
interaction [RI]. Deflection from material gratings also
allow high kinetic energy transfer. For a slit of width a
and a diffraction order n, the transfered momentum AK
has a value of the order of 27n/a which increases when
a decreases. Another promising solution is the inelastic
scattering of metastable molecules by nano-slit transmis-
sion gratings in which Van Der Waals interactions
lead to energy transfer of the order AEy ~ 1leV. For
all these configurations however, the energy transfers are
still too small to approach the transition Ap? ~ 1.

In order to show how challenging is the objective of
seeing the quantum/classical transition associated with
gravitational decoherence, let us consider at this point
an hypothetical matter-wave interferometer with a wide
angle aperture sina ~ 1 and, therefore, a large kinetic
energy transfer AEy ~ FEy. This interferometer can ap-
proach the transition Agp? ~ 1 if we suppose the beam
to consist of molecules with a mass of 8 x 10® amu circu-
lating at a velocity 1km.s~! in arms with one meter size.
These numbers are calculated with the binary confusion
background used as the source of fluctuations. They have
to be contrasted with advanced projects of interferome-
ters aiming at large molecules with mass in the 105 amu
scale @] Meanwhile, they correspond to supersonic
molecular beams with a kinetic energy transfer of the
order of 300 keV, far above the splitting capabilities of
the previously mentioned configurations.

These numbers show that approaching the quan-
tum/classical transition associated with gravitational de-
coherence is out of reach for the presently developed
molecular interferometers. An attractive idea would be
to use Bose Einstein condensates (BEC) instead of large
molecules. Should the BEC respond to the gravitational
perturbation as a rigid object containing a large num-
ber N of atoms, the parameter AEy, would have to be
multiplied by the factor N leading to an amplification
by a factor N2 of the decoherence rate. A first charac-
terization of this rigidity condition is that the motion of
the center of mass of the BEC induced by gravitational
waves should correspond to frequencies lying well below
the excitation spectrum of internal resonances. Detailed
calculations are underway to make this characterization
more precise and, thus, to discuss the feasibility of this
kind of interference experiments.

Anyway, this argument pleads for BEC used as an in-
terferometric probe in space experiments where the in-

strumental and environmental noises can be more effi-
ciently controlled. This could be the best way to test the
borderland between quantum and classical worlds, due
to the ultimate decoherence mechanism associated with
the scattering of the intrinsic fluctuations of spacetime
by quantum matter , E]
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