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Abstract

The study of molecular physics using ultracold gases has provided a unique probe into the
fundamental properties of nature and offers new tools for quantum technologies. In this
white paper we outline how the use of a space environment to study ultracold molecular
physics opens opportunities for 1) exploring ultra-low energy regimes of molecular physics
with high efficiency, 2) providing a toolbox of capabilities for fundamental physics, and 3)
enabling new classes of matter-wave interferometers with applications in precision measure-
ment for fundamental and many-body physics.

A portion of this research was carried out at the Jet Propulsion Laboratory, California Institute of Tech-

nology, under a contract with the National Aeronautics and Space Administration



1 Introduction

With the advent of laser-cooling and trapping of atoms [Il, 2], followed shortly by the
realization of Bose-Einstein condensates [3, 4] and quantum degenerate Fermi gases [5],
ultracold quantum gases have emerged as a new class of material systems for studies span-
ning many of the subdisciplines of the physical sciences [6H8]. In the past few years, this
progress has increasingly been translated into promising prospects for controlling atomic
behavior. Such tools as magnetically tuned scattering resonances [9-11], periodic lattices
of micrometer-sized optical potentials [12], artificial gauge fields [I3], and methods to con-
strain the dimensionality of the gases [12] offer often unprecedented control of the external
and interatomic potentials of the atomic gases. The purity and accessibly of the ultracold
gases have thus enabled the development of the next generation of atomic clocks with record
accuracy and stability [14] and state-of-the-art inertial force sensors based on matter-wave
interferometers [15].

We believe that a broad new range of opportunities exist by exploring ultracold molec-
ular gases in space, from both fundamental and technological perspectives [16]. Evidently,
molecules are more complicated quantum objects, and that is exactly where the new oppor-
tunities reside. But not all molecules are created equal. The particular class of molecules
we believe that can have a significant impact on the research opportunities provided by a
microgravity environment are the so-called Feshbach molecules [10] 11} 17]. These molecules
have large spatial extent and are extremely weakly bound, both aspects uniquely collab-
orate to their susceptibility for quantum control and applications to fundamental science
and technology. For instance, Feshbach molecules formed in Fermionic gases were crucial
for revealing fundamental aspects of the BEC-BCS crossover physics [18-26] while their
heteronuclear counterparts are today an important ingredient for the creation of ultracold
polar molecules [27H37] with potential applications to quantum information [38, 39] and
quantum chemistry [40].

Without doubt, realizing molecular quantum gases has its own pitfalls. In fact, serious
limitations on their stability and lifetime can compromise their use as a viable tool for
quantum sciences. In the past few years, however, greater attention [41H43] and investi-
gation [44] 45] has been given to the possibility of producing ultracold molecular gases in
microgravity. This focus is driven by the fact that many of the environmental and prac-
tical limitations, on Earth, for reaching ever lower energy and higher symmetry regimes,
and for extended atom-atom and atom-photon coherences for these gases, are suppressed
or removed altogether in microgravity environments such as NASA’s Cold Atom Labora-
tory (CAL) facility operating on the International Space Station (ISS) [46] or the upcoming
ISS-based Bose Einstein Condensate Cold Atom Lab (BECCAL) [47]. In such spaceborne
cold atom facilities, one can expect to achieve quantum degenerate gases at densities and
temperatures orders of magnitude lower than comparable gases produced on earth. This
is a game-changer for future explorations of molecular studies since, in such environment,
molecules will not only suffer much less from the limiting factors, but it also opens new
regimes for study of low-energy molecules with exceptionally large spatial extents. Building
on the opportunities summarized in this white paper, we expect that a research program
to mature the study and use of ultracold molecules in microgravity will lead a significant
advancement of quantum science and technology for the decades to come.



2 Challenges and Microgravity Justification

Association and dissociation of ultracold Feshbach molecules have been enabling probes of
fundamental physics throughout the last decade [10, [I1]. Produced near Feshbach reso-
nances, these molecules are magnetically tunable and can have large spatial extents and
extremely weak binding energies. Under typical conditions found with terrestrial experi-
ments, ultracold molecular gases can be highly unstable due to collisions leading to molec-
ular de-excitation as well as thermal fluctuations that can lead to molecular dissociation.
In both cases, the timescale for molecular losses leaves only a small fraction of time for the
system to develop correlations, without which no useful physical measurement and appli-
cation can be realized. The absence of gravity resolves some of these issues, as it allows
for ultralow densities and ultralow temperatures thus preventing collisional losses. Further,
well-overlapped dual-species gases, necessary for formation of heteronuclear molecules, are
generally prohibited in weak traps on earth due to “gravitational sag”. In microgravity, well
overlapped gases in weak traps can be created with extended lifetime allowing for a more
efficient manipulation of the sample.

However, at ultralow densities molecular association will tend to be challenging due to
the lack of good overlap between atom and molecular states. This will require to consider
association schemes adapted to such unique environments. In fact, recent theoretical stud-
ies point to promising new ways to achieve high molecular association efficiency [48, [49]
in a microgrativity environment. That, along with novel molecular cooling techniques en-
abled in space, facilitates high-space densities for better and more accurate measurements.
Furhtermore, the removal of a linear gravitational potential combined with the long free
floating times would allow for enhanced delta-kick cooling and adiabatic decompression.
These two techniques are key to reach extremely low kinetic temperatures at the picoKelvin
level, yet conserving the phase-space density of the sample [50-H55], opening the door to a
new parameter regime of ultralow densities and ultracold temperatures.

3 Opportunities

From our perspective, there exist a number of exciting opportunities one can reach by
utilizing molecular physics as a tool to advance both technological and fundamental aspects
of ultracold quantum gases. For the reasons elaborated below, we believe that accessing
molecular physics should be a main focus of space-based fundamental physics research from
2023-2032 for the advancement of quantum science and technologies. The molecular bound is
the key element in which studies with ultracold molecular gases can take advantage to probe
a number for fundamental properties of matter and develop novel technologies. Molecules
offer a new path to generate correlation and entanglement between different atomic species
but also are themselves a laboratory to study various fundamental physics aspects. Here
we will list and briefly discuss a number of the directions whether they are of a more
fundamental or applied nature.

Dual-specie Atom Interferometry for WEP As the precision and ultimate accu-
racy of atom-interferometers (Als) improve, greater control of the momentum and position
profiles of the atomic clouds are required to minimize systematic shifts attributed to ex-



ternal fields and forces [56, [57]. These requirements are compounded for comparisons of
dual-species atom interferometers that are gaining interest for precision tests of Einstein’s
General Relativity theory and searching for violations of the Weak Equivalence Principle
(WEP) [58]. Such measurements provide complimentary tests of the universality of free-
fall with quantum objects and further bound the theories that predict violations of the
Equivalence Principle, in the pursuit of incorporating gravity with the standard model.

Ideally, WEP experiments with Als probe the phase evolution of two distinct species of
ultracold gases in the absence of all perturbing forces except gravity. Although microgravity
environments provide one of the best conditions for such precision measurements, at the
level of precision achievable with Als in microgravity the largest source of systematic error
for precision tests of the WEP will still come from the deviation of the center-of-mass
trajectories of the two gases in the presence of a gravity gradient [59) 60]. This is exactly
where Feshbach molecules can play a major role. By forming a purely molecular gas and
subsequently dissociating Fehbach molecules, one creates a highly correlated heteronuclear
atomic gas in both their position and momentum distributions which drastically reduces
the two clouds center-of-mass displacement. The utility of this preparation scheme arises
from the facts that, before dissociation, the size of the Feshbach molecule is controllable,
thus allowing atoms of different species to be at the same mean distance. At dissociation,
the s-wave and weakly bound character of the Feshbach molecule provides a final velocity
distribution that is spatially symmetric and highly correlated between. In this way, much
of the shot-to-shot fluctuations in the preparation of each species becomes common-mode
and cancels in differential atom interferometry measurement.

We believe that, in conjunction with gravity demodulation [59, 60] and demonstrated
compensation [61] schemes, state preparation using Feshbach molecules will mitigate static
and dynamic systematics stemming from center of mass offsets of multiple atomic test
masses and will open the door for the next generation of differential measurements of atom
interferometry with dual atomic species. The research is important not only for advancing
the technology of these space-based precision sensors but also for fundamental advances for
future tests of the WEP with unprecedented accuracy.

Molecular Entanglement for Atom Interferometry Controlled dissociation of weakly
bound diatomic molecules near a Feshbach resonance provides a highly versatile path for
generating atoms in motionally entangled states with a potential for high impact. The re-
sulting pair-correlated atoms have uses in quantum information, precision measurements,
and fundamental tests of quantum mechanics [62H72]. In particular, such entangled states
may enable substantial gains in sensitivity of matter wave interference—based instruments
as well as fundamental studies of quantum phase transitions [73].

An exciting new perspective is obtained by also considering other forms of molecular
states besides Feshbach molecules. The association and dissociation of homonuclear or het-
eronuclear Efimov triatomic molecules [74-79] and other more exotic atom-molecule pairs
[80], for instance, provide a way to produce multiparticle entanglement between massive
objects that have a broad-range of applications. Although highly correlated quantum states
can be detected through the measurement of atom shot noise correlations [81H84], the ca-
pability to perform precision interferometry with atoms in microgravity also opens up the
possibility to use interferometry as a tool for precise characterization of the entangled states
themselves. The long interrogation times for atom-interferometry available in microgravity



and the corresponding favorable conditions to associate atoms to more complex molecules
will allow one to characterize and manipulate properties of entangled few-body states from
a much deeper and fundamental perspective. More generally, as shown in Ref. [85], in-
terferometric studies can provide ways to characterize the coherent evolution of strongly
interacting ultracold matter far from equilibrium.

Ultra-low temperatures for quantum mixtures Since Feshbach molecules are lying in
the asymptotic region of the atom-atom potential, a far-detuned optical dipole trap (ODT)
would only induce molecular transitions between states in this “almost-atomic” region. It
is therefore possible to approximate the polarizability of a Feshbach molecule by the sum of
polarisabilities of the relative atomic counterparts. Doing so, it is possible to define a dipole
trap potential of a molecule that could be used to manipulate it as a whole. Techniques
of delta-kick collimation that were successful to realize pK energies for atomic samples [55]
could be transferred here to slow down the free expansion of quantum mixtures. This
circumvents the need for multiple pulses to delta-kick binary ensembles of different atomic
masses as proposed in [86]. When decoupled, these ultra-cold quantum mixtures could be
used as an input state in several applications such as a WEP test.

Molecular Interferometry Following the same reasoning as in the previous paragraph,
1D optical lattices could be generated for the molecular state. An example implementa-
tion is a retro-reflected, red-detuned laser with at-least 2 frequency components that can
be independently controlled (frequency and amplitude for each tone) and ramped with re-
spect to each other within an experimental run. When this light grating is appropriately
accelerated [87], Bragg or Bloch diffraction of a Feshbach molecule can occur. The field of
matter-wave interferometry with diatomic (composite) molecules could be created with a
lot more possibilities than the atomic counterpart thanks to the several additional molecu-
lar degrees of freedom and the hight control one has over them. Applications in quantum
sensing, fundamental tests and many-body physics are anticipated.

Quantum mechanics tests To this day, macroscopic quantum interference experiments
are the commonly accepted and proven method to probe the validity of quantum theory
at the classical boundary. With every successful interference measurement, one falsifies
hypothetical modifications of the Schrédinger equation that would predict a spontaneous
collapse of quantum states at the probed system scale [88, [89].

At the moment, the most macroscopic matter-wave platforms are Bragg pulse atom in-
terferometers with seconds of interference time and delocalizations up to the meter scale [90-
92] and near-field interferometers with molecules of more than ten thousand atomic mass
units [93], albeit at smaller time and length scales. Molecule interferometers are generally
expected to take the lead in the long run, because their sensitivity to well-studied col-
lapse models such as the Continuous Spontaneous Localization (CSL) model [94] typically
amplifies with the square of the particle mass and only linearly with interference time.

However, with precisely controllable diatomic interactions at hand, interfering conden-
sates could be brought to an entangled state and thereby achieve the same quadratic scaling
of CSL sensitivity with the total condensate mass [05]. Moreover, the here envisaged loosely
bound Feshbach diatoms at ultra-low temperatures would serve as a highly sensitive probe



for collapse-induced spontaneous dissociation at unprecedented scales of binding length
and energy, complementing other non-interferometric CSL test platforms like the LISA-
pathfinder mission [96]. Thus Mach-Zehnder-like interferometry with diatomic molecules
could complement and potentially surpass existing interferometric and non-interferometric
platforms to test quantum theory against collapse models or other fundamental decoherence
effects.

Molecules and variation of fundamental constants Finally, a space environment
enables homonuclear and heteronuclear molecules to be prepared at unprecedented low
energies with weak binding energies, large mean radii, and strong interactions. Experimental
tests of universal theories in this regime will provide a unique window into the fundamental
nature of our universe. Feshbach molecules allow for tests for variations of fundamental
constants with unprecedented sensitivity [97-100]. In particular, the precise measurement
of properties of Feshbach molecules is extremely sensitive to the variation of the electron-to-
proton mass ratio, thus providing a precision test of the grand unification models discussed
in Refs. [I0IHI03]. Due to the ultralow density regime allowed in microgravity, Feshbach
molecules can be made substantially larger than those in Earth-bond experiments. This
can lead to a major advance of testing the variation of fundamental constants.

Conclusions Efforts to mature the technology for space-enabled studies of ultracold
molecular physics can be performed simultaneously on various microgravity platforms.
Demonstrations using the ZARM droptower in Bremen or the Einstein Elevator in Han-
nover, DE, can be used for initial studies of the opportunities outlined above in preparation
for dedicated flight experiments. NASA’s CAL is already being utilized onboard the ISS
to optimize association and dissociation of ultracold heteronuclear Feshbach molecules at
ultra-low temperatures, aiming for even nanoKelvin scales. Subsequent studies using CAL
and BECCAL are also planned. Follow-on missions to BECCAL could then utilize matured
technologies of ultracold molecular physics in space for transformative science.

The science opportunities outlined in this white paper must be done in space to achieve
their ultimate performance to address fundamental research questions including:

e What are the quantum properties of atoms and molecules?

e How is entanglement influenced by gravity and the intrinsic properties of the quantum
system?

e How does complexity and order arise from quantum interactions?
e [s Kinstein’s General Relativity valid under all experimental conditions?

We anticipate that as the answers to these fundamental questions become available and
the toolbox of quantum technologies from ultracold molecules in space is matured, the
transformative nature of the research will also have impact on human exploration and far-
reaching value to everyday life for humans on Earth.
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