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ABSTRACT

One of the central challenges in fundamental physics is to understand the laws of
physics in parameter regimes that are hitherto untested, and where we may expect de-
viations from standard quantum and gravitational physics. Such deviations, but also
confirmations of the validity of standard physics over a larger range of parameters,
may guide us in the formulation of new theoretical models, like a unified theory of
quantum physics and gravity. Several space missions have been planned to investigate
possible deviations from general relativity (e.g., STE-Quest and Microscope). But new
physics should also lead to deviations from quantum theory if one performs quantum
experiments with objects that are massive enough that their gravity may start to play
a role. In particular, quantum physics allows for the possibility of a massive object
to be in a superposition of being in two distinct places at the same time. Will that
result in a corresponding superposition of different spacetimes? Is quantum physics
still valid in a regime where such questions become relevant? The rapid progress in
the new field of quantum optomechanics promises that we will soon be able to perform
experiments with macroscopic objects that will vastly expand the parameter regime
over which one can test quantum physics, possibly allowing for experimentally address-
ing the questions stated above. In the present study, we propose two such quantum
optomechanical experiments (WAX and DECIDE). Both of these experiments require
a space environment and aim at testing the predictions of quantum theory in a com-
pletely new parameter regime and comparing the predictions of quantum physics with
the predictions of “macrorealistic” modifications of quantum theory. These modifica-
tions predict a transition from quantum to classical behavior for increasingly massive
systems. We picked DECIDE for a closer investigation and for the definition of a
detailed preliminary design.
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1 List of Abbreviations

AOM
BS

CCD
CMOS
COM
CSL
DECIDE
DP model
EOM
FG

FSR

FT
GRW

IR

K model
LISA
LM
MAQRO
MR
PBS
PDH
PM

QG model
QM

RIN
STA
TBD
uv
WAX

acousto-optic modulator

beam splitter

charge-coupled device

complementary metal oxide semiconductor
center of mass

continuous spontaneous localization
Decoherence in a double-slit experiment
the macrorealistic model of Diési and Penrose
electro-optic modulator

function generator

free spectral range

feed through

Ghirardi-Rimini-Weber

infra red

the macrorealistic model of Karolzhazy
Laser interferometer space antenna
loading mechanism

Macroscopic quantum resonators
macrorealism

polarizing beam splitter

Pound Drever Hall

polarization maintaining

the “quantum gravity”’-based model of Ellis and co-workers

quantum mechanics

relative intensity noise

state of the art

to be determined

utra violet

Wave-packet expansion of massive objects
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2 Introduction and Motivation

Here, we will provide a quick review of the principles behind matter-wave interference. We will
consider the question under which conditions such effects can also be observed for macroscopic
systems and whether there will occur a transition from quantum to classical behavior as the
system size and/or mass increases.

2.1 Quantum superpositions and interference

The concepts of quantum physics often challenge our understanding. They not only seem far
removed from our everyday experience but at times are in direct contradiction to it. One of the
most illustrative examples is quantum superposition where a system can simultaneously be in
clearly distinct states. This concept lies at the heart of quantum physics. A famous example is
the double-slit experiment (see, e. g., Ref. [33]): consider a source (S) of physical systems like,
e.g., photons or atoms. At some distance there is a flat detection screen (D) that can detect the
position where entities emitted by S hit the screen D. A wall (W) is put between S and D, and
that wall has two narrow but long, parallel slits.

If the source, S, emits waves, e.g., water waves, they can pass through both slits at the same
time. Behind W, the waves emitted from the two slits can then coherently add up and form an
interference pattern, i.e., in some places the waves will cancel (destructive interference), while
they will add up at other spots (constructive interference). The same is true for electromagnetic
waves in classical electrodynamics.

Should S emit particles instead of waves, it is tempting to assume that each particle like, e.g.,
an atom can only reach D and be detected if, and only if, the particle passes through one or the
other slit in W. Under this assumption, the detection probability at D will just be an incoherent
sum of the probabilities of particles going either through one slit or the other. However, quantum
physics predicts that, under certain conditions, particles can show interference, too. The concept
behind this effect is the quantum superposition of two probability amplitudes 1 and v for the
particle passing through the first or the second slit, respectively. If it is in principle impossible
to know which slit the particle went through, then the probability amplitude for detecting the
particle at a specific point on screen D is the coherent sum of the two individual amplitudes,
ie., ¥ + Yo.

The probability for detecting the particle then is the modulus square of that sum, i.e., |¢); +
9|?. On the other hand, if there exists information about the path of the, then the probability
for detecting the particle is |11]2 + [t2]?. In the first case, we see interference, in the second case,
we do not. That means, that we will observe quantum superposition and interference between
different possibilities if and only if there is no way to tell which of the two possibilities was
actually realized.
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2.2 Quantum effects and macroscopic objects

The question is why we do not observe such interference effects for macroscopic objects. If we
believe quantum physics to describe our world well, then the same laws of physics that lead to
the interference of an atom or a molecule with itself also apply to macroscopic objects.

Schrodinger investigated this question in a famous gedankenexperiment, which is known as
Schrodinger’s cat: if one believes that quantum physics is valid even for macroscopic systems,
then it should be possible to prepare a cat in a quantum superposition of clearly distinct states
like dead and alive [73]. The essential feature of this gedankenexperiment is that the cat as well
as the “diabolic mechanism” [73] that releases a poison and can kill the cat are all contained
within a box that prevents the outside world from knowing the state of the cat. That means,
outside the box, it is impossible to know what happens to the cat and, therefore, quantum
physics will predict that such a superposition of a cat being dead and alive is possible.

However, to isolate a system well enough from the environment to allow for such superposi-
tions, becomes increasingly difficult for large systems. Since the early days of quantum theory,
scientists have tried to observe quantum superposition and quantum interference or wave-like
behavior for increasingly massive systems, e.g., for electrons [16, 75], atoms and molecules [30], as
well as for neutrons [77]. Over the last decade or so, the group of M. Arndt has observed matter-
wave interference for increasingly massive molecules (see, e.g., Refs. [1, 14, 35, 43, 40] consisting
of many hundreds or even thousands of atoms. While these experiments follow a bottom-up ap-
proach of showing matter-wave interference with increasingly massive and complex objects, the
novel field of quantum optomechanics follows a complementary, bottom-down approach where
the goal is to bring massive classical systems down into the quantum regime. Both of these
approaches have the same central question: is there a limit to the size/mass/complexity of
objects to still exhibit wave-like behavior like interference?

2.3 Quantum optomechanics

Optomechanics is the field investigating the interaction between light and mechanical properties
of a system like, e.g., the center-of-mass (COM) motion of a mechanical oscillator. Quantum
optomechanics investigates the same topic but under conditions where the quantization of the
electromagnetic field as well as the quantization of mechanical degrees of freedom becomes
relevant.

The action of radiation pressure on matter has already been suggested by Kepler in the 17t}
century [19, 50]. He suspected that the light emitted by the sun affects the inclination of the
tails of comets. Related predictions about the strength of this radiation-pressure force were later
made by Maxwell [58] and Bartoli [9] and were first confirmed in experiments by Lebedev [52]
and Nichols and Hull [60].

In the 1960s and 70s, Braginsky and others studied the influence of radiation pressure in the
context of gravitational wave antennae, in particular, how the quantum nature of light affects
the sensitivity of interferometers [11, 13, 17, 59]. First experiments on radiation-pressure effects
in cavities [12] with macroscopic mechanical oscillators were performed in the 1980s [25].

Subsequently, several theoretical proposals for quantum optics experiments in a cavity us-
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ing radiation-pressure effects were published, such as the generation of squeezed light [32, 55],
quantum non-demolition measurements of photon numbers [141, (5], feedback-cooling of the me-
chanical motion [50] (see also Ref. [20]), entanglement between the optical and the mechanical
mode [10, 54, 57], and the quantum-state transfer from the light field to the mechanical oscil-
lator [78]. However, first experiments were only realized in recent years (except for Ref. [25]):
measurements of the motion of a mechanical oscillator [3, 15, 76], parametric amplification of
the mechanical motion [51], cavity cooling of the mechanical resonator [2, 22, 38, 72], cryogenic
cavity cooling [10, 412, 62, 71] and strongly coupled optomechanics [11].

Recently, several research groups have achieved the cooling of the COM motion of mechanical
oscillators close to the ground-state of motion [18, 61, 74]. This has been a long-standing goal
for quantum optomechanics and is the first step towards preparing the mechanical system in
interesting states like quantum superposition states, either for quantum information processing
[7, 61] or for fundamental tests of quantum physics as we have discussed above.

2.4 Motivation for quantum experiments with macroscopic objects
The questions we would like to address with this macroscopic quantum superpositions are:

e will gravitation lead to modifications of quantum physics for very massive objects?

e are macroscopic quantum superpositions at all possible or are there yet unknown decoher-
ence mechanisms?

e the short de-Broglie wavelength of massive particles can be used for high sensitivity matter-
wave interferometry, possibly allowing for more accurate tests of general relativity (equiv-
alence principle, Lens-Thirring, gravitational wave detection, ...) or for more precise
measurements of gravitational fields, e.g., in Earth observation

2.5 Quantum decoherence and macrorealism

2.5.1 Quantum decoherence

In practical implementations, quantum systems can never be fully isolated from their environ-
ment. Such imperfect isolation results in an apparent loss of coherence for quantum super-
positions. This loss of coherence due to interaction with the environment is called quantum
decoherence.

Typical sources of quantum decoherence are:

e collisions with gas molecules
e scattering/emission/absorption of blackbody radiation
e coupling to the environment via a mechanical suspension

Additional effects detrimental for matter-wave interference with massive particles will be taken
into account via the technical requirements of the experiment. These are, e.g., micro-thruster
force noise, charging due to cosmic radiation, and gravitational rest gradients.
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In the presence of weak quantum decoherence (long-wavelength limit), the time evolution of
the density matrix p of a quantum system can be described via the following equation [34, 36, 415]:

0oty = — [1,5(0)] — Ale [0, 5(0)]). (21)
where h = 27h is Planck’s constant, & is the position operator, H is the Hamiltonian, and
A describes the strength of the interaction between our quantum system and its environment.
For an ideally isolated quantum system, i.e., if there is no decoherence at all, we have A = 0.
That means, if there is no interaction with the environment, we can make arbitrarily large
superpositions like, e.g., Schrédinger’s cat.

2.5.2 Macrorealism

There are, however, models that suggest a modification of quantum theory such A # 0 even for
completely isolated systems due to additional decoherence mechanisms that typically depend on
the mass and/or the size of the quantum system. This way, increasingly large/massive systems
will behave more and more classical. Macroscopic superpositions like that of Schrédinger’s cat
would then be impossible to observe because they decohere nearly immediately. Such models
are called collapse models or macrorealistic models.

These additional decoherence mechanisms can also be described via a decoherence parameter
Amr [34, 47, 68, 70]. The decoherence predicted by macrorealistic models is an additional effect
and results in an effective decoherence parameter A = Aqn+Awmg, where Aqy is the decoherence
parameter describing the overall effects of standard quantum decoherence.

In the following, we will provide a short outline of several of such models:

e the continuous-spontaneous-localization (CSL) model:
a heuristic model predicting a continuous transition between the quantum and the classical
regime. It is based upon the work of Ghirardi, Rimini and Weber (GRW) [36] and Pearle
[63]. See also Refs. [21, 39].

e the quantum-gravity (QG) model:
A model suggested by Ellis, Mavromatos, Nanopoulos, and Mohanty [27-29]. It suggests
a modification of quantum theory and decoherence of macroscopic superpositions due to
quantum gravity.

e the model of Diési and Penrose (DP):
Diési (see, e.g., Refs. [23, 24]) and Penrose (see, e.g., Ref. [61]) suggested models where
gravity leads to the collapse of macroscopic superpositions. The two models are based on
fundamentally different approaches, but make essentially identical predictions. We denote
this as the DP model.

e the model of Kérolyhazy (K model):
The model of Kérolydzy [15] predicts decoherence due to quantum fluctuations of the
spacetime metric.

We will denote the decoherence parameters corresponding to these different models as Acsr,
Aqa, App, and Ak, respectively.
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3 Proposed optomechanical experiments for a
space environment

As we have mentioned in subsection 2.5.1, one of the most prominent decoherence mechanisms in
optomechanical systems is the scattering, emission and absorption of phonons via the mechanical
suspension of an optomechanical system. Recently, there have been several proposals how to
eliminate this decoherence mechanism by using optically trapped nano- or microspheres [2, 19,

, 69]. In this case, the COM motion of the optically trapped sphere acts is described as a
mechanical oscillator, and it can be cooled either via feedback or via side-band cooling. Based
on these proposals, several works suggest testing the foundations of quantum physics using such
optically trapped systems [17, 68, 70]. The concept of the optical trapping of particles is based
on the works of Ashkin (see, e.g., [5, 0]).

Because such systems are not bound to a fixed structure via a mechanical suspension, they are
natural candidates for possible future optomechanical experiments in a micro-gravity environ-
ment as achievable in space [17]. The most apparent advantages of performing such experiments
in a micro-gravity environment are:

e in principle, arbitrarily massive objects can be optically trapped

e for a given mass, the optical power necessary to trap an object is less than in the presence
of a strong gravitational field. As a result, the heating due to the trap beam is less, leading
to reduced decoherence due to the emission of blackbody radiation

e the power of the trapping beam can be very low - it only has to overcome the thermal energy
of the trapped object. This allows for the preparation of nearly arbitrarily large quantum
superpositions, i.e., superpositions of a particle being in two very distant positions at the
same time.

e at any time, the trapping beam can be switched off in order to observe the free evolution of
the quantum state. As we will see below, one can, for example, observe the expansion of the
wavefunction of the object once it is released from the trap. A micro-gravity environment
allows for the observation of this expansion over long times.

An implicit advantage of using optically trapped particles is the possibility of nearly arbitrarily
varying the potential and the frequency of the mechanical oscillator by changing the power of
the trapping beam.

As in quantum optomechanics, in general, a prerequisite for performing quantum experiments
with optically trapped nanospheres is to prepare their COM motion in a low-entropy state. Very
recently, there has been significant progress towards that goal by feedback cooling of the COM
motion of nano- and microparticles [37, 53]. The optomechanical experiments we will suggest
in the following are all based on the optical trapping of nanospheres inside an optical cavity.
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Figure 3.1: Conceptual design of WAX. Two infrared beams are overlapped at a polarizing
beam splitter and fed into a cavity. The stronger of the two beams is used to trap
a nanosphere, the second beam is used to side-band cool the center-of-mass motion
of the nanosphere. A combination of two lenses and mirrors is used to image the
trapping region onto a CCD or CMOS chip in order to measure the position of the
nanosphere. The light-red beam path illustrates the imaging of scattered light onto
the camera.

3.1 Wave-function expansion of massive objects (WAX)

The objective of this experiment is to measure the expansion of the wave packet of a massive
object as a function of time, and to study possible deviations from the predictions of quantum
mechanics due to the influence of macrorealistic decoherence mechanisms (see subsection 2.5.2).

Figure 3.1 shows the conceptual layout of WAX. A typical experimental run of WAX consists
of the following steps:

load a nanoparticle into an optical trap inside an optical cavity

move the particle to a predefined position along the cavity axis

cool the COM motion of the nanoparticle close to the quantum ground state
switch off the trap and let the particle’s wavefunction expand freely for a time ¢
measure the position of the nanoparticle along the cavity axis

trap the particle again and repeat the steps above starting from step (2)

oot W=

After repeating this procedure often enough to get enough data for statistical significance, the
width of the distribution of particle positions is determined. This procedure can be performed
for various values of ¢ in order to determine the time-dependence of the expansion of the wave-
function. The experimentally determined values can then be compared with the values predicted
by quantum theory and with the values predicted by various macrorealistic models.

In general, if the decoherence of a quantum system is described by a decoherence parameter
A, the square of the width of the expanding wavefunction after a time ¢ is given by:

2ARK2

3
ot (3.1)

(@*(1)) = (@*(1))s +
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where m is the mass of the nanoparticle, and (2%(t)) is the square of the width of the wavepacket
in the absence of any decoherence. If the system is originally in a thermal state with a mean
occupation number n, and if we assume that the state does not change during its release from the
optical trap, then the above expression for the square of the width of the wavepacket becomes:

1+2n)h (14 2n)hw t2  2AR2
(Lt2mh | (L 2n)ho 2 2R

(#%(t)) =

where w is the mechanical frequency of the trapped nanosphere.

(3.2)

2mw 2 m 3m

1020

50

Amin/AGRW
w
(=)

[\
(=)
Amin V8. Agg (1/(s m?))

—
[*2

10
1000 2000 5000 1x10* 2x10% 5x10% 60 80 100 120 140

number of data points particle radius (nm)

Figure 3.2: On the (left) side, we plot the minimum parameter A over the number of measured
data points N, i.e., the minimum parameter A for the CSL model that we could
distinguish from there being no modification to quantum theory. The minimum A
is given in units of the original parameter Agrw = 10716 Hz suggested by Ghirardi,
Rimini and Weber [36]. On the (right) side, we plot the minimum decoherence
parameter Ap, discernible by WAX when testing the QG model against the pre-
dictions of quantum theory for N = 50000 data points. We plot our predictions
for three different mass densities of the nanosphere. The solid lines show A, for
p = 2201kgm™3 (blue), p = 5510kgm ™3 (red), and p = 9680kgm~> (green). The
dashed lines are the corresponding predictions of Aqg for the QG model, and the
shaded regions show where WAX would allow, in principle, to experimentally distin-
guish between quantum theory and the QG model.

Because macrorealistic models predict decoherence in addition to standard quantum decoher-
ence, macrorealistic models, in general, always predict a larger width for the wavepacket than
quantum theory. In order to experimentally determine the occurrence of possible modifications
of quantum theory, the experimental error in determining the width of the wavepacket has to
be small compared to the expected deviation from quantum theory. We can now ask ourselves,
after NV experimental runs, what is the minimum additional decoherence A, we can distinguish
from there being no deviation from quantum theory?

In figure 3.2, we show two plots to illustrate this concept for the CSL and the QG model.
As we have mentioned earlier, the CSL model depends on two parameters. These parameters
are typically denoted as a and A. a is a length scale that determines the maximum size of
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superpositions. It is quite consistently chosen to be ¢ = 100nm throughout the literature
starting with the original GRW paper [36]. Also in that paper, a value of A\grw = 10716 Hz

was suggested for the second parameter. Various values have been suggested for the latter
parameter, ranging from Apqier = 4.4 x 10782 Hz [1] to Acsp, = 2.2 x 10717 Hz. For the plot on
the right-hand side of figure 3.2, we keep the parameter a = 100 nm constant and calculate the
minimum A we can discern from zero by using the relation
4a2Amin mo 2
A > A =~ (10)7
win = T r/a) \m

where my is typically the mass of a proton, m is the mass of the nanosphere, r is its radius, and

(see Ref. [21]):

(3.3)

fl@)=6z"4[1—202+ (1 + 2x_2)e_$2] . (3.4)

From figure 3.2, we conclude that WAX would allow for testing a large parameter range of
the CSL model and, for a high enough mass density, would also allow to test the QG model.
The DP and the K model, however, cannot be tested using WAX.

3.2 Decoherence in a double-slit experiment (DECIDE)

In DECIDE, a novel version of the double-slit experiment is performed with massive nanospheres.
The objective is to determine the features of the interference pattern and to compare the in-
terference visibility with the predictions of quantum theory and to see whether there are any
deviations from these predictions due to macrorealistic models.

Figure 3.3 shows the conceptual layout of DECIDE. You may note the similarity to the
conceptual layout of WAX in figure 3.1. A typical experimental of DECIDE is very similar to
WAX apart from the preparation of the non-classical state and the second time of free evolution:

load a nanoparticle into an optical trap inside an optical cavity

move the particle to a predefined position along the cavity axis

cool the COM motion of the nanoparticle close to the quantum ground state

switch off the trap and let the particle’s wavefunction expand freely for a time ¢;
prepare the nanosphere in a quantum superposition similar to a double-slit experiment
let the wavefunction expand freely again for a time ¢

measure the position of the nanoparticle along the cavity axis

trap the particle again and repeat the steps above starting from step (2)

NS OUE W

After repeating this procedure often enough to get enough data for statistical significance, the
histogram of the measured positions should form an interference pattern. This procedure can be
performed for various values of ¢; and o as well as for different particle radii and mass densities
in order to determine the parameter dependence of the characteristics of the interference pattern
(like fringe spacing and interference visibility). These characteristics can then be determined
with the values predicted by quantum theory and with the values predicted by macrorealistic
modifications of quantum theory.
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Figure 3.3: Conceptual design of DECIDE. The cavity layout is identical to the one in WAX
(see figure 3.1). A central additional element is a tightly focused UV beam to prepare
the double slit. This is just one possibility of how to prepare the non-classical state of
the nanosphere. Other options are discussed in the main text, and in section 5.2. In
addition, the dashed circles indicate regions where two IR beams pass vertically out
of the plane of the drawing. They originate from a source below the optical bench
and are used for detecting when the nanosphere leaves the region we are interested
in (see the preliminary design in chapter 4). In that case, light is scattered, collected
by the optical system and detected by the CCD camera. The optical path for the
imaging of scattered light is indicated via the light red shaded region.

In contrast to WAX, the concept of DECIDE, in principle, allows to test all macrorealistic
models we have considered in subsection 2.5.2. Which models we actually want to test, will
determine the scientific and resulting technical requirements for performing the experiment.

An essential element of DECIDE is the preparation of the quantum superposition state. At
the moment, we see three possibilities how to achieve that:

1. to use a tightly focused beam of short-wavelength light that will locally decohere the
wavefunction of the particle and result in a mixed state of a localized state and a quantum
superposition state (see also Ref. [17]). The wavelength of the focused laser beam can
possibly be chosen longer by using gravity gradients to reduce the time necessary for the
two parts of the wavefunction to overlap again after the preparation of the double slit.
This novel concept will have to be studied in more detail.

2. to use pulsed light and optomechanical coupling to the position squared for the preparation
of the non-classical state (see Refs. [68, 70])

3. to use a tightly focused electron beam from a field-emission electron gun. If the particle
is hit, it will be charged and can be discarded via a static electric field. If the particle is
not hit, it will be prepared in the desired quantum superposition state. This is a novel
concept that will be investigated more closely in the future.
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In figure 3.3 and in chapter 4, we will assume the use of the first of these methods, simply
because it was the first concept we developed for this purpose and, for that reason, we can
describe the necessary technical requirements in detail. The use of the other two methods will
require some more study but may result in a significant relaxation of the technical requirements.
We will discuss this point in more detail in section 5.2.

100 100
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0 0

80 85 90 95 100 105 110 115 80 85 90 95 100 105 110 115
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Figure 3.4: Interference visibilities as functions of the particle radius. Here, we assumed
an environment temperature of 16 K and a particle temperature of 20 K. In the (left)
plot, we compare the predictions of quantum theory with those of the DP-model, and,
in the (left) plot, we do the same for the K-model. The solid lines are the predictions
of quantum theory for p = 2201 kgm=3 (blue), p = 5510kgm 3 (dark gray), and
p = 9680kg m~3 (orange). The dashed lines are the corresponding predictions of the
Diési-Penrose model and the model of Karolyhazy. The shaded regions show where
quantum theory predicts a higher visibility than the respective macrorealistic model.
For the K model and a mass density of p = 2201 kgm™3, there is no shaded region
because the decoherence according to quantum theory is higher than the decoherence
predicted by only the K model.

In figure 3.4, we compare the predictions of quantum theory for the interference visibility in
DECIDE with the predictions of the DP model (left) and the K model (right). The interference
visibilities plotted should not be interpreted as exact quantitative predictions because the model
used for the predictions is too simple to predict exact values. Despite of that, this model allows
us to estimate the parameter dependence (e.g., the dependence on the particle radius), and it
allows us to compare the predictions of different theoretical models. Figure 3.4 shows us that,
for the experimental parameters assumed in that case, DECIDE would allow for decisive tests
of the DP model for all mass densities investigated. For the K model, we need a minimum mass
density for a decisive test. It should be noted that here we directly compare the predictions of
macrorealistic models and the predictions of quantum theory, i.e., we do not add the decoherence
due to macrorealism on top of the standard decoherence due to quantum theory. This simplifies
the determination of the experimental parameters allowing for decisive tests of the respective
macrorealistic models.
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3.3 Baseline-parameters and scientific requirements

Here, we provide an overview of the baseline parameters for WAX and DECIDE. It should be
noted, that the scientific requirements for DECIDE are based on the assumption of using a
tightly focused short-wavelength beam of light to prepare the quantum superposition. Using
a different method, may significantly reduce t2 and result in significantly relaxed scientific
requirements. See section 5.2. It should also be noted that the vacuum requirements are very
conservative. We assumed that there is not a single collision with gas particles during the
duration of an experimental run. We are confident that a more detailed analysis will lead to less
demanding vacuum requirements. Table 3.1 lists the baseline parameters we assume for WAX
and DECIDE.

parameter value for WAX  value for DECIDE
radius 120 nm 100 nm
nanosphere temperature 60K 20K
material absorption at 1064 nm < 0.25 ppm/cm < 0.25ppb/cm
environment temperature 32K 16 K
gas pressure <6x1074Pa <107 Pa
cavity length 10 cm 10 cm
beam waist 90 pm 90 pm
intra-cavity power ~ 8W ~25W
cavity finesse > 30000 > 30000
angular frequency along cavity 113500 rad/s 63000 rad/s
angular frequency perp. to cavity 210rad/s 116 rad/s
expansion time 100s 480s
number of measurements < 50000 < 50000
mean occupation number along cavity <1 0.67
mean occupation number perp. to cavity < 700 < 50
readout accuracy < 60 ym < 12 ym

Table 3.1: Baseline parameters for WAX and DECIDE. The parameters for WAX are
chosen in order to allow for testing the QG model and a large parameter range of the
CSL model. The parameters for DECIDE are chosen to decisively test the QG, the
CSL, and the DP model. The vacuum conditions may become significantly relaxed
in a less conservative analysis. For DECIDE, several requirements may be relaxed by
using alternative methods for preparing the quantum superposition (see section 5.2.

3.4 Technical Requirements

Here, we will provide an overview of the technical requirements for WAX and DECIDE. These
requirements, together with an estimation of the respective scientific impact, will be the basis
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for the trade-off between the experiments, which is discussed in section 3.5. Table 3.2 lists the
technical requirements for the two proposed experiments.

3.5 Trade-off and conceptual design selection

In the present study, we performed a trade-off between the proposed experiments in order to
determine which of them to study in more detail. Table 3.3 shows that WAX clearly exceeds
DECIDE in terms of technical feasibility whereas DECIDE has clear advantages in terms of
scientific impact and advantages in terms of the case for space.

WAX is technically less demanding because (1) it does not require the preparation of a quan-
tum superposition, (2) the necessary free-fall times can be shorter than for DECIDE, and the
requirements on environment and particle temperature are less demanding. On the other hand,
DECIDE excels in terms of scientific impact (see table 3.4) and, for DECIDE, the long free-fall
times are not a matter of achieving a higher sensitivity but are necessary in order to see an
interference pattern at all.

For the purpose of the present study, we decided to perform a more detailed analysis of
DECIDE rather than WAX. The reason is the higher scientific impact of DECIDE as well as the
fact that an experimental design capable of performing DECIDE can also be used to perform
WAX if one simply does not prepare a quantum superposition but only monitors the expansion
of the wavepacket.
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requirement on WAX DECIDE
environment
gas pressure <6 x 107 Pa < 107" Pa
temperature 32K 16 K
thermal stability non-critical < 0.18K
nanosphere
radius 120 nm 100 nm
temperature ~ 60K 20K
thermal stability non-critical < 0.22K
influence of cosmic rad. non-critical non-critical
asymmetry <5% <5%
absorption at 1064 nm STA 0.25 ppb/cm
mass density > 2201 5% 2201 X%
optical setup
cavity finesse (trap/cool) ~ 30000 ~ 30000
position readout accuracy ~ 2 pm ~ 2 pm
pointing stability
. . 180 purad 180 purad
Trap/Cool Cavity mirrors < oo < oo mi
IR beam < 180 prad 180urad
v100 mHz v100 mHz
UV beam not applicable < 1burad
thermal stability < 4.6 2= < 4.6 2=

IR laser stability
UV laser stability
UV laser wavelength
UV laser power

< 142dB RIN at 2wy,
not applicable
not applicable
not applicable

< 142dB RIN at 2w,
non-critical
~ 35nm
~ 107w

spacecraft

micro-thruster acc. noise
rotation stability

quality of micro grav.
change in mass 1 m distance

VS84 <10 8m/s? Hz /2
< 4.5mrad Hz—1/2
VS84 < 10_8m/s2 Hz1/2
AM < 39kg

< 1.6 x 10~%m/s?> Hz~1/2

< 240 prad Hz—1/2

< 1.6 x 107°m/s? Hz /2

AM < 1.6kg

Table 3.2: Technical requirements for WAX and DECIDE. The values here are chosen

for optimal possible performance, i.e., in order for the experiments to test as many
macrorealistic theories as possible while not placing too tight technological require-
ments on the technologies involved. Abbreviations: TBD, to be determined; STA,

state of the art.
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criterion WAX DECIDE
Technical feasibility + —
Scientific impact — +
Technical complexity +
Risk + 0
Case for space 0 +

Table 3.3: Trade-off between the proposed experiments. We compare the two proposed
experiments with respect to several criteria. The symbols + and — denote a relative
advantage or disadvantage over the other experiment, respectively. With 0 we denote
result that is neither very good nor very bad.

model WAX DECIDE

CSL + +
QG + +
DP — +

K — 0
others — 0

Table 3.4: Comparison of the scientific impact of the two experiments. We compare
which macrorealistic models can potentially be tested by WAX and DECIDE. A “+”
indicates that the corresponding model can be tested using the respective experiment,
while a “—” indicates that this is not possible. Cases where a test may be possible
with future improvements are rated as “0”. The last row in the table is meant to

indicate tests of models beyond those discussed in this study.
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4 Preliminary design for DECIDE

DECIDE consists of two subsystems, one outside the spacecraft in order to provide a cryogenic
and ultra-high-vacuum environment for the experiment, the other inside the spacecraft. The
subsystem outside the spacecraft consists of the thermal-shield assembly and the optical-
bench assembly. The optical-bench assembly is the central part of DECIDE. As much of the
experiment as possible is placed inside the spacecraft in order to keep the power dissipation on
the external platform to a minimum. In particular, the inner subsystem consists of the laser
assembly, the detection assembly and the data-preanalysis assembly. These parts will
be described in more detail in the following.

4.1 The thermal-shield assembly

For the thermal shield, we propose to use a design like the one in Ref. [17] as illustrated in
figure 4.1, the design of the heat shield proposed for MAQRO [17] is illustrated. The heat
shield consists of three shields with decreasing opening angles. We estimated in Ref. [17] that
it should be possible to reach a temperature of 30 — 40 K behind the third shield. The low
temperature leads to negligible outgassing (see Ref. [17], allowing vacuum levels below 1072 Pa.
Material outgassed from hot parts of the spacecraft will have too much kinetic energy to be
trapped gravitationally in the vicinity of the spacecraft. Studies for optimizing the design of
the shield assembly are currently being performed by our partners from EADS Astrium. Using
a thermal shield is promising not only for DECIDE also for future missions that would benefit
from achieving low temperatures and ultra-high vacuum without the need for active cryogenic
cooling and vacuum systems.

4.2 The optical-bench assembly

The optical-bench assembly is the central part of DECIDE. Figure 4.2 shows views of the
preliminary design from the top and the bottom. In figure 4.3, the assembly is depicted from
the directions indicated in figure 4.2 (left). Alternatives to the UV part of this setup are
discussed in section 5.2. The preliminary design considered here assumes a very weak (1071° W),
short-wavelength (35nm) UV beam for the preparation of the macroscopic position state. For
35nm, UV fibers do not exist at the moment but one could conceive using internal reflection
along a hollow-core fiber. This is TBD.

The IR fiber is assumed to be polarization maintaining (PM) in order to allow for using a
single fiber for the trapping and the cooling/readout field. The same fiber will guide the light
reflected from the cavity back to the detection assembly.
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Figure 4.1: Preliminary design of the heat shield for DECIDE. The two figures show
the heat shield as it was designed in Ref. [17] from two different perspectives. The
figures also indicate the position of the optical bench and the struts connecting the
heat shield to the structure of the spacecraft.

Optical detection of the position of the nanosphere is achieved by mapping the region of
interest (S) onto a CCD/CMOS chip via a combination of lenses (L1 and L2) and mirrors
(M2 and M3). The imaging system is kept simple in order to maximize the solid angle for
outgassing to space. The cable for the CCD/CMOS chip will depend on the detailed technical
implementation of the imaging device. For example, this could be a spacewire (see [31]).

The nanospheres are supplied to the cavity by the loading mechanism (LM) below the optical
bench (see fig. 4.4). The LM also produces two infrared beams that define a “region of interest”
the nanosphere should not leave. A third beam propagates through the middle of the LM
structure to propel released nanospheres towards the optical trap.

4.3 The laser assembly and the detection assembly

Figure 4.5 illustrates how the beam from a tunable narrow-band laser is split into two polar-
ization modes for the readout/cooling and the trapping beam. The modes are separated via a
polarizing beam splitter (PBS), and each of the modes is modulated by an electro-optic mod-
ulator (EOM1 and EOM2) controlled by function generators FG1 and FG2. The modulation
of the trapping beam (EOM1) is used for Pound-Drever-Hall (PDH) locking of the laser to the
cavity [20, 66]. The cooling/readout beam is a sideband created by EOM2 and shifted by a
multiple of the free spectral range (FSR) with respect to the trapping beam. A filtering cavity
after EOM2 is used to select the desired sideband. For each mode, a beam splitter (BS) is used
to define a local-oscillator mode for homodyne measurements. Then the trapping as well as
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Figure 4.2: The (left) and (right) figures shows the top and bottom view, respectively, of the
preliminary design of the optical bench. The arrows for “Direction 1”7 and “Direction
2” point out the directions of view for figure 4.3. The dotted lines are separated by
intervals of 1cm. “FT” denotes a a hole in the baseplate for feeding through laser
beams and nanospheres from the loading mechanism (LM) located beneath the base
plate.
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Figure 4.3: The (left) and (right) figures shows the optical-bench assembly from “Direction
1”7 and “Direction 2”, as described in figure 4.2(left). The size of the base plate is
20 x 20 x cm?. On the (right), some of the optical elements are not shown, e.g., the
UV coupler.
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Figure 4.4: The loading-mechanism (LM). (left) An IR beam is split into three parts that are
reflected out of the drawing (indicated by three red disks) via the prism mirrors
M1 and M2 and the beam splitter BS1. The dark gray regions indicate where the
bottom plate connects to the rest of the LM structure, which is shown in the (right)
figure. The beam inside the LM structure passes several particle sources.

the cooling/readout mode are overlapped at a PBS sent to the optical-bench assembly. Light
reflected from the optical bench is separated from the outgoing light via a circulator and is fed to
the detection assembly for homodyne detection and for the generation of the PDH error signal.
The CCD/CMOS control is not shown.

FG1

Figure 4.5: IR laser, modulation, locking and homodyne detection.

4.4 The data-preanalysis assembly

This assembly comprises the image and spectrum analyzers. They analyze the data and send
relevant information to the ground station. On demand, full data sets can be accessed as well.
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5 Conclusions

We have presented two experiments, WAX and DECIDE, based on quantum optomechanics
with optically trapped nanospheres. Both of them are designed to test quantum theory in a
parameter regime where several theories predict modifications of quantum theory to become
apparent.

Based on a trade-off between WAX and DECIDE, we chose to investigate DECIDE in further
detail for the present study. Given the baseline parameters presented here, DECIDE should
allow to test three out of the four macrorealistic modifications of quantum theory discussed
in our study. This would extend the parameter regime over which quantum theory has been
tested by up to 6 orders of magnitude — with particles that can, in principle, be seen by the
naked eye. The novel concept of DECIDE provides a complementary approach to existing and
planned space missions (STE-QUEST, MICROSCOPE;, etc.) that test for deviations from the
predictions of general relativity due to extensions of the standard model of physics like, e.g.,
super-symmetry.

For the preliminary design described, DECIDE demands significantly stronger technical re-
quirements but also promises a higher scientific impact than WAX. In section 5.2, we outline
possible alternatives to our preliminary design that have the potential to relax those technical
requirements, bringing us closer to a realization of DECIDE with technology that is available
today or can be expected to be available in the near future.

5.1 Issues that need more detailed analysis or further study

Here, we will review issues that need some further study and consideration.

5.1.1 COM heating due to intracavity power fluctuations

For WAX as well as for DECIDE, the intracavity relative intensity noise has to be to be less than
—142dB at twice the mechanical frequency. By using an appropriate mechanism to lock the
laser to the cavity and possibly by using an additional filtering cavity or feedback mechanisms
as they are uses in the LISA Technology Package, this requirement should be achievable. This
will be investigated in more detail.

5.1.2 Cooling the radial degree of freedom

For WAX and DECIDE, it is necessary to cool the occupation number of the radial motion of the
nanosphere relatively close to the ground state. This requires sensitive and low-noise feedback
mechanisms. This will be investigated in more detail.
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5.1.3 Loading nanospheres into the optical trap

The loading mechanism is critical for both experiments. We are currently working on a proof-
of-principle realization of such a technique in a study funded by ESA.

5.1.4 Manipulation of the nanospheres

After loading or detection, the nanospheres typically will not be exactly at the position where
we need them to be for the next experimental run. That means, we need a mechanism to move
the nanospheres along the cavity axis to a predefined position. The best ways for implementing
such a mechanism are TBD and to be tested in a lab environment.

Mathematical description of the wavepacket expansion

Our model for predicting the interference fringe spacing and the parameter dependence of the
interference visibility needs improvement in order to

achieve more accurate, quantitative predictions of the interference pattern and its visibility
get a confirmation of the estimates we have made so far

investigate the parameter dependence of the interference pattern more closely

try optimizing the parameters for higher visibility and shorter expansion times

Mathematical description of the double-slit preparation

While we are confident that our description of the density matrix after the application of the
UV pulse is a reasonable approximation, a more detailed analysis of the evolution of the density
matrix under very well localized and short-wavelength decoherence may lead to more detailed
estimates and a possible relaxation of the technical requirements.

5.2 Ciritical issues and possible solutions

Here, we will provide an overview of critical issues for DECIDE and provide possible solutions
and/or alternative approaches in order to overcome these issues.

5.2.1 Preparing the quantum superposition with short-wavelength UV light

As we have mentioned earlier, preparing the quantum superposition this way is only one pos-
sibility and alternatives will be discussed in the next subsection 5.2.2. But first, let us discuss
the method we have suggested here and possible further investigation and improvements.

The UV light source

UV laser sources with wavelengths as short as 35nm are far from being off-the-shelf and even
further from being applicable in a space environment. However, the power we need for prepar-
ing the quantum superposition is negligibly small (~ 107!5 W). For such a low power, it may be
possible to find a significantly simpler solution with existing sources. This is TBD.
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The UV fiber

Fibers for wavelengths < 250 nm are not available. A possible solution may be to investigate
hollow-core fibers that guide short-wavelength UV light via internal reflection. This is TBD.

Charging and damage of the nanosphere for short UV wavelengths

For very short UV wavelengths, silica is not transparent anymore, and the absorption of the
photons may result in charging or damaging of the material. This may rule out the use of short
UV wavelengths and will have TBD in more detail.

Expansion time

The reason for using 35nm UV light was that our original assumption of using 350 nm light
resulted in free-fall times of several hours per run. By reducing the wavelength, we were able
to achieve reasonable times for fused silica but not for materials with a higher mass density.
Further reduction of the wavelength is not a solution because of technical reasons and because
we would need a new mathematical approach to allow for non-diffraction-limited UV spots.

5.2.2 Possible alternatives to the use of short-wavelength UV light

Here, we will discuss possible alternatives for preparing the quantum superposition in DECIDE.
While these alternatives need further investigation, there is significant potential for overcoming
the limitations of the UV-based approach.

Preparation of the double slit using pulsed optomechanics

Refs. [68, 70] suggest using pulsed optomechanics in order to prepare a macroscopic quantum
superposition. In these proposals, a short pulse, that couples quadratically to the COM position
of the nanosphere. A homodyne measurement of the light reflected from the cavity yields a
value for the square of the nanosphere position. If the measured value fulfills certain criteria,
the nanosphere will be in the desired quantum superposition, otherwise one starts over.

This technique has several advantages over the method using a UV pulse:

Well defined, narrow “slits”

Pure superposition states instead of statistical mixtures.
Arbitrary distance of the two “slits”

Shorter free-fall times

Simple analytic description

We are currently considering a modification of the original design to make it suitable for space.

Preparation of the double slit using an electron beam

We mentioned before that short-wavelength UV light could damage or charge the nanosphere.
The idea here is to do use that as an advantage, i.e., charge the nanosphere on purpose. The
advantage is that we know what is happening to the nanosphere if it is hit, and then we can
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remove the nanosphere by applying a static electric field. This way, we will end up with a pure
quantum superposition state if the sphere is not charged. A possible implementation may use a
focused electron beam, e.g., from a field-emission electron gun, for that purpose. Disadvantages
may be (1) that we will often have to reload the trap, which requires a fast loading mechanism
and nearly identical nanospheres, and (2) that the preparation and focusing of the electron beam
may require bulky and power consuming equipment. This is TBD.

Preparation of the double slit with moderate UV wavelengths

We have mentioned that the free-fall times for moderate UV wavelengths (> 250 nm) are too
long to be practical. Here, we suggest a method to reduce these times. The idea is that during
free-fall times on the order of 100s even tiny gravitational field gradients lead to significant
displacements of the nanosphere. We propose to design the optical bench such that there is
a small, inhomogeneous gravitational gradient along the cavity axis towards the center of the

quantum superposition. This would reduce the free-fall times and may allow using moderate
UV wavelengths. This is TBD.

5.3 Technology roadmap

A few aspects of WAX and DECIDE need further study, and some of the technologies will need
to be developed and/or demonstrated in proof-of-principle experiments on the way towards a
space-based implementation. For this purpose, we outline a technology roadmap indicating the
steps towards an eventual space experiment for DECIDE and/or WAX. Some of these steps are
currently being worked on already.

1. Optimization of the thermal-shield design:
A detailed thermal study of the design proposed shall be made, and it shall be optimized
to achieve as low temperatures as possible. Currently being done.

2. Preparation of macroscopic superpositions (theoretical study):
In the current study, we investigated one method to prepare a macroscopic superposition,
and we outlined several alternatives methods. This study would investigate all of these
methods, compare them and then study the best method in detail. Currently being done.

3. Material study for optically trapped nanoparticles:
For experiments on optically trapped particles, it is essential to know the material prop-
erties of the particles (absorption, polarizability, etc.).

4. Laboratory demonstration of cavity and feed-back cooling of optically trapped
nanoparticles:
A proof-of-principle experiment demonstrating techniques necessary for optomechanical
experiments with optically trapped particles. Currently being done.

5. Lab-test of the expansion of the wavefunction and the preparation of a macro-
scopic superposition:
A proof-of-principle experiment for WAX and DECIDE.

6. Design of a breadboard model for DECIDE:

Same functionality as the flight model apart from dimensions, mass, power consumption.
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