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Future advances in both technology and fundamental science will hinge on a better understanding of the weird effects of
quantum mechanics on collections of electrons, atoms, molecules, and so on. In some cases, experiments probing this
so-called “quantum few-body and many-body physics” can be more readily accomplished in the weightless environment
found in an orbiting laboratory. We propose a staged series of experiments, including (1) “first science” experiment, to
be performed in the Cold Atom Laboratory (CAL) flying in the International Space Station (ISS) first-generation, to
answer a question in few-body quantum physics that can’t be performed in a ground-based laboratory: how universal
are the weakly bound clusters of three atoms known as Efimov trimers? In a weightless environment, experiments can
be performed at very low densities and temperatures, the perfect conditions for these exotic but fragile quantum states to
form. (2) Bose gases with “infinite” interactions. As interactions between atoms become stronger, there is a crossover
between gas-phase and liquid behavior. In ultra-cold atoms, the crossover is between a quantum liquid and a quantum
gas. (3) Highly rotating quantum gases. Many of the most exotic and unexplored predicted states of matter occur in the
presence of very strong magnetic fields, for electrons, or high rates of rotation, for neutral particles. We will explore
Quantum Hall physics in highly rotating Bose and Fermi gases. Experiments (2) and (3) will benefit significantly from
the longer expansion times and weaker traps possible in weightlessness. Preliminary versions of both experiments will
be done in a ground-based laboratory in order to establish the foundation for future flight-based experiments.

Rationale for HRP Directed Research:

Research Impact/Earth Benefits:

Physics is the discipline that provides understanding of biology and chemistry at the most microscopic level, and the
area within physics most relevant to chemistry and biology is “few-body physics.” It is an often neglected portion of
physics, because it is so difficult to do! An important way to make progress is to simplify, simplify, simplify: to come up
with model systems in which we can make progress that can later be applied to human-centric disciplines like biology,
and develop exotic and useful new materials. A promising way to simplify is to study matter at lower temperature, and
lower densities. The Cold-Atom Lab (CAL) flying in the International Space Station (ISS) is where we will reach the
lowest possible temperatures, and low densities, to do our studies of simple, yet intricate (think “snowflakes”) clusters of
three or four atoms. While CAL is being prepared for flight, we have been doing prefatory experiments and calculations
here on Earth. Not at as low temperature, but still cold enough to help us learn things we will need to know to do the
space experiments.
We will be investigating exotic few-body physics, exploiting the specific strengths of NASA’s Cold Atom Laboratory
(CAL) onboard the International Space Station (ISS). CAL is a unique experimental platform that utilizes the
near-weightlessness onboard the ISS and makes it possible to create atomic clouds that are both very dilute and
extremely cold. These clouds are governed by intricate quantum mechanical effects. While Earth-based experiments
with quantum gases have led to many revolutionary experiments over the past few years, the microgravity environment
in which CAL is placed will allow us to push the boundaries significantly further.
One recent and exciting venture in experiments with ultracold quantum gases is the three-body problem. In 1970,
theoretical physicist Vitaly Efimov predicted that, under certain conditions, three atoms can form a bound state even if
the attractions between just two atoms are too weak to cause binding. It was not until 2005 that this was first
demonstrated in an experiment by a group at the University of Innsbruck. This initiated significant research efforts
worldwide both in theoretical and in experimental research. Despite these efforts, further experimental input is needed to
assist in theoretical predictions. CAL provides a unique new environment for testing few-body systems in previously
inaccessible regimes that are prerequisite for the next generation of Efimov experiments. In preparation for CAL’s
launch, our collaboration has modeled actual Efimov experiments to be conducted with CAL.
In the past year, our efforts have included numerical and analytic modeling of the CAL lab magnetic field capabilities,
and of predicted cold-atom dynamics in those fields. We looked at several different basic experimental strategies,
including “delta-kick cooling” and adiabatic expansion. We presented these results at a Scientific Concept Review at
JPL (Jet Propulsion Laboratory) in February of 2015. The bottom line result of these efforts is that everything is looking
good for a precise measurement of two generations of Efimov states in Potassium-39.
While preparing for experiments in space, we have been doing a number of related experiments in our ground-based
laboratories. These experiments are interesting in their own right but they also lay the groundwork for future generation
space-based experiments. The most notable result we achieved was the first-ever measurement of the energy and
lifetime of a Bose polariton in the strongly interacting regime. Although in our Earth-based project we are not able to
reach temperatures as low as those we anticipate reaching in space, we were able to get cold enough to cause individual
potassium atom impurities to become entrained in a Bose condensate made of rubidium atoms. The resulting “snow-ball”
is a sort of quasi-particle, so-called because it hangs together long enough for us to be able to measure a distinct
spectrum for it, much as we could if it were a real particle. In other experimental developments, we found preliminary
evidence for the existence of three-body Efimov states in rubidium Bose gas even as the interactions between the atoms
become so strong that, at least mathematically, they are “infinite.”

Task Progress:

Our experimental work, the preparation for the upcoming ISS measurement, and our ground-based experiments, were
complemented by an extensive theoretical efforts. These efforts including work on quantum quenching, quantum
turbulence, and the quantum Hall effect. All three topics are candidate projects for future CAL flights.
1. Quantum quenching: we have been studying the quantum quenching in low dimensional systems where it is possible
to obtain exact results. We have also noticed that the problem of quantum quenching can be viewed as a process of
“inflation,” where the metric of space is rapidly increasing. We have worked out the evolution of density profile and
momentum distribution for two and three particle systems, and are trying to the so-called Bethe Ansatz solution to study
similar properties of many-particle systems.
2. Quantum turbulence: Recently, the Cambridge experimental group led by Zoran Hadzibabic has performed an
experiment to shake a Bose condensate in a box trap vigorously. They found that after some period of shaking, the
momentum distribution of the gas develops a power law over a wide range of momentum. (This experiment is currently
under review and has not been posted on the preprint archive. We learned about it through communications with the
authors.) Turbulence is one of the longest standing problems in physics. It remains unsolved after a century of studies.
Once again, cold atom experiments offer a new and flexible platform to study a longstanding problem. Moreover, cold
atom experiments also raise new questions. Traditional studies of turbulence have been focusing on velocity-velocity
correlation functions, whereas cold atoms experiments force one to consider momentum distributions, which is a more
fundamental quantity. We have recently completed a study of the analog of the Cambridge experiment for an ideal gas.
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The results turn out to be surprisingly rich. We have found the emergence of power law behavior at long times, which is
generated by the energy cascade processes driven by the external potential. We are in the process of writing up our
results.
3. Quantum Hall states: There are two classes of quantum Hall states, abelian and non-abelian. They are distinguished
by the statistics of their quasi particles under exchange. For abelian quantum Hall states, the system acquires a phase
factor after the exchange, whereas for non-abelian states, the quasi particles states have internal structures and the
exchange process will lead to a change of these internal structures rather than the appearance of a phase factor. In
solid-state systems, the descriptions of these quasi-particles are very complicated. Recently, we have found a simple way
to describe the wavefunction of the quasi-particles. We are currently trying to design experimental protocols for the
exchange processes of these non-abelian quasi-particles so as to reveal their properties.
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Abstracts for Journals and
Proceedings

Klauss C, Xie X, Jin D, Cornell E. "Universal Dynamics in a Unitary Bose Gas." Contributed talk by C. Klauss. 46th
Annual Meeting of the APS Division of Atomic, Molecular and Optical Physics, Columbus, OH, June 8-12, 2015.
Bulletin of the American Physical Society 2015 Jun;60(7):Abstract ID: BAPS.2015.DAMOP.G3.3.
http://meetings.aps.org/ , Jun-2015

Abstracts for Journals and
Proceedings

Jin D. "AMO." Invited talk. Department Seminar, University of British Columbia, Canada, November 19, 2015.
Department Seminar, University of British Columbia, Canada, November 19, 2015. , Nov-2015

Abstracts for Journals and
Proceedings

Jin D. "Bose polarons in the strongly interacting regime." Invited talk by D. Jin. Presented at Bose Einstein
Condensation 2015, Sant Feliu, Spain, September 5-11, 2015.
Bose Einstein Condensation 2015, Sant Feliu, Spain, September 5-11, 2015. , Sep-2015

Abstracts for Journals and
Proceedings

Jin D. "A strongly interacting Bose-Einstein condensate." Invited talk. Fundamental Optical Processes in
Semiconductors (FOPS) 2015, Breckenridge, CO, August 2-7 2015.
Fundamental Optical Processes in Semiconductors (FOPS) 2015, Breckenridge, CO, August 2-7 2015. , Aug-2015

Abstracts for Journals and
Proceedings

Jin D. "Fun with Ultracold Atoms." Invited talk. 40th Annual Donald Hamilton Lecture, Princeton University, April 30,
2015.
40th Annual Donald Hamilton Lecture, Princeton University, April 30, 2015. , Apr-2015

Abstracts for Journals and
Proceedings

Jin D. "Ultracold Atoms and Molecules." Invited talk. Presented at the JASON Spring Meeting, McLean, VA, April 25,
2015.
JASON Spring Meeting, McLean, VA, April 25, 2015. , Apr-2015

Abstracts for Journals and
Proceedings

Cornell E. "Experiments on Degenerate Bose Gases with Unitary Interactions." Invited talk. National Tsing Hua
University, Singapore, June 30, 2015.
National Tsing Hua University, Singapore, June 30, 2015. , Jun-2015

Abstracts for Journals and
Proceedings

Cornell E. "Experiments on Degenerate Bose Gases with Unitary Interactions." Invited talk. 2015 Taiwan International
Symposium on Contemporary Atomic and Optical Physics, Taiwan, July 9-10, 2015.
2015 Taiwan International Symposium on Contemporary Atomic and Optical Physics, Taiwan, July 9-10, 2015. ,
Jul-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Gases in Curved Surfaces" Invited talk. Presented at the Workshop on Frontiers in Quantum Gases,
Institute of Nuclear Studies, University of Washington, Seattle, May 22, 2015.
Workshop on Frontiers in Quantum Gases, Institute of Nuclear Studies, University of Washington, Seattle, May 22,
2015. , May-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Gases in Curved Surfaces." Invited talk. Presented at the 2015 Taiwan International Symposium on
Contemporary Atomic and Optical 30 years anniversary of IAMP, Taipei, July 8-10, 2015.
2015 Taiwan International Symposium on Contemporary Atomic and Optical 30 years anniversary of IAMP, Taipei,
July 8-10, 2015. , Jul-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Gases in Curved Surfaces." Invited talk. Presented at the XVIII Progress in Many-Body Theory
Conference, Niagara Falls, July 8-10, 2015.
XVIII Progress in Many-Body Theory conference, Niagara Falls, July 8-10, 2015. , Jul-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Challenges in Cold Atom Physics." Invited talk. Presented at the NSF Workshop on the Grand Challenges in
Quantum Fluids and Solids, University of Buffalo, August 7-9, 2015.
NSF Workshop on the Grand Challenges in Quantum Fluids and Solids, University of Buffalo, August 7-9, 2015. ,
Aug-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Many-Body Localization in Cold Atom Systems." Invited talk. Quantum Fluids from nk to TeV: An 80th
Birthday Symposium in Honor of Gordon Baym, Urbana, IL, October 16-17, 2015.
Quantum Fluids from nk to TeV: An 80th Birthday Symposium in Honor of Gordon Baym, Urbana, IL, October 16-17,
2015. , Oct-2015

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Turbulence." Invited talk. Presented at the MURI Workshop on Non-equilibrium Physics, University
of Berkeley, January 12, 2016.
MURI Workshop on Non-equilibrium Physics, University of Berkeley, January 12, 2016. , Jan-2016

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Gases in Curved Surfaces." Invited talk. Colloquium presented at the University of Chicago,
January 14, 2016.
Colloquium presented at the University of Chicago, January 14, 2016. , Jan-2016

Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Turbulence." Invited talk. Presented at the University of Illinois at Urbana-Champaign, March 7,
2016.
Invited talk at University of Illinois at Urbana-Champaign, March 7, 2016. , Mar-2016
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Abstracts for Journals and
Proceedings

Ho T-L. "Quantum Turbulence." Invited talk. Presented at the Institute of Advanced Studies, Tsinghua University,
Beijing, March 17, 2016.
Institute of Advanced Studies, Tsinghua University, Beijing, March 17, 2016. , Mar-2016

Abstracts for Journals and
Proceedings

Ho T-L. "Non-abelian Statistics with Cold Atoms." Invited talk. Presented at the International Conference on Fermi
Gases, in Celebration of the 90th Anniversary of Fermi' paper on Fermi statistics, Florence, Italy, March 21, 2016.
International Conference on Fermi Gases, in Celebration of the 90th Anniversary of Fermi' paper on Fermi statistics,
Florence, Italy, March 21, 2016. , Mar-2016

Abstracts for Journals and
Proceedings

Ho T-L. "Dynamics of quantum gases in stretched spacetime." Invited talk. Presented at the Institute of Advanced
Studies, Tsinghua University, Beijing, March 25, 2016.
Institute of Advanced Studies, Tsinghua University, Beijing, March 25, 2016. , Mar-2016

Articles in Peer-reviewed Journals

Zhu Z, Weng Z-Y, Ho, T-L. "Spin and charge modulations in a single hole doped Hubbard ladder: verification with
optical lattice experiments." Physical Review A. 2016 Mar;93(3):033614. http://dx.doi.org/ , Mar-2016

Articles in Peer-reviewed Journals

Ho T-L, Huang B. "Spinor condensates on a cylindrical surface in synthetic gauge fields." Physical Review Letters. 2015
Oct 9;115(15):155304. PubMed PMID: 26550734 ; http://dx.doi.org/ , Oct-2015

Articles in Peer-reviewed Journals

Ho T-L, Huang B. "Local spin structure of large spin fermions." Physical Review A. 2015 Apr;91(4):043601.
http://dx.doi.org/ , Apr-2015
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