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Summary

The article advocates for atom-interferometric tests of thin-shell theories of dark energy
in microgravity environments, leveraging platforms like the International Space Station
(ISS). Dark energy, constituting 68% of the universe's energy density, remains poorly
understood. Atom interferometry, which uses the wave nature of atoms for precise
measurements, can directly detect dark energy forces, contrasting with passive
observational methods.

The proposed experiments involve using structured source masses and multi-loop atom
interferometers in microgravity to enhance sensitivity and mitigate terrestrial limitations.
This approach aims to improve constraints on dark energy models, particularly the
chameleon and symmetron fields, by orders of magnitude.

A NASA/DLR collaborative project, D3E3/DESIRE, will utilize the Einstein-Elevator
facility to demonstrate this concept. Success in these preliminary tests will pave the
way for a full-scale space mission, potentially on the ISS or the Artemis program's
Gateway, aiming to decisively test and validate dark energy models.

Key Findings

● The whitepaper advocates for atom-interferometric tests of thin-shell theories of
dark energy in microgravity environments, leveraging platforms such as drop
towers, the International Space Station (ISS), and free-flyers. - Dark energy is
estimated to contribute 68% of the Universe's energy density, with normal matter
and dark matter making up the remaining 32%. - Thin-shell models of dark
energy, such as the chameleon and symmetron models, can be tested using
atom interferometry due to their sensitivity to scalar fields.

● Atom interferometry has matured and can now be used to directly detect dark
energy in laboratory settings, offering a new approach compared to passive
observations of the Universe.

● Ground-based atom interferometry experiments have already provided stringent
constraints on chameleon and symmetron models, but their performance is
limited by the short interaction time with the scalar field and uncertainties in
gravitational force measurements.

● Performing these experiments in microgravity can significantly enhance sensitivity
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by allowing longer interaction times and reducing environmental disturbances.
● The proposed concept involves using multi-loop atom interferometers in a

structured source mass to detect periodic forces, which can be implemented in
microgravity environments such as the ISS.

● A collaborative project, D3E3/DESIRE, is already in progress to demonstrate this
concept using the Einstein-Elevator facility, aiming to extend the excluded
parameter range of chameleon models by a factor of 10. - Technological
advancements in ultracold atom sources and long interrogation time atom
interferometers are essential to further improve the sensitivity of these
measurements.

● A full-scale space mission using atom interferometers on the ISS or the Gateway
of the Artemis program could decisively test thin-shell models of dark energy,
potentially leading to groundbreaking discoveries in the next decade.

Simplify

Scientists are working on a new way to study dark energy, which makes up about 68%
of the universe and causes it to expand faster. They plan to use a technique called
atom interferometry in space, which involves measuring tiny changes in the movement
of atoms. This method is more precise than current observations from telescopes.

Dark energy is hard to study because it doesn't interact with normal matter in obvious
ways. One theory suggests that dark energy creates a "fifth force" that we can't detect
on Earth due to a screening effect. By using atom interferometry in space, scientists can
test this theory more accurately.

The experiments will be conducted in microgravity environments like the International
Space Station (ISS) or drop towers, where atoms can float freely and interact with a
specially designed source mass. This setup allows for longer observation times and
reduces interference from Earth's gravity.

If successful, these experiments could provide new insights into dark energy and help
confirm or rule out certain theories. This research could lead to a better understanding
of the universe's expansion and the fundamental forces at play.

Impact Statement

The application of atom interferometry in microgravity environments presents a
transformative approach to probing thin-shell models of dark energy, such as the
chameleon and symmetron fields. Utilizing platforms like the International Space
Station (ISS), drop towers, and free-flyers, this method leverages NASA's prior
investments and achievements to significantly enhance constraints on dark
energy models.



Recent advancements have shown that atom interferometry, which uses the
wave nature of single atoms for precise measurements, can directly detect dark
energy forces in laboratory settings. This approach contrasts with traditional
passive observations of cosmic expansion, offering a new pathway for
investigating dark energy. Experiments have demonstrated the feasibility of this
technique, achieving the most stringent constraints to date on these models.

By conducting experiments in microgravity, where atoms and source masses can
remain in close proximity for extended periods, the sensitivity of these measurements
can be vastly improved. This setup mitigates the limitations of terrestrial experiments,
such as brief interaction times and uncertainties in gravitational force measurements. A
proposed mission on the ISS could improve constraints on the chameleon model by
more than a factor of 10 within three days of continuous data collection.

Further technological advancements, such as developing ultracold atom sources and
extending the interrogation time of atom interferometers, will enhance sensitivity and
accuracy. These efforts will pave the way for spaceborne missions capable of decisively
testing dark energy models, potentially closing existing gaps in exclusion parameters.

The success of ongoing projects like D3E3/DESIRE will validate the proposed
concepts and extend the excluded parameter range of chameleon models, improving
the technology readiness level of multi-loop atom interferometry in microgravity. This
will be a crucial step toward realizing a full-scale space mission, leveraging the
controlled environment and resources available on platforms like the ISS or the
Gateway of the Artemis program.

In conclusion, atom interferometry in space offers a game-changing capability for
validating dark energy models, achievable within the next decade through dedicated
technology maturation efforts. This approach will significantly advance our
understanding of dark energy, addressing one of the greatest mysteries in modern
physics.

Situate

The whitepaper discusses the detection of atomic dark energy in space, building on a
decade of advancements in atom interferometry technology. Dark energy, constituting
68% of the universe's energy density, is theorized to involve light scalar fields that
mediate long-range interactions, potentially creating a "fifth force" not observed in
terrestrial settings. Screening mechanisms, such as the chameleon and symmetron
models, are proposed to explain this. Recent lab experiments using atom
interferometry have shown promise in detecting these forces by measuring deviations
from expected gravitational behavior. However,
ground-based tests are limited by short interaction times and gravitational



uncertainties. The proposed space-based experiments, leveraging microgravity
environments like the ISS, aim to enhance sensitivity and reduce systematic errors.
This approach could significantly tighten constraints on dark energy models,
advancing our understanding of the universe's accelerating expansion. The research
underscores the potential of space missions to achieve breakthroughs in fundamental
physics.

Method

The research employs an atom-interferometric approach to test thin-shell theories of
dark energy in microgravity environments. This method leverages the wave nature of
single atoms for precise interferometric measurements. The technique involves using
atom interferometers, which operate based on quantum mechanics principles, to detect
hypothetical scalar fields associated with dark energy.

Key tools include drop towers, the International Space Station (ISS), and free flyers to
create prolonged microgravity conditions. Atom interferometers are realized using laser
pulses to manipulate atoms in ultrahigh-vacuum chambers, allowing for differential force
measurements near a source mass. This setup helps in bounding the magnitude of extra
forces predicted by thin-shell models, thereby constraining these models.

The research also proposes advanced methods like multi-loop atom interferometers
and structured source masses to enhance sensitivity and suppress environmental
disturbances. These innovations aim to improve the constraints on dark energy models
by orders of magnitude, potentially leading to decisive validation or invalidation of such
models.

Context

The whitepaper "Atomic dark energy detection in space" focuses on utilizing
atom-interferometric tests to explore thin-shell theories of dark energy in microgravity
environments. This research is situated within the aerospace and quantum
technologies industries, leveraging facilities like drop towers and the International
Space Station (ISS). Historically, atom interferometry has evolved significantly over
the past decade, transitioning from laboratory settings to microgravity platforms.

Socially, the research addresses the profound mystery of dark energy, which
constitutes 68% of the universe's energy density, influencing cosmological expansion.
Politically, the study is supported by NASA and the German Aerospace
Center (DLR), reflecting international collaboration in space research.

The impetus for this research arises from the limitations of terrestrial observations, which



cannot fully elucidate the physical causes of cosmic acceleration. The proposed
space-based experiments aim to overcome these limitations by providing prolonged
interaction times and minimizing gravitational uncertainties.

The research methodology involves using atom interferometers to detect deviations
from the Equivalence Principle and the inverse square law of gravity, which are
indicative of dark energy forces. The study proposes advanced techniques, such as
multi-loop atom interferometry and structured source masses, to enhance sensitivity
and mitigate environmental disturbances.

In conclusion, this research aims to significantly improve constraints on dark energy
models, potentially validating or invalidating theories like the chameleon and
symmetron fields, thus advancing our understanding of the universe's fundamental
forces.

Solution Statement

The challenge of understanding dark energy, which constitutes 68% of the universe's
energy density, remains one of the most profound mysteries in modern physics.
Traditional observational methods, such as those employed by the Rubin Observatory
and the Roman Space Telescope, focus on the universe's expansion but fall short in
revealing the underlying physical mechanisms driving this phenomenon. Atom
interferometry, leveraging the wave nature of single atoms for precise measurements,
offers a promising alternative by directly probing the thin-shell models of dark energy,
such as the chameleon and symmetron fields.

Current ground-based experiments using atom interferometry have made significant
strides in constraining these models. However, they face limitations due to the brief
interaction time of atoms with the scalar field and the uncertainty in gravitational
force measurements. These constraints hinder the ability to achieve revolutionary
performance enhancements necessary for a decisive validation or invalidation of
thin-shell dark energy models.

To overcome these limitations, we propose conducting atom interferometric tests in
prolonged microgravity environments, such as those provided by the International
Space Station (ISS) or similar platforms. In microgravity, atoms and the source mass
can remain in close proximity for extended periods, significantly enhancing the
interaction time with the scalar field. Additionally, employing a structured source mass
with periodic modulation will allow for the synchronous detection of the dark energy
force, akin to an electronic lock-in amplifier, thereby
suppressing environmental disturbances and practical imperfections.

A conceptual mission on the ISS, utilizing current atom interferometer capabilities,



could improve constraints on the chameleon model by more than a factor of 10 within
just three days of continuous data collection. Further advancements in atom
interferometer technology and extended mission durations could yield even greater
sensitivities. For instance, enhancing the ultracold atom source to produce 108 atoms
per run could improve the signal-to noise ratio to approximately 10,000, directly
translating to over tenfold better constraints on dark energy models.

The proposed measurement concept not only promises significant scientific impact but
also aligns with ongoing technology development efforts. Projects like D3E3/DESIRE,
utilizing the Einstein-Elevator facility, are already demonstrating the feasibility of such
experiments. These efforts, combined with the technology maturation of subsystems in
NASA's Cold Atom Lab (CAL) and BECCAL missions, pave the way for a full-scale
space mission dedicated to atomic dark energy detection.

In conclusion, atom interferometry in space represents a game-changing approach
to directly detecting dark energy, offering the potential to decisively test thin-shell
models. This capability, achievable within the next decade with dedicated
technological advancements, will significantly advance our understanding of one of
the universe's greatest mysteries.

Key Quotes

● "We advocate pursuing atom-interferometric tests of thin-shell theories of dark
energy in prolonged microgravity environments. The endeavor can utilize
platforms and facilities including drop towers, the International Space Station
(ISS) or alike, and free-flyers."

● "Dark energy contributes 68% of the average energy density of the physical
Universe. Normal matter makes up about only 5% of the energy content of the
Universe. Dark matter contributes another 27% of the Universe."

● "An important class of dark energy models involve very light scalar fields.
However, such light fields would mediate long-range interactions that would result
in a 'fifth force' that has never been observed on Earth or in the solar system. This
difficulty can be circumvented through a 'screening mechanism' of the dark
energy field near normal matter."

● "Recently, researchers identified that thin-shell models can be verified/ invalidated
in lab and discerned from other models by precise force measurements. Given
the same thin-shell thickness, small objects would have fractionally larger volume
experiencing the dark energy field than larger objects, and thus larger dark
energy induced accelerations."

● "Atom interferometry employs the wave nature of single atoms for interferometric
measurements. The operating principle is well-described by quantum mechanics,
and essentially includes only free evolution of a particle and atom-light
interactions that are based merely on the atomic structure and fundamental



constants."

● "Despite the success of demonstrating the approach and establishing the most
stringent constraints, the ultimate performance of ground tests is limited by two
factors. The first one is the finite interaction time of atoms with the scalar field
sourced by the source mass. The second factor is the uncertainty of the
gravitational force of the source mass."

● "The full potential of atomic tests of thin-shell models can be unleashed by
adapting the concept detailed in [33]. In the proposed concept, the experiment will
be performed under microgravity, where atoms and the source mass can remain
in close proximity as long as feasible and not limited by Earth gravity."

● "As estimated in [33], in a conceptual mission based on currently demonstrated
atom interferometer capabilities, three days of continuous data collection of such
an experiment on the ISS would improve the constraints of the chameleon model
by more than a factor of 10."

● "The proposed measurement concept exploits the weightlessness to achieve
sensitivities that are not attainable in terrestrial laboratories. However, it does not
need a space mission to demonstrate the feasibility and capability. In fact, a
technology development and demonstration project based on this concept is in
progress."

● "We envision a full-scale space mission to be implemented as a payload on the
ISS or on the Gateway of the Artemis program, where a controlled environment
and electric power are available while the attitude of the spacecraft has no impact
to the mission."

Gaps and Opportunities

Identified Gaps:
● Finite Interaction Time: The current ground-based experiments are limited by

the brief interaction time of atoms with the scalar field sourced by the source
mass.

● Extent of Gap: This limitation reduces the sensitivity of the measurement and
the ability to detect dark energy forces effectively.

● Uncertainty of Gravitational Force: The gravitational constant ( G ) is known
only to 20 parts per million, which limits the precision of differential force
measurements.

● Extent of Gap: This uncertainty hampers the ability to distinguish between
gravitational forces and potential dark energy forces.

● Technological Maturity: The proposed space-based experiments require
further technological development and validation, particularly in the context of
multi-loop atom interferometry and structured source masses.

● Extent of Gap: The technology readiness level for these advanced
interferometry techniques in microgravity environments needs to be improved.



Opportunities for Future Research:
● Microgravity Experiments: Conduct experiments in prolonged microgravity

environments, such as on the ISS or using free-flyers, to extend the
interaction time between atoms and the scalar field.

● Potential Direction: Utilize platforms like the Einstein-Elevator for initial
demonstrations and technology validation.

● Improving Gravitational Force Measurements: Develop methods to reduce
the uncertainty in gravitational force measurements, potentially through
advanced calibration techniques or novel experimental setups. - Potential
Direction: Engineering the shape of the source mass to nullify gravitational
contributions at specific periodicities.

● Enhancing Atom Interferometry: Focus on advancing the technology for
ultracold atom sources and long interrogation time atom interferometers. -

● Potential Direction: Increase the number of participating atoms in each run
to improve the signal-to-noise ratio and extend the measurement time in
microgravity environments.

● Structured Source Mass Design: Investigate the design and
implementation of periodically structured source masses to spatially modulate
both gravitational and scalar field forces.

● Potential Direction: Employ multi-loop atom interferometers to
synchronously pick up periodic modulations, enhancing sensitivity to dark
energy forces.

● Comprehensive Technology Roadmap: Develop a detailed roadmap for the
technological maturation required for spaceborne missions focused on atomic
dark energy detection.

● Potential Direction: Leverage existing NASA-funded projects like the Cold
Atom Lab (CAL) and BECCAL to advance subsystem technologies and
validate experimental concepts.

● Closing Parameter Space Gaps: Conduct targeted experiments to close the
remaining gaps in the parameter space of chameleon and symmetron
models.

● Potential Direction: Utilize advanced atom interferometer technology and
longer mission durations to achieve higher sensitivities and decisively test
these models as candidates for dark energy.


