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Abstract

The Efimov states are three-body bound states, which appear universally wisendte scat-
tering length between the particles is resonantly large. Since the Efimov states and their charac-
teristic discrete scale invariance have recently been observed in ultracold atoms, the Efimov states
and their associated few-body phenomena have attracted widening interest both theoretically and
experimentally. In this thesis, | theoretically study the Efimov physics and related phenomena,
focusing on the following three topics:

() Universal three-body physics for a mass-imbalanced Fermi system (Chapter 3).

For a system of two identical spinless (i.e., spin-polarized) fermions and one distinguishable
particle which interact via a short-range potential with a laggeave scattering length, two classes
of universal three-body bound states have been known to appedfdaredt regimes of the mass
ratio: the Efimov trimers and the Kartavtsev-Malykh trimers, which feature the discrete and con-
tinuous scale invariance, respectively. | have found the third class of universal three-body bound
states, which | call the “crossover trimers”. The crossover trimers show neither the discrete nor con-
tinuous scale invariance. | have identified the regions of these three classes of trimers as a function
of the mass ratio and thr@wave scattering length, and shown that the Kartavtsev-Malykh trimers
and the Efimov trimers can continuously transform into each other via the crossover trimers as the
mass ratio and the-.wave scattering length are varied.

Owing to the presence of the crossover trimers, the Kartavtsev-Malykh trimers dissociate into
a particle and a dimer when treewave scattering length is varied, inducing resonances in the
particle-dimer scattering. | have calculated the elastic particle-dimer scattering lengths in arbitrary
angular-momentum channels, and shown that the particle-dimer resonances indeed occur. From the
resonance positions, | have found accurate values of the critical mass ratios at which the Kartavtsev-
Malykh trimers in the higher angular-momentum channels appear.

(i) Universal three-body parameter (Chapter 4).

In the Efimov physics, the three-body parameter fixes the short-range three-body phase and
hence the scale of the energy spectrum. Until quite recently, it has been widely held that the three-
body parameter should depend on the short-range part of the inter-atomic potential, and hence vary
almost randomly betweenftierent atomic species and hyperfine states. However, mounting evi-
dence in recent experiments suggests otherwise. While some theoretical studies have succeeded
in reproducing the universal behavior in the three-body parameter, the underlying physical mech-
anism has remained unclear and controversial. In this thesis, | elucidate the physical origin of the
universal three-body parameter. | propose that a non-adiabatic deformation of the three-body wave
function induced by a universal two-body correlation results in a universal three-body repulsion,
which prevents three particles from coming close and renders the three-body parameter universal.
This mechanism is verified by reproducing the universal three-body repulsion with a simple model
wave function.

The mechanism found here suggests that the three-body parameter would also be universal
for non-van der Waals types of potentials. For various classes of deep two-body potentials, it is
shown that the fective range is the relevant length scale to characterize the two-body correlation
and sets the three-body parameter. Depending on the shape of the two-body correlation, there



exist two classes in which the value of the three-body parameter is universally determined. One
class corresponds to short-range two-body potentials decaying as a power law, relevant to atomic
interactions, for which the universal pair correlation behaves smoothly. The other corresponds
to deep two-body potentials decaying exponentially, relevant to nuclear systems, for which the
universal pair correlation shows discontinuity.

(iii) E ffective interaction between heavy particles immersed in a Fermi sea of light fermions
(Chapter 5).

For a system of two heavy particles resonantly interacting with one light fermion, the Efimov
states generally appear. Recently, it has been shown numerically that the formation of the Efimov
states is suppressed when the number of light fermions is increased so that they form a Fermi
sea. | show that this is also true in the casé\dfieavy particles. To be more specific, | consider
N heavy particles immersed in a Fermi sea of light, spinless (i.e., spin-polarized) fermions, and
study the interaction between the heavy particles induced by the surrounding light fermions at
zero temperature. With the Born-Oppenheimer method, | have analytically shown that the induced
interaction vanishes for any in the limit of high light-fermion density. The induced interaction
vanishes even in the unitarity regime. This suggests that the formation of the Efimov states and
their associatetl-body bound states is suppressed in the presence of the dense Fermi sea. | have
ascribed the vanishing induced interaction to the screertfiagten the neutral Fermi system.



Acknowledgment

| would like to express my deepest gratitude to my supervisor Prof. Masahito Ueda. He has
provided me with the great opportunity to enjoy my Ph. D research in his group, and he has been
the best teacher. All the research presented in this thesis would have been impossible without his
patient guidance, continuing encouragement, and valuable discussion.

Dr. Pascal Naidon has been one of the most important collaborators. He is the person who
had motivated me to start studying the Efimov physics in ultracold atoms. His continuing interest,
encouragement, and valuable discussion on the Efimov physics for this three years have been one
of the most important support | had.

| am also greatly indebted to many other colleagues and researchers. | am grateful to Prof. Yusuke
Nishida for discussion and insightful comments on the Efimov physics and the polaron physics in
ultracold atoms. | appreciate Dr. Shuta Nakajima for teaching me experimental details of his re-
search on the Efimov states and for valuable discussion. | acknowledge Mr. Issei Yoshimoto for
valuable discussion on the renormalization group analysis of the Efimov states and for our recent
collaboration on the three-body physics for a mass imbalanced Fermi system. | am grateful to
Mr. Kohei Kato for insightful discussions on a bosonic mixture of Rb and K atoms. | would like
to thank Dr. Naoyuki Sakumichi and Mr. Yusuke Horinouchi for continuing interest in my research
and inspiring discussion on various fundamental topics in physics. | thank Prof. Shunsuke Fu-
rukawa, Dr. Yu Watanabe, and Prof. Yuki Kawaguchi for all their assistance, especially for keeping
the computer | have been using and for their assistance in numerical calculations. | appreciate
Ms. Lumi Oshima, Ms. Yumiko Wada, and Ms. Kimiko Kowashi for all their assistance, especially
in dealing with paperwork on travel expenses and research funds. | would like to thank all the
members of Prof. Masahito Ueda group and the colleagues in the condensed matter theory group
in the Department of Physics, the University of Tokyo for my exciting life as a Ph. D student.

| appreciate all members of the thesis committee, Prof. Tetsuo Hatsuda, Prof. Shin Inouye,
Prof. Yusuke Kato, Prof. Naoki Kawashima, and Prof. Susumu Shimoura, for carefully reviewing
this thesis and for numerous insightful comments.

The research presented in this thesis would have been impossible without financial supports
from the Japanese Society for the Promotion of Science (JSPS). The research has been supported by
the JSPS Research Fellowships for Young Scientists DC1 (Grant No. 237049), and the Institutional
Program for Young Researcher Overseas Visits.

Finally, | would like to express my gratitude to my parents and my wife Takako for their love,
patience, and warm encouragement.



Publication List

Publications relevant to this thesis

(i) Shimpei Endo, Pascal Naidon, and Masahito Ueda, Few-Body Sy$sén7 (2011)
“Universal physics of 21 particles with non-zero angular momentum.”

(i) Shimpei Endo, Pascal Naidon, and Masahito Ueda, Phys. R&@, 262703 (2012)
“Crossover trimers connecting continuous and discrete scaling regimes”

(i) Pascal Naidon, Shimpei Endo, and Masahito Ueda, arXiv:1208.3912 (2012)
“Physical Origin of the Universal Three-body Parameter in Atomic Efimov Physics”

(vi) Shimpei Endo, and Masahito Ueda, arXiv:1309.7797 (2013)
“Perfect screening of the inter-polaronic interaction”

(v) Pascal Naidon, Shimpei Endo, and Masahito Ueda, to be published in Phys. Rev. Lett.
“Microscopic Origin and Universality Classes of the Efimov Three-body Parameter”

Publications irrelevant to this thesis

(vi) Shimpei Endo, Takashi Oka, and Hideo Aoki, Phys. Re81B8113104 (2010)
“Tight-binding photonic bands in metallophotonic waveguide networks and flat bands in
kagome lattices.”

(vii) Chuan-zhou Zhu, Shimpei Endo, Pascal Naidon, and Peng Zhang,
Few-Body System5§4, 1921 (2013)
“Scattering and bound states of two polaritons in an array of coupled cavities”



Contents

1

Introduction 1
1.1 Efimovstates . . . . . . . . e 1
1.2 Efimov physics as a universal few-body phenomenon . . . . . . ... ... .. 3.
1.3 Further development of the Efimov physics . . . . .. .. ... ... ...... 5
1.4 Organizationofthisthesis . . . . . ... ... ... ... .. ... ....... 12
Reviews of universal few-body physics in ultracold atoms 15
2.1 Universality of the few-body and many-body physics atlowenergy . . . . . . . 15.
2.1.1 Low-energytwo-body physics . . . .. ... .. ... ... .. ... 16
2.1.2 Low-energy three-body physics and the three-body parameter . . . . 24 .
2.2 Efimov physics for three identicalbosons . . . . ... ... ... ....... 26
2.2.1 Qualitative description of the Efimoffect . . . . . . ... ... ... .. 28
2.2.2 Quantitative description of the Efimov physics . . . . . ... ... .. 31
2.2.3 Efimov #ect for finite-range potentials . . . . . .. .. ... ... ... 34
2.2.4 Experiments on the Efimov physics in ultracold atoms . . . . . .. .. 35
2.3 Three-body physics for fermions . . . . . ... ... ... ... L. 38
2.3.1 Efimov &ect and the critical mass ratio at unitarity . . . . . .. ... .. 38
2.3.2 Kartavtsev-Malykh trimer . . . . . ... .. ... .. .. ... 40
2.4 Universal three-body parameter. . . . . . . . . . . . ... ... .. ... ... 42
2.4.1 History and recent experiments in ultracoldatoms . . . . . .. ... .. 42.
2.4.2 Theoretical developments . . . . . . . . ... . oL a7
Universal three-body physics for fermions 51
3.1 Higher-partial-wave Skorniakov—Ter-Martirosian equation . . . . .. ... .. 53
3.2 Properties and identification of thetrimers . . . . . .. .. ... ... ..... 59
3.2.1 Summaryofthemainresults . . . . . ... .. ... ... ... .. .. 59
3.2.2 Energyspectrafon:/m. < (Mg/M)e . . . . . . o oo o 62
3.2.3 Energy spectrafons/m. > (Meg/M)g . . . . . o o oo oo 64
3.24 Crossovertrimers . . . . . . . o o i i 63
3.2.5 Universal and non-universal trimers . . . . . .. .. ... ... ..../| 69
3.3 Kartavtsev-Malykh states and Efimov states in the other systems . . . . . .. 75 .
3.4 Experimental implications . . . . ... .. ... .. .. ... . 80



Vi

4 Universal three-body parameter of the Efimov states 85
4.1 Physical origin of the universal three-body parameter for atomic Efimov states 88 .
4.1.1 Hyper-radial potential in the low-energy Faddeev formalism . . . . . . 89
4.1.2 Non-adiabatic deformation as the physical origin of the universal three-
body parameter . . . . . . . . .. 93
41.3 Someremarks. . . . . ... e 938
4.2 Three-body parameter for general two-body potentials . . . . . .. ... ... 99.
4.2.1 Physicalargument . . . . . .. ... 99
4.2.2 Universality classes of the three-body parameter . . . . . ... ... 102.
5 Perfect screening of the inter-polaronic interaction 112
5.1 Theoretical description of the vanishing inter-polaronic interaction . . . . . . 114
5.1.1 Inter-polaronic interaction in the Born-Oppenheimer approximation . 114
5.1.2 Proofofthetheorem . . ... ... ... .. ... ... . ... ... . 115
5.2 Physical origin of the vanishing inter-polaronic interaction . . . .. ... ... 118
5.3 Physical implications of the theorem . . . . . . ... .. ... ... ...... 120
54 Someremarks . . . . .. L 123

6 Conclusion and future prospects 125



Chapter 1

Introduction

1.1 Efimov states

In 1970, Vitaly Efimov found a new class of three-body bound states, which are now called the
Efimov states [1, 2]. He considered non-relativistic three identical bosons in three spatial dimen-
sions, where the three particles interact with each other via a short-ranged attractive interaction.
He fine-tuned the strength of the attractive interaction such that a two-body bound state is about to
appear in theswave channel, so that a resonant scattering occurs arsMiage scattering length
between the particles gets divergently large. By analytically solving the three-body problem under
these conditions, he found that an infinite number of three-body bound states appear. The most re-
markable feature of these three-body bound states is that their properties are the same after a scaling
transformation: assume that you have found one of the three-body bound states. Then, all the other
three-body bound states can be obtained by a proper scale transformation. For example, the wave
functions and the binding energies of th¢h and @ + 1)-th three-body bound states are related to
each other a¥,,1(r;) = Wn(rie™), andE,,; = € %/%E,, whereg/® = 227... (5 = 1.0024. . )
is the universal scaling factor.

The Efimov states are universal three-body bound states that appear in any system when the
inter-particle interaction is short-ranged and resonant. The Efimov states have been sought in var-
ious systems for more than 30 years. Originally, Efimov investigated the possibility of the Efimov
states for three-body systems of nucléofi®., protons and neutrons), since the nuclear force is
short-ranged and the scattering lengths between the nucleons is relatively larger than the range of
the nuclear force [1, 2]. The Efimov physics has also been discussed in the context of neutron rich
nuclei [3, 4, 5]. For some nuclei containing much larger number of neutrons than typical stable
nuclei, such a8He [4] and'Li [4, 6], their radii have been found to be much larger than those for
typical nuclei, and the neutron’s wave function extends to a long distance. Such nuclei are called
halo nuclei, and it is argued that these halo nuclei are closely related to the Efimov states. The
Efimov states have also been studied in the atomic and molecular physics [7, 8, 9, 18HeFor
atoms, there exists a weakly bound two-body bound statéld@ftoms and the scattering length
between the twéHe atoms is very large [11, 12, 13, 14]. A three-body problem of tfifseatoms

$He also considered the possibility of the Efimov state$46r which can be regarded as a three-body system of
particles.
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has been studied theoretically, and it has been suggested that there are two three-body bound states,
one of which is rather weakly bound and has an Efimov character [8, 9, 10].

However, the Efimov states have eluded experimental investigations for a long time. The main
difficulty is the necessity faruly resonant interactions. The interaction between particles is reso-
nant only when it is, by coincidence or for some reasons, fine-tuned such that a bound state is about
to appeaidisappear. Unfortunately, such fine-tuned systems are quite rare in Nature. Furthermore,
it turns out that one needs a fine-tuning with extreme precision to observe more than one three-body
bound state. In his original work [1], Efimov estimated the number of the Efimov states to be

N ~ 1 log —, (1.2)
Vi Mo
whereais thes-wave scattering length, amglis the range of the inter-particle interaction. From this
estimate, one can see that the scattering length must be extremely large to observe several Efimov
energy levels:N > 2 corresponds t@|/ro > 500, andN > 3 corresponds t@|/ro > 10%. In all
the examples shown above, however, the scattering length is only moderatelgllagge 5 — 20,
and it is impossible to observe more than one three-body bound state. This has mfubeilt th
study Efimov physics experimentally in these systems

A major breakthrough has occurred recently in the field of ultracold atoms. Advanced cooling
techniques such as the laser cooling [15, 16, 17, 18] and the evaporative cooling [19, 20] developed
in the 1970s to 1990s have enabled one to prepare neutral atoms at extremely low temperatures
T ~ 1-100 nK. At such ultracold temperatures, the interaction between the atoms is dominated by
the sswave scattering channel, which is characterized bystivave scattering length. In 1998,
the sswave scattering length has been found to be controllable by applying an external magnetic
field [21]. This technique is called the Feshbach resonance [22, 23]. Since its first experimental re-
alization, it has been the standard tool and widely used in the field of ultracold atoms (see Ref. [24]
for a review of the Feshbach resonance). The unique feature of the Feshbach resonance is that one
can prepare a system with a desired value of the interaction strength in experiments with extreme
precision. In Fig. 1.1, the-wave scattering length betweén atoms is shown as a function of the
external magnetic field. One can clearly see thastivave scattering length changes dramatically
as the strength of the magnetic field is varied. By precisely controlling the external magnetic field,
the s-wave scattering length can be changed by several orders of magnitude. With the Feshbach res-
onance, one can experimentally study few-body and many-body physics by continuously varying
the inter-atomic interaction from the weakly interacting limit> O up to the strongly interacting
limit a —» +co. This is in marked contrast with other systems, where the interactions between
particles is generally set by Nature and one has little control over it.

The Feshbach resonance has enabled the observation of the elusive Efimov states. In 2006, the
first signature of the Efimov states has been observed in ultracold atoms by a team of the Innsbruck
University [27]. In a subsequent experiment [28], two adjacent Efimov states have been observed.
As shown previously, the-wave scattering length should be extremely ldagj@, > 500 to achieve
this, but such an extreme fine-tuning is possible with the Feshbach resonance. In this experiment,
the discrete scale invariance has been confirmed and the universal scaling factor has been found to
be 25+ 4 [28], which is consistent with the theoretically predicted vadti& = 22.7.. . ..
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Figure 1.1: Feshbach resonance observedlfoatoms [25]. Thes-wave scattering length is

shown in the atomic unig, as a function of the external magnetic field. T&eave scattering

length is varied by seven orders of magnitude in the vicinity of the resonance. The red solid curve
and the blue dashed curve are the coupled-channel calculation and the Feshbach resonance fit in
Eq. (2.15), respectively. The inset is a blowup around the zero-croasiad. The scattering

length is estimated from a BEC size measurement [25], whiclffested by beyond mean-field
effects and anharmonic contributions to a trapping potential at large scattering length. In Ref. [26],

a new measurement with less systematic uncertainties has been done by the same group. [Figure
reprinted with permission from S. E. Pollaekal.,, Phys. Rev. Lett102 090402 (2009). Copyright

© (2009) by The American Physical Society.]

1.2 Efimov physics as a universal few-body phenomenon

Although the Efimov physics has eluded experimental investigations for more than 30 years, it
is a universal phenomenon and, in principle, it can appear in various physical systems. For non-
relativistic three identical bosons interacting via short-ranged two-body interactions, the Efimov
states appear when the following two conditions are satisfied:

e The inter-particle interaction is short-ranged, so thatdlveave interaction is dominant at
low energy.

e The s-wave scattering length between the patrticles is divergently lafge ro, whererg is
the range of the interaction.

Historically, the possibility of the Efimov states has been studied in various systems, such as the
halo states of the neutron rich nucl&e clusters, and ultracold atoms. In all these systems, the
two conditions are, to some extent, satisfied.

These conditions for the appearance of the Efimov states can be used as a guideline to search
for the Efimov states in novel systems. If one wants to know whether the Efimov states can appear
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for a given system, one can first check the above two conditions. If they are satisfied, it is very
likely that the Efimov states appear. In 2013, it has been theoretically predicted that the Efimov
states can appear in a quantum spin system [29, 30]. This new finding can be interpreted in the
above framework: in a quantum spin system described by the ferromagnetic Heisenberg model, the
low energy excitations are magnons. They behave as bosonic quasi-particles and their low-energy
dispersion is the same as that for non-relativistic free particles in the vaguunk®. Therefore,

their scattering problem can be treated in a manner similar to that of non-relativistic identical bosons
in the vacuum. In real quantum spin systems in solids, there are often some anisbindpods

can induce a short-ranged magnon-magnon interaction. If this magnon-magnon interaction is such
that the resonance of the magnon-magnon scattering occurs, the above two conditions are satisfied
at low energy and the Efimov states appear.

It is notable that the general features of the Efimov states in various systems are the same. If
one virtually changes the Hamiltonians of the halo nuclei, quantum spin systdegr ultracold
atoms, and fine-tunes tlsevave scattering length to b¢d = 0 in these systems, the Efimov states
appear in all these systems. The scaling factors for the Efimov states in these systems are exactly
the sameg™® = 22.7. .., and their low-energy properties are also quantitatively the same. This
seems to be quite remarkable, since the Hamiltonians of these systems are t@eigntdi the
interactions between the nucleons and nuclei are the Yukawa intera@itiir at long distance,
while they are the on-site or nearest-neighbor interactions for a quantum spin system, and they
are the van der Waals interactiet€Cg/r® at long distance fofHe atoms and for typical neutral
atoms. Furthermore, the energy scales of these systdfas slgnificantly. The energy scales of
the Efimov states in the nuclear system and the ultracold atoms ard MeV andE ~ 1 uK,
respectively. They are fierent by more than 15 orders of magnitude. In spite of these tremendous
differences, the emergent Efimov states behave in the same manner.

In other words, the Efimov physics is a universal few-body phenomenon. Here, the word “uni-
versal” means that seeminglyfidirent systems behave in the same fashion and they can be de-
scribed by a single unifying theory. The most famous example of the universal phenomena may be
the universality class in the theory of phase transitions. A magnetic phase transition and a liquid-
gas phase transition seems at first sight to be totally distinct phenomena, but they belong to the
same universality class and can be understood in a unified manner close to the critical temperature.
Similarly, the Efimov states in all the above examples can be described by a unifying theory, the
zero-range Efimov theory (see Sec. 2.2 for more details), as long as we are interested in their low
energy behavior close to resonance.

The analogy with the universality in the theory of phase transitions is rather helpful in un-
derstanding why such a universal few-body phenomenon can appear in the resonantly interacting
three-body system. One similarity between the Efimov physics and the phase transition is that in
both cases, one is concerned about their low-energy (i.e., long-distance) behavior. This allows us
to significantly decrease the number of relevant parameters and characterize the system in a sim-
ple manner. In the case of the phase transitions, this procedure is known as a “coarse graining”;
if one observes the system at a large length scale, all the microscopic details of the complicated
Hamiltonian are averaged out, and one is left with a simple low-endfggte field theory which

$1n Ref. [29], the anisotropic Heisenberg model with the single-ion anisotropy term has been studied.



contains only a few parameters. In the case of the few-body problem at low energy, a similar sim-
plification and reduction of variables occur. When one considers a two-body scattering problem at
low-energy and focuses on its long-range behavior, the role of the inter-atomic interaction is merely
to alter the asymptotic phase shift. At low energy, the asymptotic phase shift can be characterized
by a single parameter, tteewave scattering length. Thus, the low-energy two-body physics can be
characterized by thewave scattering length, and all the other details of the inter-particle potential

is unimportant in discussing low-energy properties. Similarly, in the three-body problem, it turns
out that there are only two relevant parameters to characterize the system at low enexgyaviee
scattering length and the three-body parameter (see Sec. 2.1 for more details about the universality
in the two-body and three-body physics).

Another similarity is the presence of a divergently large length scale. Close to the critical point
of the second order phase transitions, the correlation length becomes divergently large. On the other
hand, thes-wave scattering length is divergently large when the Efimov states appear. In the vicinity
of the critical point of the second order phase transitions, systems become scale invariant due to
the divergent correlation length, and the renormalization group method turns out to be a powerful
tool in analyzing the critical phenomena. Similarly, the scale invariance and the renormalization
group method are essential for studying the Efimov states [31, 32]. One spectatfigleande
is that the scale invariance in the Efimov physics is discrete, while for the phase transitions it is
continuous. In the renormalization group language, the Efimov physics corresponds to the limit-
cycle solution [31], while the fixed-point solutions are playing essential roles in the theory of the
phase transitions. While the fixed-point solutions are rather common in Nature, in his pioneering
studies of the renormalization group studies [33, 34], K. G. Wilson pointed out that, in principle,
there can be limit-cycle solutions for the renormalization group trajectory. The limit-cycle solutions
are quite rare in Nature. Some mathematical models have been proposed which shows the limit
cycle [35, 36, 37], but the Efimov physics is the only example where the renormalization group
limit cycle in a quantum-mechanical system has clearly been observed.

The universality of the Efimov states can, in turn, be used as a criterion to judge whether a three-
body bound state can be called as an Efimov state. The Efimov states have several characteristic
features: they are weakly bound three-body bound states, whose spatial size is much larger than the
range of the interaction; they appear when the inter-particle scattering length is divergently large.
If a given thee-body bound state shows these properties, it is a good hint that it is the Efimov state,
but these criteria seem to be too vague and far from conclusive. Rather, the clearest signature of the
Efimov state would be the universal scaling faa®f = 22.7. ... In ultracold atoms, the discrete
scale invariance has been confirmed in experiments and the observed scaling factd28bwas
in excellent agreement with the universal predictét® = 22.7.... These are the smoking-gun
experiments to conclude that the Efimov physics is indeed being observed in ultracold atoms.

1.3 Further development of the Efimov physics

Since Efimov studied a resonantly interacting three-body system of identical bosons, various
kinds of other resonantly interacting few-body systems have been theoretically investigated in sub-
sequent studies. It has gradually become clear that what Efimov found in 1970 is just a small
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fraction of broad classes of exotic few-body phenomena in resonantly interacting systems at low
energy. In this section, | will introduce some important generalizations of Efimov’s scenario and
recent progresses in the field of Efimov physics in ultracold atoms. There are many important de-
velopments, but here | only present those which are relevant to this thesis, and briefly summarize
how this thesis is related to them.

(i) Efimov physics in various types of three-body systems (Chapter 3)

In his first papers, Efimov considered a three-body system of identical bosons [1, 2], but he
subsequently extended his idea to three-body systems Mieneht statistics of particles [38]. For
example, for a system of two identical bosons (B) and one distinguishable particle (A), both with
no internal degree of freedom, three-body bound states of B-B-A and A-A-B appear when the
interaction between A and B patrticles is resonant. In the case of three distinguishable particles,
three-body bound states generally appear when more than one of the two-body interaction is reso-
nant [38, 39, 40]. In all these cases, properties of the three-body bound states are mostly the same
as those of identical bosons: they are weakly bound three-body bound states and show the discrete
scale invariance. The only notablgfdrence is that the value of the scaling factor tsalent from
that of three identical bosons of 22.7, but the other features mostly remain the same. Thus, the
Efimov physics is not something unique to a system of three identical bosons, but is a more general
phenomenon.

For a three-body system with identical fermions, the three-body states become more exotic.
One of the main work of this thesis (Chap. 3) deals with this fermionic three-body physics. For
identical fermions, the Pauli exclusion principle dictates that the relative orbital angular momentum
between the identical fermions must be nonzero. The system then acquires an additional centrifugal
repulsion. The centrifugal repulsion tends to suppress the formation of three-body bound states, and
there is a competition between the Efimov physics and the centrifugal repulsion. If the centrifugal
repulsion is strong enough, there is no three-body bound state, while the Efimov states appear
when the centrifugal repulsion is negligibly small. Since the centrifugal repulsion is inversely
proportional to the mass of the fermions, the presence or absence of the Efimov states strongly
depends on the mass of the fermions. In one of his pioneering studies, Efimov considered a three-
body system of two identical fermions (F) and one distinguishable particle (A) [38]. He found that
the Efimov states of F-F-A can appear when the mass of the fermions is much larger than that of
the other particle, while the Efimov states disappear when the mass of the fermions is comparable
to that of the other particle. Thus, the masses of the particles are essential parameters determining
the presence or absence of the Efimov states. If one can vary them, one can control the presence or
absence of the Efimov states. This is in marked contrast with the bosonic three-body systems, in
which the Efimov states appear for any mass ratio.

As one can see from these examples, the Efimov physics is not a uniqgue phenomenon restricted
to a system of three identical bosons, but it is more general. The Efimov states can instead appear
for various kinds of resonantly interacting three-body systems. This is another reason why the
Efimov states are called “universal” three-body bound states.

In ultracold atoms, these three-body systems wiffed@nt statistics of particles can also be ex-



plored experimentally. For a neutral atom, its internal state is characterized by the hyperfine states.
Since ultracold atoms are prepared to be fairly dilute, the spin exchange processes are typically so
slow that the hyperfine states of the atoms can be regarded as well-defined internal States

the internal degree of freedom is frozen, the hyperfine states can be used as a “label” to distinguish
particles, so that atoms infterent hyperfine states can iegtively regarded as “tlerent” parti-

cles. Thus, in ultracold atoms, we typically deal with bosons or fermions with no internal degree
of freedom, and throughout this thesis, | also consider particles with no internal degree of free-
dom. Since the hyperfine states of the atoms can be controlled by microwaves, three-body physics
for desired statistics of particles can be explored in ultracold atoms. By prepgaiiagoms in

the same hyperfine states, for example, the Efimov states for three identical bosons have been ob-
served [26, 44, 45, 46, 47]. The Efimov states for three distinguishable particles have also been
realized by preparinfLi atoms in three dferent hyperfine states [48, 49, 50, 51, 52, 53, 54]. An-
other way to control the statistics of the particles is to prepare a mixture of tot&kyeht atomic
species or isotopes. For example, in 2009, it has been reported that the Efimov states have been ob-
served in a bosonic mixture 8fRb and*'K atoms [55]. These atoms behave as bosons, since their
total numbers of the protons, neutrons and electrons are even. The Efimov sfaRIsHBRb-41K
and®Rb-*K-41K have been claimed to be observed by performing the inter-species Feshbach res-
onance, i.e., the Feshbach resonance betf/&mand*K atoms. Atomic species such #s, “°K,
and”3Yb, on the other hand, behave as fermionic atoms, since their total numbers of the protons,
neutrons and electrons are odd. Atomic mixtures with these fermionic atoms have been realized,
such ag%k-6Li [56], and1"3Yb-5Li [57, 58]. A mass-imbalanced fermionic mixture under resonant
interaction has been achieved recently [56], and there has been growing experimental interest in its
few-body and many-body behaviors.

The fermionic few-body problem has also attracted theoretical interest recently. While the
Efimov states in the fermionic three-body system has been found in 1973 [38], there are major
theoretical breakthroughs in the late 2000’s [59]. In 2007, Kartavtsev and Malykh pointed out
that in addition to the Efimov states, a new class of universal three-body bound states can exist in
the resonantly interacting fermionic three-body system [59]. These novel three-body bound states
are called the Kartavtsev-Malykh states, and they show fairly distinct features from the Efimov
states. While the Efimov states show the discrete scale invariance, the Kartavtsev-Malykh states
show a continuous scale invariance. Furthermore, the Kartavtsev-Malykh states are expected to be
much more stable than the Efimov states [59, 60]. These tii@rent types of universal three-body
bound states appear or disappear depending on the masses of the particlesaval/thecattering
length. In previous work, these two universal three-body bound states have been studied separately,
and it has not been known for what values of the parameters the Efimov states and Kartavtsev-
Malykh states can exist, and how these two types of trimers change into each other as the masses
and thes-wave scattering length are varied. One of the main work of this thesis is to reveal a
“phase diagram” of the fermionic three-body system. In the first half of Chap. 3 of this thesis,
the fermionic three-body problem is investigated for the whole parameter space of the mass ratio

$In some special cases, the spin exchange process is significant, and one must deals with spinors [41, 42]. While
the interplay of the Efimovfeect and the spinors has recently been studied theoretically in Ref. [43], | do not deal with
such cases throughout this thesis.
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and thes-wave scattering length. | have found that the Efimov states featuring the discrete scale
invariance can continuously transform into the Kartavtsev-Malykh trimers featuring the continuous
scale invariance as the mass ratio andsteave scattering length are varied. In between these two
types of universal trimers, | have found the third class of universal three-body bound states, which

| call the “crossover trimers”. The crossover trimers show neither the discrete nor continuous scale
invariance, but still behave and exist universally between the Kartavtsev-Malykh and the Efimov
regimes. | have identified the regions of these three classes of trimers as a function of the mass ratio
and thes-wave scattering length.

| have also found that the Kartavtsev-Malykh trimers dissociate into a particle and a dimer
when thes-wave scattering length is varied, inducing resonances in the particle-dimer scattering. |
have calculated the binding energies of trimers and the elastic particle-dimer scattering lengths in
arbitrary angular-momentum channels, and shown that the particle-dimer resonances indeed occur.
From the resonance positions, | have found accurate values of the critical mass ratios at which
the Kartavtsev-Malykh trimers in the higher angular-momentum channels appear, which have been
calculated only in an approximate manner in the previous study [61].

In 2013, a mass-imbalanced fermionic mixture*¥-°Li has been realized at the Innsbruck
University, and a precursor of the Kartavtsev-Malykh states has been observed [62]. On the other
hand, the Kyoto University group has realized a highly mass-imbalanced mixt&if&rofSLi in
2011 [57]. In 2012, the magnetically controlled Feshbach resonance has been observed between
Yb atoms by transferring atoms into a metastable excited state [63], and it is expected that with the
same technigue one may perform the magnetically controlled Feshbach resonant between Yb and Li
atoms [64]. For such a highly mass-imbalanced fermionic mixture, the Efimov states are expected
to appear at unitarity. The work in Chap. 3 would be helpful for these experimental investigations
of few-body and many-body physics in the mass-imbalanced Fermi systems.

(ii) Universal three-body parameter (Chapter 4)

The most important feature of the Efimov states is, as mentioned earlier, the discrete scale
invariance. At the resonant point where the/ave scattering length diverges, the binding energies
of the adjacent Efimov trimers are related to each oth&;,as= e ?/%E,. Here, the discrete scale
invariance only fixes the ratio between the binding energies, and it does not determine their absolute
values. Once the binding energy of one of the Efimov trimers is known, the binding energies of all
the other Efimov trimers can be obtained by performing the discrete scale transfofmatiois,
one parameter is necessary anfisient to determine the binding energies of the Efimov states.
This parameter is called the three-body parameter. Once the three-body parameter is set, the energy
spectra of the Efimov states are uniquely determined. It turns out that the three-body parameter is
essential not only for the energy spectra, but also for various properties of the Efimov states, such
as the three-body wave function, or an atomic loss (see Secs. 2.2.2 and 2.2.4 for more details).
In all these physical quantities, the three-body parameter appears explicitly. Thus, the three-body
parameter is a crucial quantity for the Efimov states.

$In fact, finite-range corrections can deteriorate, to some extent, the discrete scale invariance of the tightly bound
Efimov trimers, especially the ground Efimov trimer, but here | neglect it for the sake of simplicity. See the discussions
on the finite-range corrections in Sec. 2.2.2 for more detalils.



In ultracold atoms, one can prepare various atomic species under resonant conditions. So far,
the Efimov states have been observed’fo26, 44, 45, 46, 47, 65]*°K [28, 66], ®°Rb [67], and
133Cs [27, 68, 69] atoms by using Feshbach resonances. By comparing the observed three-body
parameters of all of these experiments, it has been found in 2011 that the three-body parameters
expressed in units of the van der Waals length agree excellently for all these atomic species. Further-
more, the three-body parameter for excited-state atoms has also been measured in 2012 [70],
and it has turned out to be consistent with that of alkalis.

These observations have surprised researchers working on the Efimov physics in ultracold
atoms. While the long-range part of the inter-atomic interaction shares the same van der Waals
form —Cg/r®, the short-range part is rather complicated. The short-range part of the interaction
depends on the details of electronic configurations of the atoms, and it can vary significantly be-
tween diferent atoms and hyperfine states. It has long been believed that this short-range part of
the interaction would significantlyfiect the few-body behavior. Indeed, this is true for two-body
physics. Thes-wave scattering lengths for various atomic species and hyperfine states have been
measured experimentally, and their values have been found to vary almost randomly befieeen di
ent atomic species and hyperfine states. There is no systematic law to relsisahe scattering
lengths for diferent atomic species. It has long been believed that the same reasoning should apply
to three-body physics: it has been widely believed that there is no systematic law to relate three-
body parameters for flerent atomic species and hyperfine states. In addition to the short-range
part of the two-body interaction, it has been suggested that an atomic species dependent three-
body force present at short range can also significatiigcaithe three-body parameter, rendering
it non-universal [71]. The experimental finding was, however, in fflihg contradiction to this
conventional belief. Recently, this universality of the three-body parameter has been regarded as
one of the most important issue in the Efimov physics in ultracold atoms.

Since the universal behavior of the three-body parameter has been found experimentally in
2011, people have started investigating when and why the three-body parameter should be univer-
sal. Some theoretical studies [72, 73, 74, 75] have confirmed that the three-body parameter should
be universal as experimentally found, and they obtain the three-body parameters consistent with
experiments. Furthermore, in Ref. [10], the three-body parameter has been numerically calculated
for three*He atoms, and it turns out to be consistent with those observed in ultracold atoms.

In spite of these progresses in the numerical calculations, the physical mechanism behind the
universal three-body parameter has remained unclear and controversial (see Sec. 2.4.2 for more
details). It is therefore of great interest and importance to reveal what is the physical origin of
the universal three-body parameter. This issue is addressed in Chap. 4, and clear answers to these
questions are presented. To be more precise, | elucidate the physical origin of the universality in
the three-body parameter as follows:

e For a deep two-body potential or a two-body potential with a hard-core repulsion at short
distance, the probability of two particles coming close is suppressed in a universal manner.

e This universal suppression of probability induces an abrupt deformation of the three-body
wave function as the hyper-radius is varied.

e This abrupt deformation of the wave function results in a strong non-adiabatic repulsion,
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which explains the appearance of the universal three-body repulsion reported in Ref. [73].
Since three particles cannot come close due to the universal three-body repulsion, three-body
physics is solely determined by the long-range van der Waals part, and is insensitive to atomic
species dependent short-range part.

This mechanism is verified by reproducing the universal three-body repulsion with a simple model
wave function. It is also shown that the three-body parameter becomes universal even for non van
der Waals types of deep two-body potentials. Two classes of two-body potentials are identified,
for which the three-body parameter has a universal value in units of tfiestige range. One

class corresponds to short-range two-body potentials decaying as a power law, relevant to atomic
interactions, for which the two-body probability is suppressed smoothly at short distance. The other
corresponds to deep two-body potentials decaying exponentially, relevant to nuclear systems, for
which the two-body probability decays abruptly at short distance. These findings may stimulate
further investigation of the three-body parameter of the Efimov physics in many fields of physics,
such as ultracold atom&He [8, 9, 10], nuclear physics [3, 4, 5], quantum spin systems [29, 30],
and possibly polyexcitons in solids [76].

(iif) Efimov physics for more than three particles (Chapter 5)

Soon after the Efimov states have been found theoretically in 1970, people have started investi-
gating what happens if the number of particles is further increased. Does a four-body bound state
exist? If so, does it show a discrete scale invariance? What about five-body, six-bodixbaraty
bound states?

For resonantly interactindyl identical bosons, these questions have been answered to some
extent both experimentally and theoretically. It has been theoretically shown that there appear four-
body bound states [77, 78, 79, 80], five-body bound states [81, 82, 83], ...N-éadly bound
states at least up td ~ 10— 40 [84, 85]. TheséN-body clusters seem to behave universally in
the resonantly interacting regieThey seem to show the discrete scale invariance with the same
scaling factor as the three-body systeft® = 22.7. .., which has been checked numerically for
N <5-6[78, 80, 86, 87]. Recently, signatures of the universal four-body bound states [26, 45, 68,
88] and five-body bound states [89] have been observed experimentally, and they are in excellent
agreement with theoretical predictions [77, 78, 80, 81].

For fermionic few-body systems, not much work has been carried out compared with the
bosonic ones. Experimentally, three-body bound states with two identical fermions, the Efimov
states, Kartavtsev-Malykh states, and crossover states, have not been observed yet, let alone four-
body, five-body bound states. Theoretically, the three-body bound states have been studied re-
cently and most of their properties are understood, as studied in Chap. 3. Fermionic four-body
physics has also been studied recently: four-body bound states of the Efimov characters [90, 91]

$There still remains a controversy over the number of parameters needed to universally characteritetihse
bound states. For four-body bound states, some studies suggest teatakie scattering length and the three-body
parameter are enough [77, 78, 79], while others point out the importance of an additional four-body parameter [79].
The number of the relevant parametersXbbody bound states are thus still under debate, but it is generally believed
thatN-body bound states can be universally characterized by only a few parameters, which should be Mss than
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and Kartavtsev-Malykh characters [92] have been found in 2009 and 2012, respectively. The rela-
tion between these four-body bound states and three-body states still remains an open question, and
merits further study. Furthermore, there is still little knowledge on the fermionic five-body physics
and six-body physics [93].

These investigations dfi-body clusters folN > 3 can be viewed as a “bottom-up” approach
to bridge the gap between the few-body and many-body physics. The Efimov physics discussed
above corresponds to strongly interactiegbody systems at smal: N = 3,4,5.... It is of great
interest to know whether they may approach the thermodynamic linhit gets large, and if they
do, what kinds of many-body phases may appear.

There is an alternative approach to connect the few-body and many-body physics. Recently,
few-body problems have been studied in the presence of some many-body backgrounds [94, 95,
96, 97, 98, 99, 100, 101]. In Ref. [94], for example, resonantly interachirgL¢1)-body problem
is considered witiN > 1, in which one of the three components is degenerate and forms a Fermi
sea. This system corresponds to a three-body problem in the presence of a many-body fermionic
environment, and itsfiect on the Efimov physics has been studied. Similar few-body systems
immersed in many-body backgrounds have been studied recently for both fermionic [94, 95, 96,
97, 98] and bosonic backgrounds [99, 100]. These systems correspdid1eX)-body systems
or (N+2)-body systems in the limit dfl — +co.

For a fermionic environment, it has been suggested numerically that the Fermi sea tends to
suppress the Efimovfiect for (N+1+1)-body [94] and N+2)-body systems [97]. While these
studies have shown this numerically in the case of two particles immersed in the Fermi sea, in
Chap. 5, I show it analytically in the case of an arbitrary number of particles immersed in the Fermi
sea. To be more specific, | study a systenNgf heavy particles immersed in the Fermi sea of
N_ light, spinless (i.e., spin-polarized) fermior${ < N_) and the interaction between the heavy
particles induced by the light fermions under the Born-Oppenheimer approximation in Chap. 5.
This system is closely related to the three-body physics of two identical spinless fermions (A) plus
another distinguishable particle (B) studied in Chap. 3, and a four-body system of three identical
fermions plus another distinguishable particle studied in Refs. [90, 91, 92]. The fermionic three-
body (A-A-B) and four-body (A-A-A-B) bound states appear only when the fermionic A particle
is much heavier than the B particle. The highly mass-imbalanced Fermi system studied in Chap. 5
corresponds to a system where there are so many fermionic B particles that they are forming a Fermi
sea, and a few A particles are immersed in a Fermi sea of B particles. In Chap. 5, | analytically show
that the induced interaction between the heavy particles acquires an additional repulsion due to the
presence of the Fermi sea, and the interaction completely vanishes in the limit of high light-fermion
density. This suggests that the formation of the Efimov states and their assd¢ibtaty bound
states is suppressed for aNyin the presence of a dense Fermi sea. The origin of this vanishing
induced interaction is ascribed to the screeniffga in the neutral Fermi system, which is also
discussed in Chap. 5.

The few-body problems in the presence of many-body backgrounds can be interpreted as po-
laron problems once one regards the heavy particles as “impurities”. INthE){system wheré&\
particles withN > 1 interact with the minority particle, the minority particle will form a dressed
quasi-particle state. This dressed state is called a polaron. In ultracold atoms, the polaron state has
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been realized in 2011 [102] by preparing a two-component mixture of fermionic atoms with an ex-
treme population imbalance. The polaron physics has been actively studied in ultracold atoms both
experimentally [56, 103, 104] and theoretically [105, 106, 107, 108] (for a review of the polaron
physics in ultracold atoms, the readers may refer to Refs. [108] and [109]). NFh&+()-body
systems orll+2)-body systems corresponds to two-polaron problems: when two particles are im-
mersed in theN-body environment, they form two polarons, which interact with each other via an
induced interaction mediated by the surrounding environment oNtiparticles. Thus, the few-

body studies in the presence of many-body backgrounds bring together the Efimov physics at large
N and the polaron physics.

The few-body systems immersed in many-body backgrounds are natural systems in terms of
ultracold atom experiments: few-body physics is typically studied in a system where many patrticles
(N ~ 10* - 10°) are prepared in a trap and the Feshbach resonance is utilized to make the scattering
length largé. If the sswave scattering length becomes comparable or much larger than the inter-
particle spacing, thefiect of the many-body background should be taken into account. It is notable
that such a system has recently been studied in experiments as a “unitary Bose gas”[113, 114]. The
s-wave scattering length in this system is much larger than the inter-particle spacing, and the atomic
loss rate, which is closely related with the Efimdieet, has been observed to be suppressed by the
presence of the many-body background. Further investigations of the unitary Bose gas experiments
and possibly analogous experiments in mass-imbalanced Fermi systems, are expected to go hand
in hand with theoretical studies which cover both few-body and many-body physics and cross their
boundary.

1.4 Organization of this thesis

This thesis is organized as follows (the flowchart of this thesis is shown in Fig. 1.2). In Chap. 2,
| review the Efimov physics in ultracold atoms. In Sec. 2.1, | introduce the universality of few-body
physics at low energy. | then introduce one of the most important tool to investigate low-energy few-
body systems, the boundary condition method, namely the zero-range model. By using this method,
in Sec. 2.2, the Efimov physics for resonantly interacting three identical bosons is explained. In
Sec. 2.2.2, | introduce experimental methods to investigate the Efimov states. In Sec. 2.3, | review
the three-body physics with fermions. | will show how the Pauli exclusion principle between the
identical fermions competes with the Efimoffext, and the role of the masses of the particles.
Two types of universal three-body bound states, the Efimov states [38] and Kartavtsev-Malykh
states [59], are introduced, together with their basic features. In Sec. 2.4, recent development in
experimental and theoretical studies on the three-body parameter of the Efimov states in ultracold
atoms is reviewed.

In Chap. 3, | study the three-body system of two identical fermions (i.e., fermions in the same in-
ternal state) resonantly interacting with another distinguishable particle. In this system, two classes
of universal three-body bound states have been known to appedfdaredi regimes of the mass

$1n some specially designed systems, few-body systems have been prepared in a small trap under a deterministic
control of the particle number and the interaction strength [110, 111, 112].
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Chapter 2
Reviews of universal few-body physics in ultracold atoms

Chapter 4

Universal three-body parameter of the Efimov states

Chapter 3
Universal three-body physics for fermions

Y

Chapter 5
Perfect screening of the inter-polaronic interaction

Figure 1.2: The flowchart of this thesis. Chapter 2 is devoted to reviews of previous studies which
are relevant to this thesis. The main results of this thesis are shown in Chapters 3, 4, and 5.

ratio: the Efimov trimers and the Kartavtsev-Malykh trimers. | show that there exists the third
class of universal three-body bound states, which | call the “crossover trimers”. While the Efi-
mov trimers and the Kartavtsev-Malykh trimers show the discrete and continuous scale invariance,
the crossover trimers show neither of them. | have identified the regions of these three classes
of trimers as a function of the mass ratio and the@ave scattering length. | also show that the
Kartavtsev-Malykh trimers and the Efimov trimers can continuously transform into each other via
the crossover trimers as the mass ratio andstaave scattering length are varied. | have also
found that the trimers dissociate into a particle and a dimer as-tieve scattering length is var-

ied, inducing particle-dimer resonances. | have also calculated the binding energies of trimers and
the elastic particle-dimer scattering lengths in arbitrary angular-momentum channels. | show that
the particle-dimer resonances occur at the points where the trimers dissociate into a particle and
a dimer. From the resonance positions, | have found accurate values of the critical mass ratios at
which the Kartavtsev-Malykh trimers in higher angular-momentum channels appear.

In Chap. 4, | address the physical origin of the universal three-body parameter. | explain in
Sec. 4.1 when and why the three-body parameter should be universal, and show that a non-adiabatic
deformation of the three-body wave function is the key to the universal three-body parameter. Based
on the physical mechanism elucidated in Sec. 4.2, | show that the three-body parameter becomes
universal even for non van der Waals types of deep two-body potentials. | identify two classes
of two-body potentials for which the three-body parameter has a universal value in units of their
effective range. One class corresponds to short-range two-body potentials decaying as a power law,
for which the two-body probability is suppressed smoothly at short distance. The other corresponds
to deep two-body potentials decaying exponentially, for which the two-body probability decays
abruptly at short distance.

In Chap. 5, | study the induced interaction betwékmeavy particles immersed in the Fermi sea
of the light spinless (i.e., spin-polarized) fermions at zero temperature. This induced interaction is
essential to know how the Efimov states dieeted by the many-body fermionic background. With
the Born-Oppenheimer method, | show that the Efimidgat is generally suppressed by the Fermi
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sea for an arbitrary number of heavy particles by proving thatfileetve interaction between the
heavy particles vanishes in the limit of dense fermionic environrkerd +co. The origin of the
vanishing &ective interaction is ascribed to the screeniffga in the neutral Fermi system.

In Chap. 6, | conclude this thesis and discuss future prospects.



Chapter 2

Reviews of universal few-body physics In
ultracold atoms

In this chapter, | review few-body physics in ultracold atoms. In Sec. 2.1.1, universal properties
of low-energy two-body systems are explained, and a basic mechanism of the Feshbach resonance
is introduced. In Sec. 2.1.2, the three-body parameter is introduced. Some remarks on controversial
N-body parameters fdd > 4 are also presented. In Sec. 2.2, the Efimov physics for three identical
bosons is reviewed. Qualitative descriptions are presented in Sec. 2.2.1, followed by more quantita-
tive ones in Sec. 2.2.2. Finite-rang@ests are also discussed. In Sec. 2.2.4, experimental methods
to observe the Efimov states in ultracold atoms are reviewed. In Sec. 2.3, fermionic three-body
systems are reviewed. An essential role of the mass ratio in this system is discussed in Sec. 2.3.1.
The Efimov states and the Kartavtsev-Malykh states in the fermionic three-body system with mass
imbalance are introduced in Secs. 2.3.1 and 2.3.2, respectively. In Sec. 2.4, the universality of the
three-body parameter is reviewed. A short history on this issue is presented in Sec. 2.4.1, followed
by recent theoretical developments in Sec. 2.4.2. For more detailed reviews of the Efimov physics,
the readers are referred to Refs. [32, 115]. Experimental studies of the Efimov physics in ultracold
atoms are reviewed in Refs. [69, 116].

2.1 Universality of the few-body and many-body physics at low
energy

For non-relativistic, quantum-mechanical few-body systems, their Hamiltonians determine all
properties of the systems. If two systems havedent microscopic Hamiltonians, one naturally
expects that these systems will behav@edently. At low energy, however, two physically dif-
ferent Hamiltonians can indeed show the same behavior. In other words, a low-energy quantum
system exhibits universal properties. The universality allows us to replace a complicated potential
in the original Hamiltonian with a simpler pseudo-potential properly constructed to show the same
low-energy behavior. This dramatically reduces th@dalilty in solving few-body and many-body
problems: we no longer have to deal with complicated inter-particle potentials, but rather we can
adopt a simple pseudo-potential. In ultracold atoms, the temperature of the system is so low that the

15
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universality holds fairly well. Therefore, the pseudo-potential method turns out to be a powerful
tool and is widely used in theoretical studies on ultracold atoms.

In addition to such simplification in the theoretical description, the universality has another
important implication. As will be explained in this section, two-body and three-body systems at
low energy are generally characterized by a few parameters, such ssvhwe scattering length,
the dfective range, and the three-body parameter. The universality dictates that any system must
behave in the same manner at low energy as long as values of these relevant parameters are the
same. In other words, physicallyftiirent systems, such as ultracold atofitte clusters, bound
states of magnons, or particles moving in a periodic lattice, can show the same behavior at low
energy. This suggests that by studying few-body and many-body physics in ultracold atoms, one
can gain insights into various kinds of low-energy systems. Theoretical and experimental studies
on ultracold atoms are therefore not only relevant for researchers in this field, but are important for
many other dierent fields in physics and thus concern general interest. Even for systems where
their energy scale is not so small and the low-energy approach is inadequate, knowledge on the
low-energy, dilute limit is a fundamental step toward understanding physical behaviors at higher
energy, or denser systems.

In this section, | present a short review of the universality of systems in which particles interact
via short-range potentials. For a two-body system, the universality can be seen most clearly, so |
start introducing the universality for two particles in Sec. 2.1.1. It turns out that a low-energy two-
body system can be universally characterized by just two parameters, namglyalre scattering
length, and theféective range. Furthermore, as will be explained in Sec. 2.1.1 fleetee range
is irrelevant in the vicinity of a broad Feshbach resonance. For such a case, a single parameter,
the sswave scattering length, uniquely characterizes low-energy properties of the two-body system.
The sswave scattering length can be controlled experimentally by applying an external magnetic
field. Its mechanism will also be briefly explained. In Sec. 2.1.2, the universality is extended to
three-body systems, and the three-body parameter is introduced. The introduction of the three-
body parameter is closely related to the Thomas collapse [117], which is a precursor of the Efimov
effect. | will explain when and why the three-body parameter is necessary. While the universality
of two-body and three-body systems is largely understood, there still remains some controversies
on the universality for more than three particles. Some remarks on this issue will be presented.
For a more detailed review of the universality of a few-body system at low energy, the readers are
referred to Ref. [32].

2.1.1 Low-energy two-body physics
S-wave scattering length and the ffective range

Let us consider the non-relativistic Soldinger equation of two particles interacting via a cen-
tral potentialV(r) = V(r). The center-of-mass motion and the relative motion can be separated.
The relative motion obeys the following Sélinger equation

[—h—zv? 4 V(r)] u(r) = Eu(r), (2.2)
2u1>
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wherer = ry, — r, is the relative coordinate vector between the two particlesuand

the reduced mass.

For a central potential, the angular momentum is a good quantum number, so that ticbrgshr
equation can be separated into independent partial waves. The scattering amplitudé-in the
partial-wave channel is related to th¢h wave phase shifi (k) as [118]

1

) = (ot 00—k’

(2.2)
For a short-range potential which decays rapidly at large inter-particle separation, a low-energy
expansion of the phase shift can be performed, giving

k**! cots,(K) = Const + O(K?). (2.3)

This suggestd,(k) « k¥ at low energy, so that the higher-partial-wave channels become irrele-
vant [118].

On the other hand, an inter-atomic interaction between neutral atoms is governed by the van der
Waals potential-Cg/r® at large inter-particle separation. This potential is not a genuine short-range
potential since it decays slowly, but still similar low-energy expansions can be made [118, 119,
120]:

K COts,_o(K) = —g ; %ﬁk? +O(d), (2.4)
k3 cot,_1(K) = —Vl + Pk + O(K?), (2.5)
p
k* cotse(k) = 1! + O(K) (£ 2). (2.6)
For a van der Waals type of potential, the van der Waals léngth
1 (2u1,Cs
Fuaw = 5 (2“; 6) 2.7)

sets an important length scale. All the higher partial-wavéfments are of the order of the van der
Waals length if there is no accidental resonareg:~ r3,,, Ir9] ~ 1.2, Ir9 ~ /4. Therefore,
2

if the energy of the particles is much smaller than the van der Waals ejtgregy the

2#12"3(,\,\,’
s-wave scattering channel makes a dominant contribution, and the scattering amplitude is expressed

as
1

1/a+ ik — &k?’
In ultracold atoms, this conditions can be realized; for example, the van der Waals energiis 83
for 8’Rb atoms, while experiments are typically performed at temperatyd. uK.

At this point, we can see the universality. All bound states and scattering states of the two parti-
cles are determined by the scattering amplitude, and the scattering amplitude is written as Eq. (2.8)

f(k) = — (2.8)

$Note that in some literature [119, 120, 121, 122], the van der Waals length is defined wfiicients dfferent

1
from .
rom 5
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for any two-body potential at low energy. This suggests that systems with fiieoeatit potentials

must show the same behavior at low energy if $heave scattering length and thfextive range

are the same. Therefore, low-energy two-body physics is universally described by these two pa-
rameters. The word “universal”’ is used here in a sense that physicalyait systems behave in

the same manner.

One can further proceed with the discussion of the universality by assuming the following two
conditions:

1. The sswave scattering length is much larger than the van der Waals Igigthr,qw.
2. The dfective range is at most of the order of the van der Waals lengths ryqw-

When these conditions are satisfied, tife&ive-range term becomes irrelevant, and we obtain

f(k) = —

1l/a+ik’ (2:9)

Thus, two-body physics at low energy is simply described by a single parameter. A bound state,
corresponding to a pole on the positive imaginary axis, exista fof with its binding energy

h2
E = —m, (210)
and the wave function
1 e'a
l//(r) = \/?a p (211)

It turns out that the above two conditions are satisfied in the vicinity of shape resonances for
typical two-body potentials. As a specific example, in Figs. 2.1 (a) and (bjs-tesve scattering
length and the féective range are shown for a soft-core van der Waals potential

Ce

Vscvawlr) = ———>—

(2.12)

as a function ofrygw/osc. For a smallrygw/osc, the potential is weakly attractive, and there

is no bound state. Asqgw/0sc IS increased, the first, second, and third two-body bound states
appear at,gw/osc = 0.607,1.007,1.2602, respectively. At the point where a two-body bound
state appears, thewave scattering length diverges. This is a general phenomenon and is called a
shape resonance. While teavave scattering length is much larger than the van der Waals length
in the vicinity of shape resonances, tifeeetive range remains finite and of the order of the van der
Waals length. For typical two-body potentiglshe two conditions described above are satisfied
close to shape resonances.

$One can mathematically construct a potential, where fileetive range is negative with its magnitude much larger
than the range of the interaction on the shape resonaface 0 [123]. For such a potential, the second condition is
not satisfied around the shape resonant point. This is analogous to a narrow Feshbach resonance, which shows a large
and negative ffective range.
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Figure 2.1:S-wave scattering length (a) and thigeetive range (b) for the soft-core van der Waals
potential given in Eq. (2.12). A largggw/osc corresponds to a deeper two-body potential. (c) The
zero-range wave function (black dotted line) &gr,qw = —4.73 atE = 0 is compared with the zero-
energy solutions of the two-body Sdainger equation for finite-range potentials. Wave functions

for the Lennard-Jones potential (red solid curve) and for the soft-core van der Waals potential (blue
solid curve) are shown. The Lennard-Jones potential (red dashed curve) and soft-core van der
Waals potential (blue dashed curve) are tunes so that they have thesseawe scattering length
a/ryw = —4.73 and no two-body bound state. The wave functions are unnormalized and shown in
arbitrary units.

While the above argument has been made in momentum space, an alternative description is
possible in real space. At low energy, a solution of the 8dimger equation generally has the
following asymptotic form

ry(r) ocr —a (Fygw < r < k1), (2.13)

which can be obtained from a Fourier transformation of Eq. (2.9). In Fig. 2.1 (c), two-body wave
functions at zero energy are shown for two types of potentials corresponding to thes-seave
scattering lengtla/rygw = —4.73: the soft-core van der Waals potential and the Lennard-Jones
potential

C o?
Vis(r) = —r—g (1 - r—(Lj) (2.14)

At large inter-particle separation, the two wave functions asymptotically approach to the same limit
given in Eg. (2.13) (black dashed line), while theiffdience becomes visible at short distance
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Figure 2.2: First experimental observation of a Feshbach resonance in ultracold atoms [21]. The
horizontal axis is an external magnetic field, and the vertical axis shows-wWae scattering
length betweer®Na atoms. [Figure adapted with permission from S. Incetya., Nature392151

(1998). Copyright© (1998) Nature Publishing Group.]

Ir < ryw. If we observe the wave functions with a large length scale, there is almosffacedce
between in the behavior of the wave function between the soft-core van der Waals potential and the
Lennard-Jones potential. In other words, details of potentials are irrelevant and a two-body wave
functions behave universally at long inter-particle separation. The low-energy theory in momentum
space is thus equivalent to the large-distance behavior in real space.

Feshbach resonance

The Feshbach resonance is one of the most important techniques in ultracold atom experi-
ments. It enables one to control inter-particle interactions experimentally by applying a uniform
external magnetic field. In Fig. 2.2, the first experimental observation of a Feshbach resonance is
shown [21]. Close to the resonant point, the/ave scattering length gets divergently large and
behaves as

(2.15)

AB

a(B) = a1~ 5o g |
whereayg ~ rvaw is the background scattering length, ax characterizes the width of the Fesh-
bach resonance.

The Feshbach resonance occurs through a coupling betweredt internal states of atoms.
To explain the mechanism of the Feshbach resonance, let us consider two alkali atoms colliding
at low energy. When the two atoms are far apart, each atom can be considered to be independent.
For alkalis, internal states of atoms are characterized by the hyperfine quantum numbers. Let us

denote the hyperfine states of the two atoma asdp, respectively. As the atoms get close, they



21

/
€a/ + 5/3 ___________________-‘_“'_‘._:___”__:_______::__,_,.ﬁ..,..., """"""""" o=

i S

T'vdw

Figure 2.3: Schematic illustration of the Feshbach resonance. The diagonal potential in the two
channelsd¢, 8) and ¢’,5’) are shown, together with bound-state levels in tHed’) channel. The
dotted curves show the asymptotic van der Waals potentials.

start to interact via the van der Waals potefti&ince the van der Waals part of the potential does

not depend on spin states of the electrons or nuclei, the atoms experience the same van der Waals
potential at large inter-atomic separation. If the two atoms get much closer, the electronic wave
function of the atoms start to overlap. The electronic contribution strongly depends on spin states
of the out-most electrons, and it is written as

\A/el(r) = Vsinglel(r)y)g:o + Vtriplet(r)Pglzl’ (2-16)

whereVsingiedr) and Vyipier(r) are electronic contributions to the inter-atomic potential in the spin-
singlet and spin-triplet channels, respectively, mggo andSL”g':1 are projection operators onto the
electronic spin singlet and triplet states, respectively. Since the singlet and triplet potentials behave
rather diterently, the inter-atomic interaction is not diagonal in the hyperfine basis any longer. This
induces coupling betweenftirent hyperfine channels during the collision, and the atoms initially

in the hyperfine statesy(8) can make transitions intax(,8’) states. Under such circumstances,
physics should be described by a multi-channel 8dimger equation.

This channel coupling is essential for the Feshbach resonance. To see this point, let us assume
that there are only two relevant channels, and label these two channels by their hyperfine quantum
numbers &, B) and @’,8’), respectively. The sums of the inter-atomic potential and the hyperfine
interaction in the two channels are schematically illustrated in Fig. 2.3. At large inter-atomic sep-
aration, the inter-atomic potentials behavesas- 5 — Ce/r® ande, + &g — Cs/r® in the @, )

SHere, | neglect a dipole-dipole interaction, which is small for typical ultracold atom experiments. For some atomic
species, such as Cr[124], Er [125, 126], and Dy [127, 128], the dipole-dipole interaction is unusually large and cannot
be neglected.
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channel andd’,8’) channel, respectively. For smaller inter-atomic separation, the potentials be-
have diferently, i.e.V,; # V,». Let us consider the initial in-coming channel of the two atoms to
be @,B) channel. The in-comingy B8) channel is often referred to as an open channel, while the
(o, B) channelis referred to as a closed channel. When the two atoms come close and the channel-
coupling becomes large, the transition into th& ) channel may occur at a length scale much
smaller thamqw. The depth of the potentials, 4 is of the order of eV, and there are masyave
bound-state levels. If one of the bound-state levels in #hgB() hyperfine channel (denoted as a
red line in Fig. 2.3) is almost degenerate with the continuum threshold of the open chanrg|
a resonant scattering occurs and sheave scattering length diverges
1
ac —6a+85— £ (2.17)
whereE,, is the energy of the molecular level. By applying the external magnetic field, the threshold
energye, + ; can be changed by the Zeemateet. If the change of the threshold energy as
a function of the external magnetic filed is linearized around the resonant magneti8diakl
o + &€ — Em = 6u(B — Bo), one obtaing « (B — Byg)~*. This suggests that trewave scattering
length between the atoms can be controlled by applying an external magnetic field and fine-tuning it
so that the molecular level becomes degenerate with the threshold energy of the in-coming channel.
There are two classes of Feshbach resonances: a broad Feshbach resonance, and a narrow
Feshbach resonance. The width of a Feshbach resonance is characterized by the following positive,
dimensionless quantity [24]
4dr  apg ouAB
(F(%))Z Fvaw Evaw

whereeygw = 7?/2u1,r2,, is the van der Waals energy. Crudely speaking, this quantity measures
the magnetic field width in units of the van der Waals enesgy~ duAB/eygw. Whenses > 1,

it is called a broad Feshbach resonance, which typically corresponds to a large magnetic resonance
width. On the other handses < 1 is called a narrow Feshbach resonance, which typically corre-
sponds to a small resonance width. For a broad Feshbach resonandé&dtieeerange is of the

order of the van der Waals length; ~ rygqw. Therefore, the féective-range term can be safely
neglected at low energy and the scattering amplitude can be described by the universal form in
Eqg. (2.9). On the other hand, th#extive range is not necessarily small for a narrow Feshbach res-
onance. Indeed, in the ultra-narrow limsits < 1, the défective range is negative and its magnitude
gets very largeé« « S In such a case, thefective-range term in Eq. (2.8) cannot be neglected.
Throughout this thesis, | mainly consider the former case: few-body and many-body problems in
the vicinity of a broad Feshbach resonance.

Ses = (2.18)

Pseudo-potential approach

In the case of a broad Feshbach resonancesilave scattering length is the only relevant
parameter for the interaction. Therefore, one can take any artificially constructed model potential
to study low-energy two-body phenomena as long as the model potential has thes-save
scattering length. Such a model potential is generally called a “pseudo-potential”. The most famous
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pseudo-potential to model low-energy two-body systems around broad Feshbach resonances is the
Huang-Yang pseudo-potential [129]:

2ntila

M2

Vv (r) = 6(3)(r)§r. (2.19)
One can easily show that the scattering amplitude calculated with this pseudo-potential reproduces
Eq. (2.9), so it correctly captures the low-energy behavior close to a broad Feshbach resonance.
There is another equivalent way to reproduce the low-energy two-body physics by imposing
a boundary condition when the two particles come close. The basic idea of this method can be
understood easily by recalling how a two-body wave function behaves at low energy. When the
two particles are placed at a distance much larger than the typical range of the intera¢ton
ultracold atoms, this is the van der Waals length), but much closer than the inverse of the wave
numbemry < r < k1, the two-body wave function behaves as

ry(r) =~ C(r — a), (2.20)

or equivalently
d 1
—log[ry(n)] ~ —. 2.21
g loglru(] ~ — (2:21)
Since we are interested in low-energy behavior, the wave functiog a is irrelevant. By taking

ro — 0, one obtains the following zero-range boundary condition:

d 1
ar log[ry(r)]| = 3 (2.22)

r=0

By solving the free Scliadinger equation

2
- v2y(r) = Eu(r) (2.23)
2112
with this boundary condition, one can easily show that the scattering amplitude becomes Eq. (2.9).
Thus, the low-energy universal behavior is accurately reproduced by this pseudo-potential. This
boundary condition is called the Bethe-Peierls boundary condition [130]. It is widely used to study
universal physics at low energy.

The pseudo-potential method is a general and powerful tool to investigate few-body and many-
body physics in the universal regime. For some light neutral atoms, realistic inter-atomic potentials
are known [12], but they are rather complicated, especially at small inter-atomic separation. If
one is allowed to replace such a complicated realistic potential with a simpler pseudo-potential
as presented above, theoretical calculations are dramatically facilitated. For heavier atoms, it is
almost impossible to obtain realistic inter-atomic potentials, since there are many electrons and one
needs to take into account correlations between these electrons. Even when a realistic potential is
unknown, we can still study their low-energy properties oncestivave scattering length is known.

One can construct a pseudo-potential with the corresporsivaye scattering length and use it to
investigate few-body and many-body phenomena.

In the case of a narrow Feshbach resonance, on the other hand, the above zero-range approach
is no longer valid. One needs more sophisticated approaches which properly take into account
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the dfective range contribution, such as two-channel models. Throughout this thesis, however, we
only deal with a broad Feshbach resonance, so we do not discuss them here. For more details of
the Feshbach resonance, the readers are referred to Refs. [24, 131].

2.1.2 Low-energy three-body physics and the three-body parameter
Three-body boundary condition

In the Bethe-Peierls boundary condition methd@ie& of the original short-range potential is
taken into account by the boundary condition which accurately captures the low-energy scattering
phase shift. This boundary condition method can be generalized for systems with more than two
particles. Let us consider three particles interacting via short-range interactions and consider its
low-energy behavior. In this system, there are two types of scattering events. When two particles
come close and scatter while the third particle stays far apart from them, the scattering event is
essentially a two-body process. Such a scattering event can be properly taken into account by the
Bethe-Peierls boundary condition. Another type of scattering is a genuine three-body one: three
particles come close simultaneously and scatter with each other. The three-body scattering cannot
be taken into account by the Bethe-Peierls boundary condition, because by construction it does not
include any information of a three-body system. Therefore, an additional boundary condition is
necessary to incorporate the phase shift induced by such a three-body scattering. The three-body
boundary condition is imposed in a manner similar to the Bethe-Peierls method:

d log[Rf(R)] = A, (2.24)
dR RR,
where
2
R= \/é[r§2+ r2,+ 13, (2.25)

is the hyper-radius. The hyper-radius characterizes the overall size of the three-body system, and
it can be small if and only if three particles come close. In Eq. (2.2@) is the hyper-radial
wave function, whose definition can be found in Sec. 2.2. Crudely spedkiRpis the three-body
wave function describing the overall motion of the three-body system. In Eq. (R2#¥)taken in
the asymptotic regioR, > ryqw. The genuine three-body scattering occurs when and only when
R < rygw, andA characterizes the phase shift acquired by such a three-body scattering.

Note that the three-body boundary condition is, in general, independent of the two-body bound-
ary condition even when the interaction is a sum of pair-wise interacWnsro, rs) = v(ry,) +
v(ri13) + V(rz3). In other words, one must not naively replace the two-body interaction in the Hamil-
tonian with the Bethe-Peierls boundary condition or the Huang-Yang pseudo-potential for systems
with more than two particles. Such a replacement amounts to taking only two-body scattering into
account while neglecting three-body scattering. The naive replacement is justified if and only if
the dfect of three-body scattering is negligibly small. Whether the three-body scattering is relevant
or not is rather system dependent, and it can be known only after we have solved the three-body
problem. For example, for a system of three identical bosons, the three particles can come close and
scatter easily, so that the three-body boundary condition is relevant (see Sec. 2.2.1). In fact, if one
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tries to solve the three-body problem without imposing the three-body boundary condition, one en-
counters a pathological result: the ground-state energy is unbounded from below and texds to

the unitarity limit 1/a = 0. This pathology is known as the Thomas collapse [117]. As will be dis-
cussed in Sec. 2.2.1, the Thomas collapse is closely related to the Efifacy @he Thomas col-

lapse clearly shows that the naive replacement of the two-body potential with the pseudo-potential
is inadequate for this system. On the other hand, for systems with identical fermions, the Pauli
exclusion principle can suppress the three particles from getting close. In fact, for a three-body
system of two identical fermions interacting with one distinguishable particle, which corresponds
to a two-component Fermi systemif| (T and| denote internal states of the fermions), the three
particles cannot come close for an equal mass system m,. Therefore, the genuine three-body
scattering is negligible and the naive replacement is valid. However, when the mass imbalance is
largem; > m|, the three particles can easily come close. Indeed, if the mass ratio exceeds a critical
valuem;/m; > 136, the three-body boundary condition becomes relevant (see Sec. 2.3.1), and the
Thomas collapse occurs when one naively neglects the three-body boundary condition.

Is an N-body parameter necessary?

There is a similar issue fa¥-particle systems. For ad-body system, where particles interact

via the sum of pair-wise interactions = Zv(ri i), one needs to take great care before naively

I<
replacing the two-body interactions with thje Bethe-Peierls boundary condition or the Huang-Yang
pseudo-potential. The necessity of the three-body, four-body,.. Namody boundary conditions
is a highly non-trivial many-body problem. For a two-component Fermi system without mass
imbalance, three-body and four-body problems have been solved, and it has been found that three-
body and four-body boundary conditions are irrelevant thanks to the Pauli exclusion principle [38,
132, 133]. This justifies us to use the Hamiltonian with the sum of pair-wise pseudo-potentials in the
many-body studies of the two-component Fermi system, such as the BEC-BCS crossover [134, 135,
136, 137] and its universal thermodynamics [138, 139, 140, 141, 142, 143, 144] (see Refs. [145,
146] for reviews of the BEC-BCS crossover). Since we only impose the two-body (Bethe-Peierls)
boundary condition, a single parameter, th@ave scattering length, characterizes the interaction
between particles. For a two-component Fermi system with mass imbalance, three-body [38, 132]
and four-body [90, 91] Efimov states have been found in a highly mass-imbalanced negime>
13. This suggests that the three-body and four-body boundary conditions are relevant in this system.
Thus, in contrast to the BEC-BCS crossover, a highly mass-imbalanced Fermi system cannot be
described by a single interaction parameter, but one needs at least several parametexsvehe
scattering length, the three-body parameter, and the four-body parameter. For a system of more
than four particles, little has been known, and further studies will be needed to make a definite
statement.

The N-body parameter foN > 4 is a controversial issue in the bosonic case. In some lit-
erature [77, 78, 79], properties of four-body bound states have been claimed to be universally
determined by thes-wave scattering length and the three-body parameter, so that the four-body
parameter is irrelevant. Some other researchers claim the opposite [79]: the four-body parameter is
indeed relevant. This issue is one of the most important issue in the field of Efimov physics. The
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same issue may also exist for a system with more than four particles. Does the five-body parameter,
six-body parameter,..., ad-body parameter necessary? Much work needs to be done to answer
these questions.

2.2 Efimov physics for three identical bosons

In this section, low-energy universal properties of a system of three identical bosons are dis-
cussed. Since we are interested here in the universal behavior at low energy, we consider a three-
body Schédinger equaiton

3 2y2

—Z 2mri + U(ry, o, 13) | W(re, ra, r3) = E¥(ry, 1o, r3), (2.26)

i=1
where the two-body interaction is replaced with the Huang-Yang pseudo-potential

U(ry, ra, r3) = Viay(r12) + Vi (ras) + Vav(r2a), (2.27)

and the three-body boundary condition in Eq. (2.24) is imposed at a small but nonzero hyper-radius
R = Ry. As discussed in the previous section, this three-body problem with the pseudo-potential
and the boundary condition can predict low-energy properties of various systems, including the
Efimov states in ultracold atoms. Since finite-range realistic potentials are replaced by the zero-
range pseudo-potential and the boundary condition, it is often referred to as the zero-range Efimov
theory, or the zero-range theory.

Even in the zero-range Efimov theory, it is a genuine three-body problem. But still, we can
deal with it analytically, especially at the unitarity limit. In solving the three-body problem in real
space, it is convenient to introduce the Jacobi coordinates, hyper-radius, and hyper-angle:

1
Rt = é(rl + 12+ I3), (2.28)
rz = ri—1"ry (2.29)
1
p3 = I3— é(rl + rg). (230)
Using the Jacobi coordinates, the kinetic term can be rewritten as
3 272 22
— Z hzviz — _h VRtot _ thﬁz _ 3h Vps. (2.31)
~ 2m 6m m 4m
@) a~0 (b) o~m/2
’ 3
1 2
O/O\o
1 2

Figure 2.4: Schematic illustration of three-body configurations corresponding to (a) small and (b)
large hyper-angles.
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With the Jacobi coordinates, we can introduce the hyper-radius and hypet:angle

2 4
R = 3 [rf2 +I3,+ r§1] =i+ épg, (2.32)
\/érlz)
a3 = arcta . 2.33
3 20, (2.33)
Alternatively, the Jacobi coordinates can be written in terms of the hyper-radius and hyper-angle as
r = Rsinas, (2.34)
3
ps = chosm. (2.35)

The hyper-radiu®R characterizes the overall size of the three-body system, and it can be small if
and only if three particles come close. The hyper-angleharacterizes the relative configuration

of the three particles and varies from 04@2. As shown in Fig. 2.4¢3 — +0 corresponds to a
configuration of a sharp triangle, whileg — /2 corresponds to a linearly aligned configuration.
By using the hyper-radius and hyper-angle, the 8dimger equation is written as

2162 s 18 4 o 1( L2 L2
-—|=5R+ 55— + 5 cot 3 — — — : 21 ¥(rp
36&’3 R2 [CO§ a3 S|r]2 a3 ( 12 p3)

m|REoR | RaZ R (2.36)
+ U(rq, ro, r3)¥(riz, p3) = E¥Y(riz, p3).

whereL,,, andL,, are the angular momentum operators of the Jacobi coordingtesdps, re-
spectively.

In solving the three-body problem, it is convenient to separate the hyper-radial and the other
motions in a manner similar to a separation of radial and rotational motions for a two-body problem
interacting via a central potential. One essentifibdence between the three-body problem and the
two-body problem is that the hyper-radial motion cannot be separated in general from the other
part. Even when one tries to separate the hyper-radial and the other motions by an expansion

1 s A
¥(ri2.02) = g5 ), T(RPn(R a2, Paz. pa). (2.37)
n

where the basis functiof, is the solution to the hyper-angular Seimger equation

L2 2
P3 2
. + U(rb rZa r3)

cofas  sirfas

H? 0
——— —4coty
604% 3603 +[

q)n(R a3, ?12’ ﬁ3)

(2.38)

= /ln(R)(Dn(R, g, flz’ ﬁS)’
$There are several conventions for the definition of the hyper-radius. We here chose the definition of Refs. [2, 147,
Mo+ 13+ 1% . 1/4
—=—==_ 2= which is a factor o = 0931.

V3 V2

i o 2, +r3,+412,
different from ours. In Refs. [32, 72, 74, 150], the hyper-radius is definéd=a 3

1 . o , (5, + 135+ 15
of ﬁ = 0.707... different from ours. In Refs. [115, 151], the hyper-radius is defindglas - where

Mis a normalization mass which can be chosen to be any value.

148]. In Refs. [71, 73, 149], the hyper-radius is definedRas

, which is a factor
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non-adiabatic couplings betweerffdrent basis functions necessarily appear. Indeed, the hyper-
radial Schodinger equation can be obtained as
) AR+ T
m| OR? R2

| R+ 3 [QlR + 2Pl R - ELR. (239

This equation involves the following non-adiabatic coupling terms:

hZ (92

Qnm(R) = _E<q)n FTe <Dm>, (2.40)
2 0

an(R) = —E <q)n a—R’ q)m> . (241)

Here, the brackets denote the hyper-angular average:
(@ |A| @) = f Sir? a3 €o$ a3dazdQ:,,dQ;, 5 (R, a3, P12, p3)ADH(R a3, 12, p3).  (2.42)

The hype-radial and hyper-angular wave functions are normalized as

f ) dR|f(R)? = 1, (2.43)
0

(D)D) = fSlnz a3 CO§ agdangledQﬁ3 |(Dn(R, as, flz,ﬁg)lz =1 (244)

By solving this three-body problem, one can show the appearance of the Efimov states. In
Sec. 2.2.2, we solve the three-body problem in a quantitatively reliable manner. Since the math-
ematical argument presented in Sec. 2.2.2 is involved and less intuitive, basic properties of the
Efimov states will be explained in Sec. 2.2.1 in a simpler and more intuitive manner.

2.2.1 Qualitative description of the Efimov #ect

In Fig. 2.5, energy spectra of a system of three identical bosons close to a twshaie
resonance are schematically illustrated. These energy spectra correspond to the universal behavior
calculated with the zero-range Efimov theory. As discussed in Sec. 2.1.1, a two-body bound state
exists on the positive side of the resonance with its binding energy having a universal form in
Eq. (2.10). This is shown as a red solid line in Fig. 2.5, which corresponds to a particle-dimer
continuum. Around the unitarity limit /a = 0, there appear an infinite number of three-body
bound states (green curves), anda(E) = (0,0) corresponds to an accumulation point for the
spectrum of the three-body bound states. At the unitarity, there exist an infinite number of trimers.
Away from the unitarity, the number of trimers decreases and is finite. When the scattering length
is varied toward the positive side, the trimers finally dissociate into a particle and a dimer, while
they dissociate into three atoms on the negative scattering length side.

The discrete scale invariance of the Efimov states can be clearly seen in these schematic energy
spectra. At the unitarity, trimers can be related to each other by a discrete scale transformation:
the binding energies of theth and 6 + 1)-th three-body bound states are related to each other
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Efimov trimers

Figure 2.5: Energy spectra of a system of three identical bosons in the vicinity of a two-body
resonance. Green curves show the energy spectra of Efimov trimers, and a red line is that of the
universal dimer in Eq. (2.10).

asWn(r) = Pu(rie™®), andE,,; = e %/%E,, wheree€’® = 227... (5 = 1.0024..)) is the
universal scaling factor. The discrete scale invariance appears even away from the unitarity. When
the radial scale transformation is performed g8 & €"/%/a, E —» €"™%E (n=1,2,...), all the
energy spectra of the Efimov trimers can be superimposed into a single energy spectrum. This is
why the energy spectra of the Efimov trimers in Fig. 2.5 have a similar shape.

In addition to thes-wave scattering length, one additional parameter is needed to uniquely
specify the energy spectra. This parameter is called the three-body parameter. There are many
equivalent ways to define the three-body parameter. One way is to determine it from the binding

energy of the ground-state Efimov trimer at unitarity: when the binding energy of the ground-state
hZ(K*)Z

Efimov trimer isk = - , k¥ can be defined as the three-body parameter. One can alternatively
define the three-body parameter as the negative scattering length at which the ground-state Efimov
trimer dissociates into three particles, which is denoted@snd is indicated in Fig. 2.5. The
three-body parameter can also be defined as the positive scattering length at which the ground-state
Efimov trimer dissociates into a particle and a dimer, which is denoted iasFig. 2.5. Since the

energy spectra of the Efimov states are universal, these three quantities are related to each other in
the zero-range Efimov theory as followstal = 14.1«* and J/a® = —0.64* [32]. If one of these
guantities is fixed, all the other can be determined. This allows us to choose any definition of the
three-body parameter as long as it fixes the energy scale of the Efimov states. As will be explained
in Sec. 2.2.4a% can be observed experimentally by an atomic loss measurement, so this definition

is often used in recent studies on the Efimov states in ultracold atoms, especially when it comes to
the universality of the three-body parameter (see Sec. 2.4 and Chap. 4).
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The Efimov states are often called Borromean states. A three-body bound state can exist even
in the absence of a two-body bound statedar 0. In this sense, it is a genuine three-body bound
state in this regime. The Borromean feature can be qualitatively understood by a simple argument
as follows: crudely speaking, the resonant two-body interaction means that a zero-point energy
in the relative motion is exactly balanced by the attractive interaction. For three particles, on the
other hand, there are two relative kinetic motions and three attractive interactions. Thuedhe e
of the interactions is dominant, and three particles can be more easily bound than two particles.
Such a genuine three-body binding phenomenon is similar to the “Borromean ring”, and this is
why the Efimov states on the negative scattering length side are often called Borromean states.
With a similar argument, one can expect that 1 particles are more easily bound thidiparticles
and have a larger binding energy. This has been confirmed with recent theoretical calculations for
N < 10-40([77, 78, 80, 81, 82, 83, 84, 85] and in experimentd\ot 5 [26, 45, 68, 88, 89].

The physical origin of the discrete scaling law is a scale-invariant behavior due to the divergence
of the sswave scattering length. Indeed, at unitariy\ak= 0, one can make a qualitative argument
explaining the origin of the discrete scale invariance of the Efimov states as follows: at unitarity,
the hyper-angular equation (2.38) does not contain any length scale. Therefore, hyper-angular
eigenstate®, and eigenvalues,(R) become independent of the hyper-radi®s(R, as, F12, p3) =
®g(as, F12, p3), andA(R) = 1, = const. The non-adiabatic coupling3,(R) and P,(R) vanish,
and the hyper-radial Sobdinger equation becomes

Rl & o+y
m l_d_RZ TR
This hyper-radial Scladinger equation can be solved analytically. Three-body bound states exist
whenly < —4. From the physical argument presented in the previous paragraph, one can expect
that three particles can be bound more easily than the two particles and three-body bound states
exist at unitarity. This suggesfs + 4 = —-s5 < 0. Thus, the hyper-radial potential in Eq. (2.45) is

an inverse-square attractive potential. When such a potential appears, solutions of tfaen§enr
equation show the discrete scale invariance with a scaling faéfor Indeed, a solution of the
Schrondiger equation (2.45) is

} fo(R) = Efy(R). (2.45)

f(R) = VxKig(X), (2.46)

. - . mE| _ .
whereK, is the modified Bessel function, and= xR = w/%R is the energy-scaled hyper-

radius. For a smalk, the modified Bessel function with an imaginary index shows the following
asymptotic form:
. X 1 I'(iso+ 1)
K; O:sn[ In(—)—A], A=—-argl ———|. 2.47
5(x = 0)=sin|sln{3 229\ MCis + 1) (2.47)
Note that this wave function is invariant under the scale transformatien x&™%, wheren is
an arbitrary integer. This leads to the discrete scale invariance of the Efimov states. Indeed, by

imposing the three-body boundary condition (2.24), one finds an infinite number of three-body
bound states with their energy eigenvalues given as

M Ex| nr 1 ARy -3
lknl = 7/ —— = exp| —— | exp| = |arcco +A
S S S

h2

) (ne2). (2.48)
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These binding energies show the discrete scale invariance:

1=% (277)
=exp|—]|. 2.49
Endl P (2.49)

While the above argument is qualitative and is applicable only at unitarity, it still captures the most
important features of the Efimov physics.

The log-periodic asymptotic wave function shown in Eq. (2.47) is closely related to the Thomas
collapse [117]. The wave function shown in Eq. (2.47) is singul& at0. The three-body bound-
ary condition is imposed not & = 0 but at a nonzero hyper-radiRs= R, to avoid this singularity.
The singularity leads to a pathological result in the energy spectrum if one does not impose the
three-body boundary condition at a nonzero hyper-radius. In 1935, L. H. Thomas solved the three-
body problem without imposing the three-body boundary condition, and found that energies are
unbound from below and the ground-state energy becenmefl17]. This phenomenon is known
as the Thomas collapse. The Thomas collapse is closely related to the Effeciviedeed, if one
does not impose the three-body boundary condition, the wave function of the Efimov states (2.47)
should be believed to be valid down kb= 0. Then, for any three-body state there always exists
nodes and hence lower-lying states, since the presence of nodes suggests the existence of bound
states with lower energy. Thus, the Thomas collapse is a natural consequence of the log-periodic
oscillation in Eq. (2.47). Since the Efimovtect is closely related to the Thomas collapse, the
Efimov dfect is sometimes referred to as the Thomas-Efinttace

2.2.2 Quantitative description of the Efimov physics
Hyper-spherical approach
To solve Eq. (2.38), one performs the Faddeev decomposition [152]:

D (R as, T12, p3) = xn(R @1, T23, p1) + xn(R @2, T31, P2) + xn(R @3, T12, P3). (2.50)

Since the zero-angular-momentum channel is energetically most stable, let us restrict ourself to this
channelyy, = xn(R, @). In fact, the zero-angular-momentum channel corresponds to the channel in
which the Efimov &ect occurs. The hyper-angular equation can then be rewritten as

P d
—-— —4cot szia—]xn(R, @)

6ai (04]

(2.51)
mR :
?VHY(Rsmai) n(R a1) + xn(R @2) + xn(R a3)] = An(R)xn(R ).

Since the Huang-Yang pseudo-potentia} is non-zero only at; = 0, this equation is equivalent
to the non-interacting equation

+

i 0
—— —4cotyi— [ xn(R @) = (Rxn(R ai) (2.52)
o« oq;
with a boundary condition imposed at = 0. Introducing,(R) + 4 = —s(R), a solution of

Eq. (2.52) is obtained as

(R @) =

sin12a [c1 sinh(s,(R)a) + ¢, cosh(s,(R)a)] . (2.53)
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There are two important boundary conditions. First of all, the Faddeev wave function (2.53) should
not be singular a¥ = 7. This condition fixes the relative value betwegrandc,, giving

YR a) = sinh[&(R) (g _ a)] . (2.54)

sin 2
The second boundary condition is imposed at 0 such that Eq. (2.51) holds @t = 0. Substitut-
ing Eq. (2.54) into Eq. (2.51) and setting = 0, the other hyper-angles becomg; = " and one

3
obtains the following transcendental equation [2, 32]:
% sinh[sn(R)g] ~s(R) cosh[sn(R)g] - —g sinh[sn(R)g] . (2.55)

WhenR/a = 0, the transcendental equation supports a single real solstierl.00624. .. and an
infinite number of pure imaginary solutioss = +4.5i, s, = +6.8i,.... At the unitarity, these solu-
tions are valid for any hyper-radius. The real solution suggests an attractive inverse-square hyper-
radial potential, while the pure imaginary solutions suggest repulsive inverse-square hyper-radial
potentials. As argued in Sec. 2.2.1, the inverse-square attractive potential leads to the appearance
of Efimov states and their discrete scale invariance. In the repulsive channel, on the other hand, no
three-body bound state can exist.

Away from the unitarity, the hype-radial potential can depend non-trivialyRga In the
Efimov channel, the inverse-square attraction appears at short dijtaaice: 1. At larger distance
R > |al, the hyper-radial potential is no longer in the inverse-square form. The breakdown of the
inverse-square attractionRt> |al suggests a decrease in the number of log-periodic oscillations in
the wave function (see Eq. (2.47)). The number of three-body bound states can be estimated from
the number of nodes, and one obtains an estimate of the number of three-body bound states as [1]

N ~ %Iog (*[al). (2.56)

As argued in the introduction, this estimate suggests that the scattering length must be extremely
large to observe several Efimov energy levetsa| > 500 for two trimers, and*|a] > 10* for three
trimers.

Some remarks on the non-adiabatic couplings are in order. At the unitarity, as argued in
Sec. 2.2.1, the hyper-angular wave function is scale-invariant, and the non-adiabatic couplings van-
ish. On the other hand, whenis finite, the non-adiabatic couplings are non-zero, and one needs
to solve the multi-channel Sabalinger equation (2.38). However, in the zero-range Efimov theory,
the non-adiabatic couplings have only a minor role [32], and one can obtain the Efimov spectra
shown in Fig. 2.5 even when the non-adiabatic couplings are neglected. If one wants to obtain the
universal energy spectra of the Efimov states quantitatively, however, the non-adiabatic couplings
should be taken into account.

The advantage of the hyper-spherical formalism is its clear physical picture. Solutions of the
hyper-angular and hyper-radial equations are directly related to the three-body wave function in
real space. Furthermore, the hyper-radial potential often helps us physically understand properties
of a three-body system. This point will be exemplified in Chap. 4, where the physical origin of the
universality of the three-body parameter is explained by using the hyper-radial potential and the
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hyper-angular wave function. One disadvantage of the hyper-spherical formalism is the channel
couplings. While one can manage to solve the coupled-channey@obger equation numerically,

it is practically easier to use an alternative approach which naturally incorporatef$eitieos the
channel couplings. In the next few paragraphs, one of such methods is introduced.

Momentum-space approach: Skorniakov—Ter-Martirosian equation

While the hyper-spherical formalism is a real-space approach, one can alternatively solve the
three-body problem in momentum space. One famous momentum-space method is use of the
Skorniakov—Ter-Martirosian equation [148]. The Skorniakov—Ter-Martirosian equation is a one
dimensional integral equation as follows:

/3 1 S N N e RS
—_n2 2 _ - 4. =
[ AP K a]aAD(p) p2+/<2+7rfo dC1qlog(|Dz+qZ+pqﬂ(2 an(@,  (2.57)

mE . o ,
wherek = w/% (E < 0) corresponds to the energy of three particfess, the relative in-coming

momentum between the particle and the dimer, adq) is the momentum-dependent particle-

dimer s-wave scattering length. The Skorniakov—Ter-Martirosian equation was originally derived

to obtain the particle-dimer scattering lengths [148]. Indeed, by taking the energy at the particle-
2

dimer thresholE = _mh_az and solving Eq. (2.57), the particle-dimgwave scattering length can
be obtained aaxp(p = 0).

Since the three-body problem is equivalent to the particle-dimer scattering problem, one can
also use Eq. (2.57) to investigate the properties of trimers. Binding energy of three-body bound
states can be obtained by seeking for the value af whichasp(p = 0) diverges. This can be
done by finding the value af at which the eigenvalue of the right-hand side of Eq. (2.57) (seen as
an operator acting oasp(q)) vanishes. To avoid the Thomas collapse [117], the éutaf the
momentum integration must be taken to be finite. This momentunfidotooduces a three-body
scale which fixes the energy spectra of the Efimov states. Indeed, one finds the ground-state energy
of the Efimov states which is calculated with Eg. (2.57) tacbe 0.18A.

The Skorniakov—Ter-Martirosian equation has several advantages over the hyper-spherical equa-
tion. One advantage is its simplicity: it is a linear one-dimensional integral equation, and can be
solved numerically with little dficulty. In addition, two physical quantities, the particle-dimer
s-wave scattering length and the binding energy of the trimers, can be obtained from a single equa-
tion. Once a numerical code to solve the Skorniakov—Ter-Martirosian equation is prepared, these
guantities can be obtained easily. Finally, the Skorniakov—Ter-Martirosian equation incorporates
the channel couplings appearing in the hyper-shperical formalism.

While the above Skorniakov—Ter-Martirosian equation describes a system of three identical
bosons in the. = 0 channel, similar one-dimensional integral equations can be derived for higher
angular momentum channels [148], and for three-body systemsfiefatit statistics of parti-
cles [60, 153, 154, 155, 156]. In Chap. 3, a three-body problem of two identical particles res-
onantly interacting in thes-wave channel with another distinguishable particle is solved numeri-
cally with the Skorniakov—Ter-Martirosian type of equation. In Sec. 3.1, | show a derivation of
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Figure 2.6:S-wave scattering length (upper panel) and energy spectra of dimers (red curves) and
trimers (green ones) as a function of the strengtbf an attractive potential.

the Skorniakov—Ter-Martirosian type of equation for a system of two identical particles and an-
other distinguishable particle in an arbitrary angular momentum channel and for both bosons and
fermions (i.e., 2 identical bosons1 particle, and 2 identical fermions1 particle).

2.2.3 Efimov dfect for finite-range potentials

In Secs. 2.2.1 and 2.2.2, the Efimov states have been introduced and discussed using the Huang-
Yang pseudo-potential in (2.19) and the three-body boundary condition in (2.24). Since the pseudo-
potential and the boundary condition method properly reproduce low-energy properties of any sys-
tem, most properties of the Efimov states presented in Secs. 2.2.1 and 2.2.2 can also be applied
to the Efimov states in a three-body system interacting via a short-range two-body potential. In
Fig. 2.6, energy spectra of a three-body system interacting with an attractive two-body potential
are schematically illustrated. As the two-body potential is made more attractive, successive
shape resonances occur at the points where two-body bound states start to appeatr. In the vicinity of
each of these resonances, the Efimov trimers appear, as shown by green curves. The ground-state
energy of the Efimov states is of the order of the range of the interagjand the three-body
parameters are’ ~ r,?, a® ~ —ry, anda* ~ ro. For particles interacting via a potential decaying
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as—Cg/r® at long distancex” ~ 1/ryqw, a8 ~ —ryaw, anda® ~ rygw. While the three-body pa-
rameter has been known to be of the order of the range of the interaction, their precise value has
been believed to be sensitive to microscopic details of two-body potentials. Recently, however, the
three-body parameter has been suggested to be universally determined by the van der Waals length
asa® = —8-10r,qw. This issue will be discussed in detail in Sec. 2.4 and Chap. 4.

Some remarks on finite-range corrections are in order. The binding energy of the ground-state
trimer is of the order of the range of the interaction, and thus it may not be adequate to describe it
by the zero-range theory. For example, fotHe potential, the energy of the ground-state trimer
disagrees significantly from what is expected from the zero-range Efimov theory [10]. Furthermore,
it does not dissociate into an atom and a dimer, contrary to the behavior presented in Fig. 2.5. On
the other hand, the first-excited Efimov trimer is lefieeted by the finite-rangdfect, since it is
rather weakly bound thanks to a large universal scaling f&t6¢ ~ 500. The finite-rangefiects
of the Efimov trimers will also be studied in Chap. 3 for a three-body system of two fermions and
a distinguishable particle.

While the non-adiabatic couplings have a minor role and it exactly vanishes at the unitarity
limit in the zero-range theory introduced in Secs. 2.2.1 and 2.2.2, it can be relevant for finite-range
potentials. In fact, even at unitarity, the non-adiabatic couplings do not vanish for finite-range
potentials. As discussed in Chap. 4, the diagonal part of the non-adiabatic coQpl{iR) turns
out to be crucial in explaining the physical origin of the universal three-body parameter.

2.2.4 Experiments on the Efimov physics in ultracold atoms

In ultracold atom experiments, atoms are held in a vacuum chamber by an electromagnetic
potential. The number of atoms in a trap decreases gradually since atoms escape from the trap via
loss processes. Among various kinds of loss processes, the Efimov states manifest themselves in a
three-body recombination. The three-body recombination is a chemical reaction process in which
a dimer is created via a collision of three atoms. The conservation of energy and momentum during
the three-body recombination dictates that the binding energy of the dimer should be released into
a kinetic energy of the atom and the dimer. The binding energy of the dimer and hence the released
kinetic energy are so large that the recombination products are lost from the trap. The three-body
recombination rate can be quantified by thefioentL; in the rate equation

dn

i
The recombination process is stronglegted by the Efimov states. The clearest signature of the
Efimov states appear when one measle®r variables-wave scattering lengths on the negative
side. In Fig. 2.7, the three-body loss rate observed by the team of the Innsbruck University is
shown [27]. There is a characteristic peak in the three-body recombinatifficeo#. This peak
corresponds to the point where the Efimov states dissociate into three atona§”, where the
three atoms are resonantly coupled to the final state of a dimer and an atom via the Efimov states
(see also Figs. 2.8 (a) and (b)). In the zero-range theory at zero tempgrttarthree-body loss

—L3n3. (258)

SRecently, the three-body loss rate has also been calculated for a finite temperature system based on the zero-range
theory, and has been compared with experiments [47].



36 Chapter 2. Reviews of universal few-body physics in ultracold atoms

25_ T T T T T T T ]

— — na
o [&)] o

Recombination length (1,000a,)

4]

O 1 1
=2 -1.5 =1 =0.5 0 0.5 1 1.5 2
Scattering length (1,000a,)

Figure 2.7: Recombination length o L§/4 as a function of the-wave scattering length [27]. The
dots, filled triangles, and open diamonds correspond to data Widreht experimental conditions.
The dots are measured at a lower temperature 10 nK, while the filled triangles and the open
diamonds are measured at higher temperaflire200 nK, and 450 nK. The thick solid curve is a
theoretical prediction in Eg. (2.59), and the thin lines arelthe: a* trend. [Figure adapted with
permission from T. Kraemaeat al,, Nature440315 (2006). Copyrigh© (2006) Nature Publishing
Group.]

rate codficient is obtained as [157, 158]

4 .
Ly = Chi sinh 27_

AL Iog(ﬁ) + sinkf n_

(a<0). (2.59)

Here,n_ is called the inelasticity parameter, which characterizes the transition probability from
three atoms into a tightly bound dimer and an atom. The theoretical prediction fits fairly well with
the experimental observations as shown by a solid curve in Fig. 2.7, and this is a clear signature of
the appearance of the Efimov states in ultracold atoms.

The Efimov states can also be observed by the loss rate for a positive scattering length side. As
shown by a black solid curve in Fig. 2.8 (b), there is no loss peak in the three-body recombination
rate for a positive scattering length, but still a periodic structure characterizing the discrete scale
invariance of the Efimov states appears [32]. As shown in Fig. 2.8 (c), the observed three-body
recombination rate indeed shows the periodic structure. From this period, the scaling factor of the
Efimov states have been estimated to be 25which is consistent with the universal scaling factor
22.7 of the Efimov states. While there is no clear peak in the three-body recombination rate for
a > 0, a resonantly enhanced peak appears in the atom-dimer relaxation rate. In the atom-dimer
relaxation process, a collision of weakly bound dimer and an atom ends up with a tightly bound
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Figure 2.8: a. Schematic illustration of the energy spectrum of the Efimov states (red curve) and the
dimer (blue line). b. Theoretically predicted three-body recombination rate (black curve) and the
atom-dimer relaxation rate (blue curve) [32, 157]. The dotted line istti@e. c. Experimentally
observed three-body recombination rates. Solid curves are theoretical fits based on the zero-range
Efimov theory. In a subsequent paper [66], it has been pointed out that the three-body loss peak
ata ~ —1500y is a misidentified one. The three-body loss peak corresponds to the adjacent peak
located ata ¥ —6008y. [Figure adapted with permission from M. Zaccagttal., Nature Physic$é

586 (2009) [28]. Copyrigh® (2009) Nature Publishing Group.]

dimer and an atom, which are lost from the trap. As shown by a blue solid curve in Fig. 2.8 (b),
the atom-dimer relaxation rate is enhanced close to the point where the Efimov states dissociate
into an atom and a dimer. This maximum in the atom-dimer relaxation rate has also been observed
experimentally [159].

While the three-body recombination rate and the atom-dimer relaxation rate can lead to signa-
tures of the Efimov states and their measurements have been quite useful for studying the Efimov
states, they are not the direct evidence of the Efimov states. Recently, a direct association of the
Efimov states has been realized [51, 52, 160]. In Refs. [51, 52], a gas of atoms and weakly bound
dimers is initially prepared, and a microwave with variable frequency is applied. The atoms and
dimers are then converted into Efimov trimers. This radio-frequency association technique has suc-
cessfully been used to associate and observe the Efimov trimers in ulttacatdms [51, 52]. In
Refs. [160], the radio-frequency association has been applied to a gas without dimers, and Efimov
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states have been created from the three-atom continuum. The radio-frequency association tech-
nigue dfers a direct access to the Efimov trimers, and one can measure the binding energy of the
Efimov trimers.

2.3 Three-body physics for fermions

In this section, a fermionic three-body problem is reviewed. When the three particles are identi-
cal fermions with no internal degree of freedom (i.e., spinless fermions, or spin-polarized fermions),
they cannot interact in thewave channel and behave as free particles at low energy. The simplest
case in which non-trivial feect of the Fermi statistics on the Efimov physics can be studied is a
three-body system of two identical fermidrand one distinguishable particle, where the fermions
are resonantly interacting with the other particle in ta@ave channel. Such a system is often
called a “2-1 system.” | review this 21 system for a variable mass ratio. The mass ratio between
the two fermions and the other particle is an important parameter which determines the presence or
absence of a three-body bound state. In the previous studies [38, 59, 132], two types of three-body
bound states have been demonstrated to appear in this system, the Efimov states [38, 132] and the
Kartavtsev-Malykh states [59]. | describe these two trimers and discuss the role of the mass ratio
in this section.

While the three-body problem can be solved exactly with the hyper-spherical method [38, 59],
| present an analysis using the Born-Oppenheimer method in this section. Itis far simpler and more
intuitive than exactly solving the three-body problem. As we will see, three-body bound states
appear when the fermions’ mass is much larger than that of the other particle. Therefore, the Born-
Oppenheimer method is a good approximation, and reproduces the hyper-spherical results fairly
well.

2.3.1 Efimov dfect and the critical mass ratio at unitarity

For resonantly interacting three identical bosons, an inverse-square attraction appears in the
hyper-radial Schidinger equation, and the Efimov states appear. For a fermionic three-body sys-
tem, an essential flerence from the bosonic case is that in addition to the Efimov attraction, a
centrifugal repulsion appears due to the antisymmetrization between the identical fermions. To
see this point, let us assume that two fermions is much heavier than the other particle, so that the
Born-Oppenheimer approximation can be used [38]. In the Born-Oppenheimer approximation, we
first solve the Sclirdinger equation of the light particle (masg) and obtain an energy eigen-
value when the positions of the heavy fermions (nmagyare fixed atx; andx,. The Schodinger
equation of the light particle is & [X; — X2|)

2y72

_W:‘b(y) = E(Ne(y) (2.60)

$Again, | assume throughout this thesis that fermions do not have any internal degree of freedom, i.e., spin-polarized
fermions.
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with the Bethe-Peierls boundary conditiongyat x;| — +0 and|y — X,| — +0. This equation can
be solved analytically, giving

) exp(—K(r)'y‘r—Xl') exp(—K(r)'y‘r—Xz')

= + , 2.61
#0) ly = X4 ly = Xal (2.61)
wherex(r) is determined from the Bethe-Peierls boundary condition as
K(r)—e*0="1. (2.62)
a
A solution of this transcendental equation is
K(r) = g +W(e ), (2.63)

whereW is the Lambert W function. The energy eigenvalue of the light parle is then
obtained as
72k (r)?

E(r) =- :
(r) 2mgr?

(2.64)

This appears as arffective interaction in the Sctdinger equation of the relative motion between

the fermions
2¢72
r

+ E(r)] Y(r) = Ey(r). (2.65)

/=

Since the wave function must be antisymmetrized, the relative angular momentum between the
fermions must be an odd integer, so that a centrifugal repulsion appears. At the unitarity, the
effective interaction between the heavy particles becomes

RL(L+1) #2Q2
M2 2mr2’

V(r) = (2.66)
whereQ = W(1) = 0.5671.... The first term is the centrifugal repulsion, and the second term is the
attraction induced by the light particle, i.e., the Efimov attraction. These two contributions compete,
and their strength varies as the mass ratio is changed. When the mass of the fermions is much larger
than that of the other particle, the Efimov attraction dominates the centrifugal repulsion, and the
Efimov states appear. On the contrary, wingn < m,, the potential is repulsive and there is no
three-body bound state. In the most stable 1 channel, the critical mass ratio which delimits
these two behaviors is

Mg _ 2

().~

While the Born-Oppenheimer method has been used in the above analysis, the three-body
Schibdinger equation can be solved analytically with the hyper-spherical method. One finds no
qualitative diference from the Born-Oppenheimer analysis. The exact value of the Efimov’s crit-
ical mass ratio is obtained as¥/m_ ) = 13.606. .. [132], which is in excellent agreement with
the Born-Oppenheimer result (see Table. 2.1).

1

L(L+1)+ 7| =13992.... (2.67)
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Table 2.1: Critical mass ratio at which the Efimov states and the first and second Kartavtsev-Malykh
states appear. The mass ratio calculated with the Born-Oppenheimer approximation and the exact
hyper-spherical calculation [59, 132] are shown.

Born-Oppenheimer Exact

1st Kartavtsev-Malykh state 9.62 8.172
2nd Kartavtsev-Malykh state 13.74 12.917
Efimov states 13.992 13.606

2.3.2 Kartavtsev-Malykh trimer
Away from unitarity Ya # 0, the dfective interaction between the heavy particles is

212 B2KA(r)
mer2  2mgr?

V(r) = (2.68)

In Fig. 2.9, we show/(r) for various mass ratios = mg/m,. For a small mass ratio, the potential

is repulsive, so that no trimer can exist. For #isiently large mass ratio, especially fiog /m >
13992.. ., the potential is strongly attractive, so that trimers can be formed. For an intermediate
mass ratio 16 my/my < (me/m)g, an attractive force appears at a distancea for a positive
scattering length while the short-range part is a repulsive inverse-square potential. A potential
well-like structure appears, and this supports one bound state mhgm_ > 9.62..., and two

bound states whemy/m_ > 13.74.... When one uses the hyper-spherical formalism and solves
the three-body problem exactly, one can show that these three-body bound states appear at mass
ratios (nq/m)G, = 8.172... and fy/m)), = 12917... [59], which agree with the Born-
Oppenheimer results fairly well (see Table. 2.1).

These three-body bound states below the Efimov’s critical mass ratio were found in 2007 by
Kartavtsev and Malykh [59], and they are called the Kartavtsev-Malykh states. The Kartavtsev-
Malykh states have distinct properties from the Efimov states. In Table. 2.2, basic properties of
the Kartavtsev-Malykh states and the Efimov states are compared. First of all, the number of the
bound states areftierent. There are an infinite number of bound states for the Efimov states, while
there are only two Kartavtsev-Malykh states. Universal properties of these states also show marked
contrast to those of the Efimov states. While the Efimov states depend on the two paramegers, the
wave scattering length and the three-body parameter, the there-body parameter is irrelevant for the
Kartavtsev-Malykh states. This is because there exists a strong repulsive potential at short distance
whenmy/m_ < (me/my)g, and it prohibits three particles from coming close. As a consequence,
the Kartavtsev-Malykh states have a continuous scale invariance: if the scattering length is scaled
asa — fa, the binding energ¥, (n = 1,2) and the mean radius) are scaled aE — S2E,

(ry — p(r) for an arbitrary continuous value gf

Furthermore, the stability of the Efimov trimers and that of the Kartavtsev-Malykh trimers dif-
fers significantly. The Efimov trimers are known to be unstable against a three-body loss [27]:
the trimer dissociate into a tightly bound dimer and an atom, thereby releasing its binding en-
ergy into the kinetic energy and are lost from the trap. On the contrary, such a decay channel for
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Figure 2.9:V(r) in Eqg. (2.68) for a positive scattering length (main figure), and a negative scattering
length (inset) for several mass ratios= mg/m.

the Kartavtsev-Malykh trimers is suppressed, since there is a large potential barrier at short dis-
tance [60]. The wave function of the Kartavtsev-Malykh states attenuates at short distance, so that
there is little overlap with the wave function of the tightly bound dimer.

As a final remark, the allowed value of the scattering length fiedint between the Efimov
states and Kartavtsev-Malykh states. The Efimov states can exist for a negative value of the scat-
tering length. Since the two-body bound state does not exist f00, they are sometimes termed
as Borromean states: three-body bound states in the absence of a two-body bound state. This can
be seen by observing the potential fog/m_ > (mg/my)e. As shown in the inset, for a negative
scattering length, the potential has an inverse-square attractiopjdpr 1 when the mass ratio
exceeds the Efimov’s critical mass ratio. Thus, the three atoms are subject to a strong enough short-
range attraction wheja is large, and they can form trimers. When the mass ratio is smaller than
the Efimov’s critical mass ratio, on the other hand, the potential for a negative scattering length is
repulsive for anyr, so that no trimer can be formed. Thus, the Kartavtsev-Malykh states are not
Borromean states.

In one dimension and two dimensions, three-body bound states similar to the Kartavtsev-
Malykh states have been found recently [161, 162]. The three-body bound states of the Kartavtsev-
Malykh character exist fomg/m_ > 1 [161] andm:/m_ > 3.3 [162] in one and two dimen-
sions, respectively. These are also distinct from the Efimov states, since the Efimov states do
not appear in one and two spatial dimensions [32, 115, 163]. Indeed, by generalizing the hyper-
spherical formalism to a continuous number of spatial dimensions and solving the hyper-angular
equation ind dimensions, one can show that the Efimov states appear for a range of dimensions
23<d<38[32,115].
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Table 2.2: Properties of the Kartavtsev-Malykh trimers and Efimov trimers are compared.

Efimov trimers Kartavtsev-Malykh trimers
Number of bound states Infinite 2
Scaling property Discrete Scaling Continuous Scaling

S-wave scattering lengt

n
S-wave scattering length
Three-body parameter| gieng

Relevant parameter

Stability Unstable Stable
Trimers fora< 0 Possible Impossible
Other dimensions Impossible Possible

2.4 Universal three-body parameter

Recently, the three-body parameter of the Efimov states has attracted great theoretical and
experimental interest. In Sec. 2.4.1, a short history on this issue is sketched out, followed by a
review of recent developments in experimental studies of the three-body parameter. In Sec. 2.4.2,
all the theoretical studies on the universal three-body parameter are listed up to the best of the
author’s knowledge, and they are reviewed briefly. Note that the results presented in this section is
quite new, most of them reported during 2011-2013. Therefore, both experimental and theoretical
results presented in this section may be subject to some revisions with updated results in the near
future.

2.4.1 History and recent experiments in ultracold atoms

The three-body parameter fixes the energy scale of the Efimov states, and it is an important
parameter in the Efimov physics. In the zero-range Efimov theory, the three-body parameter is in-
troduced as a parameter characterizing a short-range three-body phase, and its value cannot be de-
termined by itself. In fact, in ultracold atom experiments shown in Figs. 2.7 and 2.8, the three-body
parameter and the inelasticity parameter are treated as fitting parameters to compare the zero-range
Efimov theory with the experimental data. To determine the value of the three-body parameter
for a given system, one needs to take into account a finite-range part of inter-particle interactions,
and perform a three-body calculation numerically. In some literature [71], the three-body prob-
lem has been solved theoretically for some finite-range potentials, and it has been claimed that the
three-body parameter is rather sensitive to details of potentials. In the language of ultracold atoms,
this means that the three-body parameter is rather sensitive to atomic species, hyperfine states, and
which Feshbach resonances one chooses. While the long-range part of the inter-atomic interaction
share the same van der Waals fou@s/r8, the short-range part depends on electronic configu-
rations of the atoms, and it is strongly dependent on atomic species, and hyperfine states. This
non-universal short-range part of the inter-atomic interaction has been believed to alter the value
of the three-body parameter significantly, rendering it non-universal. In addition to the short-range
part of the two-body interaction, it has been suggested that an atomic species dependent three-body
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Figure 2.10: Three-body loss rate @iv@ent K; « Lz observed experimentally for two féierent
hyperfine states are show by red solid circles and blue open diamonds [46]. The solid curves are the
zero-range Efimov theory fitted to experimental data. The dotted line shoved trend. [Figure
reprinted with permission from N. Gros$ al, Phys. Rev. Lett105 103203 (2010). Copyrigh®©

(2010) by The American Physical Society.]

force present at short-range [164] can also significarftcathe three-body parameter, rendering
the three-body parameter non-universal [71].

The first experiment suggesting the universality of the three-body parameter was performed
by the team of Bar-llan University in 2010 [46]. In this experiment, a three-body loss was ob-
served in the vicinity of a Feshbach resonance for twitetknt hyperfine states. As shown in
Fig. 2.10, three-body loss rates for twdtdrent hyperfine states agree excellently. This suggests
that the three-body parameter and the inelasticity parameter are almost the same for the two hyper-
fine states. With hindsight, this experiment was the first to find the universality of the three-body
parameter. However, at that time it was not clear whether the agreement is a mere coincidence
or not. The universality of the three-body parameter was clearly realized in the community by a
subsequent paper published in 2011 [68]. In this experiment, the team of the Innsbruck University
has measured three-body loss rates for foffiecint Feshbach resonances'f€s atoms. Surpris-
ingly, contrary to the conventional wisdom [71], the three-body parameters for the féeredi
Feshbach resonances agree with each other. Furthermore, when these three-body parameters for
133Cs atoms are compared with those observedlfoatoms [44, 45, 46], they also agree when the
three-body parameter is normalized by the van der Waals Ia‘f@mdw =-8-10.

These observations have surprised researchers working on the Efimov physics in ultracold
atoms, and the three-body parameter for other atoms has subsequently been measured by a num-
ber of groups. Until now, the three-body parameter has been observed for four bosonic alkalis:
Li [26, 44, 45, 46, 47, 65]3K [28, 66], 8°Rb [67] and'**Cs [68, 69]. Three-body parameters
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Figure 2.11: The scattering lengths at the triatomic resonance thresffoldor various atomic
species. The plotted data are taken from the following references (see Table. 2.4 for more detail):
8Li [50, 53], "Li [26, 47, 65], %K [66], ®Rb [67] and'**Cs [68]. We also show the result of a
theoretical calculation for a realistftie potential [10] (see Sec. 2.4.2). The red solid line is the
best fit to the data'® = —9.4 + 0.2r,qw.

observed so far are shown in Fig. 2.11 and Table. 2.4. Except for some d##a atoms which
will be discussed later, the three-body parameter seems to be universally determined by the van der
Waals Iengtha(_l) = —8-10ryqw.

The Efimov states have also been realized for a three-component Fermi sySteatarns [48,
49, 50, 51, 52, 53, 54]. The Efimov physics of three identical bosons and that of fermions in
three diterent internal states are mostly the same. The ortfgréince is that there are three inter-
particle scattering lengthe,, ays, andass. ForbLi atoms, these three scattering lengths can be
simultaneously made resonant. In Ref. [50], a three-body parameter has been estiméited for
atoms based on the assumption that the loss rate behaves in the same manner as that of identical
boson in Eq. (2.59) with the mean scattering length

1
a:ln = é(aizais + aizags + aisags)- (2.69)

The three-body parameter estimated this way has been foundatt) figyw = —9.3, which agrees
excellently with the bosonic case. In Ref. [53], the three-body threshold for the first-excited Efimov
trimer has been observed ftiri atoms. By using the above method and multiplying the universal
scale factor, one obtaires”/r,qw = —8.1. These data are also shown in Fig. 2.11.

Recently, the three-body loss rate for excited-state atoms has been measured [70]. While
the Feshbach resonance cannot be used for the exXeledtoms, a natural scattering length be-
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since it is not clear how one can define the mean resonance width.

tween them is resonantly large. The three-body parameter extracted from the loss rate measurement
has been found to be consistent with that of alkalis, although this data is not shown in Fig. 2.11.

Two remarks are in order for experimental data not shown in Fig. 2.11. First of al®@s
atoms, a three-body parameter of the Feshbach resonaBce 81889 G is not shown, since it
has been reported that it mayfkar from a large systematic error [69]. Second¥ data reported
in Ref. [28] is not plotted here. In Fig. 2.8, the experimental data reported in Ref. [28] is shown.
For a negative scattering length, two peaks are visible. In Ref. [28], the peaks-a1500, and
a = —600g are identified as three-body and four-body loss peaks, respectively. This identification
results ina™ /ryqw = —23, in total disagreement with the universal behavior. In a subsequent paper
by the same team [66], these identifications have been revised. In Ref. [66], they assigned the
a = —600gay peak as the three-body loss peak, while the peak=at 1500y, is not present in their
new observation. In Fig. 2.11, the older data reported in Ref. [28] is not shown, and only the recent
data reported in Ref. [66] is shown.

For a detailed list of the three-body parameters and the inelasticity parameters observed in
experiments, the readers are referred to Table. 2.4 placed in the last page of this chapter.
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Table 2.3: Experimental observations of the three-atom resoreance 0 and the atom-dimer
resonance&* > 0 of the hetero-nuclear Efimov states of 2 identical boseiisparticle (A-A-B),
together with values of some fundamental parameters. The van der Waals lengths for a homo-
nuclear K-Rb atoms.,, is taken from Ref. [165], and that for a homo-nuclear K-K atoms and Rb-
Rb atomg 33, are taken from Refs. [166] and [167], respectively. The background homo-nselear
wave scattering Iengtl‘a’?‘;\g‘\ for K atoms and’Rb atoms are taken from Refs. [168] and [24, 168],
respectively. The dimensionless Feshbach resonance sidthtaken from Ref. [24].

Atoms ma/mg AN (30) TS (a0) affa0) Bo(G)  Ses a%(ao) a‘(ao)
4K4KERb [55]  0.4713 65.30(7) 72.22(1) 62 38.4 25.8 -P2(6)x10° -
8'RP’'ROMK [55] 2.1217 82.59(3) 72.22(1) 100 384 258 -246(14) -

S'RIP'ROPOK [169] 2.1747 82.59(3) 71.92(1) 100 546.62 1.9&-3000or>-200 230(10)

Three-body parameter for a narrow Feshbach resonance

Until 2012, all the three-body parameters for three identical bosons observed in ultracold atoms
had been consistent with the universal behaaf®r = —8-10 ryqw, except for those which have
turned out to be unreliable (see the previous paragraph). However, in 2013, a team of LENS has
observed a possible deviation from the universal behavior [66]. As one can see in Fig. 2.12, for most
atoms, three-body parameters have been observed so far for broad Feshbach resppantes
The team of LENS has observed the three-body parametef¥ aitoms for various Feshbach
resonances, including rather narrow Feshbach resonanasgg ©f0.1. The results are shown as
solid rectangles in Fig. 2.12. For broad Feshbach resonances, the observed three-body parameters
are consistent with the universal behavior. However, for narrow Feshbach resonances, they have
found that the three-body parameters get significantly larger than the universal valtle dtoms.

On the other hand, the three-body parameteré&fictoms observed at the Rice University [26, 45]

and the Bar-llan University [44, 46, 65] show the opposite trend: it gets slightly smaller than the
universal behavior. Because of such an apparent contradiction and of shortage of data, it is not yet
clear whether the three-body parameter should be universal or not for narrow Feshbach resonances.
As will be argued in the next section, it is also not yet understood theoretically, and requires further
studies.

For a detailed list of the three-body parameters and the inelasticity parameters observed in
experiments, the readers are referred to Table. 2.4 placed in the last page of this chapter.

Hetero-nuclear systems

As explained in the introduction, the Efimov states can appear for a three-body system of two
identical atoms resonantly interacting with another atom whose masasedi from that of the
others. Such a system is often called a hetero-nuclear system, since their atomic nuclei are dif-
ferent. Until now, the Efimov physics in hetero-nuclear systems have been investigated experi-
mentally only for a mixture of Rb atoms and K atoms by two groups: LENS in 2009 [55] and
JILA in 2013 [169]. In Table. 2.3, three-body parametafs and atom-dimer resonant poiras
reported in these studies are summarized, together with some basic properties of these systems.
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As shown in the table, the three-body parameatehas been reported to be observed only for two
cases*K*K8Rb and®’RbP’Rb*K [55], while the atom-dimer resonance has been reported to be
observed fof’"REP'RB*K [169]. It should be noted that the two studies report rather distinct be-
havior in the three-body loss rate fIRP'RIb*K and®’RBP'R*K: while a clear peak in the loss

rate has been visible at= —246(14) in the former case [55], no peak has appeared in the region
—-3000 < a < —200 in the latter case [169]. The experimental data however is not ffatient,

and we cannot judge yet whether the three-body parameter is universal or not for the hetero-nuclear
systems.

Even if the three-body parameter is universal, it may showffareint universal behavior from
that of three identical bosons. In the case of three identical bosons, a long-range part of inter-atomic
interactions is characterized by a single paramitgy, SO once one assumes that the three-body
parameter is universally determined by this long-range part, one easily obtains the universal relation
a® ~ rvaw- ON the other hand, there are two van der Waals lengths for the hetero-nuclear system
of two A atoms and one B atom, namely a homo-nuclear van der Waals le}fgtand a hetero-
nuclear van der Waals lengtif?,. Even when the three-body parameter has turned out to be
universal, it may non-trivially depend on these two van der Waals lengths. Furthermore, a homo-
nuclear scattering Iengﬁ{&f remains of the order of the van der Waals length in the hetero-nuclear
Efimov states, which may alsdfact the three-body parameter.

Note that for the atomic species and Feshbach resonances reported in Table. 2.3, the homo-
nuclear scattering Iengﬁiﬁg\ does not vary significantly from the background homo-nuclear scat-
tering lengths and to a good approximation we can equate these two quaa‘iﬁtieaﬁg. This can
be checked from Fig. 14.2 of Ref. [170]. For Rb atoms, this can also be checked in Table IV of
Ref. [24].

2.4.2 Theoretical developments

In this section, theoretical studies on the universal three-body parameter is reviewed. To the
best of the author’'s knowledge, all the theoretical studies on this issue until now have been listed

up.

3 identical bosons for broad Feshbach resonances

Shortly after the universality of the three-body parameter has been pointed out in Ref. [68], a
three-body problem dfHe atoms has been numerically solved using a reafistécpotential [10].
A realistic “He potential, LM2M2 potential [12], is varied by a scaling factor\gs) — AV(r)
to virtually change thes-wave scattering length dHe atoms. Then, the three-body parameter
has been found to baé_l)/rvdw = —9.42, which is in excellent agreement with the universal value
observed in ultracold atom experiments. In Fig. 2.11, this theoretical value is shown as a black
down-pointing triangle. Since a three-body calculation with a single-channel potential corresponds
to the limit s — +o0, it is shown in Fig. 2.12 in the right-most position as a black down-pointing
triangle.

In Ref. [72], C. Chin attempts to explain the physical origin of the universal three-body param-
eter. He argues that a strongly attractive three-body potential between the atoms induces quantum
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Figure 2.13:a%)/r,qw measured fofK atoms (blue dots) [66] versus the theoretical prediction

(red curve) reported in Ref. [75]. The open diamond is the mean yaf|gr,qw = 9.73 observed

for broad resonances. The gray shaded region shows the variance of the experimental data. [Figure
adapted with permission from S. Rey al,, Phys. Rev. Lett111, 053202 (2013). Copyrigh®©

(2013) by The American Physical Society.]

reflection between three atoms, so that they cannot come close and the three-body physics is deter-
mined solely by the long-range part of the inter-atomic interaction, i.e., the van der Waals interac-
tion. He has estimated the three-body parameter with a physical model, and olat&ifregy =

-9.48. In Ref. [73], however, J. Wang and coworkers argue that quantum reflectionfiiciest to

prevent three particles from coming close. By numerically solving three-body&dger equa-

tion for various two-body potentials, they have shown that a strong three-body repulsion appears in
the hyper-radial potential when a two-body potential either is strongly attractive or has a hard-core
repulsion at short distance. They have obtained three-body parameters for various types of poten-
tials to bea(_l)/rvdw = -8 ~ 12. In Ref. [74], P. K. Sgrensen and coworkers have claimed that a
repulsive barrier in the two-body potential is essential for the three-body parameter. However, in
Ref. [73], J. Wang and coworkers have shown that a strong three-body repulsion can appear and the
three-body parameter becomes universal even for purely attractive two-body potentials.

To summarize, for a system of three identical bosons in the vicinity of broad Feshbach reso-
nances, the value of the three-body parameter has been found to be consistent with the experiments
in most theoretical studies. However, the physical mechanisms proposed to date have been rather
different from each other, and some of them are in total contradiction. In Chap. 4, the physical
origin of the three-body parameter is studied, and a clear and simple physical picture will be pre-
sented.
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3 identical bosons for narrow Feshbach resonances

The three-body parameter in the ultra-narrow resonance limit has been theoretically studied by
D. S. Petrov in 2004 [171]. He has found that the three-body parameter is universally described by
the dfective range, and thus gets divergently larg@@s~ |reg| o S — +oo in the ultra-narrow
resonance limit. Interestingly, a slight increase of the three-body parameter for narrow resonances
reported by LENS (light-blue rectangles in Fig. 2.12) [66] is consistent with this behavior, although
they are yet far from the ultra-narrow resonance limit and hence the theory cannot be applied. It
should be noted that there is no increase in the three-body paramélerdtoms (purple diamonds
in Fig. 2.12) observed at the Rice University [26] and the Bar-llan University [44, 46].

In Ref. [75], R. Schmidt and coworkers have theoretically studied how the three-body parameter
varies as the resonance width is changed. In Fig. 2.13, their theoretical prediction is shown as a
red curve. It converges fa/ryqw = 8.27 in the broad resonance limit, which is consistent with
the universal value. It also becomes divergently large in the ultra-narrow resonance limit, and is
consistent with Ref. [171]. However, as shown in Fig. 2.13, it is inconsistent with experimental
results.

Hetero-nuclear systems for broad Feshbach resonances

Until now, there is only one work on the three-body parameter for hetero-nuclear systems. In
Ref. [168], Y. Wang and coworkers claim that the three-body parameter is universal even for a
hetero-nuclear system of two identical bosons and one distinguishable particle. For a system of
two light and one heavy patrticles, they have found a strong three-body repulsion similar to the case
of three identical bosons. For a system of two heavy and one light particles, on the other hand, they
argue that an attractive interaction between the heavy particles, rather than the three-body repulsion,
makes the three-body parameter universal.
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Table 2.4: Experimentally observed three-body paramef&rand inelasticity parameters for

8Li, “Li, %°K, 8°Rb, and'*3Cs. For*He atoms, the three-body parameter calculated theoretically
with a realistic*He potential is shown [10]. In most cases, is taken from the references below
or Ref. [24]. For’Li, sesis estimated from the Feshbach resonance data in Ref. [65].

Atom  rgwla) Bo[G]  aV[al a/law  Ses n- Reference
553.30 -102958 -10.1880.574 0.9  0.120.01 [68]
853.07 -95828  -9.4550.277 1470 0.080.01 [68]
133Cs 101.0 554.71 -95%80 -9.47%0.792 170  0.190.02 [68]
756  -87222 -8.6340.218 560  0.160.03 [68]
818.89 -140@150 -13.881.49 12  0.180.03 [69]
738 274 -8.43 0.61 0.21 [47]
Li 3249 738  -26%16  -8.16:049 0.61 0.2580.062 [46, 65]
738 -25210  -7.76:0.30 0.61 0.12 [26, 45]
894 23825  -7.330.76 0.73 0.1880.048 [44, 65]
. - 292 -9.34 - 0.072 [50]
L 3126 253 8.11 . 0.016:0.010  [53]
“He(Theory) 4.935 - -48.4 -9.81 +00 - [10]

471.0 -64@100 -9.92-1.55 2.8 0.0680.011 [66]
402.6  -69@40 -10.7@:0.62 2.8 0.14%0.012 [66]
33.64 -83@&140 -12.842.17 2.6 0.2040.010 [66]

3K 64.49 560.72 -64890 -9.92:1.40 2.5 0.220.02 [66]
162.35 -73@120 -11.32+1.86 1.1 0.260.05 [66]
65.67 -95@250 -14.733.88 0.14 - [66]
58.92 -95@150 -14.7%2.33 0.11 - [66]

8Rb 82.10 155.04 -7586 -9.244:0.07 28 0.05%0.002 [67]




Chapter 3

Universal three-body physics for fermions

For a three-body system of two identical fermions with no internal degree of freedom reso-
nantly interacting in thesswave channel with another distinguishable particle, as in introduced in
Sec. 2.3, two types of trimers have been demonstrated to exist ib thel, odd parity chan-
nel: the Efimov trimers [38, 132] and the Kartavtsev-Malykh trimers [59]. When the mass ratio
between the fermions and the other particie/m_ is larger than the Efimov’s critical mass ra-
tio (mg/my)e = 13.606... [132], the Efimov states appear. When the mass ratio is smaller than
(ms/my)g, the Efimov states do not appear, but still universal three-body bound states can exist.
Indeed, there exist one three-body bound state whrirty)$), < me/m. < (my/m)%, and two
three-body bound states whemy/m)%) < me/m < (me/my)e, where (my/m)S), = 8.172...
and fny/m )@, = 12917... [59]. These three-body bound states below the Efimov’s critical mass
ratio are called the Kartavtsev-Malykh states after two researchers who found these three-body
bound states in 2007 [59].

As compared in Table. 2.2, universal properties of the Kartavtsev-Malykh states are in marked
contrast to those of the Efimov states. The Efimov states can exist for a negative value of the
scattering length, and show the energy spectrum as schematically illustrated in Fig. 3.1 (b). There
are an infinite number of three-body bound states featuring the discrete scale invariance. On the
other hand, the Kartavtsev-Malykh states exist only for a positive scattering length. Thanks to
a strong three-body repulsion originating from a centrifugal force, the three-body parameter is
irrelevant for the Kartavtsev-Malykh states, and their properties are universally determined by the
s-wave scattering length. For example, the binding energy of the Kartavtsev-Malykh states behaves
asE o« a2 When ny/m)%), < meg/my < (my/my)g, two Kartavtsev-Malykh states exist, and the
energy spectra behave as schematically illustrated in Fig. 3.1 (a) close to unitarity.

A natural question arises: as the mass ratio of the system is varied, how the energy spectra
below the Efimov’s critical mass ratime /m_. < (my/m)e shown in Fig. 3.1 (a) can change into
those above the critical mass ratig /m_ > (my/my)e shown in Fig. 3.1 (b)? When the mass ratio
is varied across the critical mass ratio, the number of trimers should change from two to infinite.
How this can occur? The scale invariance should also change dramatically at the critical mass ratio:
above the critical mass ratio, the Efimov states appear, showing the discrete scale invariance. On
the other hand, the Kartavtsev-Malykh states show the continuous scale invariance: if one finds one
of the Kartavtsev-Malykh states at a specific value of stveave scattering length, properties of
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(a) (QMFLLE |/h2A%)% (b) Qurr \‘{3 |/h2A%)

(Aa) "5

! \
KM trimers \
Efimov
trimers

Figure 3.1: Schematic illustration of the energy spectra of (a) the Kartavt%-:-v-Makah (KM) trimers
(thick blue lines) and (b) the Efimov trimers (thick green curveg). = - X _ s the reduced

>

mass between the fermion and the other partiales the swave scatteriLnJgr Iangth between the
fermions and the other particle, andis the three-body parameter, or equivalently the utm-
mentum in the Skorniakov—Ter-Martirosian equation (3.20). The rightmost thin yellow lines show
the universal dimer binding energy in Eq. (2.10). [Figure adapted with permission from SeEndo
al., Phys. Rev. A86, 062703 (2012). Copyrigh® (2012) by The American Physical Society.]

trimers for diferent values of the-wave scattering length can be predicted by rescalingthave
scattering length and the energy for a continuous valykasfa — ga, E — S72E, and{r) — S(r).
While the three-body problem of two fermions and an additional particle has been studied in some
literature [59, 60, 172, 173], there has not yet been a systematic study that clarifies the relation
between dterent types of trimers and show how the energy spectra changes as the mass ratio and
s-wave scattering length are varied.

This issue is addressed in Sec. 3.2. | show in Sec. 3.2 how the Kartavtsev-Malykh states can
change into the Efimov states as the mass ratio and-thiave scattering length are varied. To
this end, | first | derive in Sec. 3.1 an integral equation in the Skorniakov—Ter-Martirosian form for
a system of two identical particles and one distinguishable particle for arbitrary masses, angular-
momentum channels, and statistics of particles (i.e., bosons or fermions). This allows us to calculate
particle-dimerf-wave scattering lengths and binding energies of trimers in an arbitrary angular-
momentum channel, mass ratio, and statistics from a single equation. Using this Skorniakov—Ter-
Martirosian equation, | solve the three-body problem numerically by varying the mass ratio and the
s-wave scattering length. | have found a new class of universal three-body bound states, “crossover
trimers”, which lie between the Kartavtsev-Malykh and the Efimov regimes. The crossover trimers
neither show the continuous nor discrete scale invariance, but they exist between the two regimes
model-independently and behave universally. As the mass ratio is increased, | have found that the
trimers of the Kartavtsev-Malykh character gradually lose their continuous scale invariance and
become the crossover trimers, and finally turn into the Efimov trimers.

While the Kartavtsev-Malykh states have been originally found in the fermiorilcsystem in
theL = 1 channel [59], in Ref. [61], it has been pointed out that they can generally exist in the
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odd angular-momentum channels for the fermionid 2ystem, and in the nonzero even angular-
momentum channels for the bosoniel2system. However, the Kartavtsev-Malykh states in general
angular-momentum channels have been studied only in an approximate manner [61], and there has
been no precise three-body calculations. In particular, precise values of the critical mass ratios at
which the Kartavtsev-Malykh states appear have not been known. In Sec. 3.3, | study the three-
body problem of fermionic and bosonie 2 systems in arbitrary angular-momentum channels with
the Skorniakov—Ter-Martirosian equation derived in Sec. 3.1. | numerically obtain precise values of
the critical mass ratios at which the Kartavtsev-Malykh trimers appeatr, their binding energies, and
elastic particle-dimer scattering lengths in arbitrary angular-momentum channels for both fermionic
and bosonic 21 systems. The result suggests that similar crossover physics studied in Sec. 3.2 may
appear in the odd angular-momentum channels for the fermiorficsgstems and in the nonzero
even angular-momentum channels for the boso#it &/stems.

In Sec. 3.4, | discuss experimental implications of the results presented in Secs. 3.2 and 3.3.

3.1 Higher-partial-wave Skorniakov—Ter-Martirosian equation

The Skorniakov—Ter-Martirosian equation (2.57) is a one-dimensional integral equation, which
allows us to numerically obtain the particle-dimgewave scattering length and binding energies
of the Efimov trimers for a system of three identical bosons inLthe O channel. Similar equa-
tions have also been derived for various classes of three-body systems: three identical bosons in
the higher angular momentum channels [148, 153], three identical fermions with internal degree
of freedom [148], 2 bosons 1 particle system in the = 0 channel [154]. In this section, | de-
rive a one-dimensional integral equation in the Skorniakov—Ter-Martirosian form for a three-body
system of two identical particles (bosgiesmions) and one distinguishable particle in an arbitrary
angular-momentum channel, for an arbitrary value ofslneave scattering length and the mass ra-
tio. The Skorniakov—Ter-Martirosian equation allows us to obtain precise values of particle-dimer
¢-th wave scattering lengths and binding energies of trimers in arbitrary angular-momentum chan-
nels by varying thes-wave scattering length and the mass ratio.

The Skorniakov—Ter-Martirosian is crucial for my studies presented in Secs. 3.2 and 3.3. Com-
pared with the other methods applied to solve the three-body problem ofthsy&tems [59, 61,
172, 173, 174], the Skorniakov—Ter-Martirosian equation enables us to solve the three-body prob-
lem much faster and far more accurately. It facilitates the investigation of the fermiehisy&tem
for the whole parameter space of th@vave scattering length and mass ratio and the study on the
crossover physics of trimers in Sec. 3.2. It also helps us to obtain precise values of the critical mass
ratios at which the Kartavtsev-Malykh trimers appear, as will be studied in Sec. 3.3.

Derivation of the Skorniakov—Ter-Martirosian equation

Let us consider a three-body problem of two identical spinless (i.e., spin-polarized) particles
(massmg) and one distinguishable particle (masg). The statistics of the identical particles can
be either bosons or fermions. The interactions between the identical particles and the other particle
are assumed to be nearly resonant ingfneave channel, so that it can be modeled by the zero-range
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Figure 3.2: Diagrammatic representation of the Dyson equation (3.1). The single line and the dou-
ble line are a single-particle Green function and a two-body T-matrix, respectively. The identical
particles are shown as black lines, while the distinguishable particle is shown as a red line.

interaction (2.19) at low energy. On the other hand, the interaction between the identical particles is
assumed to be non-resonant, so that it can be neglected to a good approximation. This assumption
is even more justified when the identical particles are fermions, since the interaction between the
fermions in thes-wave channel is prohibited.

The three-body problem is equivalent to solving the particle-dimer scattering problem, where
the dimer is composed of one of the identical particles and the distinguishable particle. The particle-
dimer scattering problem can be generally described by the following Dyson equation [175]

d

d3
gjr)fGL(P ~ P — QGe(ATAP - Ta(. pIP). (3.1)

whereT,(q) is the two-bodyTl -matrix of one of the identical particles and the other distinguishable
particle, Tz(ps1, p2|P) is the particle-dimem -matrix, andGg(q) andG(q) are single-particle Green
functions for the identical particles and the other particle, respectipelndp, are in-coming and
out-going relative momentum and energy, respectively, Rigithe total momentum and energy.

All momentum indices are written in the four-momentum notation. The plus sign is when the
identical particles are bosons, while the minus sign is when they are femrions. The Dyson equation
is diagrammatically illustrated in Fig. 3.2. For a system interacting via the zero-range interaction
(2.19), the two-bodyl -matrix can be analytically obtained as

T3(p1, P2IP) = +GL(P - p1— p2) £ i f

-1
3/2 2
HrL  HeL P +
- —wp — . 2
2ra \/Zr 2(m|: + m|_) wp—10 } (3 )

Ta2(P) =
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Let us take the on-shell processes in Eq. (3.1)doandp,: pi = B = (% p), where the
F

overline denotes the on-shell energy and momentum. Since we are only interested in the relative

. . h?
motion of the atom and dimer, we take the total momentum to be Zere: Py = (—2 £ ,O),

MFL
mem, . . . .
whereur, = - F+ " is the reduced mass between one of the identical particles and the other

distinguishabIerartiéIe.

One can carry out the frequency integration in the second term of the right-hand side in Eq. (3.1),
sinceGg(q) has a pole in the lower-half plane of, and the other terms are analytic in the lower
half-plane ofwq. After the frequency integration, one obtains

3
T3(P1, P2IPo) = +GL(Po—P1—P2) =1 I%GL(PO —P1 - 9)Gr(@) T2(Po — 9)T3(q, P2IPo). (3.3)

Now, we expand the Dyson equation into independent partial waves. To this end, the Green
function and the particle-dimdr-matrix are expanded as

~GL(Po—P1—-P2) = Z 9¢(P1, P2)Pe(cosbyy), (3.4)
¢=0
T5(G, PalPo) = ) te(pu, P2)Pe(COSt12), (3.5)
=0
wheref,, is the relative angle betwegn and p,, andg,(pa, p.) is defined as
20+1 1

0P p) = S [ xR (3.6)

B et B B T m X

This integration can be carried out analytically by using the following mathematical formula:

! 1 1 (1
L dXPy(X) 7772y = 2-1)'2Qn (R) (0<A<1), (3.7)

whereQ,(X) is a Legendre function of the second kind. Then, one finds

m 2 2
my T [—€ + P+ P2
,P2) = (2¢ + 1)(-1) : 3.8
9e(P1, P2) = ( )(-1) plszf[ 51n (3.8)
Substituting Egs (3.4) and (3.5) into Eq. (3.3), one obtains
1 _
te(P1, P2) = F9e(P1, P2) F 222+ D) fqqug’(pl’ ) T2(Po — Q)t(a. p2), (3.9)

where we have used the addition theorem of the spherical harmonics:

A

P,(cosb,,) = 71

¢
D Yanl01, 61)Ynl02, 62). (3.10)
m=—{
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We define the momentum-dependent scattering length as

HOF | te(P1, P2)

, 3.11
20+ 12 o0 plpl ( )

a/(p1) =

me(Me +my) . . . .
whereupg = H is the reduced mass between one of the identical particles and the
F L

dimer. Note that the low momentum limit @f(p) gives thef-th wave particle-dimer scattering
length when the total energy is set to the particle-dimer threshold eaergy?. To see this, recall
that the particle-dimer-matrix can be related to the particle-dimer scattering amplifigef we

set|pi| = |pz| as

2
S H
Ta(P1. P2lPo) = ——— fan(PL. P2) (3.12)
Hor Ipal=Ip2
By expanding the particle-dimer scattering amplitude into partial waves as
fan(Pr P) = (26 + 1)fi(pr)Po(costia), (3.13)
¢
k2€
ff(k) = 1 2 ’ (314)
v rek? +
one can relate théth-wave particle-dimer scattering lengthandT; as follows:
a = — lim flp) 1 por im te(p1, pz)' (3.15)

p1—0 ng 2¢ + 1,u|2:|_ p1,p2—0 p‘i pg

From Egs. (3.11) and (3.15), one can clearly seedfg = 0) gives the particle-dimef-th scat-
tering length.
Substituting Eq. (3.11) into Eq. (3.9), one obtains

por 9e(P1) -
2€ +1 %L p‘i 2712(26’ + l)p1

au(py) = f a0 (pr. ) To(Po - Dac(a).  (3.16)

where we have definegl(p,) as

9:(py) = lim —gf(plg Pz), (3.17)
p2—0 5
By using the asymptotic expression for the Legendre function of the second kind
2"(n!)?

g, can be obtained analytically as

(=20 (n)*mp] ( 1 )

On(P1) = - : (3.19)
M (2n)! -2+ P
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Substituting Eq. (3.19) into Eg. (3.16), we obtain an integral equation in the Skorniakov—Ter-
Martirosian form [155]:

a(p) | (- 1)mefd ( ) e(z,m[ il +q21) NG

a2€+1 MFLﬂ- pq B HEL 2 l a2[+l
T (3.20)
_ (—=2)/(£)? pormi | 2ueL 1 o

e+ B | m (—e+ pA@2

The same equation has also been derived recently in Ref. [156].
For a smalk, the Legendre polynominal of the second kind are given as

1 X+1
Q0 = > |09(m), (3.22)
X X+1
Q=1 = > |09(m) -1 (3.22)
3% -1 x+1) 3
Q=2 = 7] |Og(x_ 1) - 5% (3.23)
In particular, for a mass-balanced system inéke0 channel, Eqg. (3.20) becomes
J-e+ 3¢ - an )+1fd Pllog(ZEHPra+PA) =P @24)
Er ¥ g B0 qq g—s+p2+q2+pq ADq_(—z~:+p2)a’ '
where
3 o?
aan(d) = 3 ar=0(0). (3.25)

O e i

Equation (3.24) is almost equivalent to Eq. (2.57). Th&edence in the factor in front of the

integration originates from the absence of an interaction between identical particles.
2

By taking the energy at the dimer thresh&d- — > h > and solving Eqg. (3.20), one can obtain

the particle-dimer-th wave scattering length @(qﬂzFLO). Binding energies of trimers can also
be obtained from Eq. (3.20) by seeking for the values af whicha,(q = 0) diverges. When one
regards the left-hand side of Eq. (3.20) as an operator actirag(q)) the divergence ad,(q = 0)
is equivalent to one of the eigenvalues of the left-hand side being zero. Therefore, binding energies
of trimers can be obtained by seeking for the values af which one of the eigenvalues of the
left-hand side becomes zero. In Secs. 3.2 and 3.3, particle-dimer scattering lengths and binding
energy of trimers calculated with Eq. (3.20) will be presented.

When the Efimov ffect does not occur, the integration in Eq. (3.20) can be taken to be infinite.
Binding energies of trimers and particle-dimzer scattering lengths can then be universally described

. h ,
by the sswave scattering length ds « _ﬂ' a, « a?*'. For a system where the Efimov
F

L
effect occurs, on the other hand, an upper ffuiothe integration must be introduced in Eq. (3.20).
Otherwise, the Thomas collapse occurs, and Eq. (3.20) does not have any finite solution. As long
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as the energy of the system is small and it behaves universally, th& catobe introduced in an
arbitrary manner. The most typical choice is a sharp momentunffcuto

qu—> foAdq. (3.26)

The momentum cutbcan also be introduced in other ways. For example, a Gaussian type fif cuto

is also possible:
00 q2
qu—>v£ exp( 2Az)dq. (3.27)

Since a three-body system should behave universally at low energy, the particle-dimer scattering
lengths and binding energies of trimers calculated with these two ways of the momentufa cuto
should give the same result at low energy. This can in turn be used to investigate whether the three-
body system is in the universal regime or not. In Sec. 3.2.5, | study whetherthey&tem is
universal by changing the ways of the momentum ffiand comparing them.

Discussions

The Skorniakov—Ter-Martirosian equation (3.20) can be used to obtain particle-dimer scattering
lengths and binding energies of trimers for various system with a rather straightforward numerical
calculation. For example, by taking-/m_ = 1.0 and¢ = 0 and assuming the identical particles
to be fermions, the well-known value of the fermion-dinsawvave scattering length.18a is ob-
tained [132, 148]. Furthermore, by takifig- 1 and assuming the identical particles to be fermions,
one can show that the trimers appear at mass ratios 8.172 and 12.917, as predicted in Ref. [59]. This
clearly shows great advantage of the Skorniakov—Ter-Martirosian equation over other methods. In
some literature [59, 61, 172], the hyper-spherical formalism has been used to study the Kartavtsev-
Malykh trimers and the Efimov trimers. It has been pointed out that channel couplings should
be taken into account to obtain the mass ratiog/fn.)%), and (ny/m )&, accurately. Indeed,
if one neglects all the channel couplinBs,, and Q,n, the critical mass ratios become 7.930 and
12.789 [61]. Even when the diagonal non-adiabatic t€pis taken into account, the critical
mass ratios are 8.183 and 12.929 [59]. Therefore, one needs to solve the full coupled-channel
Schibdinger equation to obtain the correct critical mass ratios. Compared with the coupled-channel
Schibdinger equation, the Skorniakov—Ter-Martirosian equation can be numerically solved much
faster and far more accurately. This will be exemplified in Sec. 3.3, where the critical mass ratios
for the appearance of the Kartavtsev-Malykh trimers and the Efimov trimers are obtained with the
Skorniakov—Ter-Martirosian equation for both fermions and bosons in various angular-momentum
channels and compared with the previous studies [38, 59, 61, 115, 132].

To solve EqQ. (3.20) numerically, one discretizes the momentum and transforms the integral
equation into a linear equation in a matrix form. The numerical calculation can be perfofiined e
ciently if the momentum is discretized with unequal spacings. In the studies presented in Secs. 3.2
and 3.3, the following exponential form of the momentum mesh has been used:

]

Nmax

pj = exp( log(A + 1)) -1 (j=0,1,...,Nmay (3.28)
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where Nnax iS the number of the mesh. This exponential momentum mesh suits well with the
log-periodic behavior of the Efimov states at large momentum, while it gives an equally spaced
mesh at small momentum. The exponentially spaced mesh allows one to obtain accurate binding
energies of highly-excited Efimov states. Indeed, in Sec. 3.2.3, energy spectra of the Efimov states
are obtained from up to the 4th to 8th excited trimers with a high precision.

3.2 Properties and identification of the trimers

In this section, | investigate the three-body system of two identical spinless (i.e., spin-polarized)
fermions resonantly interacting in tisevave channel with one distinguishable particle. The 1~
channel is studied in this section, while the other channels are studied in Sec. 3.3. This channel
corresponds to taking the relative angular momentum between the atom and the dimértd be
in Eq. (3.20). In this channel, two types of universal three-body bound states have been demon-
strated to exist in dierent regimes of the mass ratio: the Kartavtsev-Malykh trimers and the Efi-
mov trimers. While the Efimov trimers show the discrete scale invariance, the Kartavtsev-Malykh
trimers feature a continuous scale invariance. In addition to the scale invariance, their energy spec-
tra also diter significantly, as compared in Fig. 3.1.

In this section, | study how properties of the trimers change as the mass raio asd/dve
scattering length are varied. In Sec. 3.2.1, the main results of this section are summarized. In
Secs. 3.2.2 to 3.2.5, the three-body problem is solved with the Skorniakov—Ter-Martirosian equa-
tion numerically and the energy spectra are obtained. In Sec. 3.2.2, properties of the trimers below
the Efimov’s critical mass ratio are studied. Those above the Efimov’s critical mass ratio are dis-
cussed in Sec. 3.2.3. In Sec. 3.2.4, | show that there exists the third class of universal trimers,
the crossover trimers, which continuously connect the Kartavtsev-Malykh trimers and the Efimov
trimers. In Sec. 3.2.5, | show that the crossover trimers are indeed universal: they exist irrespective
of details of the system and behave model-independently.

3.2.1 Summary of the main results

Let me summarize the main results of this section, which are enumerated from 1. to 7. First
of all, I have found a new class of universal three-body bound states, which | call the “crossover
trimers”:

1. There exist trimers between the Efimov and the Kartavtsev-Malykh regimes, which show
neither discrete nor continuous scale invariance.

2. These “crossover trimer” states are universal. They appear irrespective of short-range de-
tails of the potential, and can be universally characterized by two parameters:winee
scattering length and the three-body parameter.

In other words, there are three classes of universal three-body bound states in this system: the
Kartavtsev-Malykh trimers, the Efimov trimers, and the crossover trimers.

As one varies the mass ratiq- /m, the energy spectra of the trimers change as schematically
illustrated in Fig. 3.3. Namely, | have found the following features:
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Figure 3.3: (a)-(c) Schematic illustration of energy spectra fiednt regimes of the mass ratio.
Based on the scaling properties (see Sec. 3.2 for detail), the Kartavtsev-Malykh (KM) trimer region
(thick blue curves), the Efimov trimer region (thick green curves), the crossover trimer region
(thick orange curves), and the non-universal region (black dotted curves) are identified. The dashed
curves in (a) and (c) are the universal prediction of the continuous scaling law of the Kartavtsev-
Malykh trimers and the discrete scaling law of the Efimov trimers, respectively. The pink dots
shown fora > O represent the points at which the trimer dissociates into a fermion and a dimer and
the fermion-dimeip-wave scattering volume diverges. In Fig. (c), only four levels of the Efimov
series are shown. [Figure adapted with permission from S. Ehdb, Phys. Rev. A86, 062703

(2012) [176]. Copyright© (2012) by The American Physical Society.]

3. Below the Efimov’s critical mass ratim:/m_ < (mg/m)g, the trimers show the continuous

scale invariance if and only if thewave scattering length is large and positiée, > 1. As

the sswave scattering length gets small and one moves away from unitarity, the trimers start
to depend on the three-body parameter but still they behave universally. In other words, they
become the crossover trimers away from unitarity.

. At the Efimov’s critical mass ratio=/m_ = (me/m,)g, there exist two trimers for a positive

scattering length. These trimers show neither discrete nor continuous scale invariance around
unitarity. In other words, the trimers are the crossover trimers close to unitarity.

. Above the Efimov’s critical mass ratioe/m_ > (mg/m)g, the trimers satisfy the discrete

scale invariance characteristic of the Efimov states close to unitarity point. Away from uni-
tarity, on the other hand, the ground and first-excited trimers deviate significantly from the
behavior predicted by the discrete scale invariance and thus become crossover trimers, while
the higher-excited trimers satisfy well the discrete scale invariance for the entire region of the
scattering length.

. Both for me/m. < (mg/m)e and formeg/m_. > (meg/m)g, the trimers dissociate into a

fermion and a dimer on the positive scattering length side. At the dissociation pgnt, a
wave resonance occurs in the fermion-dimer scattering. However, note that the ground-state
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Figure 3.4: Regions of (a) the ground-state, (b)(c) first-excited, and (d) second-excited trimers as a
function of the mass ratio and\@)~, wherea is the sswave scattering length aml is the cutdf
momentum, which corresponds to the three-body parameter. For the ground-state and first-excited
trimers, four regimes exist: the Efimov, Kartavtsev-Malykh (KM), crossover, and non-universal
regimes. For the second-excited trimer, only the Efimov region appears. A trimer dissociates into a
fermion and a dimer at the fermion-dimpiwave resonance shown as a red curve on the positive

side, while it dissociates into three particles at the three-body resonance shown as a red curve on the
negativea side. The black dotted curves and the blue dashed curves correspond 040 (see

Eq. (3.29)) andy, = 0.40 (see Eq. (3.32)), which delimit the Kartavtsev-Malykh trimer region and

the Efimov trimer region, respectively. The black dashed-dotted curves correspané t6.90

(see Eq. (3.35)), which separates the crossover and non-universal (i.e., model-dependent) trimer
regions. The color contour is used for the sake of clarity. The non-universal region gets large with
increasing the mass ratio, and the Efimov region disappears for the mass ratio well above 50 due to
non-universal corrections (see discussions in Sec. 3.2.5). [Figure adapted with permission from S.

Endoet al, Phys. Rev. A86, 062703 (2012) [176]. Copyrigl® (2012) by The American Physical
Society.]
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trimer may not do so, since non-universal finite-ranfiects are significant for them in this
region.

7. Close to the fermion-dimer dissociation point, non-universal finite-rafigets are signifi-
cant for the ground-state trimer. For the first-excited trimer, except for a very small region
close to the fermion-dimer dissociation boundary, it behaves rather universally. The higher
excited trimers are universal over the entire region.

These results are summarized in Fig. 3.4, where properties of the ground, first-excited, and
second-excited trimers are shown as a function of the mass ratio asdvidne scattering length.
The trimers are classified into the Kartavtsev-Malykh region (blue region), the Efimov region (green
region), and the crossover trimer region (orange region) according to their scaling features:

o Kartavtsev-Malykh trimer [59]: universal trimer with a continuous scale invariance.
e Efimov trimer [38, 132]: universal trimer with a discrete scale invariance.
e Crossover trimer: universal trimer with no scale invariance.

The gray region show the non-universal region, where finite-raffgets are significant. This has
been judged by seeing whether the results are independent of the way one introduceditive cuto
the momentum integration (see Sec. 3.2.5 for more details).

3.2.2 Energy spectra formg/m_ < (Mmg/my)e

In this section, binding energies of trimers calculated with the Skorniakov—Ter-Martirosian
equation (3.20) are discussed. Here, | have chosen the sharp momenttinincitp (3.26). In
the inset of Figs. 3.5 (a) and (b), binding energies of trimers are shown as a functignaf 1
for several mass ratios. As predicted in Ref. [59], the ground trimer and the first-excited trimer
appear formg/m_ > (my/m)%), = 8172.. andme/m_ > (my/m)&), = 12917.... These three-
body bound states exist only on the positive scattering length side and lie slightly below the dimer
energy, which suggests that the three-body bound states are only loosely bound. This is consistent
with what has been found in Ref. [59]: binding energies of the Kartavtsev-Malykh trimers are small
except forme/my ~ (Mg /mMy)E.

To see the energy spectra of these trimers in more details, in the main panel of Figs. 3.5 (a)
and (b), binding energies of trimers measured from the particle-dimer threshold are shown. As one
can see in Fig. 3.5 (a), the ground trimer existsrferm, > (my/m.)) = 8.172... The binding
energy gets large as the mass ratio is increased. One finds that the energy spectra are almost linear
close to unitarity. The linear behavior suggests that the three-body parameter is irrelevant and the
trimers are universally described by teavave scattering length a@ o« a2. Thus, the linear
behavior in Fig. 3.5 suggests the continuous scale invariance. These trimers with the continuous
scale invariance close to the unitarity have been studied in Ref. [59]. Indeed, the scattering length
is assumed to be much larger than any other quantities in Ref. [59], so it corresponds to taking
1/Aa — +0 in our system.
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Figure 3.5: (a)(b) Energy spectra of the trimers with severféint mass ratios = mg/m_ as
measured from the dimer binding energy for (a) the ground-state trimer and (b) the first-excited
trimer. The insets show the binding energies of the trimers as measured from the vacuum, together
with the dimer binding energy shown as the red solid curve. (c)(d) Contour plotsd#fined

in Eq. (3.29) for (c) the ground-state trimer and (d) the first-excited trimer. The red solid curves
are the fermion-dimer dissociation threshold. The black-dotted curves represeant +16€.40

curves, which delimit the region in which the continuous scale invariance is well satisfied (i.e., the
Kartavtsev-Malykh trimer regime). [Figure adapted with permission from S. Endd, Phys.

Rev. A86, 062703 (2012) [176]. Copyrigl® (2012) by The American Physical Society.]

As one moves away from unitarity, the linear behavior deteriorates and finally energy spectra
of the trimers merge into that of the dimer. Therefore, the trimers dissociate into a fermion and
a dimer when 1Aa is varied toward the positive side. This means that there occurs a scattering
resonance in the fermion-dimer scattering. Since we are dealing with trimerslinsttie channel,
the fermion-dimer scattering resonance occurs ingweave channel. Thig-wave resonance will
be studied in details in Secs. 3.3 and 3.4 (see Figs. 3.12 and 3.16). Thus, we have arrived at the
following conclusions (c.f. see statements 3. and 6. in Sec. 3.2.1):
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e Close to unitarityAa > 1, the trimers show the continuous scale invariance.

e Away from unitarity, the continuous scale invariance deteriorates, and the trimers finally
dissociate into a fermion and a dimer.

As discussed in Sec. 3.2.5, the first feature is universal. On the other hand, trimers are rather sen-
sitive to non-universal finite-rangédfects close to the particle-dimer dissociation point. Therefore,
when one considers a system witlffeient short-range details, offidirent ways of the momentum
cutaf, the trimers may not dissociate into an atom and a dimer.
The continuous scale invariance of the trimers can be quantified by introducing the following

quantity k = (Aa)™):

Kn(x) B Kdimer(x)
K™ () = Keimed )’

r(x) = (3.29)

. - . 2 E .
whereKgmedX) = X is the binding energy of the dimer, ad" (x) = 'thLZI—AgKX) = C,xis

the trimer binding energy in the limit/Aa — +0 for the ground-state trimen(= 1), and the
first-excited trimer it = 2). Here,C, > 1 characterizes the binding energies of the trimers in
the universal limitAa > 1 studied in Ref. [59]rn(X) is 1 when the continuous scaling law holds
exactly, while it vanishes when the trimers dissociate into an atom and a dimer. In Figs. 3.5 (¢)
and (d),r, as a fucntion of 1Aa and the mass ratio are shown for the ground-state and first-excited
trimers, respectively. Close to the unitarity limit, ~ 1, suggesting that the trimers show the
continuous scale invariance. We can regard this region as the Kartavtsev-Malykh trimer region.
Away from unitarity, the continuous scaling deteriorates gygets small, and they finally become
r, = 0 at the particle-dimer dissociation point. In Figs. 3.4 (a)-(c) and Figs. 3.5 (c)(d), the black
dotted curves correspondingro= 0.40 are shown. These can be regarded as curves delimiting a
regime with the continuous scaling and that with no scaling.

As the mass ratio is increased fromy/m ), for the ground trimer and frormg; /m, )%, for
the first-excited trimer, the Kartavtsev-Malykh trimer region initially gets large. This is because
the trimers get more bound as the mass ratio is increased, leading to a larger universal region.
As the mass ratio is increased further, the Kartavtsev-Malykh trimer region gets smaller. This is
physically natural because the short-range repulsive barrier in the hyper-radial potential gets small
toward (my/m)e (see Fig. 2.9). It then becomes easier for the three particles to come close and the
system becomes more sensitive to the three-body parameter.

3.2.3 Energy spectra formg/m_ > (Mg /my)e

In this section, the energy spectra of trimers ffiqr/m_. > (me/my)g are calculated with the
Skorniakov—Ter-Martirosian equation for a sharp momentumftugdove the critical mass ratio
(me/m)g, the Efimov states appear [38, 115, 132]. With the zero-range theory applied at unitarity,
the discrete scale factor of the Efimov states above the critical mass ratio has been demonstrated to
bee&””, wherey is determined from the transcendental equation [59, 115]

14972 2 coshyw sinhyw

0= tanhyﬂ +
- 2 sin2wcoshy} * ysirfwcoshyZ’

(3.30)
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Figure 3.6: The scaling fact@ as a function of the mass ratio (red solid curve). The blue dotted
curve is the scaling factor for three identical bosers= 22.7.... The inset shows the strength
of the dfective attractiony as a function of the mass ratio, together wagh= 1.00624 for three
identical bosons.

where

V1+2a

(0

cotw = (3.31)

The mass ratio dependencejofind the scaling factoe” is shown in Fig. 3.6. Right above the
critical mass ration:/m_ > 13.606, the strength of the hyper-radial attraction is small, so that the
scaling factor is large. As the mass ratio increases, the scaling factor gets small. For the mass
ratiomg/m > 20.0, the scaling factor becomes smaller than that of three identical bosons or three
distinguishable fermions%, s = 1.00624 [27, 51]. In ultracold atom experiments, the scaling
symmetry of Efimov states has been observed for at most a few sequences. The small scaling factor
in the large mass ratio helps observe a longer series of Efimov states [69, 116].

In Fig. 3.5 (a), the energy spectra of the trimers are shown. Note that the following radial scale
transformation has been performed for the first-excited and second-excited trimers

first— excited K, - Kyer,  (Aa)™! - (Aa)ler,
second- excited Kz — Kse7,  (Aa)™ — (Aa)ler.

The energy spectra almost superimpose into a single universal curve, suggesting that the discrete
scale invariance of the Efimov states is satisfied well for most of the regiopAat. In particular,

the discrete scaling holds excellently at unitarity. In Fig. 3.8 (a), binding energies of the ground
up to the fourth-excited trimers at unitarity are shown after multiplied by the scale factorhe

binding energies of the trimers evolve smoothly from the critical mass ratio. The same behavior is
also reported in Ref. [177] for a system interacting with a narrow resonance. The energy spectra
superimpose into a single universal curve close to the critical nmassr( )e, while the ground-

state trimer deviates from the other when the mass ratio gets as lamggag > 50. This means
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Figure 3.7: (a) Energy spectra of the ground-state, first-excited, and second-excited trimers for
me/m. = 20.0 andmg/m_ = 30.0. The binding energy is measured from the vacuum. For the first
and second-excited trimers, the radial scaling transformation has been performed. On thegositive
side, the fermion-dimer dissociation points are shown for each trimer state. (b) Energy spectra close
to the atom-dimer dissociation point as measured from the dimer binding energy fioy = 20.0
andmg:/m_ = 30.0. The same radial scaling transformation is performed as in (a). [Figure adapted
with permission from S. Endet al, Phys. Rev. A86, 062703 (2012) [176]. Copyrigl® (2012)

by The American Physical Society.]

that all the trimers show the discrete scale invariance with the scale factor predicted in Eq. (3.30) at
unitarity whenmgs /m_ < 50, while the ground-state trimer deviates from the universal scale factor
whenmg/m_ > 50. This can be quantified further by taking the ratio of the binding energies of

the adjacent trimer . The results are shown in Fig. 3.8 (b), together with the universal

n+1
. . jaus . . . .
predictione» shown as a black solid curve. For mass ratiggm_ < 50, the discrete scaling law

holds for all the trimers including the ground-state and first-excited trimers. This suggests that the
Kartavtsev-Malykh trimers fomg /m_ < (mg/m)g anda > 0 change continuously into the Efimov
trimers formg/m. > (mg/m)e and Ya = 0 as the scattering length and the mass ratio are varied.
As the mass ratio increases further and so does the binding energy of trimers, the Efimov states
gradually become dependent on non-universal short-range details. This is why there appear slight
deviations from the universal scaling law in Figs. 3.8 (a) and (b).

As one moves away from the unitarity toward the positive scattering length side, the discrete
scale invariance deteriorates. In Fig. 3.7 (b), binding energies of trimers as measured from the
fermion-dimer threshold are shown. Again, the radial scale transformation with the scale factor
€/ has been performed, so that trimers superimpose into a single curve when the discrete scale
invariance is precisely satisfied. One can see that the trimers become less scale invariant as one
moves toward the fermion-dimer dissociation point. This can be quantified by observing the posi-
tion of the fermion-dimer dissociation poiaf™. In Fig. 3.8 (d), the ratios c&™ between the
adjacent levels are shown. There are two important features:
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dissociates into three patrticles. (d) Ratio of th&ave scattering length at which a trimer dissoci-
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also shown as black solid curves. [Figure adapted with permission from S.dEatloPhys. Reuv.

A 86, 062703 (2012) [176]. Copyrigl® (2012) by The American Physical Society.]

e Forn = 1 (ground — first-excited trimers) amd= 2 (first-excited — second-excited trimers),

the ratioa’7)/a™ deviates significantly from the universal valef’.

e Forn > 3, the ratio agrees with the universal value if the mass ratio is not tootarga, —
(me/my)e < 20.

The clear diference between the highly excited trimers 8) and the ground and first-excited
trimers is the consequence of the presence of two Kartavtsev-Malykh trimers below the Efimov’s
critical mass ratio. Indeed, as shown in Fig. 3.5, the ground-state and first-excited trimers exist on
the positivea side below the critical mass ratio, and the fermion-dimer dissociation points are well
separated from the unitarity (see red solid curvesafer0 in Figs. 3.4 (a)-(c)). This is in marked
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contrast with the highly excited trimers. The highly excited trimers appear at the critical mass
ratio, so that their fermion-dimer dissociation points are located close to the unitarity point when
me/mL > (me/my)e (see a red solid curve fa > 0 in Fig. 3.4 (d)). This is why the ground-state
and first-excited trimers are no longer scale invariant close to the fermion-dimer dissociation point,
whereas they show a good scaling invariancenfor3.

While the ground and first-excited trimers become less scale invariant on the positive scattering
length side, they remain scale invariant on the negative scattering length side. One can see this
point by observing the position of the three-body thresta§iti In Fig. 3.8 (c), the ratios of the
three-body threshold” between adjacent levels are shown. One finds that the discrete scaling law
holds rather well for most of the region. In contrast to the fermion-dimer dissociation point, the
three-body thresholds for all the trimers (red solid curvedor 0 in Figs. 3.4 (a) to (d)) appear
from the unitarity point at the critical mass ratio, and the Kartavtsev-Malykh trimers ddtfiect a
the behavior of the three-body threshold significantly. For a large massmatio, > 50, a slight
deviation from the universal discrete scaling law is visible in Fig. 3.8 (c), especially for amall
this region, the binding energy of the trimers is large, so that the non-universal finite-féects e
cannot be neglected.

We note that it is possible in general that the three-body thresholds may appear in the region
8.62 < mg/m. < (me/my)g if the interaction between the fermions is present and its strength is
fine-tuned [172]. In this work, the interaction between the fermions is not included, so we do not
find such three-body resonance below the Efimov’s critical mass ratio.

To summarize, we have arrived at the following conclusions in this section (c.f. statements 5
and 6 in Introduction):

e Close to the unitarity point, the trimers satisfy the discrete scaling law of the Efimov states.
Away from the unitarity, the two lowest trimers deviate from the discrete scaling law, while
the shallower trimers satisfy the discrete scaling law well for most of the region.

e The trimers dissociate into a fermion and a dimer on the positside.

These statements are valid as long as the mass ratio is not too large, so that non-universal short-
range &ects are negligible. The finite-rangffexts are discussed in more detail in Sec. 3.2.5.

3.2.4 Crossover trimers

From the discussions so far, the following properties for the ground-state and first-excited
trimers have been obtained:

e Forme/my < (me/my)g, the two trimers satisfy the continuous scale invariance fairly well if
and only if thes-wave scattering length is larg&a > 1. This Kartavtsev-Malykh region gets
small as the mass ratio is increased toward the Efimov’s critical mass ratio (see Figs. 3.5 (c)
and (d)).

e Formg/m_ > (mg/my)g, the two trimers show the discrete scale invariance fairly well and
thus are the Efimov trimers close to the unitarity limit (see Fig. 3.8 (b)). However, the discrete
scale invariance deteriorates close to the fermion-dimer dissociation point (see Fig. 3.8 (d)).
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For me/m. < (mg/my)g, the Kartavtsev-Malykh trimer regime is identified by as shown in
Figs. 3.4 (a)-(c) and Figs. 3.5(c)(d). In a similar manner, we introduce the following quantity to
identify the Efimov trimer region:

‘e‘% Kn (e%r X) - Kn+1(X)‘

= -1
Knea(X) — X X = (Aa)™. (3.32)

on(€7X)=

Here,q, is zero when the discrete scale invariance holds precisely, and it quantifies how well the
trimers show the discrete scaling. In Fig. 3.4, the contours, &f 0.40 are shown as blue dashed
curves. Close to the unitarity point, the discrete scaling law holds well, sgthesmall. As we

move away from the unitarity, the deviation from Efimov’s discrete scaling law becomes significant,
andg, increases. We can identify the Efimov trimer as a region with smallAs discussed in

Fig. 3.8 (d), the breakdown of the scale invariance is significant for the ground-state and the first-
excited trimers, while the higher excited trimers are rather scale invariant. If we delimit the Efimov
region according to the value gf, the Efimov region shrinks as the mass ratio is decreased toward
the critical mass ratio, as shown in Fig. 3.4. Close to the critical mass ratio, both the Kartavtsev-
Malykh trimer region and the Efimov trimer region shrink, suggesting that the trimers have neither
discrete nor continuous scaling invariance. Thus, we arrive at the following conclusions:

e The Kartavtsev-Malykh trimers fams/m_ < (mg/my)e change continuously into Efimov
trimers form:/m_ > (me/m,)e as the mass ratio and tsevave scattering length are varied.

¢ In between the Kartavtsev-Malykh and Efimov trimer regions, there exist “crossover trimers,”
which have neither discrete nor continuous scale invariance.

A change in the scale invariance occurs as a crossover, rather than as an abrupt change. In Fig. 3.4,
the crossover trimer regions are shown as red regions. At the critical mass ratio, the trimers exist
but they show neither the discrete nor continuous scaling invariance. Thus, we arrive at the first and
fourth conclusions listed in Sec. 3.2.1.

The absence of both of the scale invariance can be understood when one sees the hyper-radial
potential. At the critical mass ratio, the hyper-radial potential becomes a Coulomb-type attraction
—1/R at short distance. This attraction is strong enough to support two bound states when
However, since it is no longer an inverse square attraction, the trimers do not show the discrete
scale invariance. Furthermore, the three particles can get close easily since there is no repulsive
hyper-radial potential, suggesting that the three-body parameter is relevant for these trimers.

3.2.5 Universal and non-universal trimers

From Sec. 3.2.2 to Sec. 3.2.4, properties of the trimers have been studied by the Skorniakov—
Ter-Matrtirosian equation with a sharp momentum éutdhe introduction of the momentum ctito
amounts to assuming a certain form of a finite-range boundary condition when the atom and the
dimer come close, thereby imposing a specific value of the three-body parameter. However, one can
take other forms of short-range models, in general. Thus, one may ask the following question: do
the results obtained from Sec. 3.2.2 to Sec. 3.2.4 represent universal features of the trimers for the
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two fermions plus one particle system, or do they represent special features of the sharp momentum
cutof? The word “universal” is used here in the sense that the trimers can be characterized only
by the three-body parameter and theave scattering length. One way to answer this question is

to perform the three-body calculation withfidirent short-range models and compare the results.

In this section, the results of the Skorniakov—Ter-Martirosian equation calculated with the two
different ways of the momentum ctit®are compared: the sharp cfiito

00 As
f dg— | dq (3.33)
0 0

o 00 q2
d —>f dgex (——) 3.34
J, da= [ doen(-51 (334)

If the trimers are universal, the change in the choice of the momentunff auexuivalent to
changing the value of the three-body parameter. The energy spectra for the two model&éhen di
only by their energy scales specified by their three-body parameters. Thus, by rescaling the energy
spectra and thereby taking a common three-body parameter, one should obtain a common universal
2ur|Eg sl

2

G,S
a function of A\gsa)™?, or Kés as a function of(\G,sa)‘flt, then the rescaling of the three-body
parameter corresponds to a radial scale transformation. Thus, one can study the universality of the
trimers by performing a radial scale transformation of the energy spectra and seeing whether they
superimpose upon each other.

Note that the universal and non-universal regions determined this way are closely related to
the level of approximation of the Skorniakov—Ter-Martirosian approach. In the Skorniakov—Ter-
Martirosian equation, inter-particle interactions are replaced by two-body and three-body bound-
ary conditions, representing ttsewave scattering length and three-body parameter, respectively.
This approximation is justified by the universality: as long as the scattering length and the three-
body parameter are taken to be the same value, energy spectra calculated with the Skorniakov—
Ter-Martirosian equation should quantitatively agree with those calculated with other models. If
the system is non-universal, short-range details which are not incorporated in the Skorniakov—
Ter-Martirosian equation cannot be ignored, so that the results obtained with the Skorniakov—Ter-
Martirosian equation will in general deviate from the full quantum calculation with a realistic po-
tential.

The main conclusions in this section are statements 2 and 7 described in Sec. 3.2.1. More
specifically, we have found the following:

and the Gaussian cufo

energy spectrum for the two models. If the energy spectkgy = is plotted as

e Formg/my < (mg/my)g, the ground-state trimer is non-universal close to the fermion-dimer
dissociation point, while they are universal for the other region. The first-excited and higher-
excited trimers are universal for the most region.

e Formeg/m. > (mg/my)g, the ground-state and first-excited trimers are non-universal close to
the fermion-dimer dissociation point, while they are universal for the other region.
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Figure 3.9: Binding energy of the trimers as measured from the dimer binding energy for (a) the
ground-state trimer at/m_ = 10.0 and (b) the first-excited trimer at-/m_ = 13.3. The binding

energy for the sharp momentum cfit¢red solid curve) and Gaussian momentum u¢blue

dashed curve) are compared. The binding energy of the Gaussidh afteo a rescaling of the
three-body parameter is also shown as green dashed-dotted curves. The scaling factors are taken
to be 1.85 for (a) and 1.90 for (b). The black dotted lines are the linear fits in thedasggon.

[Figure adapted with permission from S. Endbal, Phys. Rev. A86, 062703 (2012) [176].
Copyright© (2012) by The American Physical Society.]

e Form:=/m_ > (me/my)g, the higher excited trimers are universal for the entire region, even
close to the fermion-dimer dissociation point.

e For a mass ratio well above 50, the binding energy of the trimers becomes so large that the
non-universal short-rangdfects can no longer be neglected.

These results are summarized in Figs. 3.4 and 3.3, in which the universal and non-universal regions
are identified.

A.mg/mg < (Me/m)e

In Fig. 3.9, the energy spectra of the trimers as measured from the dimer binding energy are
shown forme/m. < (mg/my)e. The energy spectra for the sharp and Gaussian momentuifiiscuto
agree close to the unitarity. This is a direct consequence of the continuous scale invariance of the
Kartavtsev-Malykh trimers: they only depend on thevave scattering length, so that a change in
the momentum cutddoes not &ect the energy spectrum.

Away from unitarity, the energy spectra for the sharp and Gaussiafizdtviate from the lin-
ear behavior of the Kartavtsev-Malykh trimers, and they shdieint binding energy curves. The
two spectra, however, can be superimposed into a single universal curve after performing the rescal-
ing and setting a common value of the three-body parameter if the result is model-independent.
The energy spectra after the rescaling are shown in Fig. 3.9. The energy spectra overlap for
(Aa)~Y* < 0.6 for the ground-state trimer. This suggests that the trimers are model-independent
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in this region. Close to the fermion-dimer dissociation point the two curves do not overlap, which
suggests that the ground-state trimer depends on non-universal short-fiege ia this region.

On the other hand, the first-excited trimer is universal for almost the entire region, as we can see
in Fig. 3.9 (b). This diference originates from a smaller binding energy of the first-excited trimer.
Since they have smaller binding energy, the non-universal short-réliegéseare less significant for

the first-excited trimer. In particular, the position of the fermion-dirpevave resonance is rather
universal for the first-excited trimer, while it is non-universal for the ground-state trimer.

Note that the universal region is larger than the Kartavtsev-Malykh region both in Fig. 3.9 (a)
and (b). This fact supports our main conclusion schematically illustrated in Fig. 3.3 (a): below
the Efimov’s critical mass ratio, two trimers exist, which show the continuous scale invariance
for a larges-wave scattering length region. These trimers are the Kartavtsev-Malykh trimers. As
we vary thes-wave scattering length toward the positive scattering length side, the trimers lose
their continuous scale invariance in a model-independent manner. Thus, the Kartavtsev-Malykh
trimers changes into the crossover timers. As ghveave scattering length is varied further, the
non-universal short-rangefects become significant for the ground-state trimer, while the first-
excited trimer is universal for most of the region. As the mass ratio is increased toward the critical
value, the Kartavtsev-Malykh region shrinks. The ground-state and first-excited trimers then turn
into the crossover trimers for most of the region.

Since the non-universattects are significant for the ground-state trimer close to the fermion-
dimer dissociation point, the fermion-dimer dissociation point may not appear when one considers
a system with dterent short-range details, orfidirent ways of momentum cuio In the case of
three identical bosons, it has been shown that non-universal finite-réiiegpésecan prevent the
ground-state Efimov trimer from dissociating into a fermion and a dimer. This is the case for
instance forHe atoms with a scaled realistic potential [10]. For the two fermions and one particle
system we study here, a similar situation may occur for the ground-state trimer. In contrast, the
finite-range fects are less significant for the first-excited and higher-excited trimers, so they are
very likely to dissociate into a fermion and a dimer.

B. mF/mL > (mF/mL)E

In the inset of Fig. 3.10 (a), the energy spectra at the unitarity limit for the sharp and Gaussian
cutafs are shown. As one can see, the energy spectra seem tibdserdifor the two models. But
if the trimers are universal, the two spectra can be superimposed into a single universal curve by
rescaling the momentum cuf@nd thereby taking a common three-body parameter as we did for
the lower mass-ratio region. In the main panel of Fig. 3.10 (a), the ratio of the binding energies at
unitarity for the two models are shown. The ratios are almost the same for all the trimer levels at
unitarity. This suggests that a common universal scaling factor can be used to perform the radial
scale transformation so that the energy spectra calculated with the sharp and Gausgmgicato
the common curves. Therefore, the trimers are model-independent and hence universal at unitarity.
Note that the universality deteriorates slightly for a large mass matjon. > 50, since the binding
energy of the trimers is too large in this region.
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Figure 3.10: (a) Ratio of the binding energy between adjacent trimers at unitarity. Two models
are compared: the Skorniakov—Ter-Martirosian equation with a sharp momentufhandahe
Gaussian cutd. (b) Energy spectra of the ground-state trimer up to the fourth-excited trimer at
me/m_ = 30.0 for the sharp momentum cufdblue dashed-dotted curves) and the Gaussian mo-
mentum cuté (green dashed curves). The radial scaling transformation has been performed, so
that the energy spectra with thefférent cutéfs are superimposed onto universal curves. In the
inset, the energy spectra before the radial scaling transformation are shown. (c) Raticsof the
wave scattering length at which the trimer dissociates into three particles. (d) Ratiosivine
scattering length at which the trimer dissociates into a fermion and a dimer. In (c) and (d), the uni-
versal scaling curves between the two models obtained from Fig. 3.10 (a) are shown as the black
solid curves. [Figure adapted with permission from S. Estlal, Phys. Rev. A86, 062703
(2012) [176]. Copyright© (2012) by The American Physical Society.]

The rescaling factor between the two models obtained at the unitarity limit can be used to
perform the radial scaling transformation, which amounts to setting the same three-body parameter.
The energy spectra after this rescaling are shown in Fig. 3.10 (b). One can see that they give the
same universal binding energy curves for most of the region, which suggests that most of the
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features of the trimers are model-independent. A small disagreement is visible in regions well
separated from the unitarity point.

To investigate the universality of the trimers away from the unitarity in more detail, the fermion-
dimer dissociation point foa > 0 and the three-particle dissociation point ok 0 are studied.

In Figs. 3.10 (c) and (d), the ratios between #® at which the three-body resonance and the
fermion-dimer resonance occur are shown. As shown in Fig. 3.10 (c), the ratio of the three-body
thresholds agree excellently with each other. They are consistent with the universal scale factor
between the sharp and Gaussian figtobtained at unitarity from Fig. 3.10 (a). This suggests
that the trimers are model-independent in the negative sid¢/od.1Small deviations are visible

only when the mass ratio becomes too large and the binding energy of the trimers becomes large.
In Fig. 3.10 (d), the ratios o& at which the trimer dissociates into a fermion and a dimer are
shown. The ratio between the ground and first-excited trimer {) shows a significant deviation

from the universal rescaling factor between the sharp and Gaussidh duis suggests that the
non-universal corrections are significant for the ground-state trimer close to the fermion-dimer
dissociation point. For the first-excited and higher-excited trimers, on the other hand, the deviation
is less significant. This is because the binding energy is small for these trimers, so that they are less
affected by the non-universaffects.

These results support our conclusions illustrated in Fig. 3.3 (c). For the second and higher
excited trimers, the spectra satisfy Efimov’s discrete scaling law, as discussed in Fig. 3.8, and they
are universal for the entire region. For the ground-state and first-excited trimers, the spectra satisfy
Efimov’s discrete scaling law for/a < O or close to the unitarity limit. As we changea toward
the fermion-dimer dissociation point, there is a deviation from the discrete scaling law as presented
in Fig. 3.8 (d). This deviation is a universal feature due to the presence of the Kartavtsev-Malykh
states below the critical mass ratio, and it is distinct from that induced by non-universal short-range
effects. Indeed, one can define the following quantity to characterize the model-independence:

|Kr? (X) - BscKS (ﬁééxﬂ

_ -1
K500~ x = (Aa) L, (3.35)

Si(X) =

wheregsc = KS/KE is a scaling factor between the two models obtained by taking the ratio of the
binding energies at unitarity (c.f. see Fig. 3.10 (a)). Note that this quantity can be defined only
above the critical mass ratioe/m_ > (mg/my)e. Close to the unitarity limits, is small, indicat-

ing that the trimers are model-independent. As we move away from unitarity toward the positive
scattering length sides, increases, suggesting that the non-univerateés become significant for

the ground-state and first-excited trimers. In Figs. 3.4 (a) and (b), the contosys=00.90 are

shown as black dashed-dotted curves. These curves can be regarded as boundaries between the
universal (model-independent) regions and non-universal (model-dependent) regions. While the
boundaries between the Kartavtsev-Malykh trimer region and the Efimov trimer region shrink to-
ward the critical mass ratio, the curves delimiting the universal and non-universal regions are well
separated from the unitarity limit. Therefore, the trimers at the critical mass ratio are universal
states which are distinct from the Kartavtsev-Malykh trimers or Efimov trimers, as schematically
shown in Fig. 3.3 (b). These are universal three-body bound states which show neither continuous
nor discrete scale invariance, which we identify as the crossover trimers.
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3.3 Kartavtsev-Malykh states and Efimov states in the other
systems

In the previous section, the three-body problem of two identical fermions and one distinguish-
able particle is studied in the = 1, odd parity channel. In this channel, there exist Kartavtsev-
Malykh states, Efimov states, and crossover states. In some previous studies, the Kartavtsev-
Malykh states and Efimov states have also been demonstrated to exist in other angular-momentum
channels [61, 115]: it has been demonstrated that they exist in the odd angular-momentum chan-
nels for a system of two identical fermions and one distinguishable particle. They can also exist
for a system of two identical bosons and one distinguishable particle in the non-zero even angular-
momentum channels. While precise values of the Efimov’s critical mass ratios have been obtained
in Ref. [115], the Kartavtsev-Malykh states in these higher angular-momentum channels have been
studied only in an approximate manner [61], and there has been no precise three-body calculations.
In particular, precise values of the critical mass ratios at which the Kartavtsev-Malykh states appear
have not been known. In this section, | study the three-body problem of both fermionic and bosonic
2+1 systems in arbitrary angular-momentum channels with the Skorniakov—Ter-Martirosian equa-
tion derived in Sec. 3.1. | numerically obtain precise values of the critical mass ratios at which
the Kartavtsev-Malykh trimers appear and their binding energies in arbitrary angular-momentum
channels for both fermionic and bosonieRsystems. The elastic particle-dimer scattering lengths
are also calculated precisely with the Skorniakov—Ter-Martirosian equation. As we will see, the
particle-dimer resonances occur at the point where the trimer dissociates into an atom and a dimer.
The resonances originating from the Kartavtsev-Malykh states occurs in higher partial-wave chan-
nels. As the mass ratio is varied, we find that the Kartavtsev-Malykh states change into the Efimov
states. This suggests that similar crossover physics found in Sec. 3.2 may generally appear in the
odd angular-momentum channels for the fermiontd 3ystems and in the nonzero even angular-
momentum channels for the bosoniel2systems.

The binding energies of the elastic particle-dimer scattering lengths are obtained by solving
Eq. (3.20) numerically. The momentum cfites introduced to avoid the Thomas collapse. We
use the sharp momentum cfitm this section. We have taken large diitmomentaAa > 1000 to
obtain the universal behavior of the Kartavisev-Malykh trimers, since as we have shown in Sec. 3.2,
the trimers become crossover ones and thus depentd when Aa is not large. By comparing
the results calculated for fierent values of cutb momenta, one can see whether the results are
universally determined by thewave scattering length or it explicitly depends on the three-body
parameter.

In Fig. 3.11, the particle-dimer elastic scattering lengths and binding energies of the trimers in
the¢ = 0 channel are shown for both bosonic and fermiorié 8ystems. Here, | only investigate
the positive scattering length side> 0. One can clearly see that the trimers and their associated
particle-dimers-wave resonances exist for the bosoni€lZystems while there is no trimer for
the fermionic 2-1 system. For the bosonic-2 system in this channel shown in the left panel of
Fig. 3.11, the Efimov states appear for any mass ratio [115]. Thé&ecatmmentum corresponding
to the three-body parameter is relevant for the Efimov states, so that the binding energies and
particle-dimer scattering lengths depend explicitly/onOn the other hand, as shown in the right
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Figure 3.11. S-wave scattering length and binding energy for the bosonic and fermionic
cases [155]. (a),(b%-wave scattering length in units af and (c), (d) binding energy of trimers
2

in units of% are shown. The gray and white regions are the universal and non-universal re-
gions, respectively. The dashed curves correspond to a momentufhafut@a = 2000 and the

solid curve toAa = 4000. [Figure reprinted with kind permission from Springer ScieiBiesiness
Media: S. Endcet al,, Few-Body SystemS1, 207 (2011). Copyrigh® Springer-Verlag 2011.]

pannel of Fig. 3.11, no trimer appears in this channel. Since there is no trimer and hence no Efimov
effect, the three-body system can be universally characterized bg-wave scattering length.

The elastic particle-dimer scattering lengths faa = 2000 andAa = 4000 agree excellently,
suggesting that the elastic particle-dimer scattering length is indeed universal. At equal mass we
obtainasp = 1.18a, which is consistent with the well-known value of the fermion-dimer scattering
length [132, 148]. The result presented in the top right panel is the same as what was previously
reported in Refs. [132, 178].

In the higher angular-momentum channel, the mass ratio plays a crucial role. In Fig. 3.12, the
particle-dimer elastic scattering lengths and binding energies of the trimersédn-thechannel are
shown. There is no trimer and hence no scattering resonance for the bosarsigs2em. Since the
Efimov dfect does not occur, the particle-dimgfvave scattering volume is universal and hence
it does not depend on the ctitaonomentum ifAa > 1. On the other hand, as shown in the right
panel of Fig. 3.12, the fermionic system in the 1 channel supports three-body bound states. This
channel is what has been studied in Sec. 3.2. Two Kartavtsev-Malykh states appear at mass ratios
8.172.. and 12.917... [59], and the Efimdieet occurs fom:/m_ > 13.606 [38, 132]. The region
above the Efimov’s critical mass ratio is shown in gray. Below the Efimov’s critical mass ratio, the
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Figure 3.12: P-wave scattering volume, which is denoted here as the “particle-dimer scattering
2

length,” and binding energy in units af and 3 respectively [155]. Notations are the same as
those in Fig. 3.11. [Figure reprinted with kind permission from Springer ScidBesiness Media:
S. Endoet al,, Few-Body SystemS1, 207 (2011). Copyrigh© Springer-Verlag 2011.]

binding energies and the elastic particle-dimer scattering lengthsdces 2000 andAa = 4000
agree excellently, suggesting that they are universal. For a larger masswatp > 13.606, the
binding energies and the elastic particle-dimer scattering lengthsdces 2000 andAa = 4000
disagree, suggesting that the Efimdteet occurs and the cutomomenta corresponding to the
three-body parameter becomes relevant.

In Fig. 3.13 to Fig. 3.15, the particle-dimer elastic scattering lengths and binding energies
of the trimers in thef > 2 channels are shown. Generally, trimers appear in the odd angular-
momentum channels for the fermionie 2 systems and in the even angular-momentum channels
for the bosonic 21 systems. This reconfirms the conclusion of the previous pieces of work [61,
179]. Here, we note that the fermionie-2 systems in the odd angular-momentum channels and
for the bosonic 21 systems in the nonzero even angular-momentum channels, the energy spec-
tra and particle-dimer scattering lengths behave in a manner similar to Fig. 3.12. At lower mass
ratio, the binding energies of the trimers and the particle-dimer scattering lengths are universal.
There are three, four, and five Kartavtsev-Malykh states ifthe2, £ = 3, and¢ = 4 channels,
respectively. The critical mass ratios at which the Kartavtsev-Malykh states appear are shown in Ta-
ble. 3.1. In Ref. [61], these Kartavtsev-Malykh states have been predicted to exist in these channels,
and approximate values of the critical mass ratios have been obtained by solving the hyper-radial
Schibdinger equation in the single-channel approximation. Since the Skorniakov—Ter-Martirosian
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Figure 3.13: D-wave scattering length and binding energy in unitsadfand h—, respec-
tively [155]. Notations are the same as those in Fig. 3.11. [Figure reprinted with kind permis-
sion from Springer Scienedusiness Media: S. Endet al, Few-Body System§1, 207 (2011).
Copyright© Springer-Verlag 2011.]

equation naturally incorporates all the channel couplings, the mass ratios we find in Table. 3.1 are
precise values, refining the approximate mass ratios reported in Ref. [61].

In Table. 3.1, we also show the widths of the particle-dimer resonances in terms of the mass
ratio A, for the resonances corresponding to the Kartavtsev-Malykh states. They are obtained by
fitting

axp Ay
a2+l " g = @

, (3.36)

whereaq is the mass ratio at which the Kartavtsev-Malykh states appear. Note that the width
of the resonances at-/m_ = 8.172.. for the fermionic 21 system corresponding to the first
Kartavtsev-Malykh states is rather broad. Therefore, even when the mass ratio of the system is
not close tomg/m_ = 8.172.., a signature of the first Kartavtsev-Malykh states can be observed
from an enhanced particle-dimprwave cross section. Note that an enhancement opthave
particle-dimer scattering well below the mass ratio 8.172 was previously reported in Refs. [59, 60].
The broad width of the resonance is closely related to the small binding energy of the Kartavtsev-
Malykh states, as one can see the insets of Figs. 3.5 (a) and (b). This enhancement of the particle-
dimer p-wave cross section has been observed in 2013 by the Innsbruck University in a mass-
imbalanced fermionic mixture diLi-4°K (mass ratio 6.64) [62]. We also note that the width of

the resonances for some of the Kartavtsev-Malykh states in the other channels are also broad. In
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Figure 3.14: F-wave scattering length and binding energy in unitsa6fand ma’ respec-

tively [155]. Notations are the same as those in Fig. 3.11. [Figure reprinted with kind permis-
sion from Springer Sciene®usiness Media: S. Endet al, Few-Body System§1, 207 (2011).
Copyright© Springer-Verlag 2011.]

particular, the bosonic+#2l system shows a broadwave atom-dimer resonance aroung/m, =

22637 andme/m_ = 31.523. These mass ratios are surprisingly close to thétiet*3Cs (mass

ratio 22.095) [180, 181] and that 8Ei-1"4Yb-174Yb (mass ratio 28.917) [57, 58]. These highly
mass-imbalanced atomic mixtures have recently been realized in ultracold atoms, and one may
observe a signature of the Kartavtsev-Malykh states irf the channel from the enhanced atom-
dimerd-wave cross section, in a manner similar to what has been done in Ref. [62]. As the angular
momentum gets larger, the widths of the resonances tend to get smaller, suggesting that observing
the Kartavtsev-Malykh states from the resonant atom-dimer scattering would be more challenging,
especially fort > 4.

The behavior of the binding energies and the particle-dimer scattering length presented in
Fig. 3.12 are similar to those in Figs. 3.13 to 3.15. This implies that the crossover physics studied
in Sec. 3.2 may also apper in the higher angular-momentum chafirel®. Indeed, when one
closely looks at Fig. 3.12 to 3.15, one finds that the binding energies and particle-dimer scattering
lengths forAa = 2000 andAa = 4000 deviate from each other not abruptly but gradually. This
suggests that the universality gradually deteriorates and turn into the Efimov trimers, as what have
been found in Sec. 3.2. Therefore, it is likely that the crossover trimers also appear in the higher
angular-momentum channél> 2, although this point should be studied in more detail in future
studies.
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Figure 3.15: G-wave scattering length and binding energy in unitsadfand o’ respec-

tively [155]. Notations are the same as those in Fig. 3.11. [Figure reprinted with kind permis-
sion from Springer Scienedusiness Media: S. Endet al, Few-Body System§1, 207 (2011).
Copyright© Springer-Verlag 2011.]

3.4 Experimental implications

In this section, | discuss experimental implications of the results presented in Sec. 3.2 and
Sec. 3.3. To experimentally observe the properties of the three-body system of two identical
fermions and another particle discussed in Sec. 3.2, the following conditions are necessary:

e We need a mixture of fermions without internal degree of freedom (i.e. spin-polarized
fermions) and another particle. The statistics of the other particle is arbitrary.

e The interaction between the fermions and the other particle is resanantA~* ~ rq, where
ro is the range of the interaction.

e The fermions should be much heavier than the other onermz¢m, > 5.

In ultracold atoms, one can prepare a mixture of twiedént atomic species. Tisevave scattering
length between atoms can be fine-tuned by using a Feshbach resonance [27]. So the first and
second conditions seem plausible. It is not easy to realize an atomic mixture with a large mass
imbalance, but still it is still feasible. For example, a mixture’of and “°K has been realized,

and the Feshbach resonances betwiérmtoms and*’K atoms have been performed [56, 62].

A fermionic mixture with a large mass imbalance is also available, such as a mixtire arfd
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Table 3.1: Mass ratios at which the Kartavtsev-Malykh states appear, the width of the particle-
dimer resonance, and the Efimov threshold for various angular-momentum channels and statistics.
For the case of = 1, the results are the same as those obtained in Ref. [59]. For higher-angular
momenta, we refine the values obtained in Ref. [61]. The Efimov’s critical mass ratios shown in
the rightmost column are taken form Ref. [115]. Note that the fourth Kartavtsev-Malykh states for

¢ = 3 has been overlooked in Ref. [155].

¢ statistics Kartavtsev-Malykh state width of the resonance Efimov threshold
8.172 9.2

1 fermions 12917 8.1 13.607
22.637 59

2 bosons 31523 119 38630
37.766 8.1
43395 13
. 56.166 3.7

3 fermions 67336 5.4 75.994
74.822 9.9
70.457 0.14
87.027 0.50

4  bosons 115534 0.99 125765
102486 1.27
124167 0.81

173yp atoms [57, 58]. Although the Feshbach resonance betfié@md 1"3Yb atoms has not been
realized yet since its width is rather narrow [182], in 2012, the magnetically controlled Feshbach
resonance has been observed between Yb atoms by transferring atoms into a metastable excited
state [63]. It is expected that with the same technique one may overcomditdtgiand perform
the magnetically controlled Feshbach resonant between Yb and Li atoms [64]. We also note that
other atoms with a very large mass are currently being cooled down, such as Dy [127, 128], and
Er [125, 126]. Atomic mixtures with a large mass imbalance can be realized in ultracold atom
experiments.

In Table. 3.2, the mass ratios for some atomic combinations are presented. To observe three-
body bound states, one needs a mass ratio larger ma,rn()ff,\),l = 8.172... To realize such
a highly mass-imbalanced atomic mixture, one must prepare light atoms, such as Li, and heavy
atoms, such as Sr, Yb, Er, and Dy. One can see from Table. 3.2 that among those satisfying
me/m > (me/my ), most of them are in the regione /m_ > (mg/m)e = 13.606... The Efimov
trimers and the crossover trimers can be observed with those atomic combinations. To observe the
Kartavtsev-Malykh trimers and associated crossover trimers, on the other hand, there are only a few
candidates. With current technique, it seems rather challenging to prepare these atomic mixtures
and utilize a Feshbach resonance. We note that in ultracold atomsfi¢icéve masses of the
atoms can be varied by an optical lattice [183]. If fawave scattering length is fine-tuned to be
much larger than the lattice spacing of the optical lattice, ffeceof the lattice is only to alter the
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Table 3.2: Mass ratios for some atomic species. The horizontal lines corresponds to the critical
mass ratios for the appearance of the Kartavtsev-Malykh stat;e,érr()&l,z,l = 8.172.. and the
Efimov statesrfr/m)e = 13.606.., respectively.

Species Mass ratio

"Li—*K 5.70
Li-**Ca 6.12
SLi—K 6.64

2Nal6Dy  7.00
2Na-87Er 7.26
2Na-+73YDb 7.52
’Li—53Cr 7.55
6Li—53Cr 8.80
‘Be-8'Sr 9.64
Li-8’Sr 12.39
6Li-8’Sr 14.45
Li-®Dy  22.94
TLi—167Er 23.79
Li-13Yb 24.65

effective mass of the atoms. By tailoring the shape and depth of the optical lattice, one may alter
the masses of the particles and study the three-body system by varying both the mass ratio and the
s-wave scattering length. We also note that the Kartavtsev-Malykh trimers appear for smaller mass
ratios in one and two spatial dimensions [161, 162], although the crossover physics may not appear
in these systems due to the absence of the Efinffectan one and two dimensions [32, 115].

In ultracold atoms, Efimov states has often been observed indirectly by measuring the atomic
losses [27, 69], but recently a photoassociation technique has been used to observe the Efimov
trimers directly [51, 52, 160]. With this technique, one can directly associate the trimers and mea-
sure their binding energy. By precisely measuring the binding energies of the trimers by varying the
s-wave scattering length, one can check how well the continuous or discrete scaling law holds. The
deviation from the scale invariance as described in Fig. 3.3 (a) and (c) can be a clear signature of the
crossover trimers. Note that the breakdown of the continuous and discrete scaling is essentially dif-
ferent from that induced by non-universal corrections discussed for the ground-state Efimov trimer
in Refs. [54, 69]. While the latter depends significantly on short-range details of each atoms, the
continuous and discrete scaling is lost in a universal manner, which can be quantitatively predicted
theoretically with the universal theories, such as the Skorniakov—Ter-Martirosian equation, or the
effective field theory [32].

The three-body bound states can be also studied by observingwaee atom-dimer reso-
nance. The atom-dimer cross section is easier to observe than directly measuring binding energies
of the trimers. In Fig. 3.16 the atom-dimemwave scattering length (inset) apelave scattering
volume (main panel) are shown as a function pAa for several mass ratios:/m_ > 8.172. The
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Figure 3.16: Atom-dimeP-wave scattering volumel™® for 8Li—53Cr (red solid curvemg/m, =

8.80), 'Li-8'Sr (green dashed curve:/m_ = 12.39), and’Li—1"3Yb (blue dotted curveme:/m, =
24.65), calculated with the Skorniakov—Ter-Martirosian equation with the sharp momentufin cuto
In the inset, thesswave atom-dimer scattering length for each atomic combination is shown. The
points show thep-wave atom-dimer resonance positions for each atomic combination. [Figure
adapted with permission from S. Endbal.,, Phys. Rev. A36, 062703 (2012) [176]. Copyrigl®
(2012) by The American Physical Society.]

three-body bound states induce atom-dimer scattering resonances, as discussed in Sec. 3.3. Close to
the atom-dimer dissociation point, the atom-dinpewave scattering volume becomes resonantly

large, while the atom-dimes-wave scattering length remains of the order of the atom-atarave
scattering length. For.872 < mg/m_ < 13.606, the atom-dimep-wave resonance is a smoking

gun for the existence of the crossover trimer: the trimers can dissociate into an atom and a dimer
due to the breakdown of the continuous scaling of the Kartavtsev-Malykh states as illustrated in
Fig. 3.3 (a). In particular, the position of thewave atom-dimer resonance for the first-excited
trimer is determined universally.

Even whenme/m_ < 8.172 and no trimer exists, one can observe a signature of the trimers
by measuring thg-wave atom-dimer cross section. As studied in Ref. [60] and Sec. 3.3, the
width of the atom-dimemp-wave resonance in terms of the mass ratio is rather broad and one
can still observe a signature of the Kartavtsev-Malykh trimer even for a fermionic mixture with a
smaller mass imbalance. In 2013, the enhancement of the atom-gimave cross section has
been observed spectroscopically for a mass-imbalanced fermionic mixtfire K (mass ratio
6.64) [62]. While the Kartavtsev-Malykh trimer has not been observed yet, this experiment is a
good evidence for the Kartavtsev-Malykh trimer in the fermionil Zystem. From the results
presented in Sec. 3.3, | predict that a similar enhancement of the atom-dimer scattering can be
observed in a Bose-Fermi mixture &fi- 133Cs atoms (mass ratio 22.095) [180, 181] &hid'’4Yb
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atoms (mass ratio 28.917) [57, 58]. The mass ratios for these atomic mixtures are surprisingly close
to the mass ratios at which the Kartavtsev-Malykh trimers appear i the2 channel, 2537

and 31523. This suggests that tllewave atom-dimer scattering length is enormously large for
these atomic mixtures. In fact, tlewave atom-dimer scattering lengths ag/a® = -24.18
andap/a®> = —21.14 for mass ratios corresponding%oi-133Cs and®Li-1"4Yb, respectively. A
mixture of °Li and 1*3Cs atoms have been realized and the inter-species Feshbach resonance has
been performed recently [180, 181]. Although the Efimov states if theD induces an atomic

loss in this system, the enhanadavave atom-dimer cross section may be observed in this system.
ForLi and *"#Yb atoms, the Feshbach resonance has not been realized yet, but may be realized in
near future by transferring atoms into long-lived excited states [63, 64].



Chapter 4

Universal three-body parameter of the
Efimov states

As explained in detail in the introduction and in Sec. 2.4, the Efimov states have recently been
observed in ultracold atom experiments for various atomic species, and their three-body parameters
have been found to be universally determined by the van der Waals length for a system of three
identical bosons in the vicinity of a broad Feshbach resonance. These observations have surprised
researchers working on the Efimov physics in ultracold atoms. While the long-range part of the
inter-atomic interaction share the same van der Waals fa@gyr®, the short-range part depends
on details of electronic configurations of the atoms, and it can thus vary significantlyffienedit
atoms and hyperfine states. Until quite recently, it had been widely held that this non-universal
short-range part can significantlffect the short-range three-body phase, rendering the three-body
parameter non-universal.

In this chapter, | elucidate the physical origin of the universal three-body parameter, explaining
under what conditions and why the three-body parameter can be universal. But before proceeding
to the main part of this chapter, let me first rephrase the issue in more theoretical terms and try
to define when the three-body parameter is called “universal” or “non-universal”. In this chapter,
we consider a system of three identical bosons in the vicinity of a broad Feshbach resonance. For
two particles interacting via a broad Feshbach resonance, the particles mostly reside in an open
channel, so that one can model their low-energy behavior accurately by a single-channel potential
in the vicinity of a shape resonance (see Sec. 2.1.1 and Ref. [24]). Let us therefore consider a
three-body Scladinger equation

3 22
heve
— Z 2mf| + V(r1z) + V(raz) + V(raz) + Vag(ra, ra, r3) | W(ry, r2, r3) = E¥(ry, ra, rs), (4.1)

i=1
whereV(r) is a two-body potential which is fine-tuned to be in the vicinity of a shape resonance,
and Vzg is a three-body potential. For neutral atoms, the inter-atomic potential has the van der
. C . .
Waals tail, so let us assume here tiat) — —r—: at long distance. The three-body potentigd is

effective only when three particles get close simultaneously. For neutral atoms, its range is known
to be rather smally < rygw [164], SO we assume that the rangeVag is much smaller than the
van der Waals length. By solving the three-body ®&dimger equation for a specific choice \bf

85



86 Chapter 4. Universal three-body parameter of the Efimov states

andVsg, one obtains the three-body parameter numerically. Now, let us prepare another\pair of
andVsg by changing the short-range part of the two-body or three-body potentials while keeping
the sswave scattering length:

Vo= V() + AV(). 4.2)
Vig = Vaa(r) + AVsg(r). (4.3)

Here,AV(r) andAVsg(r) are introduced to model changes in the short-range part of the inter-atomic
potentials when an atomic species or a hyperfine state is varied. The rangég pandAVsg(r)

are assumed to be much smaller thag,. Now, let us solve the three-body Sédinger equation

for V' andV;; and compare its three-body parameter with tha¥/aindVsg. If the three-body
parameters fov andVsg and forV’ andV;; agrees with high precision for a wide variety of choice

of AV(r) andAV3g(r), the three-body parameter is regarded as universal.

To the best of the author’s knowledge, it has not yet been defined clearly in any literature what is
the theoretical definition of the universality in the three-body parameter, but it seems that the above
definition has been used implicitly in most theoretical studies on this issue [72, 73, 147, 168, 184].
Therefore, | adopt this definition in this chapter too. Note however that the definition is rather
subjective and mathematically not well-defined: it depends on what one regards as “high precision”
or “awide variety of potentials”. For the criterion of the “high precision”, the universal scale factor
is one possible reference value to compare with. If one assumesvfrgtandAVszg(r) can alter the
short-range three-body phase significantly, the three-body parameter should vary randomly within
a factor of the fundamental peri@d® = 22.7.... If the ratio between the three-body parameters
for different pairs o andV3g is much smaller than 22.7, one may regard it as universal. Another
experiments-based criterion is to compare with the experimental reé_]&mdw =-8-10 and see
whether the theoretically found three-body parameter is consistent or not.

Now that the universality has been defined from a theoretical point of view, let us introduce
some relevant previous studies. In Ref. [72], C. Chin points out that a strongly attractive van der
Waals interaction is essential. For typical neutral atoms, an inter-atomic potential supports many
two-body bound states, which implies that the strength of the van der Waals intei@gtsorather
strong. He assumes that the strong two-body van der Waals attraction leads to a strong hyper-radial
potential -3 x Cg/RP. SinceCs is large and the hyper-radial potential is strongly attractive, he
then argues that it can induce quantum reflection between three atoms. Since three particles are
reflected in the van der Waals regiB> rq,, they are insensitive to a change in the short-range
part of an inter-atomic potential, so that three-body physics is determined solely by the long-range
part of the inter-atomic interaction, i.e., the van der Waals interaction. At first sight this argument
seems plausible, but there are several problems. First of all, in Ref. [10], the three-body parameter
for “He atoms has been calculated theoretically by using a redlidtiqpotential (LM2M2), and
found to bea(_l)/rvdw = —9.42, which is in excellent agreement with the universal value observed
in ultracold atom experiments. Since the van der Waals interaction betiseatoms is rather
weak and supports only one two-body bound state, the argument presented in Ref. [72] cannot
explain why the three-body parameter fte atoms agrees with the universal value reported in
ultracold atom experiments. Furthermore, the quantum reflection scenario can be similarly applied
to two particles, and it suggests that that twave scattering length should also be universally
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determined by van der Waals length. However, this is not the case:wia@e scattering length is
known to vary almost randomly betweertdrent atomic species and hyperfine states.

This second point is worthwhile to note. For ultracold atoms, $lveave scattering length,
which characterizes a two-body short-range phase, is known to be strongly dependent on atomic
species and hyperfine states. On the other hand, the three-body parameter, which characterizes a
three-body short-range phase, has been found to be independent of atomic species and hyperfine
states. Why is two-body physics non-universal, while three-body physics is universal? If one tries
to explain the physical origin of the universal three-body parameter, one must at the same time
explain consistently why the-wave scattering length is non-universal.

In Ref. [73], J. Wang and coworkers have numerically solved the three-body problem for various
types of two-body potentials, and they have shown that a strong three-body repulsion appears in the
hyper-radial potential when a two-body potential is strongly attractive or has a hard-core repulsion
at short distance. Typical neutral atoms correspond to the former, whifdHth@otential corre-
sponds to the latter. The shape of the three-body repulsion has been found to be rather universal, in
the sense that it is independent of details of a two-body potential. The repulsion appears at a rather
large distanc® ~ 2r,q,, rendering changes in the short-range gar{r) and AVzg(r) irrelevant.

By solving the three-body Sobdinger equation numerically, they have obtained the three-body
parametela(_l) = —(8-12)4w for various types of strongly attractive two-body potentials and for
potentials with a hard-core repulsion. While it has become clear with this work that the three-body
parameter should be universal for a strongly attractive two-body potential or a two-body potential
with a hard-core repulsion, the physical mechanism still remains unclear. Namely, the following
guestions remain unresolved:

Q1. What is the physical origin of the three-body repulsion?
Q2. Why is the three-body repulsion universal?

Q3. Why are a strongly attractive two-body potential and a two-body potential with a hard-core
repulsion relevant?

Q4. Why is thes-wave scattering length non-universal, while the three-body parameter is univer-
sal?

| address the physical origin of the universal three-body parameter and give clear answers to all
these questioAsin Sec. 4.1, | present answers to the above questions as follows:

Al. When three particles get close, a non-adiabatic deformation of the three-body wave function
occurs due to a suppression of probability which occurs when two particles get close. This
deformation of the three-body wave function results in a strong three-body repulsion.

A2. Because the suppression of the two-body probability occurs in a universal manner.

SA remark on the contributionThe work presented in this chapter has been done in close collaboration with P.
Naidon at RIKEN. The author’s contribution and the coworker’s contribution are rather complimentary, so | include in
this thesis some of the results obtained by the coworker in addition to my contribution.



88 Chapter 4. Universal three-body parameter of the Efimov states

A3. Because the suppression of the two-body probability occurs for a strongly attractive two-body
potential and for a two-body potential with a hard-core repulsion.

A4. Because the deformation can occur only for a system with more than two particles: a three-
body system has the hyper-angular degree of freedom which characterizes the deformation
of the three-body configuration, while a two-body system has no such degree of freedom.

In Sec. 4.2, the three-body parameter for non-van der Waals types of potentials is discussed based
on the physical mechanism elucidated in Sec. 4.1. It is argued in Sec. 4.2.1 that the three-body
parameters for a wide class of potentials should be characterized bff¢btve range. This con-
jecture is confirmed numerically in Sec. 4.2.2, and two classes of two-body potentials are identified,
for which the three-body parameter has a universal value in units of tiiectige range. One class
corresponds to short-range two-body potentials decaying as a power law, relevant to atomic in-
teractions, for which the two-body correlation behaves smoothly. The other corresponds to deep
two-body potentials decaying exponentially, relevant to nuclear systems, for which the two-body
correlation shows a discontinuity.

4.1 Physical origin of the universal three-body parameter for
atomic Efimov states

In this section, we elucidate the physical origin of the universal three-body parameter for par-
ticles interacting via a van der Waals type of potential. Throughout this section, we use the low-
energy Faddeev equation to deal with the three-body problem [150]. There are sefferahti
ways of formulating the low-energy Faddeev equation [32, 115, 150], which can often confuse the
readers. Therefore, in Sec. 4.1.1, | briefly summarize the low-energy Faddeev equation we use
in this chapter. The advantage of the low-energy Faddeev equation is its simplicity: it is a one-
dimensional linear integro-fierential equation, which is much simpler than solving the original
three-body Sclirdinger equation. One drawback of the low-energy Faddeev equation is that it ne-
glects higher-partial-wave channels. In Sec. 4.1.1 solutions of the low-energy Faddeev equation are
compared with those obtained in Ref. [73], which includes most of the higher-partial-wave chan-
nels. Itis then shown that the low-energy Faddeev equation qualitatively reproduce all the features
reported in Ref. [73], justifying the use of the low-energy Faddeev equation to study the univer-
sality of the three-body parameter. Thus, Sec. 4.1.1 is devoted mostly to review and confirm the
previous results.

One of the main parts of our wotks presented in Sec. 4.1.2. | explain in Sec. 4.1.2 the physical
mechanism why the three-body parameter becomes universal, giving answers to all the questions
listed above.

$A remark on the contributionContributions of the author and the coworker P. Naidon in this section are as follows:
e Numerical calculations of the low-energy Faddeev equation: P. Naidon
¢ Proposal of the non-adiabatic deformation scenario described in Sec. 4.1.2: S. Endo
¢ Proposal of the model wave function in Eq. (4.19) and calculations with it: S. Endo
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4.1.1 Hyper-radial potential in the low-energy Faddeev formalism

Low-energy Faddeev equation

While the low-energy Faddeev equation was first derived in Ref. [150], we use a sligtehedt
formalism from the original one. Throughout this chapter, we use the low-energy Faddeev equation
formulated in Ref. [115]. It turns out that the theoretical description becomes much simpler in this
formalism compared with that in Refs. [32, 150].

In the formalism introduced in Ref. [115], one first expands the three-body wave function by
adiabatic hyper-angular bases as in Eg. (2.37). One then decomposes the hyper-angular wave func-
tion ®(R, a3, 12, p3) into Faddeev components (see Eq. (2.50)):

Yn(R, 1) N Yn(R, @2) N Yn(R a3)

) , P10, P3) = — - - .
n(R a3, T12, ps) sin2y; | sin2w,  sSin2vs

(4.4)

Here, we have neglected the angular dependence of the Faddeev comfpdReat, Tk, pi) =

Un(R, @), since the zero-angular-momentum channel is energetically most favored and gives the
most dominant contribution. The Faddeev components then obey the following equation (see
Eq. (2.52)):

2
0= —8—2 — 4+ Ru(Rsinas) — /ln(R)] Un(R a3)
dag (4.5)
. Sin 23 Sin 2vs
+ Ru(Rsinas) o 2altpn(R, ay) + = 2azwn(R, )|,
where m
ux) = ﬁV(x). (4.6)

By taking the angular average of Eq. (4.5) with respeétt@ndps, the last term written in terms
of a; anda, can be rewritten by the coordinatg:

Sin 2u3 _[sin2x3
<sin Zall/’n(Re a1)>f12,ﬁ3 = <sin 2(12'//n(R’ 02)>

This procedure is called the kinematic rotation [32, 115, 150]. One then obtains the low-energy
Faddeev equation:

2 5|5
_ - dBu.(RA). (4.7
o G I

f12.03

0? _ 4 _ 5-5-os|
0= [——2 — 4+ RPu(Rsinas) — /ln(R)] Yn(R a3) + —R2u (Rsinas) dByn(R B). (4.8)
8(13 \/é a3—3
Solving this one-dimensional integrofiirential equation numerically, one obtaia$R) andy/(R, @).
The hyper-radial part obeys the hyper-radial ®cdmger equation (2.39). Ongg, is obtained nu-
merically, the non-adiabatic couplin@, andP,, can be computed numerically from Egs. (2.40),
(2.41), and (4.4).
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The low-energy Faddeev equation is a simple one-dimensional integjeoeditial equation so
it can easily be solved numerically. The hyper-radial equation is a coupled one-dimensional second-
order diferential equation, and it is also numerically feasible. Note that these procedures are far
easier than solving the full three-body Sgtiinger equation. One major disadvantage is that we
have assumed that the higher-partial-wave contributions to the Faddeev component is small, and
we have taken it to bgn(R, ai, Tjx, pi) = ¥n(R ai). Crudely speaking, this approximation amounts
to assuming that thieth particle @fects the relative motion between th¢h andk-th particles in a
manner similar to the “mean field”, which is averaged out for all possible angular configurations.
As we will discuss later, this approximation does nié¢et our qualitative argument on the physical
origin of the three-body parameter, but it do@&et some quantitative details.

From the normalization of the hyper-angular wave function in Eq. (2.44), the diagonal part of
the non-adiabatic couplings can be shown to be

Pan(R) = 0, (4.9)
2 92 #2 0D, |0,
Qn(R) = “m <®n IR (Dn> = E< R | 3R > > 0. (4.10)

Thus, if one neglects the couplings tdtdrent channels, one obtains a single-channel hyper-radial
equation:

h? 0? h?
[_Eﬁ + Un(R) — m] fn(R) = Efn(R), (411)
_ 1P [A(R) + 4]
Un(R) = —mre Qnmn(R). (4.12)

One can see that thefect of the non-adiabatic part is to add a repulsive hyper-radial potential
Qnn(R) > 0. As we will find in Sec. 4.1.2, this repulsive non-adiabatic term plays a crucial role in
explaining the physical origin of the universal three-body parameter.

In Refs. [32, 150], the low-energy Faddeev equation has been introduced in a manner slightly
different from above. In the above formalism, the Faddeev decomposition is performed after
the three-body wave function is expanded by the hyper-angular bases. On the other hand, in
Refs. [32, 150], the three-body wave function is first decomposed into Faddeev components, and
then the Faddeev component is expanded by the hyper-angular bases.fféhende in the order
of the Faddeev decomposition and the expansion by the hyper-angular bases leads to a rather dif-
ferent behavior irP,,, and Q.. In the latter formalism, the diagonal pd&t, does not vanish in
general [32, 150]. Similarly, one cannot perform the integration by part®faras has been per-
formed in Eq. (4.10). The fierence originates from the normalization of the hyper-angular wave
function and the Faddeev component. In the above formalism, the non-adiabatic couplings are de-
fined in terms of the hyper-angular wave function (see Egs. (2.40) and (2.41)), which is normalized
indeed. On the other hand, the Faddeev component itself is not normalized, but only their sum (i.e.,
the hyper-angular wave function in Eq. (4.4)) is normalized.

Numerical Solutions of the low-energy Faddeev equation

Let us solve Eq. (4.8) numerically for various van der Waals type of potentials, and show the
diagonal hyper-radial potentid),(R). Here, we consider three classes of potentials: the soft-
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Figure 4.1: Hyper-radial potentiald,(R) for different two-body potentials at unitarity [147]: the
soft-core van der Waals potential in Eq. (2.12) (blue curves) mjth 1 up to 10s-wave two-body

bound states, the Lennard-Jones potential in Eq. (2.14) (green curves),with up to 10s-wave
two-body bound states, tHéle potential [12] (red curve) rescaled to reach unitarity with= 1

s-wave two-body bound stateUy(R) and U,(R) are the hyper-radial potentials for the Efimov
channel and non-Efimov channel, respectively. There are many non-Efimov channels, but only the
one adjacent to the Efimov channel is drawn. The black dashed curve shows the asymptotic Efimov

s

attractlon—m— [Figure adapted from Ref. [147] with permission. Copyri@{2014) by The
American Physical Society.]

core van der Waals potential in Eg. (2.12), the Lennard-Jones potential in Eq. (2.14), &k the
potential (LM2M2 potential) [12]. For the soft-core van der Waals potential and the Lennard-Jones
potential, the parametevssc ando; are chosen so that the system is at the shape resonance point
1/a = 0. As can be seen in Fig. 2.1, there are many possible choiegg@ndo ;, corresponding

to different potential well depths, or equivalentlyffdrent numbers of-wave two-body bound

states. We therefore consider various shape resonances corresponding to the appearance of the first
two-body bound stateng = 1) up to the tenth two-body bound statg & 10). The*He potential is

known to be close to a shape resonance, and support one weakly bound two-body bound state [12].
To compare it with the results calculated for the soft-core van der Waals potential and the Lennard-
Jones potential at unitarity, we multiply thele potential by a scale fact®d(r) — AV(r) so that

the“He potential is artificially fine-tuned to be at unitarity:= 0.97412 [10].

Note that there are an infinite number of solutions for Eq. (4.8), but here we mainly focus on
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the solution which shows the Efimov¥fect. Namely, there exists a chanmelvhere the solution
2

asymptotes ttJ,(R) — = whenr,gzw < R <« |al. We call this channel as the Efimov channel,
and denote it as = 0.

In Fig. 4.1,Uq(R) for the three classes of potentials is shown. One can see that all the curves
corresponding to the Efimov channel= 0 asymptotically approaches to the universal Efimov
attraction curve (black dashed curve) whigfy < R, while they deviate significantly from it when
R < rygw. One of the non-Efimov channdls (R) is also shown in Fig. 4.1 .

One important feature in Fig. 4.1 is that most of thg(R) curves almost superimpose onto
each other. Indeed, tHéle potential, the Lennard-Jones potential fomglland the soft-core van
der Waals potential fon, > 5 almost superimpose into a single universal curve. This behavior is
rather non-trivial if one recall a hugeftirence in the two-body potentials. While the potentials
behave as-Cg/r® at long distance, they fiier significantly at short distance: the soft-core van der
Waals potential behaves smoothly at short distance, while the Lennard-Jones potential*ated the
potential has a steep repulsive core. Furthermore, the depth of the potefiiéed dignificantly
whenn, is changed. For example, the ratios of the depth of the soft-core van der Waals potential
are

Vscvdw(l' = 0)ln,=2 o1 Vscvdw(l' = 0)ln,=5 _ 401 VscvawlI = 0)ln,=10
Vscvawll = 0)ln,=1 Vscvawll = O)ln,=1 Vscvawll = O)ln,=1

The diference inJy(R) shown in Fig. 4.1 is much smaller than this hugfedience in the depth of
the two-body potential.

Another important feature is thaky(R) agrees with each other excellently for thée potential
and the Lennard-Jones potential for @j| while Uy(R) for the soft-core van der Waals potential
gradually converges to those for thide potential and the Lennard-Jones potentiahgss in-
creased. Thus, for two-body potentials with a hard core, the hyper-radial potential is universal for
any depth. On the other hand, for the soft-core van der Waals potential which does not have a hard
core, the hyper-radial potential becomes universal when the two-body potential is deep enough
N, > 1. The universal hyper-radial potential shows a strong universal repulsi@n~a®r gy
This universal repulsion prevents three particles from coming close, so that the system becomes
insensitive to short-range details.

All these features shown above are the same as what have been previously reported in Ref. [73],
in which the three-body problem has been solved with all the higher-partial-wave channels and the
channel couplings included. This suggests that it is adequate to use the low-energy Faddeev equa-
tion to address the issue of the universal three-body parameter at least qualitatively. We therefore
mainly use the low-energy Faddeev equation in this section.

We finally note that the repulsive barrier Bt~ 2r,qw appears even for a purely attractive
potential: the soft-core van der Waals potential is monotonical and thus purely attractive, but still it
shows a strong three-body repulsion. In Ref. [73], the hyper-radial repulsion has also been found to
appear for other types of purely attractive potentials. These results suggest that the repulsive barrier

=3366  (4.13)

1/4
$Note that the hyper-radius used here ifetent by a factor ofs—\/E = 0.931.. from the hyper-radius used in
Ref. [73]. See a footnote in P. 27.
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atR ~ 2r,4w does not originate from a repulsion in the two-body potential. In Ref. [74], P. K.
Sgrensen and coworkers have claimed that a repulsive barrier in the two-body potential is essential
for determining the three-body parameter, but this is inconsistent with our result and Ref. [73].

4.1.2 Non-adiabatic deformation as the physical origin of the universal three-
body parameter

As shown in Ref. [73] and in the previous section, the hyper-radial potential behaves universally
and shows strong universal repulsionRats 2r,q for a two-body potential with a hard core at
short distance and for a deep two-body potential. The following questions, however, have yet to be
answered:

e What is the origin of the strong universal repulsioriRat 2r,gw?
e Why does the three-body potential behave universally?

e Why does it appear for a two-body potential with a hard-core or a deep two-body potential?
What is special about these potentials?

In this section, we answer these questions. We first point out that a significant suppression of
probability occurs for two particles interacting via a two-body potential with a hard-core or a deep
two-body potential. This suppression of probability occurs in a rather universal manner. Using this
universal two-body suppression of probability, we answer why there appears a strong three-body
repulsion. Namely, we show that the universal two-body suppression of probability induces an
abrupt change in the shape of the three-body wave function when three particles get close. This
deformation results in a large non-adiabatic fofzg(R) and leads to a strong universal repulsion

atR ~ 2r,qw. The resulting hyper-radial potential is universal because the two-body suppression of
probability occurs in a universal manner. We confirm this scenario by reproducing the hyper-radial
potential shown in Fig. 4.1 with a simple model wave function which incorporates the universal
two-body suppression of probability into the Efimov wave function.

Universal two-body correlation

Let us consider a two-body Sdidinger equation at zero energy:

hZ d2
In Fig. 4.2, two-body probability density distributions(r)> are shown for the soft-core van der
Waals potential, the Lennard-Jones potential, and the restdegotential. Here, the-wave
scattering length is taken to be at unitarita= 0. At large distance, the two-body wave function
asymptotically approaches to the zero-range resu)t = Const (see Eq. (2.20)). In Fig. 4.2, the
wave function is normalized so thafr) — 1 at large distance. As two particles get closerqw,
the two-body probability becomes smaller than the zero-range predigtips: 1. One remarkable
feature is that the two-body wave functions behave rather similarly for the Lennard-Jones potential
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Figure 4.2: Zero-energy two-body probability density distributip(r)> as a function of inter-
particle distance for dierent two-body potentials [147]: the soft-core van der Waals potential (blue
curves) withn, = 1 up to 8 s-wave bound states, Lennard-Jones potential (green curves) with
N, = 1 up to 8s-wave bound stateéHe potential (red curve) rescaled to reach the unitarity with 1
s-wave bound state. The corresponding potentials are shown as thin curves. The probability density
corresponding to the universal van der Waals correlation given in Eq. (4.15) is also shown by the
dashed black curve. [Figure adapted from Ref. [147] with permission. CopyigR014) by The
American Physical Society.]

for all n,, for the *He potential, and for the deep soft-core van der Waals potemfial 4. As
discussed later, this universal suppression of the two-body probability is crucial for the origin of
the universal three-body repulsion found in Ref. [73] and in Sec. 4.1.1. FéHea@otential and

the shallowest Lennard-Jones potential, the suppression of probability occurs at a distance where
a hard-core repulsion appears. This suppression can be ascribed to the hard-core repulsion. For
a deeper Lennard-Jones potenhgl> 2, however, the suppression of the two-body probability
occurs at a distance much larger than the hard-core radius. In this case, the suppression of the
probability is induced not by a hard-core repulsion, but rather by quantum reflection. Quantum
reflection is a phenomenon where particles get reflected by a strong attractive potential due to
an impedance mismatch [185]. The attractive part of the Lennard-Jones potentigl$oP is

so strong that quantum reflection occurs and the two-body probability is suppressedraiy.
Quantum reflection also explains the suppression of the probability for the deep soft-core van der
Waals potential. While the origin of the reflection mechanism fkedgnt for a deep potential and

a potential with a hard core, their wave functions behave in the universal manner. Indeed, they can
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be characterized by the analytical solution of the two-body &tihger equation for the van der
Waals potential at zero energy [119, 121, 122]

ofr) = r(g) VX: (%) B rv;wr(i_i) VX (%) X = rv:w’ (4.15)
wherel” and J, are the Gamma and Bessel functions, respectively. This is shown in Fig. 4.2 as a
black dashed curve. The universal two-body suppression of the probability can be characterized
rather accurately by this two-body wave function.

The only notable dierent between the two-body wave functions for the Lennard-Jones potential
for all ny,, for the*He potential, and for the deep soft-core van der Waals potewtial4 is a small
oscillations occurring at short distance. The number of oscillations characterizes the number of
two-body bound states and thus changes whes varied. This diference however does ndfect
the three-body physics so much, since the probability of finding particles in this region is already
very small.

Non-adiabatic deformation of the three-body wave function

In the hyper-radial potentidly(R), there are two contributions: the adiabatic terffilo(R) +
4]/mR and the non-adiabatic ter@y(R). In the left panel of Fig. 4.3, the adiabatic term (dotted
curves), the non-adiabatic term (dashed curves), and the total hyper-radial potential (solid curves)
are shown for the Lennard-Jones potential frogn= 1 up ton, = 5. While the adiabatic part
is attractive except for a very small hyper-radius, the non-adiabatic part shows a strong repulsion.
Indeed, as shown in Eq. (4.10), the non-adiabatic Qg4tR) is a positive definite quantity, so that
it leads to a repulsive force. As can be seen from Eq. (4Q&)R) describes a change in the hyper-
angular wave function as the hyper-radius is varied. A large non-adiabatic contribution shown in
the left panel of Fig. 4.3 suggests that the hyper-angular wave function changes rather abruptly as
the hyper-radius is varied. To visualize this point, in Fig. 4.4, we plot the probability of finding a
particle 3 when we put particles 1 and 2 at a given separatiormfo be more specific, we show a
contour plot of the following quantity in Fig. 4.4:

Pr,.r,(r3) = SIN? 3 | @n(R, a3, 12, 3)| (4.16)

In the zero-range theory at unitarity, shown in the left panels, the hyper-angular wave function can
be written analytically as

wEOR a)

Q&R P12, p3) = .
0 (R a3, 12, p3) Z Sin 2,

k=1,2,3

(4.17)

Wherez//ﬁZR) is the solution of the hyper-angular equation for the zero-range interactions at unitarity

(see Eq. (2.54)):

VPR a) = sinh[so (g - oz)] . (4.18)
This hyper-angular wave function does not involve any scale. Therefore, even when the hyper-
radius is varied, the shape of the hyper-angular wave function remains unchanged. The probability
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Figure 4.3: Hyper-radial potentials calculated with the Faddeev three-body calculations (left) and
the simple two-body correlation model described in the main text (right) [147]. The dashed curves
show the non-adiabatic kinetic ener@yq(R) for the Lennard-Jones potentials offdrent depths,
corresponding to the unitarity limit with flerent numbers of two-body bound states ranging from

n, = 1 (blue) ton, = 5 (red). The solid curves show the full three-body potentiglR) obtained

by adding the adiabatic contributidd[A(R) + 4]/mR (dotted curves) obtained from Faddeev cal-
culations, which is shown by the dotted curves. [Figure adapted from Ref [147] with permission.
Copyright© (2014) by The American Physical Society.]

density therefore remains the same up to a scale transformation, as shown in the left panel of
Fig. 4.4. The third particle is always located close to one of the two particles, as shown by green
dots in Fig. 4.4. This invariance of the hyper-angular wave function with respect to the hyper-radius
results inQqo(R) = 0.

On the other hand, for a finite-range potential, the hyper-angular wave function can have a
scale. It can therefore change its shape as the hyper-radius is varied, lea@y(Ro> 0. In the
right panels of Fig. 4.4, the hyper-angular wave functions calculated with the low-energy Faddeev
equation for the Lennard-Jones potentiay & 4) are shown. At large inter-particle separation,
the hyper-angular wave functions look almost similar to the zero-range one. One flesrdie
is that there are two regions where the probability gets suppressed compared with the zero-range
counterpart. In these two spherical regions with their radiugy, two of the three particles come
close, so that the universal two-body suppression of the probability seen in Fig. 4.2 occurs. At
large inter-particle separation, these excluded regions défect q,(R) significantly, andQqo(R)
is small. However, as the two particles come cloge~ ryqw, this two-body suppression leads
to an abrupt change in the hyper-angular wave function. Indeed, the two-body suppression pushes
out the wave function to a region forming a ring in-between the two particles, corresponding to an
equilateral shape. This change of shape happens very suddenly, makifiguttdor the system to
follow the Efimov channel adiabatically and resulting in a strong repul®g(R) > 0. As argued
above, the two-body suppression occurs in a universal manner for a deep potential or a potential
with a hard-core, so the abrupt change in the hyper-angular wave function also occurs universally
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Figure 4.4: Three-dimensional contour plots of the probability distribution in Eq. (4.16) of finding

a third particle for a given separation of the two other particles (indicated by a pair of small gray
balls connected by a black line) [147]. For clarity, the view is cut along a plane containing the
two particles. The top figures correspond to a separationQpj46, while the bottom ones to a
separation of 4r,qy. The darker, the higher the probability of finding the third particle. In order to
appreciate the change in configuration between the figures, a typical location of the third particle is
indicated by a small green ball connected to the other two particles by green lines. The left figures
are calculated from the zero-range Efimov theory at unitarity. The right figures are calculated for
the Lennard-Jones potential at unitarity supporting four two-body bound states. [Figure adapted
from Ref. [147] with permission. Copyrigk® (2014) by The American Physical Society.]

for these classes of potentials.

Pair correlation model

To verify the above scenario, let us consider a trial hyper-angular wave function of the Bijl-
Jastrow form [186, 187]:
Of"*) = O Vp(r1o)e(r2a)e(r13), (4.19)

wherey is the solution of the zero-energy Soldinger equation (4.14). In this model hyper-angular
wave function, the zero-range Efimov configuration is taken into accoum{ﬁ}/, while the two-
body suppression of the probability is taken into account’by This model wave function may be
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seen as the simplest wave function ni which both the Efinfteceand the two-body suppression

of probability are properly taken into account, while all the other complicaftedts are neglected.

If the hyper-angular wave function in Fig. 4.4 and the hyper-radial potential in Fig. 4.3 can be
reproduced with this model wave function, one can be rather sure that the non-adiabatic deforma-
tion scenario explains the physical origin of the universal three-body repulsion and the universal
three-body parameter.

We have confirmed that the model wave function in Eq. (4.19) shows a probability density
distribution which looks almost the same as those shown in the right panel of Fig. 4.4, with almost
no notable dference. We have also calculated the non-adiabatic @gifrom Eq. (4.19), which
are shown as dashed curves in the right panel of Fig. 4.3. The non-adiabatic pot@stiaigsees
excellently with the one presented in the left panel, which shows the solution of the low-energy
Faddeev equation. This confirms our claim that the non-adiabatic deformation of the three-body
configuration originates from the suppression of two-body probability.

Summary

We have elucidated the physical origin of the universal three-body parameter as follows: for
particles interacting via a deep two-body potential or a two-body potential with a hard core at
short distance, the probability gets suppressed when two particles come close due to quantum
reflection or a hard-core repulsion, respectively. The two-body suppression leads to a non-adiabatic
deformation of the three-body wave function, resulting in a large non-adiabatic repQlgi@®).

This non-adiabatic deformation is the origin of the hyper-radial repulsion found in Ref. [73] and
Sec. 4.1.1. Since the two-body suppression occurs universally for a deep two-body potential or a
two-body potential with a hard core, the non-adiabatic repulsion also appears universally for these
potentials.

Our scenario can naturally explains why the three-body parameter is universal wisle/éve
scattering length is non-universal: the deformation of the wave function can occur for three particles
thanks to the hyper-angular degree of freedom, whereas there is no such degree of freedom for two
particles.

4.1.3 Some remarks

In Secs. 4.1.1 and 4.1.2, we present our argument based on the low-energy Faddeev equation
and on the single-channel approximation. These approximations have facilitated the physical argu-
ment greatly. As shown in Sec. 4.1.1, they successfully reproduce most features of the hyper-radial
potential obtained with a full three-body calculation, so they give qualitatively correct results. How-
ever, the low-energy Faddeev equation and the single-channel approximation are not quantitatively
reliable. Indeed, if one calculates the three-body parameter with the low-energy Faddeev equation
and with the single-channel approximation, the value of the three-body parameter disagrees with
experimentally observed value by a factor of about 50%. One therefore needs to take into account
higher-partial-wave contributions and solve the coupled equation to obtained the precise theoretical
values reported in Refs. [10, 73]. In Sec. 4.2, an alternative approach to calculate the three-body
parameter is introduced, which is inspired by the physical mechanism presented in this section. It
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turns out that the method is much more quantitatively accurate than the single-channel low-energy
Faddeev equation, successfully reproducing the experimentally observed universal value of the
three-body parameter.

4.2 Three-body parameter for general two-body potentials

4.2.1 Physical argument

In the previous section, the physical origin of the universal three-body parameter has been
clarified for potentials with the van der Waals tail. It is pointed out that the universal suppression
of the two-body probability is essential, because it induces a strong non-adiabatic repulsion and
renders the three-body parameter universal. Here, we recall that properties of the van der Waals
interaction have been used only to show that the suppression of the two-body probability occurs
universally. Therefore, even for a non-van der Waals type of potential, one can naturally expect that
the three-body parameter becomes universal from the same physical mechanism if the universal
suppression of the two-body probability occurs.

In Fig. 4.6, | show the zero-energy two-body wave functions at unitarity for various potentials:
the Lennard-Jones potential, the 8-4 potential

Vagy(r) = —% (1 — ?;:), (4.20)
the Gaussian potential ,
Veaudr) = ~Ca exp(—:—g), (4.21)
the Yukawa potential
Vy(r) = —va, (4.22)

r
the Ryschl-Teller potentidl(see Fig. 4.5 (a) for its shape) [188, 189]

Ver(r) = Cer oz-(oz —1) _aerd) , (4.23)
sinf? (£)  cosi? (&)
and the Morse potential (see Fig. 4.5 (b) for its shape) [189, 190]
Vu(r) = Cy (exp ! —rﬁro] - 2exp[—r —rﬁro])‘ (4.24)
0 0

All these potentials are assumed to be at unitarity witlssisave bound states = 6) by adjusting

the parameters or C. One can see that the suppression of the two-body probability occurs for all
the potentials. Another notable feature is that the suppression occurs at a length scale characterized
by the dfective range; for all the potentials. Indeed, for most physical potentials, the length scale

$The Pyschl-Teller potential witly = 1 is sometimes referred to as the modifigg€hl-Teller potential, and it has
a hard repulsive core at short distance when 1, while it is a smooth attractive potential when- 1
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Figure 4.5: (a) Bschl-Teller potential witly = 1 (black),a = 2 (red),a = 3 (blue),a = 5 (orange),
anda = 9 (purple). (b) Morse potential with = 1 (black),8 = 2 (red), ang3 = 3 (blue). An
arbitrary unit is taken for the vertical axis.

for this suppression can be generally characterized by ftieetwe range through the following
formula [118]:

rar=2 [ [l - P, (4.25)

whereg(X) andezr(X) = 1 - ;% are the two-body wave functions at zero energy for a finite-range
potentialV(x) and for a zero-range potential, respectively. While tfieative range is convention-

ally defined as a low-energy expansion parameter of the phase shift (see Eq. (2.4)), this formula
relates the fective range to a length scale associated with the pair correlation at zero energy.

As discussed in the previous section, this suppression of the two-body probability creates the
three-body repulsion through the non-adiabatic deformation of the three-body wave function. Al-
though the precise shape of the repulsive barrier may depend on shape of the two-body potential,
the dfective range sets the location of the suppression of probability, and hence the hyper-radius
at which the universal hyper-radial repulsion appears. For most physical potentials, the two-body
wave function gets suppressed at short distance as the depth of the two-body potential is increased.
Therefore, one can expect that the three-body parameter can be characterizediiegtite eange
for most two-body potentials when they getistiently deep and the suppression of the two-body
probability occurs. This conjecture will be numerically confirmed in Sec. 4.2.2.

For a single-channel potential with the van der Waals tail, ffectve range can be related to
the van der Waals length and teevave scattering length as [119, 120, 122]

w2y

A= —lvau. (4.27)

rvdw, (4 . 26)

where
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Figure 4.6: Two-body wave functions for the Lennard-Jones potential in Eq. (2.14) (pink), the 8-
4 potential in Eq. (4.20) (purple), the Gaussian potential in Eq. (4.21) (green) odahlPTeller
potential in Eq. (4.23) withh = 1 (blue) anda = 2 (orange), the Morse potential with= 1
(black). The depth of these potentials is set to be at unitayity-1 O with 6 s-wave two-body
bound states, = 6. The wave function is normalized so thgt) — 1 at large distance. The red
dashed line(r) = 1 corresponds to the zero-range two-body wave function at unitarity.

In particular, the fective range is proportional to the van der Waals length at unitarity:

2 (1
Feft = §FZ(Z) Fvaw = 2.7 vaw. (4.28)

Therefore, the conjectured relation between the three-body parameter afféttigesrange incor-
porates the van der Waals class of potentials studied in Sec. 4.1, and can be regarded as a natural
generalization to systems interacting with a non-van der Waals type of potentials.

For most classes of potentials, the two-body wave function shows the suppression of the two-
body wave function as the depth of the two-body potential is increased. However, for some patho-
logical cases, there is no well-converged universal pair correlation. One clear example is the square-
well potential. For the square-well potent\{r) « —@(ro — r), the zero-energy two-body proba-
bility density distributione(r)|? at unitarity is

B 1 (r>rp)
le(r)I* = { Sin2[(2nb2—1)7rL] (r <ro) (4.29)

fo

This is shown in Fig. 4.7 for various,. One can see that the two-body wave functions do not show
any suppression of probability. This may be due to the discontinuity in the two-body potential. If a
two-body potential is continuous, particles can be accelerated in a semiclassical manner when the
two-body potential is attractive. This accelerated motion can lead to a mismatch in the impedance,
resulting in the suppression of probability when two particles get close. On the other hand, a
discontinuous jump does not allow any semiclassical acceleration of particles. This may explain
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Figure 4.7: Zero-energy two-body wave functions for the square-well potential at unitarity for
n, = 1 (blue),n, = 2 (black), andn, = 3 (orange) two-body bound states. A red dashed line
¢(r) = 1 which corresponds to the zero-range two-body wave function at unitarity.

why the wave function is not suppressed for the square-well potential near unitarity. Since the
suppression of the probability does not occur, one can expect that the three-body parameter for the
square-well potential does not converge to any universal value when the depth of the potential is
increased.

To summarize, for most physical interactions (except for some pathological cases such as the
square-well potential), the suppression of the two-body probability occurs at a length scale on the
order of the &ective range when the depth of the potential is increased. This fact and the physical
mechanism shown in Sec. 4.1 suggest that for a wide class of deep two-body potentials, the three-
body parameter should be universal and can be characterized Wieitie/e range. This conjecture
will be confirmed numerically in the next section.

Note that in Ref. [73], the three-body parameter of tkisdPl-Teller potential witlw = 1 has
been obtained numerically by varying its depth, and it has been found to converge to a universal
value characterized by thé&ective range in the deep potential limit. While the relation between the
three-body parameter and thestive range has been shown only for theséhl-Teller potential
with @ = 1 in Ref. [73], with hindsight it was the first example of the universal relation. Our
argument presented above elucidates why the three-body parameter should be characterized by the
effective range in their work. The physical argument presented in this section also suggests that this
relation is not a special feature of thégehl-Teller potential, but rather should hold universally for
a broad class of potentials.

4.2.2 Universality classes of the three-body parameter

In this section, we study the three-body parameter for various classes of two-body potentials.
In general, a three-body calculation with a deep two-body potential is rather formidable and re-
quires sophisticated numerical methods [73]. This is due to coexistence of a large length scale
~ 1a%| associated with the Efimov physics and a short wave length appearing inside the strongly
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2

attractive potential region for a deep two-body potentia ey whereV, is the typical depth
0

of the two-body potential. To circumvent thisfidculty, a simpler method is introduced. We use a
separable potential, which is constructed to reproduce the universal pair correlation of the original
two-body potential at zero energy. The separable potential constructed in this way naturally repro-
duces two-body properties at low energy, such as ffectve range. A three-body problem with

the separable potential reduces to the Skorniakov—Ter-Martirosian type of one-dimensional integral
equation, which is much simpler than solving the three-body&thger equation with the origi-

nal two-body potential. It is first shown that the three-body parameter calculated with the separable
potential agrees excellently with that obtained by solving the three-bodyo&@alger equation.

This justifies us to use the separable potential as a much simpleffaidre way to evaluate the
three-body parameter of a system interacting with rather deep two-body potentials, facilitating our
study dramatically. Using the separable potential, the three-body parameter is calculated for vari-
ous classes of two-body potentials for a variable depth. It is shown that the three-body parameter
becomes universal when expressed in units of ffectve range when the depth of the potential
gets large, confirming the conjecture presented in Sec. 4.2.1. We identify two classes of two-
body potentials, for which the three-body parameter shows the universality. One class corresponds
to short-range two-body potentials decaying as a power law, for which the two-body probability
is suppressed at short distance in a smooth fashion. The other corresponds to potentials decaying
faster than any power law, for which the two-body probability is suppressed abruptlyrwhérgff.

The former one is relevant for the Efimov states in atomic physics, suttteasluster [7, 8, 9, 10]

and ultracold atoms in the vicinity of a broad Feshbach resonance, while the latter is relevant for
the Efimov states in nuclear systems, such as halo states in the neutron rich nuclei [3, 4, 5].

Separable potential constructed to reproduce the pair correlation

A separable potential is a non-local potential first introduced by Y. Yamaguchi [191]:

~ 2
V=&l (4.30)

The advantage of the separable potential is its simplicity: the two-body8iciger equation with
the separable potential can be solved analytically, and the scattering amplitude and the wave func-
tion are obtained as

C (kP2 g k@P |
f(k) = - &+ oV FE_E_10r) (4.31)
and d®q v ()
_ Aikr X
Wm‘ék+M“m1}bpy—W—wxmy (4.32)

By assuming an isotropic separable potentigt) = y(k) and taking the low-energy limit, the
scattering length is obtained as

a=—f(k=0)

(A 2 A\t X (4.33)
~(F+2 [ dawar) wor.
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The zero-energy wave function is obtained as

a
Yo(r) = —FSO(V), (4.34)
where 5 e @
singry(q) r
ry== d -, 4.35
o)== [ a2 (4.35)
One can easily see that this is consistent with the long-distance behavior shown in Eqg. (2.13) if one
uses . _ @
. singry(q) =
Ilmf d — = _, 4.36
A R ORE (4.39)

The separable potential is one of the most commonly used pseudo-potential. Typically, for a
few-body problem in the vicinity of a broad Feshbach resonance, the separable potential is con-
structed to reproduce ttewave scattering length of the original two-body potential, since the low-
energy two-body problem in the vicinity of a broad Feshbach resonance can be universally charac-
terized by thes-wave scattering length (see Sec. 2.1). In this approach, the vafue détermined
from Eq. (4.33) by fixinga, while y(q) can be taken at one’s discretion. Therefore, simple func-
tions such as the Gaussian or the exponential functions are often uggd)towith the separable
potential, the three-body problem can also be solved much more easily than solving the three-body
Schibdinger equation for a system interacting with a pair-wise potential. Indeed, the three-body
problem with the separable potential reduces to the following Skorniakov—Ter-Martirosian type of
one-dimensional integral equation:

~ gdg
D(P)F(P) + = —H(P, q)F(q), (4.37)
where , ,
O Lv(q)l
D(P) = : + or 7 — IE 1 3P’ (4.38)
and
\/qz lP2+un) (\/P2+%1q2+un)
H(P,q) = f dL. . (4.39)
P2+ q? + Pqu—- 0%

Equation (4.37) can be easily solved numericdaiijth the same technique as was done for Eq. (3.20)
in Chapter 3.

While choosing a simple functional form such as Gaussiaw fqy simplifies the calculations,
one disadvantage of this treatment is that the two-body correlation of the original two-body poten-
tial is not correctly reproduced except for thgvave scattering length. Since the two-body corre-
lation at low-energy is important in determining the value of the three-body parameter as has been
argued in Sec. 4.1, the three-body parameter calculated with the separable potential constructed
above would dier significantly from that of the original two-body potential. Therefore, it would
be inadequate to use this naive pseudo-potential.

$A remark on the contributionMost of the three-body numerical calculations in this section has been performed
by P. Naidon.
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Figure 4.8: Solutions of the two-body Sddinger equation at unitarity for the Gaussian potential

in Eq. (4.21) corresponding ta, = 2 (solid curves) and the separable potential calculated from
2

Egs (4.30), (4.33), and (4.40) (dashed curves). The energies are taEen:angT (black),
eff

h? 3n?
E = —- (blue), andE = —- (orange).
mre. mre;

However, taking advantage of the freedom of choicexf(m), we can choosg(q) such that
the zero-energy wave function for the separable potential exactly reproduces the pair correlation
of the original two-body potential. From Eg. (4.35), one obtains the relation betyweggand the
zero-energy pair correlation as

E0 =1 [ drz(1- 2 - vo)|sinar

=1- qf dr(l— r_ go(r))sinqr.
0 a

One can reproduce any form of the zero-energy pair correlation exactly by constru@)rigpm
Eq. (4.40). To be more specific, we construct a separable potential and solve the three-body problem
according to the following procedure:

(4.40)

1. Solve the two-body Scbdinger equation for the two-body potential one wants to deal with,
and obtainyq(r) (or equivalently the pair correlatiap(r)).

2. Substitutay(r) (or ¢(r)) into Eq. (4.40) and obtaigp(q).
3. Substitutey(q) into Eq. (4.33) and obtai& for a fixed value of.
4. Usingy(qg) and¢ obtained in 2. and 3., solve the three-body problem with Eq. (4.37).

The separable potential constructed in this way has the advantage of being easily tractable thanks
to its separability while at the same time reproducing the zero-energy pair correlation accurately.
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Figure 4.9: Trimer (red solid curve) and dimer (black solid curve) energies for the separable po-
tential in Egs (4.30), (4.33), and (4.40) as a function of the inverse scattering length [184]. The
trimer curve is calculated with the pair correlation of @iently deep van der Waals potential in

Eqg. (4.15). The dotted line represents the universal dimer energy in Eg. (2.10). The dashed curve
represents the dimer energy for dfstiently deep van der Waals potential obtained by solving

the two-body Schidinger equation numerically. [Figure adapted from Ref. [184] with permission.
Copyright© (2014) by The American Physical Society.]

Furthermore, from Eq. (4.25), one can see that the separable potential also reprodufiestie e

range of the original two-body potential. This suggests that the separable potential reproduces not
only the zero-energy two-body physics but also finite-energy properties. In Fig. 4.8, | compare
two-body wave function of the Gaussian potential and the separable potential constructed as above
at finite energy. Or;e can see that the two-body wave functions agree excellently for most of the

region whent < n?? A slight discrepancy is barely visible at short distance, which gets larger

) eff
at higher energy.

In addition to the low-energy continuum states, weakly bound two-body bound states can also
be reproduced fairly well with the separable potential. In Fig. 4.9, binding energy of a weakly
bound dimer for a deep van der Waals potential is compared with that calculated with the separable

potential. They agree excellently at low energy, while they deviate from each other|Bjhzn
2 2

7
. Note that the agreement is much better than the universal dimer en%FZgyThls can be

2
natvurally understood by noting that thextive range is accurately reproduced with the separable

potential, while the universal dimer formula amounts to takigg= O.

In Fig. 4.9, we also show the binding energy of the ground-state Efimov trimer calculated with
the separable potential for the van der Waals correlation in Eq. (4.15), corresponding to an infinitely
deep van der Waals potential. We found the universal values of the binding energy at unitarity and
the three-body threshold to ke = 0.187(1) 3, anda®/ryaw = —10.86(1), respectively. Similar
results can be obtained for pair correlatigifis) with a similar tail. For example, the pair correlation
for the Lennard-Jones potential with = 1 leads tac* = 0.205(1) 3, anda®/ryqw = —10.23(1).
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Table 4.1: Scattering length at the three-body threskBldand binding energy at unitaritis =
2(,%\2

_n (rl;) of the ground-state trimer for various potentials with= 1. The data in the right column

are taken from Ref. [192], and those in the left column are calculated with the separable potential

introduced in Egs (4.30), (4.33), and (4.40). [Table adapted from Ref. [184] with permission.

Copyright© (2014) by The American Physical Society.]

Separable potential Ref. [192]

Potential aP[ro] Es [E—Z] a®P[ro] Es [h—zz]

mrg mrg
Yukawa -6.55 -0.134 | -5.73 -0.172
Exponential -11.0 -0.042 | -10.7 -0.047
Gaussian -4.47 -0.223 | -4.27 -0.236
Morse 3 = 1) -12.6  -0.0299| -12.3  -0.0325
Morse 8 = 2) -16.3  -0.0166| -16.4 -0.0174
Poschl-Teller ¢ =1) | -6.23 -0.123 | -6.02 -0.135

These values are consistent with the experimentally reported value of the three-body parameter
a® = —(8 — 10)rygw (see Figs. 2.11 and 2.12), providing further support for our scenario shown in
Sec. 4.1 as the physical origin of the universal three-body parameter.

In Table. 4.1, the scattering length at the three-body thres#dldnd the binding energy at
h2(K>:<)2

unitarity Ez = — of the ground-state Efimov trimer calculated with the separable poten-
tial and the original two-body potential are compared. For the latter ones, the data is taken from
Ref. [192], in which the three-body Sddinger equation has been solved numerically with a vari-
ational method. One can see that the separable potential reprcefticasd E; fairly well for

various classes of two-body potentials. This can also be seen in Fig. 4.10, in m/lobltained

with the separable potential is plotted against those obtained by solving the three-baahjiByr
equation with the original two-body potential [192]. They agree with each other within a few per-
cents for various classes of potentials. This justifies the use of the separable potential to evaluate
the three-body parameter and investigate its universality. Compared with solving the three-body
Schibdinger equation, Eqg. (4.37) can be solved much faster and more easily, so it is a powerful
tool in investigating the three-body parameter for various classes of potentials, especially when the
potential is strongly attractive. More generally, the separable potential method has a potential to be
applied to study low-energy few-body systems in various kinds systems with formidable interaction
potentials in a rather simple anéfieient manner.

Universality classes of the three-body parameter

Now that we have established the separable potential as a quantitatively reliable method to
evaluate the three-body parameter, we shall investigate the three-body parameter for various types
of two-body potentials by varying their depth. Figure 4.11 shows the binding wave number of the
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Figure 4.10: Binding wave numbet of the ground-state Efimov trimer at unitarity calculated with

the separable potential in Eqgs (4.30), (4.33), and (4.40) vetslstained by solving the three-body
Schibdinger equation for the original two-body potential. The latter values are taken from Ref. [73]
for the Lennard-Jones potentiat,(= 1) and from Ref [192] for all the other potentialg, (= 1).

The shaded area represents the region of 10% or less deviation. [Figure adapted from Ref. [184]
with permission. Copyrigh© (2014) by The American Physical Society.]

ground-state Efimov trimer at unitarity for various classes of potentials: the Gaussian potential,
the Roschl-Teller potential withw = 1 (see Eq. (4.23) for its definition), the Yukawa potential,

the Morse potential witl8 = 1 (see Eq. (4.24) for its definition), the Lennard-Jones potential,

the 8-4 potential defined in Eq. (4.20), as well as the neutron-neutron interaction potential in the
1S, channel [193]. For all of these potentials, the three-body parameter converges to a certain
value as the depth of the potential is increased. The converged values are characterized by the

: . . . Fe )\t _ :
effective range, and they are in the narrow windowo% (0.2 - 0.4)(%5) . This is consistent

with the argument presented in Sec. 4.2.1, which predicts that the three-body parameter should be
characterized by thefective range for a broad class of two-body potentials.

One also finds in Fig. 4.11 that converges to the same value for all the rapidly decaying poten-
tials (the Gaussian potential, thé$ehl-Teller potential, the Yukawa potential, the Morse potential,
and the neutron-neutron potential), whitefor the potentials with a power-law decaying tail con-
verges to slightly dterent values from them. This discrepancy can also be explained naturally with
the physical mechanism presented in Sec. 4.1 by noting fferelice in the behavior of the pair
correlation. In Fig. 4.12, the zero-energy two-body wave functions are shown foosiohlPTeller
potential and the Gaussian potential. If the two-body wave functions are shown in unjtéseé
the insets), they seem to show no universal behavior. However, if they are plotted in units of the
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Figure 4.11: Binding wave numbet of the ground-state Efimov trimer at unitarity calculated with

the separable potential in Egs (4.30), (4.33), and (4.40) as a function of the depth of the potential
guantified by the number afwave two-body bound states. The two horizontal dashed lines
represent the three-body parameters obtained from the universal pair correlation for the power-law
class of potentials in Eq. (4.42) with= 4 (purple dashed line) and= 6 (blue dashed line), and

the universal stepwise pair correlation in Eq. (4.41) (orange dashed line). [Figure adapted from
Ref. [184] with permission. Copyrigl® (2014) by The American Physical Society.]

effective range (see the main panels), they converge to a stepwise pair correlation:

{0 (r<ire)
o(r) = { 1 (> ;reﬁ) (4.41)

This is because thdfective range gets progressively larger as the depth of the potential is increased,

which means that there is a sharp drop of probability in the two-body wave functiom 1reﬁ

when distances are expressed in unitsf It can be shown that this rescaled two-body wave
function converges to the step function in the limit of strongly attractive potentials. In Fig. 4.11,
the three-body parameter calculated with this universal stepwise correlation is also shown (orange
dashed line). The three-body parameter for the rapidly decaying potentials slowly converges to this
universal value.

On the other hand, for potentials with a power-law decaying tail, the pair correlation behaves
rather diferently from that of the rapidly decaying potentials. In Fig. 4.13, the zero-energy two-
body wave functions are shown for potentials with/r* and —-1/r® tails. As the depth of the
potential is increased, the pair correlation converges to a smooth universal function. For poten-
tials with a power-law tail-1/r", the zero-energy pair correlation can be derived analytically by
assuming that the probability amplitude is mostly located in the tail region, which is the case if the
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Figure 4.12: Zero-energy two-body wave function at unitarity for (a) thecRI-Teller potential,

and (b) the Gaussian potential. In each graph, the solid curves correspond in order of opacity to
potential depths supporting 1, 2, 10, and EA@ave bound states, respectively. The dashed curve
shows the universal pair correlation limitin Eq. (4.41). The horizontal axis is scaled in uéit&of

in the main graphs, while it is shown in units gfin the insets. [Figure adapted from Ref. [184]

with permission. Copyrigh© (2014) by The American Physical Society.]

short-distance region is strongly repulsive or attractive [194]:

n-3

- 1 n- n—
o(r) = F(:TZ) ‘/;(Jnflz (2X7T2) - r—anr(rz) \/)_(J—nflz (2X7T2) , (4.42)
2
1 VmGC,\™2 . . . .
wherer, = nTZTcn is the length scale characterizing the tail of the power law potential

andx =r/r,. Whenn = 6,r, becomes identical to the van der Waals length rq4x, and Eq. (4.42)
becomes identical to the van der Waals pair correlation shown in Eq. (4.15). The universal pair
correlation in Eq. (4.42) is shown in Fig. 4.13 as dashed curves. The pair correlation is suppressed
smoothly at short distance, which is in marked contrast to the discontinuous pair correlation in
Eq. (4.41). In Fig. 4.11, the three-body parameters calculated with the universal correlation in
Eq. (4.42) are also shown (purple dashed line and blue dashed line). The three-body parameter for
the power-law potentials converges to this universal value much more rapidly than the exponentially
decaying potentials. This originates from the rapid convergence of the pair correlation shown in
Fig. 4.13, while the convergence is much slower for the exponentially decaying potentials as shown
in Fig. 4.12.

Universal three-body parameter described by Eq. (4.42) therefore seems rather distinct in na-
ture from the first class characterized by Eq. (4.41), so it would be natural to classify them as two
different classes of universality: those characterized by the stepwise pair correlation, and those
characterized by the power-law class of smooth pair correlation. The first universality class is rel-
evant for the Efimov states in the nuclear systems, in which the inter-neucleon potentials decays
rapidly at large inter-particle separation. The second universality class is relevant for atomic sys-
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Figure 4.13: Zero-energy two-body wave function at unitarity for (a) the 8-4 potential, and (b) the
Lennard-Jones potential. In each graph, the solid curves correspond in order of opacity to potential
depths supporting 1, 2, ands3wave bound states, respectively. The dashed curve represents the
universal pair correlation in Eq. (4.42). [Figure adapted from Ref. [184] with permission. Copyright
© (2014) by The American Physical Society.]

tems ranging fronfHe cluster to ultracold alkali atoms which are fine-tuned in the vicinity of a
broad Feshbach resonance.



Chapter 5

Perfect screening of the inter-polaronic
Interaction

Recently, there has been growing interest in bridging the Efimov physics and many-body
physics. For identical bosons which interact resonantly with each other, it has been demonstrated
theoretically that there appear four-body bound states [77, 78, 79, 80], five-body bound states [81,
82, 83], ...., andN-body bound states associated with the Efimov states at leastNp~td.O —

40 [84, 85]. Some of these theoretical predictions have been confirmed in recent experiments in
ultracold atoms. Indeed, signatures of the universal four-body bound states [26, 45, 68, 88] and five-
body bound states [89] have recently been observed. Few-body physics studied for more than three
particles can be regarded as an attempt to reach many-body physics in the bottom-up approach, by
increasing the number of particles one by one.

There is an alternative approach to connect few-body physics and many-body physics. In some
literature [94, 95, 96, 97, 98, 99, 100, 101], an interplay between few-body and many-body physics
has been studied by considering a few-body problem in some many-body backgrounds. Two par-
ticles immersed in a Fermi sea has been studied in Refs. [94, 95, 96, 97], while two patrticles
immersed in a Bose-Einstein condensate has been studied in Refs. [99, 100]. Nhe2glfody
systems are closely related to the few-body problems for more than three particles. Indeed, when
one considers a three-body system of two particles resonantly interacting with another particle B,
and starts increasing the number of the B particle, one can regard a system of two particles im-
mersed in a many-body background as the limit where the number of B patrticles is large and the
thermodynamic limit is taken for B particles.

Recently, it has been found that the Fermi sea tends to suppress the formation of the Efimov
trimers [94, 97]. In Ref. [94], resonantly interactinly{1+1)-body problem is considered with
N > 1, so that one of the three components is degenerate and forms a Fermi sea. By assuming that
the dfect of the Fermi sea is merely to introduce a momentumftutdhe three-body problem,
just like what L. N. Cooper did in the study of superconductivity [195], they have found that the
formation of the Efimov trimers is suppressed by the Fermi sea. A similar conclusion has also been
obtained numerically for a system of two heavy particles immersed in a Fermi sea [97]. While
these studies have demonstrated the suppression of the Efimov trimexs+dt){body systems,
one may wonder whether a similar suppression can occur fldr#a3)-body systemN + 4)-body
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system, etc... Four-body systems of three identical particles resonantly interacting with another
particle have recently been studied for both bosonic [196] and fermionic systems [90, 91, 92].
For a four-body system of three heavy bosons resonantly interacting with one light particle, it has
been demonstrated that there is no four-body Efimov state, but still there exists four-body bound
states associated with Efimov trimers [196]. For a four-body system of three identical fermions and
one light particle, on the other hand, it has been demonstrated that four-body bound states of the
Kartavtsev-Malykh character and the four-body Efimov states appear when the mass ratio between
the fermions and the other particle is larger than 9.5 and 13.3, respectively [90, 92]. If the light
particle is assumed to be a fermion and their number is increased in these systems, one arrives at
the (N + 3)-body problem: three heavy particles immersed in the Fermi sea of the light particles.
Does the formation of the four-body bound states gets suppressed by the Fermi sea of the light
particles? What about four, five, ..., aNg heavy particles immersed in a light Fermi sea?

In this chapter, | answer this question by studying tifective interaction betweeN, heavy
particles immersed in a Fermi sea of light spinless (i.e., spin-polarized) fermions. With the Born-
Oppenheimer method, | analytically show in Sec. 5.1 that thectve interaction between the
heavy particles vanishes in the limit of high light-fermion density. To be more specific, | prove the
following theorem:

Theorem. Let us consider a mixture dfl; heavy particles with massl and spinless (i.e.\,
spin-polarized) light degenerate fermions with mass zero temperature. The statistics of the
heavy particles is arbitrary: they can be identical fermions, bosons, or distinguishable particles.

The number of the light fermions is assumed to be so large that the Fermi sea is formed and
the grand canonical ensemble can be applied to the light fermions. The interaction between the
heavy particles and the light fermions is assumed to be a zero-range interaction githidize
scattering length (see Egs. (2.19) and (2.22)). The light spinless (i.e., spin-polarized) fermions

do not interact with each other at low energy due to the Pauli exclusion principle. The heavy
particles are assumed not to interact with each 6th&hen, within the Born-Oppenheimer
method, the ective interactioVes(Ry, Ry, ..., Ry,,) between thdN heavy particles positioned
at (Ry, Ry, ..., Ry,,) mediated by the light fermions vanishes in the limikgf— +oco:

lim Ve[—f(Rl, R, ..., RNH) =0, (51)

k|:—>+oo

wherekg is the Fermi momentum of the light fermions.

dThis assumption is justified when the heavy particles are identical fermions. Even when the interaction
between the heavy particles is present, it merely adds toffhetige interaction in the Born-Oppenheimer ap
proximation.

N J
Thus, the &ective interaction between the heavy particles becomes vanishingly small in the dense
fermionic environment. Note that the theorem is proved under a rather general condljtiamd

a can take on any value as longlas|R; — R;| > k;l — 0 is satisfied. Therefore, it incorporate

the unitarity limit I/a = 0. The theorem suggests that the formation offNkbody bound states
associated with the Efimoutect is generally suppressed in the presence of a dense Fermi sea of
light particles. In the case of two heavy particles immersed in the Fermi sea, the suppression of the
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trimer formation has been numerically found in Ref. [97]. In addition to providing an analytical
support for Ref. [97], our theorem generalizes it to arbitrary number of heavy particles immersed
in the Fermi sea.

The theorem is closely related to polaron physics, which has been realized recently in ultracold
atoms [102] and has been studied with great theoretical [96, 105, 106, 107, 108] and experimental
interest [56, 102, 103, 104, 197]. In a system with large population imbalance, minority atoms
interact with the surrounding majority atoms and form dressed quasi-particle states called polaron
states. Our system can be regardedNasheavy polarons in a Fermi sea of light fermions. The
theorem claims that the Born-Oppenheimer interaction between the heavy polarons gets vanishing
small when the density of the surrounding fermions gets large.

We ascribe the physical origin of this vanishinfjeetive interaction to the screening in the
neutral Fermi system. While the screening is a famous phenomenon in the charged Fermi system,
for a neutral Fermi system, little analytical results have been obtained, especially in the resonantly
interacting regimekg|al > 1. The above theorem suggests that the screening phenomenon occurs
for the neutral Fermi system, including the resonantly interacting regime.

This chapter is organized as follows. In Sec. 5.1, | define ffec®ve interaction between the
heavy particles within the Born-Oppenheimer method, and prove the main theorem. In Sec. 5.2,
the screening phenomenon in the neutral Fermi system is discussed. | ascribe the physical origin
of the vanishing interaction to the screening phenomenon in the neutral Fermi system. In Sec. 5.3,
physical implications of the theorem are discussed. In Sec. 5.4, the finite temperétats @nd
the non-adiabaticféects beyond the Born-Oppenheimer approximation are discussed.

5.1 Theoretical description of the vanishing inter-polaronic in-
teraction

In this section, theféective interaction between the heavy particles is studied. In Sec. 5.1.1, the
effective interaction is defined with the Born-Oppenheimer approximation. In Sec. 5.1.2, | prove
the main theorem.

5.1.1 Inter-polaronic interaction in the Born-Oppenheimer approximation

The dtective interaction between the heavy partidleg Ry, Ry, ..., Ry, ) is defined in the same
manner as in Refs. [96, 97]. With the Born-Oppenheimer approximation, one first solves the
Schibdinger equation for the light fermions by regarding the heavy particles as fixed impurities,
positioned atR;, Ry, ..., Ry, Then, the energy eigenvalue of the light particles gives féece
tive interaction between the heavy particles. Since the light fermions are assumed not to interact
with each other, the solution of the Sédinger equation for the light fermions is simply given
by the Slater determinaft, (ry, r,,...) = A H wg)(ri), whereA is the antisymmetrizer; is the

) |
position of thei-th light fermion, andlpg)’s are the solutions of the single-particle Sathinger
equation in the presence of the impurity potentials locateld at (R, Ry, ..., Ry, ). The energy
eigenvalue of the light particles is the sum of the single-particle eigenvaliRscorresponding to
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yO: E(R) = Zsi(R). The dfective interaction between the heavy particles induced by the light

fermions is obltained by subtracting the total energiNahdependent polarons:

Ver(Ry. Re. .. Ry,) = E(R) = lim_E(R). (5.2)

I]l

where lim means that all the heavy particles are far apart from each other so that they may be

|Rjjl—e0

regarded adly independent polarons:

|R“|m E(R) = Eo — Nupio, (5.3)
jjl—00

wherekE, is the total energy of non-interacting Fermi gas, @apds the energy shift induced by a
single heavy patrticle [105]:

h22[

(1+Vy?) ( + arctany) + y] (y = (5.4)

k,:a)
For Ny = 2 (i.e. two heavy particles immersed in the light Fermi s&gj,has been studied

numerically in Ref. [96]. As the number of the heavy particles increases, however, it becomes im-

practical to calculat®/sr numerically, since theffective interaction cannot be written as a simple

sum of two-body interactions, but rather it includes all the three-body, four-body, ..N\-dudly

interactions. To circumvent thisfticulty, | use a formal scattering theory to evalu¥tg analyti-

cally.

5.1.2 Proof of the theorem

To prove the theorem, one needs to evaluate ffextve interaction in Eq. (5.2). The total
energy of the light fermionE(R) is the sum of the contributions from the continuum states (0)
and the bound states; (< 0):

E(R) = > &(R) + > &(R). (5.5)

£>0 &i<0

To evaluate the continuum part, the scattering theory can be used by regarding the heavy particles
as fixed impurity potentials located Bi, Ry, ..., Ry,,. Let us define the scattering phase shif&)
induced by the sum of the impurity potentials as eigenvalues of the S-n&{k)%198, 199]:

SKVa(K) = 20Oy, (K). (5.6)

Since the heavy particles can be located rather randomly, the potential created by the heavy particles
generally do not have any symmetry. Thus, the scattering phase shift agahtha&ix are those for
a potential with no symmetry: non-central, parity non-conserving, etc... The scattering theory we
use in the following argument is also for a non-symmetric potential.

Let us first show that the continuum part of theetive interaction can be written by the
scattering phase shifts through the following lemma:
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. . N
Lemma(generalized Fumi theorem

E(R) = E®™(R) + EBS(R), (5.7)

where E°°(R) and EBS(R) are the continuum and bound-state contributions, respectively,
which are given by

h2 ke
cont _
ECNR) = —— Z fo kdksn(K) + Eo, (5.8)
wherek, is the total energy of non-interacting Fermi gas and
E®(R) = ) &(R). (5.9)
&i<0
N J

In the case of a single impurity\N; = 1) in the absence of bound states, this lemma reduces to the
Fumi theorem [200]:

2 ke
E(R) - Ep = —:—m Zfo kdksn(K). (5.10)

In this case, the potential created by the heavy particle is a central potential, so that the angular
momentum becomes a good quantum number (£,m). In the case of two heavy particles
immersed in the Fermi sea, the above theorem has been derived in Ref. [96]. In this case, the parity
is a good quantum number. Rdp > 3, the configuration of the heavy particles can vary arbitrarily,

and there is no good quantum number.

Proof of lemmaWe use the Friedel sum rule [201, 202]:
N —Ng=-— E o) (k ) (5 11)
| 0 g n\RF /> .

wherekg is the Fermi momentum of the light fermions, aNgd and Ny are the numbers of the

light fermions evaluated by the grand canonical ensemble with and without the impurity poten-
tial, respectively. For a central potential, the inderepresents the angular momentum quantum
numbers {, m), and one recovers the original Friedel sum rule. While the Friedel sum rule was
originally proved for an ideal Fermi gas interacting with a central impurity potential [201], it was
subsequently generalized for an interacting system with a non-central potential [202]. The impurity
potential produced biXy heavy patrticles, in general, is a non-central potential, but still the Friedel
sum rule remains valid.

The generalized Fumi theorem can be proved by using the Friedel sum rule. Recall that the
number of the light fermions is related to the thermodynamic funcf¥oof the light fermions
through the thermodynamic reIaﬂé%—) = —N. By integrating this relation with respect to the

J

TV
chemical potential for systems with and without the impurity potentials, and using the Friedel sum



117

rule, we obtain

Q- Qo = - f (N: = No)elu f (N = No)dlg,

OZ f N kdksn(K) — f N, g,

whereQ, andQ are the thermodynamic potentials with and without the impurity potentials, re-
spectively. In deriving the second equality, we use the fact that there is no bound state in the

absence of any potentiaNy = 0 for u < 0. Since the light fermions are non-interacting, we can
2k2
putu =~ ug = Z_mF in Eq. (5.12). Indeed, the shift in the energy level induced by the impurity

potential is of the order 0¥ 3, whereV is the volume of the system, and this shift is negligible
in the thermodynamic limit. Substitutiny, = Z O(u — &(R)), where® is the Heaviside step

(5.12)

|
function, the second term in the second line of Eq. (5.12) can be evaluated as
f Nidu = - > &i(R). (5.13)
u<0 £<0

Substituting this into Eq. (5.12), we arrive at the following equation

~ Qo= ——kaF kdksn(K) + Zg,(R) (5.14)

&i<0

This is equivalent to the generalized Fumi theorem in Egs. (5.7), (5.8), and (5.9).

Proof of the main theoremBYy using the generalized Fumi theorem, we can prove the main
theorem. We first recall the following relation between the phase shifk3 and the Fredholm
determinanD(k) [198, 199]:

Z n(K) = —% f dxUR(X) + IE Iog[ D,(k) ] (5.15)

D(k)

whereUg, is the sum of the impurity potentials produced by the heavy particles. The Fredholm de-
terminant is defined from the kernel matf&(k) of the Lippmann-Schwinger equation Bgk) =
det[1- 2K (K)] -1, and has the following properties for a general short-ranged, non-central poten-
tial [198, 199]:

1. D(K) is well-defined and analytic for lkn> O;

2. limye D(K) = 1 for Imk > 0;

3. For areak, D*(k) = D(-K);

4. The zero oD(k = ix) = 0in the upper- r;iazllfzcomplekeplane has a one-to-one correspondence
K

with a bound state with its energy= o
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5. The zero ofD(k) can appear either on a positive imaginary plane, or at the drigii® for a
short-range potential.

Substituting Eqg. (5.15) int&®°"(R) and diferentiating both sides with respect®y we obtain

ECO”t(R)_—ﬁ dekV Iog[ ()]
2rm 3 REIDA(K) (5.16)
i kdkvR. DK |
2rm J_ D)

In deriving the second equality, we have used the property 3 to transform the integraofk)of

into that ofD(k) along the negative real axis. Now, let us take the liait> +co. The properties

2 and 3 ensure that there is a well-defined limit for Eq. (5.16). Furthermore, the properties 1-3 also
justify the change of the integration contour into path's encircling the zeros dD(k):

Jim Ve ECR) = —ﬁ f kd ng(gk) (5.17)

Note that we can puD(k) = aj(k — ixj) + O((k — in)z) close to the zero poirk ~ ix; if the bound
state is not degenerate [198, 199]. Substituting this into Eq. (5.17) and performing the contour
integration, we obtain

ks
lim VRE®R) = Vg » —
koo R ZJ: 2m (5.18)

= VR EB5(R).

This implies that the continuum contribution exactly cancels the bound-state one, affi@thiges
interaction vanishes:

||m VRIE(R) = ||m VR,Veff(Rl, R, ..., RNH) =0. (519)
When the bound states anefold degenerate, on the other hamk) behaves a®(k) ~ a(k —
ixj)"+O((k—ik;)™") close to the zero point [198, 199]. Even with such a degeneracy, we can derive
Eqg. (5.18) from Eqg. (5.17), and the above result remains valid.

5.2 Physical origin of the vanishing inter-polaronic interaction

As can be seen in Eq. (5.18), thffextive interactions originating from the bound states and
continuum states cancel exactly in the likit - +oco. ForNy = 2, there is one bound sta;e ;Nhen
heQ
2mR,’
whereQ = 0.5671.. (see Sec. 2.3.1). When there is only one light fermion, the Efimov states of the
two heavy and one light particles are formed by this inverse square attraction. As the number of the
light fermions is increased, the continuum pBft"(R) starts to produce an additional repulsion,

Ri» < |al. This bound state produces an attractive inverse-square potER%H@ER) = —
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Figure 5.1: Density variations induced by a single heavy impurity foa(a) 0 and (b)a > O.

In Fig. (a), Ap(r) is shown forkra = —10 (red dashed curve) akda = —30 (blue solid curve).
In Fig. (b), Apc(r) is shown forkra = 10 (red dashed curve) angda = 30 (blue solid curve).
The black dotted curve represenrtapg(r). The inset in Fig. (b) shows the total density variation
Ap(r) = Apg(r) + Apc(r). [Figure adapted from Ref. [203] with permission. Copyri@n(2014)
by The American Physical Society.]

canceling the Efimov attraction and suppressing the Efinftace Thus, the continuum of the
Fermi sea tends cancel the attraction induced by the bound state.

The cancellation of the bound-state contribution by the continuum contribution can be physi-
cally understood as originating from the screeniffge. Crudely speaking, one can think that the
effective interaction between the heavy patrticles is induced by the density variation caused by the
impurities. Let us then consider the density variation of the light fermigs{s) caused by a single
impurity. The density variation can be expressed as the sum of the bound-state and continuum-state
contributionsAp(r) = Apg(r) + Apg(r), where

Aps(r) = Zi(:?ze‘g,
ke (5.20)
Apell) = 555 fo dk|sin’(kr + do(K)) — sinf kr |,

anddo(K) is thes-wave phase shift induced by the impurity: (k) = —ka. In Fig. 5.1, we show
Ap(r)'s for several values dkra. Fora < 0 (Fig. 5.1 (a)), there is no bound state akek(r) =

0. The density variation reflects the Friedel oscillations characterizeki byAs ke increases,

the oscillations become faster, but the amplitude remains the samea Fo0 (Fig. 5.1 (b)),

Ap(r) is the sum ofApg(r) andApc(r). We note that\p.(r) follows the—Apg(r) curve on average,

so that the continuum states screen the bound-state contribution. Due to this scréksung e
Ap(r) undergoes fast oscillations around zero on both positive and negative sideJlofis, the
interaction between the heavy particles mediated by this density variation should become weaker
askg increases regardless of the value of th@ave scattering length or the distance between the
heavy particles.
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The screening is closely related to the Friedel sum rule. Indeed, the Friedel sum rule suggests

f d®r Aps(r) + f d*rAp(r) = ;50(kp). (5.21)

In the high-fermion density limigo(ke — +c0) — 0 and we obtain

fd3rApB(r)+fd3rApc(r) = 0. (5.22)

This suggests that the density variation of the continuum is canceled by that of the bound state, as
shown in Fig. 5.1.

Note that the screening in the neutral Fermi system is rather distinct from that in the charged
Fermi system. In the former case, the induced interaction vanishes due to the cancellation of the
bound-state contribution by the continuum one. If we add the Hamiltonian with a direct interaction
between heavy particles,, the direct interaction is not screened anfiidbtve interaction between
the heavy particles remains non-vanishing. On the other hand, in the charged Fermi system, the
direct interaction between the heavy particles is canceled by the induced one.

5.3 Physical implications of the theorem

Suppression of the Efimov #ect

The theorem suggests that the dense Fermi sea suppresses the formation of the Efimov states
and N-body bound states associated with the Efimffect for any number of heavy particles.
Indeed, the theorem claims that the heavy particles do not interact in the likpit-ef+co, so they
cannot form any bound state in this limit. For a large but fikitethe theorem implies that the
interaction between the heavy particles is small wkign< |al, rEiiji — Rjl. This can be checked

for Ny = 2 [96] by explicit calculation of the sub-leading contribution to tHieetive interaction
at high density. Whe#{;1 < |al, Ri2 , one can show thales behaves as

2 n? 72
Ver(Ri2) = ————— €0S XeRip - ———— sin KRy, + ————sin &R
eff( 12) 27kacR§2 F 12 47rmI€R‘112 FM12 ﬂm@zklzza FM12
2 (5.23)
+h_ ( 1 1 1
m - \kiaR}, kKia3Re, kias" )

Thus, the &ective interaction is suppressed by a factokdf and becomes small &s increases.

The range of the interaction between the heavy particles is at most of the orkighr. oMore
specifically, the range of interaction between the heavy particles igamiat). This gives a cut-

off length scale up to which the discrete scale invariance holds, so that the spatial size of the Efimov
states and their associathidbody bound states cannot exceed raink='). One can estimate the
number of the Efimov states and their associated bound states to be

N ~ log|«"min(al. ke*) . (5.24)

wherex* is the momentum scale characterizing the Efimov states. For the Efimov trimers, it is the
three-body parameter (see Sec. 2.2.1). For the four-body Efimov state found in a system of three
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identical fermions and one distinguishable particle for a mass rat® 43n:/m_ < 13.6 [90],
k* is the four-body parameter. In ultracold atomsjs characterized by the van der Waals length

*

K" ~ 13+ . At the unitarity, Eq. (5.24) becomes

vdw*

K

Ng ~ Iog(—). (5.25)
ke

While some knowledge of Eq. (5.23) has been used to derive Eq. (5.24), the estimate in Eq. (5.25)

can be obtained by a dimensional analysis without using Eq. (5.23).

The estimates in Egs. (5.24) and (5.25) also suggest that the dense Fermi sea suppresses the
Efimov dfect. Indeed, according to Egs. (5.24) and (5.25), the number of the Efimov states and their
associatetN-body bound states decrease&@amcreases, and finally vanishes when~ «* ~ r 3 .
For two heavy particleBly = 2, the suppression of the Efimoffect was numerically demonstrated
in Ref. [97]. The theorem proved here and the above argument can be used to generalize what has
been found in Ref. [97] for an arbitrary number of heavy particles in an analytical manner. Since
the appearance of the Efimov states and their associated bound states is closely related to the loss
processes in ultracold atom experiments (see Sec. 2.2.4), one can expectikhhbothelosses in a
resonantly interacting heavy-light mixture may be suppressed by the Fernfieets.eThis point
should be studied in more detail in future studies.

Note that some prefactors of the order of unity are neglected in Egs. (5.24) and (5.25), so
they should be regarded as an order of magnitude estimates. One prefactor missing in Egs. (5.24)
and (5.25) is the number of bound states associated with each Efimov state. For a system of identical
bosons, two four-body bound states exist for each Efimov trimer [78, 80]. Similar four-body bound
states have also been demonstrated to exist for a hetero-nuclear bosonic system [196]. For a system
of identical bosons, there also exists five-body bound states, six-body bound states associated with
the Efimov trimers [81, 82, 83]. In Egs. (5.24) and (5.25), | only count the number of the log-
periodic oscillation of the Efimovfect, so one needs to multiply the number of bound states per
each period for a better estimate. Another factor missing in Egs. (5.24) and (5.25) is the parameter
s appearing in the discrete scale fact®# of the Efimov states. This parameter characterizes the
period of the log oscillation. The estimates Egs. (5.24) and (5.25) can be improved by multiplying
s/n. These possible prefactors are neglected in Egs. (5.24) and (5.25) since we do not know some
of their precise values yet fddy > 3, but from recent few-body studies [32, 78, 80, 81, 82, 83, 90,

91, 92, 196], it is natural to expect that these prefactors should be at most of the order of unity.

Note that the above argument is based on the Born-Oppenheimer approximation, and | have
neglected the non-adiabatiffects discussed in Sec. 5.4. In discussing whether heavy particles can
form bound states in the Fermi sea, dynamical motions of the heavy particles need to be considered.
As discussed in Sec. 5.4, the non-adiabafieas can generallyfiect the dynamics of the heavy
particles significantly. However, one can expect that the above argument on the number of the
Efimov states and their associated bound states would ndifdtead so much by the non-adiabatic
effects because the Efimoffect is essentially a single-channel (i.e., adiabati®at. Indeed, for a
system of two heavy and one light particles, the inverse square attraction appg&ieRpand the
Efimov dfect can be described properly with the Born-Oppenheimer approximation. The theorem
suggests that this Efimov attraction gets screened by the Fermi sea in the adiabatic channel, so one
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can expect that the conclusion remains unchanged even when the channel couplings induced by the
non-adiabatic #ects are incorporated.

Screening of the #ective interaction between heavy polarons

The system studied in this chapter is closely related to polaron phy$#otaron has recently
been realized in ultracold atoms by preparing a two-component Fermi system with extreme pop-
ulation imbalance [102]. Under such conditions, minority atoms interact with the surrounding
fermions, forming dressed quasi-particle states called polarons. While the polaron state corre-
sponds to a single particle immersed in the Fermi sea ffhet&ve interaction between the polarons
becomes relevant as the number of the minority atoms is increased. The inter-polaronic interaction
is a fundamental building block in bridging the gap between the polaron state in the population
imbalanced limit to many-body phases of population balanced Fermi systems [134, 135, 136, 137]
and imbalanced Fermi systems [103, 204, 205].

Our system ofNy heavy particles immersed in a Fermi sea of light particles can be regarded
as a system oNy heavy polarons. The theorem implies that tHEe@ive interaction between
the heavy polarons would be vanishingly small as the light fermions’ density increases. Recently,
the polaron state has been realized in a mass-imbalanced mixttfi¢-8ifi atoms, and a heavy
polaron has been studied [56]. This is a first step toward the investigation of the polaron physics in
highly mass-imbalanced systems, such®6s®Li [180, 181] or'"3Yb-5Li [57, 58]. Interestingly,
in Ref. [56], the inter-polaronic interaction has been found to be irrelevant up to a rather high
impurity concentration. The same feature has also been found for polarons in an equal-mass three-
dimensional system [102], and in an equal-mass two-dimensional system [104]. Although the mass
ratio in Ref. [56] is onlyM/m = 6.64 and therefore our analysis based on the Born-Oppenheimer
approximation cannot be justified, let alone Refs. [102, 104], itis interesting to note that the theorem
proved in this chapter is consistent with what have been observed in experiments. Equation (5.23)
also suggests that the Born-Oppenheimer interaction between the heavy particles can be significant
only whenRy; < k=!, meaning that the density of the heavy particles must be as large as that of the
light particle for the inter-polaronic interaction to be significant.

The theorem suggests that the Born-Oppenheimer interaction between the heavy polarons van-
ishes including the unitarity limit fa = 0. It is remarkable that the interaction can vanish in this
strongly correlated regime. It should be noted that some behaviors similar to a non-interacting gas
around the unitarity region has also been suggested in some literature. In the unitarity limit of the
BEC-BCS crossover, it has been shown analytically that the thermodynamics relation is identical

to that of the ideal gak = gP [138, 142, 143, 144]. Furthermore, the temperature dependence of
the condensation fraction around the critical point was observed to behave in the same manner as
that of the ideal Bose gas [140]. These studies have been done for a equal-mass system, and the
theorem proved in this chapter is not applicable, but still it is worth noting the similarity.

As discussed in Sec. 5.4, the non-adiabafiieats can significantlyféect the dynamics of the
heavy patrticles, and therefore the theorem does not necessarily mean that heavy polarons behave as
non-interacting quasi-particles. Thus, the above argument on the inter-polaronic interaction should

$For a review of the polaron physics in ultracold atoms, the readers may refer to Refs. [108] and [109].
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be at most qualitative.

5.4 Some remarks

Finite temperature effects

Finite temperaturefmcgszcan also be estimated with the Born-Oppenheimer method. At low
temperaturel <« Tg = % one can regard that all the bound state eigenstates of the light
particles are occupied, so that theetive interaction between the heavy particles is modified
through the thermally excited particle-hole excitations around the Fermi sea. If the number of the
heavy patrticles is not so largd; ~ O(1), the chemical potential and the density of states at the
Fermi energy do not vary significantly from those of the ideal Fermi gas. The Sommerfeld theory
of the ideal Fermi gas can then be used to estimate the finite temperfiaats,eand one obtains

T 2

Veir(T) = Ver(T = 0) ~ (T—) TE. (5.26)
F

The finite temperaturefiects are therefore negligibly small at low temperatlirex Tg. One

can also see that it gets small as the density of the light fermions is increased while keeping the

temperature. Thus, the main theorem should remain valid at finite temperatureTwken: —

+00,

Non-adiabatic dfects

The non-adiabatic feects beyond the Born-Oppenheimer method need to be considered in
discussing the dynamics of the polarons. For systems with moderate mass imbalance, such as
a 4%K-5Li mixture [56], the Born-Oppenheimer approach fails. Even for mixtures with extreme
mass imbalance recently realized, such®€s®Li [180, 181] or"3Yb-Li [57, 58], the non-
adiabatic €ects may #fect the dynamics significanfly The dynamics of a single heavy particle
in a fermionic environment has been studied in the absorption spectra of X-ray [208, 209] or the
muon dffusion [210] in metals. It has been demonstrated that the motion of heavy particles can

create particle-hole excitations in the Fermi sea, which leads to dissipation [211]. Indeed, in the
2 2

temperature regimsﬁ < T %n the dfective action of the heavy particle is described by the

2|2

Langevin type of equation with a strength of dissipatjos I\SI Sir? 6o, whered, is the swave

phase shift [211, 212]. Such a dissipation cannot be taken i¢1to account with the Born-Oppenheimer
method. It has also been suggested that the non-adialfi@itsecan create non-trivial correlation
between heavy particles [213, 214]. Our theorem only states that the adiabatic part of the inter-
action becomes small in the dense Fermi sea, soffeetef the non-adiabatic parts still remains

SIndeed, this is closely related to the Anderson orthogonality catastrophe [206, 207], which suggests that the Born-
Oppenheimer approximation is inadequate in describing the dynamics of a heavy particle immersed in the Fermi sea.
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unclear. Whether the interaction between the heavy particles induced by non-adifieati re-
mains significant or becomes negligibly small in the high-density limit need to be clarified in order
to discuss the dynamics of the heavy particles.



Chapter 6

Conclusion and future prospects

Conclusion

In this thesis, | have theoretically studied the Efimov physics and related phenomena in ultracold
atoms. In Chapters 1 and 2, | have reviewed the universality of a low-energy few-body system and
the Efimov physics. | have also overviewed recent developments in theoretical and experimental
studies on the Efimov physics and related phenomena in ultracold atoms. The main contributions
of this thesis are presented in Chapters 3, 4, and 5.

In Chapter 3, | have studied a three-body system of two identical spinless (i.e., spin-polarized)
fermions and one distinguishable particle which interact via a short-range potential with a-large
wave scattering length. In this system, two classes of universal three-body bound states have been
known to appear in dierent regimes of the mass ratio: the Efimov trimers and the Kartavtsev-
Malykh trimers, which feature the discrete and continuous scale invariance, respectively. | have
found the third class of universal three-body bound states, which | call the “crossover trimers”.
The crossover trimers show neither discrete nor continuous scale invariance, but still they exist
and behave universally close to unitarity. | have identified the regions of these three classes of
trimers as a function of the mass ratio and th@ave scattering length. | have also shown that
the Kartavtsev-Malykh trimers and the Efimov trimers can continuously transform into each other
via the crossover trimers as the mass ratio andsth@ve scattering length are varied. | have
found that the Kartavtsev-Malykh trimers dissociate into a particle and a dimer whenanthee
scattering length is varied, owing to the presence of the crossover trimers. | have calculated the
elastic particle-dimer scattering lengths in arbitrary angular-momentum channels, and shown that
the particle-dimer resonances occur at the points where the trimers dissociate into a particle and
a dimer. From the resonance positions, | have found accurate values of the critical mass ratios at
which the Kartavtsev-Malykh trimers in the higher angular-momentum channels appear.

In Chapter 4, | have studied the three-body parameter of the Efimov states for a system of
three identical bosons in the vicinity of a broad Feshbach resonance. | have elucidated the physical
origin of the universality in the three-body parameter recently found in ultracold atom experiments
as follows:

e For a deep two-body potential or a two-body potential with a hard-core repulsion at short
distance, the probability of two particles coming close is suppressed in a universal manner.

125
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e This universal pair correlation induces an abrupt deformation of the three-body wave function
as the hyper-radius is varied.

e This abrupt deformation of the wave function results in a strong non-adiabatic repulsion
Qnn(R) > 0, which explains the appearance of the universal three-body repulsion reported
in Ref. [73]. Since three particles cannot come close due to the universal three-body repul-
sion, three-body physics is solely determined by the long-range van der Waals part, and is
insensitive to atomic species dependent short-range part.

This mechanism is verified by reproducing the universal three-body repulsion with a simple model
wave function. It has also been shown that the three-body parameter becomes universal even for
non-van der Waals types of two-body potentials. Two classes of two-body potentials have been
identified, for which the three-body parameter has a universal value in units of fiieeitivee range.

One class corresponds to short-range two-body potentials decaying as a power law, for which the
universal pair correlation behaves smoothly. The other corresponds to two-body potentials decaying
exponentially, for which the universal pair correlation shows a discontinuity. The former class is
relevant for the Efimov states in ultracold atorfide cluster [8, 9, 10], and possibly polyexcitons

in solids [76], while the latter class should be relevant for the Efimov states in nuclear systems [3,
4, 5]. These findings may stimulate further investigation of the three-body parameter of the Efimov
physics in many fields of physics.

In Chapter 5, | have studied the induced the interaction between the heavy particles for a sys-
tem of N heavy particles resonantly interacting with a Fermi sea of the light spinless (i.e., spin-
polarized) fermions at zero temperature. With the Born-Oppenheimer method, | have analytically
shown that the induced interaction vanishes for B the limit of high light-fermion density.

The induced interaction vanishes even in the unitarity regime. This implies that the formation of
the Efimov states and their associatédody bound states is suppressed by the dense Fermi sea.
The vanishing induced interaction has been ascribed to the scredfecgie the neutral Fermi
system.

In most of the above studies, | have mainly dealt with few-body systems in ultracold atoms,
but they are also relevant for other physical systems, owing to the universality of a low-energy
few-body system. In particular, in Chapters 3 and 5, | have used the zero-range approximation, so
the results presented in Chapters 3 and 5 can be directly applied for any physical system if (i) the
interaction between the particles is short-range, (ii) the energy of the systeffiaggesitly low, and
(i) the sswave scattering length between the particles is resonantly large.

Future prospects

(i) Understanding the crossover physics studied in Chapter 3 in terms of the renormalization
group language

In Chapter 3, | have found that the Kartavtsev-Malykh trimers continuously transform into
the Efimov trimers via the crossover trimers as the mass ratio andwave scattering length
are varied. In other words, the continuous scale invariance of the Kartavtsev-Malykh trimers is
gradually lost and then the discrete scale invariance of the Efimov trimers appear as the mass ratio
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and thes-wave scattering length are varied. In the renormalization group studies, it has been shown
that the Efimov states show the renormalization group limit cycle [31, 32]. It is of great interest
how the crossover physics found in Chapter 3 can be understood in terms of the renormalization
group: how does the limit cycle behavior change into a flow with the continuous scale invariance?
This issue is currently being studied by Issei Yoshimoto in Kyushu University. For more detalils,
the readers are referred to his Ph. D thesis [215].
(ii) Three-body parameter for hetero-nuclear (i.e., mass-imbalanced) systems

In Chapter 3, | have studied a three-body system of two heavy fermions and one light parti-
cle with the Skorniakov—Ter-Martirosian equation by imposing a momentunffdotantroduce
the three-body parameter. Throughout Chapter 3, the momenturti dui® regarded as a mere
parameter, and | have expressed all the results in units @ne should relaté& with some ob-
servables such as the van der Waals length to obtain realistic energy spectra. However, the relation
betweemA and physical quantities is yet to be clarified. This issue is closely related to the problem
of the three-body parameter for hetero-nuclear (i.e., mass-imbalanced) systems. While the three-
body parameter for a system of three identical bosons has been foundtb-e-8-10rqy, little
is known for hetero-nuclear systems: to the best of the author’'s knowledge, there are only three
pieces of work on this issue [55, 66, 168]. See Sec. 2.4 for more details. It is therefore quite de-
sirable to study the three-body parameter for the hetero-nuclear systems, and show all the results
presented in Chapter 3 in terms of realistic physical quantities. It is also desirable to understand how
the results in Chapter 3 obtained with the Skorniakov—Ter-Martirosian equation can be understood
in the hyper-spherical approach [216].
(ii)) Universality of the N-body bound states associated with the Efimov trimers

In Chapter 4 and in Ref. [73], it has been shown for the van der Waals types of potentials
that there appears universal three-body repulsidR at 2r,q4,, SO that the three-body physics is
universally characterized by the van der Waals length and-tha&ve scattering length. It is natural
to expect that the universal repulsion should also appear for four-body, five-body, .\ laodly
systems: when the hyper-radius oNabody (N > 4) system gets small, either three of tNe
particles must come close, so that the universal three-body repulsion between the three particles
gets significant and a repulsié-body hyper-radial potential would appearRit~ ryqy. This
simple physical argument leads us to the following conjecture: for an arbitrary number of particles,
N-body bound states associated with the Efimov trimers should be universally characterized by the
two parameters: the van der Waals length andsthvave scattering length.

Recently, there has been an attempt to test this conjecture. In Refs. [217, 218], a four-body
problem of*He has been solved numerically with realistite potentials. The scattering length
at which the four-body bound states dissociates into four particles has been calculated and has
been found to be in excellent agreement with thatté€s atoms observed experimentally [68] for
both the ground-state and first-excited tetramers tied to the ground-state EfimoV.tilisris a
strong evidence that the above conjecture should be true at least for a four-body system. It would

$The four-body thresholds have also been observedfcatoms in Refs. [26, 45], but they seem to disagree with
those for'®3Cs atoms [68] andHe atoms [217, 218]. This discrepancy may be due to the width of the Feshbach
resonance: théLi experiment has been performed for a moderately narrow Feshbach reserane®.6, while a
broad resonance is used for téCs experiment.
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be important to show in the future studies whether the universality of the four-body system may
be explained by the appearance of the universal four-body repulsion, in a manner similar to the
three-body system. It would also be of great interests to test the universality>ds.
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