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Abstract

Universality is a crucial concept in modern physics, which allows us to describe
phenomena without referring to microscopic details of systems. The unitary Fermi gas is
a prime example, where universal relations among physical observables and a universal
equation of state have been developed and studied in detail. In this thesis, we extend
these notions beyond the paradigm of the unitary Fermi gas and investigate universal
effects of few-body correlations in resonantly interacting ultracold atomic gases. In
particular, we discuss (i) universal relations in a spinless Fermi gas with an anisotropic
p-wave resonance and (ii) universality of the few-body spectra and the ground-state
properties of an impurity-boson system.

Firstly, we investigate the universal relations in a spinless Fermi gas with an
anisotropic p-wave resonance. We show that the high-momentum distribution and the
short-range density-density correlation have characteristic power laws, whose coeffi-
cients define the p-wave contact tensor. We derive the adiabatic sweep theorem, which
relates the p-wave contact tensor to the total energy. We also discuss the experimental

scheme to measure the p-wave contact tensor and test our results.

Secondly, we examine the ground states and lower excited states of an impurity
resonantly interacting with one, two, and three non-interacting bosons. We calculate
the energy spectra of this few-body system with two different models. The overall scale
of length depends on the models. However, we find that once we fix the three-body
parameter, which is a critical scattering length of the ground-state Efimov trimer, the
few-body spectrum is independent of a specific choice of the models. This finding is
corroborated by comparing our numerical results with the one obtained by Ardila and
Giorgini [Phys. Rev. A 92, 033612 (2015)].

Thirdly, we investigate the case in which the mass of an impurity is infinite. In this
limit, we show that the model of a Feshbach resonance can be mapped to a bosonic
extension of Anderson’s single impurity model, which can be used to analytically
solve the three-body problem. We find that the ground-state energy with a Feshbach
resonance is drastically different from that in a potential-interaction system, and that the
former approaches the latter logarithmically as the unitarity limit is taken. We argue
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that this logarithmic correction is a universal consequence of an effective three-body
repulsion.

Lastly, we address the universality of the ground-state properties of a Bose polaron,
which is an impurity immersed in a weakly interactinng Bose-Einstein condensate. We
employ a variational wave function that takes into account three Bogoliubov excitations
on top of the background Bose-Einstein condensate. By calculating the ground-state
energy with two different models and comparing the results with those obtained by
Ardila and Giorgini [Phys. Rev. A 94, 063640 (2016)], we argue that the ground-state
energy is a universal function of the three-body parameter, even when the density
is high enough to smear out well-defined Efimov trimers. We also calculate other
observables and discuss their universality. In particular, we find that the quasi-particle
residue is strongly suppressed in the limit of ag — 0, where the background Bose gas is
non-interacting. This is consistent with the perturbation theory, in which an infrared
divergence leads to the vanishing residue. On the other hand, both the variational

calculation and the perturbative calculation show that the residue is finite for ag > 0.
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Chapter 1

Introduction

1.1 Universality in quantum few-body systems

Few-body problems have played fundamental roles since the early days of classical and
quantum mechanics. For example, studies of the celestial few-body motion fostered
the development of classical mechanics and its derivative areas. Kepler’s laws, which
concerns the two-body problem of a planet and the sun, finally led Issac Newton to the
discovery of the law of universal gravitation. The gravitational three-body problem has
also been a rich source of concepts in dynamical systems theory. On the other hand,
the Coulombic few-body problems, namely atomic and molecular systems, drove the

development of quantum mechanics.

In quantum mechanics, few-body systems can display emergent universality, which
is absent in classical few-body problems. Classical particles can interact with each
other only when two particles are within the range of an interaction, and their motion
follows the detailed structure of the interaction potential. In quantum mechanics, on
the other hand, owing to the wave nature of matter, a particle can affect the motion
of another particle far beyond the interaction range. When this happens, the particle
motion becomes insensitive to microscopic details of an interaction because in most
of the time particles are outside the interaction range and do not feel the interaction
potential itself.

A two-body problem already provides a nontrivial example. For a short-range
potential!, unless the two particles are identical fermions, two-particle collisions are
predominantly of the s-wave type, which has the scattering amplitude with the following

1A “short-range” potential need not be exponentially decaying in the discussions below. For example,
atomic interactions have the long-range tail of the van der Waals potential C/r®. In that case, the function
r(k?) introduced below has non-analyticity, which is, however, irrelevant for the low-energy physics [1].
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low-energy expansion [1, 2]:

1
a=b+ ik + k2r(k2)’

f)=- (L1)

where k is the magnitude of the incoming momentum, a is the s-wave scattering length,
and r(k?) is a real function of k?, which is analytic at k> = 0. The s-wave scattering
length can, in general, take any real value, depending on interactions. Suppose that
a is positive and much larger than the range of the interaction. Then the scattering
amplitude f(k) has a pole at k ~ ia~!, regardless of the detailed form of r(k?). This
implies that there is a two-body bound state, whose energy is —#%/2m,a?, where i,
is the reduced mass of the two particles, and that its radius a is much larger than the
radius of the interaction potential. Remarkably, the energy of the shallowest dimer is
determined by the s-wave scattering length a and is independent of any other details of
the interaction when a is large. The low-energy scattering also becomes universal as the

scattering cross section can be approximated by

1

—. 1.2
a=2 + k2 1.2

o(k) = | f(k)|* =

Of particular interest is the limit of |a| — oo, which is called the unitarity limit. Here, the
scattering cross section is

o) = 5, 13)
which saturates the constraint imposed by the unitarity of the S-matrix [1]. This
limit realizes the strongest possible interaction, which is clearly scale-invariant and
independent of any microscopic details.

Three-body systems at the unitarity limit are even more nontrivial. Vitaly N. Efimov
showed for three identical bosons and three distinguishable particles with arbitrary
mass ratios that there are an infinite number of three-body bound states if at least two
of the three pairwise interactions are at the unitarity limit, and that they dissociate into
three atoms at a negative scattering length and into a pair of a dimer and an atom at a
positive scattering length [3-6]2. The Efimov effect in multicomponent systems was also
discussed by Amado and Noble almost simultaneously [7]. The presence of the bound
states indicates a breakdown of the scale invariance, which we have at the two-body
level for unitarity-limited interactions. However, Efimov found that there is a remnant

discrete scale invariance. In particular, the binding energy of the nth-excited trimer for

2Although it is not explicitly mentioned in Ref. [6], the discussion there also includes the possibility of
the Efimov trimers in the system of one light particle that resonantly interacts with two heavy identical
fermions.
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large n is written as
En = A_anOI (14:)

where A is determined by the configuration of the resonating pairs and the mass ratios,
and is independent of microscopic details of interactions. This universal three-body
phenomenon has driven much theoretical effort to investigate a diversity of universal
few-body clusters [8-10] such as two-component fermion systems [11-15], four or more
identical boson systems [16-21], one particle interacting with three or more identical
bosons [22, 23], three identical fermions in three [24, 25] and two dimensions [26-30].

Traditionally, these universal few-body phenomena have been investigated mainly in
nuclear physics. Efimov originally had the >C nucleus (or three « particles) and three
4He atoms in mind [3]. Today, however, ultracold atomic gases offer ideal experimental
test beds for studies on the universal few-body and many-body physics. As we detail
in Chapter 2, one can control the s-wave scattering length to an arbitrary value by
using a magnetic Feshbach resonance [31-34]. This has enabled us to study universal
phenomena that emerge near the unitarity limit. One can also make various mass ratios
of particles by preparing mixtures of different atomic species. This unprecedented
controllability of ultracold atomic gases enables us to systematically examine a wide
variety of few-body phenomena. The Efimov effect has been experimentally explored
in various setups. For identical boson systems, not only the resonance of the Efimov
trimer [35-37], but also those associated with a tetramer [38, 39] and a pentamer [40]
have been experimentally observed. Experimentalists have also investigated mixtures of
different atomic species [41-45] and of atoms in different spin states [46—48].

1.2 Universality in the unitary Fermi gas

The universality in few-body systems has huge implications for many-body physics.
A prime example is the unitary Fermi gas, which is a gas of spin-1/2 fermions with
a unitarity-limited interaction between a spin-T particle and a spin-| particle and no
interaction between the same spin particles. Here, let us focus on the mass-balanced
case, where the T-particle and the |-particle have the same mass. Then no three-body
subsystem of the unitary Fermi gas has Efimov states [6]. The unitary few-body Fermi
systems with more than three particles have also been examined, and to date, breaking
of the scale invariance has not been found [9, 10]. These evidence suggests that the
unitary Fermi gas has a strictly scale-invariant interaction, which saturates the unitarity
bound of the scattering cross section.
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One of the most important consequences of the scale invariance is the universal
thermodynamics [49]. Owing to the absence of any interaction length scale, the free
energy is completely determined only by the number of particles N, the volume V, the
temperature times the Boltzmann constant kgT, the mass of particles m, and Planck’s
constant 7i. The dimensional analysis then allows one to write down the following
expression of the free energy:

F(N, V, keT; m, 1) = 2epN f ("B—T) , (1.5)
5 EF
where ¢p = % (372N / V)z/ ? is the Fermi energy and f(x) is a universal dimensionless

function®. Once f(x) is determined, either theoretically or experimentally, all the
thermodynamics quantities are derived from this single function and its derivative.
Also the ground-state properties are determined by a set of dimensionless numbers,
among which & = f(0) is particularly called the Bertsch parameter [50, 51].

Another important aspect of the universality in the unitary Fermi gas is a set of
universal relations that relate short-range correlations to thermodynamic properties [52-
60]. Such relations do not rely on perturbation expansions, and hold true even in the
strongly correlated regime. Moreover, they are very general; a fermionic system in the
unitarity regime is constrained by those relations whether it is a few-body or many-body
system, in the superfluid or normal fluid phase, at zero or finite temperatures. For

example, the density-density correlation function diverges as

1672C
Vr2

811(r) = (iy(r) (0)) = (1.6)

forr < k; 1 where kg is the Fermi wave number, i, is the density operator for the spin-o
particles, V is system’s volume, and C is Tan’s contact, which plays a central role in the
universal relations. The origin of this divergence is the one that appears in two-body
subsystems of the unitary Fermi gas. One can show [61-63] that a relative wave function

of a two-body system composed of an T-particle and a |-particle is

Y(r) = % - % + O(kr), (1.7)

for r/rg < kr < 1, where k = \/m|E|/1?, a is the s-wave scattering length, and ry is the
range of an interaction. For the unitarity regime, where ka > 1, the first term in ¢(r)
dominates over the other terms, leading to the r~2-divergence in the density-density

correlation. The singularity in Eq. (1.6) mirrors this short-range behavior in the two-body

3The prefactor 3/5 is chosen in order that f(0) = 1 for the free Fermi gas at zero temperature.
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subsystems in the many-body unitary Fermi gas, and Tan’s contact C encapsulates all
the other many-body effects. The momentum distribution [52] and dynamical quantities
such as the radio-frequency spectrum [64-67], the dynamic structure factor [68-71], and
the viscosity spectral function [69, 72], have similar factorization of power-low behaviors
originating from two-body physics and many-body effects represented by the contact.
The contact is also related to thermodynamic quantities. A representative example is
the adiabatic sweep theorem [53]:

_4nmm  JE

T 12 d(-1/a)’ (18)

This means that the contact represents the response to the change of the s-wave scattering
length. This interpretation is consistent with Eq. (1.6). As the interaction is short-ranged,
only pairs of two particles that are close to each other are responsible for the energy
change when the s-wave scattering length is shifted. Equation (1.6), on the other hand,
clearly shows that the number of such small pairs is characterized by C. These universal
relations have been extended to bosonic systems [73-75], Bose-Fermi mixtures [73], and
lower dimensions [58, 59, 76—78] with an s-wave resonance. They are also extended to
p-wave [79-82] and d-wave [82, 83] resonances. The present author contributed to one

of the first studies on the universal relations for a p-wave resonance.

Experimental development of ultracold atomic gases has boosted the search for
universal phenomena in the unitary Fermi gas, in spite of the fact that Bertsch, after
whom the Bertsch parameter is named, posed the theoretical challenge on the unitary
Fermi gas originally as a parameter-free model of dilute neutron matter [50, 51, 84]. A
number of experimental groups have studied the unitary Fermi gas. They have measured
the universal equation of state [85-87] and transport properties [88-92]. The universal
relations in the unitary Fermi gas have also been tested by many experiments through
the measurement of Tan’s contact from correlation functions and thermodynamic
quantities [93-97].

1.3 QOutline of this thesis

Inspired by the progress in the Efimov physics and the unitary Fermi gas, we investigate
effects of universal few-body correlations in strongly interacting ultracold atomic gases
in this thesis. In particular, we discuss the universal relations in an anisotropic p-wave
Fermi gas and the universality of the few-body spectra and the ground-state properties

of an impurity-boson system.
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We begin with reviewing the physics of Feshbach resonances and the derivation of
the two-channel model, which is the effective-field theory for the resonance physics. It
enables us to discuss universal features of resonant interactions without referring to
microscopic details of systems; indeed, the resulting two-channel model has also been

used to describe low-energy nuclear systems[98-100].
From Chapter 3 to Chapter 6, we present our original contributions.

Chapter 3 is devoted to addressing what kind of universal relations are associated
with interactions beyond the conventional s-wave interactions. For this, we previously
found universal relations for a p-wave Fermi gas and introduced the notion of a p-wave
contact, which was, however, restricted to systems with rotational symmetry [79, 80].
Compared with an s-wave resonance, a new feature of a p-wave resonance is the
possibility of anisotropy in ultracold atomic experiments; due to an external magnetic
field to control a Feshbach resonance, the three-fold degeneracy of the p-wave resonance
can be lifted [101, 102]. This can cause, for example, a novel superfluid phase, where the
axisymmetry is spontaneously broken [103-105]. In Chapter 3, we present the universal
relations in an anisotropic p-wave Fermi gas with anisotropy fully taken into account. We
derive the asymptotic behavior of the momentum distribution and the density-density
correlation function, from which we define the notion of a p-wave contact tensor. It has
nine components, in contrast to Tan’s contact, which is a scalar quantity. We show the
adiabatic sweep theorem for the p-wave contact tensor, which relates the contact to the
derivative of the energy with respect to the generalized p-wave scattering volume. We
also argue that our results can be experimentally tested with the A configuration of the

Raman lasers.

The other issue is related to the universal equation of state: do unitary Bose systems
have universal equations of state, and if so, what do they look like? We address these
questions for the ground state of an impurity-boson system, where a mobile impurity
interacts via a unitarity-limited interaction with a weakly interacting Bose gas. Such a
system has recently been realized using a mixture of atomic species, and found to be
relatively stable and amenable to detailed investigations [106, 107].

The impurity-boson system is the simplest bosonic system that may display uni-
versality in its ground state. Two bosons resonantly interacting with a single impurity
are known to support an infinite tower of Efimov states [5-7]. Remarkably, even the
ground Efimov state is extremely loose in the impurity-boson system; the radius of the
ground state trimer is O(10%) times larger than microscopic length scales such as the
effective range associated with an interaction between the impurity and a boson [108].
One can expect that this huge separation of the scales makes the system insensitive to
the short-range details of interactions if the density of bosons is sufficiently low. This
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situation should be contrasted with the scalar Bose system in which bosons interact
via a unitarity-limited interaction. There, the three-body ground state has the radius
comparable to the range of the interaction. As a result, its properties depend on specific
interactions, and the scaling factor between the ground state and the first-excited state
deviates from its universal value [3] by 10-20% [9]. On the other hand, the excited states
are exponentially loose and asymptotically follow the universal discrete scale invariance.
The impurity-boson system is, therefore, a good candidate to explore for a universality

in the ground state.

In Chapter 4, we consider an impurity and a few non-interacting bosons, where
the mass of the impurity is equal to that of a boson. When bosons are heavier than
the impurity, the four-body spectrum has been calculated [23, 109]. We calculate the
energy spectra of the impurity with up to three bosons within two different models of
interactions, which we call the rp-model and the A-model. We show that the spectra,
including the ground states, have a universal shape with high accuracy, which is
independent of the choice of the models. This finding is corroborated by comparing the
ratio of the three-body and four-body ground-state energies with the one calculated
previously within yet another model [110]. Note that the universality found in this
chapter is different from the universality of the discrete scale invariance in Eq. (1.4),
which generally holds only for excited states [8-10].

In Chapter 5, we discuss an infinite-mass impurity interacting with a few non-
interacting bosons. This limit no longer supports excited Efimov states, and only
the ground state survives, because the scaling factor (A in Eq. (1.4)) becomes infinite.
This implies that the scale invariance of the unitarity limit is recovered. We show by
analytically solving the 2+1 problem within the rg-model that an effective three-body
repulsion in a Feshbach resonance results in a bound-state spectrum that is drastically
different from that in potential-interaction systems. We find that as the unitarity limit is
approached, the result of the ro-model converges logarithmically to that of potential-
interaction systems. By comparing the analytical result with the numerical calculation
within the A-model, we argue that the logarithmic correction is a universal consequence

of the effective three-body repulsion.

In Chapter 6, we discuss the ground-state properties of the many-body impurity-
boson system, that is, an impurity immersed in a finite-density Bose gas, which we
call a Bose polaron [108, 110-125]. There is a study based on a renormalization-group
approach, which, however, has omitted the three-body interaction [121]. To examine the
universality of ground-state properties of the Bose polaron and take the Efimov effect
into account, we employ a variational approach that incorporates three Bogoliubov

excitations on top of the background condensate. Similar wave functions have been

17



used to describe the Bose polaron [108, 114], an impurity in a Fermi sea [126, 127],
and an impurity in a Fermi superfluid [128]. We also note that a similar method has
been known for long as the Tamm-Dancoff method [129, 130], which is used to discuss
elementary excitations in nuclear systems. Here, by comparing the ground-state energies
determined within the rgp-model and the A-model, we argue that for a sufficiently low
density of the Bose gas, the ground-state energy is a universal function of the three-body
parameter, which is a characteristic length scale of the ground-state Efimov state. This
universality is carried over to the density which is high enough to smear out the
well-defined Efimov states. The universal function corresponds to the Bertsch parameter
in the unitary Fermi gas, although in a Bose polaron, it is no longer a pure number but a
function. We also calculate other observables, the quasi-particle residue, the effective
mass, and Tan’s contact, and discuss their universality.

Finally, Chapter 7 is devoted to the summary of this thesis and makes some remarks
on the future prospect.

In the following dissussions, we adopt the unit in which 7 = 1.
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Chapter 2

From atomic properties

to effective-field theories

To discuss universal aspects of dilute atomic gases, it is essential to be equipped
with effective-field theories that correctly reproduce low-energy few- and many-body
physics. In particular, the two-channel model has been successfully employed in the
field of ultracold atoms interacting via a Fano-Feshbach resonance, or a Feshbach
resonance [34, 131-134], especially in describing atomic Bose-Einstein Condensates
(BEC) [135,136], fermionic superfluids [103, 105, 137-141], and few-body physics [25, 142
144]. In Section 2.1, we review atomic physics underlying a Feshbach resonance [145]. In
Section 2.2, we describe this phenomenon and construct the two-channel model [138, 139].
The approach in this chapter is bottom-up; we start from microscopic description of a
Feshbach resonance and arrive at its effective model. On the other hand, the same field
theory can be reached by a top-down approach, where one retains all the terms that are
allowed by symmetry and important for low-energy physics. This approach has been
taken to describe low-energy properties of nuclear systems [98-100]. This fact displays
the power of the two-channel model that it can describe a variety of phenomena near a

scattering resonance in a unified manner regardless of microscopic details.

2.1 Microscopic description of atomic interactions

Feshbach resonances occur because atoms have rich internal structures. Therefore, in
the first subsection, we explain one-atom properties. In the next subsection, we describe

the basic coupled-channel picture of two-atom interactions.
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2.1.1 Atomic properties

In cold-atom experiments, we can safely assume that atoms are in their electronic ground
state unless one intentionally excites them. This is because the energy scale of the
electronic excitation is of the order of 10*°K while the typical temperatures of atomic
gases are pK to nK. For alkali atoms, all but one electron form closed shells, and the
remaining valence electron occupies the s orbital. Therefore, an atom has the total
electronic spin S = 1/2 and the electronic orbital angular momentum L = 0. The other
component of an atom, a nucleus, also has a spin degree of freedom. The nuclear spin I
depends on atomic species and isotopes.

In the absence of an external magnetic field, the nuclear spin of an alkali atom

couples to the electronic spin by the hyperfine interaction of the form
Hye = AI- S, (2.1)

where A is a hyperfine coupling constant, and I and § are the nuclear spin and the
electronic spin?, respectively. By using the total atomic angular momentum F and the
identity I - § = 1(F% — I% — §?), the eigenstates of the hyperfine interaction is those of F
for a fixed pair of I and S. Therefore, the eigenvalue Er | s of Hy for a given combination
of F,I,and S is,

Eprs = %‘ [F(F+1)=I(I+1)=S(S+1)]. (2.2)

As alkali atoms have S = 1/2, the addition rule of angular momenta gives F = +1/2.

This leads to the zero-field hyperfine splitting,

1
AEnt = Erpapo112 — Er-ip102 = A (I + 5) : (2.3)

Each of the two levels has (2F + 1)-fold degeneracy as in any spherically symmetric
systems with the angular momentum F.
When an external magnetic field B is applied, this degeneracy is lifted due to the

symmetry-breaking Zeeman coupling,

Fiz = (geinS = 1) - B = (gepsS: ~ 71 B 24)

Here, g, =~ 2 is the electronic g factor, up = efi/2m, is the Bohr magneton, and u is the

magnetic moment of the nucleus. For simplicity, we assume B = Be, where e; is the unit

In general, we need to use f , the total electronic angular momentum, instead of S, because the orbital
angular momentum can also couple to the nuclear spin. Here, | = S because an alkali atom in the
electronic ground state does not have orbital angular momentum.
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Figure 2.1: Energies of an alkali atom with I = 1 under a magnetic field, where AEy¢ = %A.
We assume that the hyperfine coupling A is positive, and adopt a scaled magnetic field
b = geuBB/AEys. The labels |F, mr) show the corresponding zero-field states, while the
actual eigenstates are not eigenvectors of F2.

vector parallel to the z axis. As this term is still symmetric with respect to rotation around
the z axis, the z component nr of F remains to be a good quantum number. Therefore,
the fully polarized states |F = I +1/2, mr = +(I + 1/2)) are the eigenvectors of Hy¢ + Hz
because the subspace specified by mr = I +1/2 or —I —1/2 is one-dimensional, while the
other states with —I +1/2 < mp < I — 1/2 are mixed by Hz within the two-dimensional
subspace specified by mr. Each eigenstate is continuously connected to |F, mr) when
the magnetic field is turned off.

As a specific example, we show in Fig. 2.1 the energy eigenvalues of an alkali atom
with I =1 as a function of the magnetic field2. In this case, the hyperfine splitting at
the zero magnetic field is given by AEys = %A. For small magnetic fields, with which
Hy can be regarded as a perturbation, the eigenstates are well approximated by |F, mF),
and their energies deviate linearly from Er; 1/,. In the opposite limit of strong fields,
Hy dominates over Hy¢, and now not only mr = mj + mg but also mj and mg become
good quantum numbers. In particular, as u/up = O(1073), the Zeeman shift due to the
electronic spin gives a major contribution to the energies, with a small splitting A/2 due
to the hyperfine coupling.

2The nuclear spin I = 1 is realized in a °Li atom.
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2.1.2 Coupled-channel interaction

Now consider two atoms prepared in the internal states labeled as a and 8, which are
referred to as the entrance channel. In general, they can be of two different atomic
species. Suppose that a collision with a relative momentum k produces two scattered
atoms in the internal states a’ and p’, referred to as the exit channel, with an outgoing
relative momentum k’. The energy conservation then reads

k2 k?

+ Ey + Eg =
2m, . P 2m,

+éqtép, (2.5)

where m1, is the reduced mass of the two atoms, and ¢, is the one-atom energy of the
state a. The exit channel a’f’ is said to be closed if the collision energy (given by the
right-hand side of Eq. (2.5)) is less than a threshold energy E,(a’f’) defined as

Eqn(a'p’) = ew + €p. (2.6)

There is no real transition to such closed channels, and it can occur only as a virtual
process, because the atoms do not have a sufficient energy. On the other hand, if the
pair of atoms can scatter into a channel a’f’ as a real process, the channel is said to be
open. Note that the definition of “open” and “close” depends on the incident energy.
In a thermal atomic gas, the hyperfine splitting is of the order of GHz, which implies
that the inelastic scattering into a channel a’g’ with Eg,(a’B’) > Em(ap) is negligible at
temperatures less than mK. Therefore, the channels with larger threshold energies than

that of the entrance channel can generally be regarded as closed.

An interaction potential, in the most general form, has the indices of the entrance
and exit channels, Uy/g,qp(7). For alkali atoms in their electronic ground states with
S = 1/2, the dominant part of the interaction is spherically symmetric and diagonal
with respect to the total electronic spin of the two atoms:

ua’ﬁ’,aﬁ(”) = us(r)f)s + ut(r)f)t (2.7)
= B ) - unlss -5, 28)

where P, = 1/4-8;- S, and P, =3 /4 + §; - S, are the projection operators onto the
electronic-spin singlet and triplet states, respectively. It is clear from Eq. (2.8) that the
inter-channel coupling is of the electronic-spin exchange type, which conserves the
two-atom total electronic spin and the projection of the total angular momentum on
the quantization axis. Other processes such as the magnetic dipole-dipole interaction
and three-body collisions can lead to other forms of channel couplings; they are not too
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Figure 2.2: Schematic plot of the singlet and triplet potentials for two Rubidium atoms
in the orbital ground state, where a is the Bohr radius. Both potentials share the same
long-range van der Waals tail o 7~® and the hard-core repulsive part. Between them,
the singlet potential has a deep minimum due to the covalent bonding, while the triplet
potential does not have such a pronounced dip.

strong for alkali atoms, but often impose limitations on experimental time scales. Here,
we focus on the time scales which are sufficiently short compared to such limitations
but long enough for the spherically symmetric part to cause collisions and eventually
make the system thermalize.

Figure 2.2 shows a schematic plot of Us and U;. For large separations, the tails of
the interaction potentials are given by the van der Waals interaction. It is an attractive
interaction of the form —Cg/r°, where Cg is a constant and 7 is the separation between
two atoms. The van der Waals interaction originates from the second-order process of
the electric dipole-dipole interaction and is independent of the spin states. For smaller
separations, we can see a strong repulsive core due to the overlap of the electron clouds.
Just before the core, the singlet potential has a pronounced minimum with a depth of
nearly 6000K for Rubidium atoms, while the minimum of the triplet potential is much
shallower, of a few hundred kelvin. This can be understood as the presence or absence
of the covalent bonding. When two atoms possess opposite spins, the two valence
electrons can reduce the energy by sharing the same orbital. By contrast, two polarized
electrons cannot occupy the same orbital, and no energy reduction from the covalent
bonding can be made.

In experiments, we prepare atoms in some selected hyperfine state(s). The entrance
channel of a collision in such an atomic gas may or may not be the electronic spin
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singlet or triplet. If both of the colliding atoms are in the same fully polarized state,
the two-electron spin state is triplet, and therefore no spin exchange occurs during the
collision. In other words, within the approximate potential of Eq. (2.8), the interaction
between such pairs is of single-channel nature. On the other hand, other channels are
superpositions of electronic-spin singlet and triplet, and subject to the spin exchange
interaction. This implies that a pair of atoms in such a channel can undergo inelastic
scattering if there is an open channel coupled to the entrance channel by the exchange
interaction. If there is no available open channel, two atoms interact only elastically.
This process may also be drastically affected by the presence of the channel coupling,
which is a Feshbach resonance.

2.2 Feshbach resonance and the two-channel models

A major qualitative difference between single-channel potential interactions and coupled-
channel interactions is that the latter can support inelastic two-body scattering. In
atomic gas experiments, however, such processes are not so important since we usually
prepare atoms in low-lying hyperfine states so that no open channel is available for
inelastic two-body collisions. On the other hand, the channel coupling can strongly
affect an elastic process via a so-called Feshbach resonance [34, 131-134]. It is a resonant
enhancement of elastic scattering caused by coupling to a virtual bound state in a closed
channel.

A Feshbach resonance occurs when a pair of atoms collides with the incoming energy
near that of a bound state in a closed channel. One open and one closed channel are
enough to describe this phenomenon, which is called a two-channel picture. In this
model, the interaction potential in the closed channel has bound states, one of which
lies near the threshold energy of the open channel, as illustrated in Fig. 2.3. An intuitive,
though somewhat oversimplified, understanding is then obtained by considering the
second-order Born approximation of the T-matrix in terms of the coupling between
the open channel and the closed-channel bound state. It gives a shift to the on-shell

T-matrix at the threshold energy, or equivalently the s-wave scattering length a,

21tda |<7l |}A1ex|0>|2 |<b |}A1ex|0>|2
E ~ 2.9

where m; is the reduced mass of the colliding atoms, Hey is an inter-channel Hamiltonian
(here “ex” represents the exchange interaction for concreteness), |0) is an unperturbed
open-channel state at threshold, and |n) is an unperturbed closed-channel state with an
energy E, measured from the open-channel threshold. In the last approximate equality
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Figure 2.3: Sketch of a mechanism of a Feshbach resonance. The low-energy incoming
atoms are coupled via the spin-exchange interaction to a bound state in the closed
channel near the open-channel threshold. Since the incident energy is not enough for
the atoms to scatter into the continuum above Ey,, the bound state eventually dissociate
back into the entrance channel.

in Eq. (2.9), we only retain the contribution from the bound state lying closest to the zero
energy. Equation (2.9) implies that the coupling gives an effective attraction if E, > 0
while it gives a repulsion if E;, < 0. Another important implication is that if we can
control Ey, it amounts to controlling the s-wave scattering length in the open channel.
This is indeed possible in atomic systems, where a pair of atoms in a closed channel
may have the magnetic moment (i that is different from p, in the open channel. In the

presence of an external magnetic field, the bound-state energy Ey, is

Ey = (pto — tie)(B — Bo) = 6u(B — Bo), (2.10)

where By is the threshold magnetic field at which Ej, vanishes. Therefore, by changing
the strength of the applied magnetic field, we can control the strength and even the sign
of the effective interaction. Note, however, that the Born approximation breaks down
just in the vicinity of the resonance Ej, ~ 0. A discussion beyond this approximation is
given later.

To discuss many-body physics involving a Feshbach resonance, we now derive an
effective-field theory that encapsulates the essence of this phenomenon [138, 139]. To
this end, first consider the general coupled Schrodinger equations for the relative motion
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of two atoms,

(E - Hpp) |[¥p) = Hpg |Wq), (2.11)
(E—Hgg) [¥o) = Hgp [¥p), (2.12)

where P and Q denote the spaces of the states in the open and closed channels,
respectively. Here again, we can eliminate the far-off-resonant states in the closed
channel such as the continuum. To do this, let us introduce a projection operator
P =1Ip ® Pg, where Ip is the identity operator in the space of the open channel and
Pq = 2.ilig) (igl is a projector from the closed-channel space onto the unperturbed
bound state(s) |ig) of H oo thatis resonant to the open channel. By restricting the Hilbert
space by #, we obtain a pair of approximate Schrédinger equations,

(E — Hpp) |Wp) = Z Hpo lig) (iol¥q), (2.13)
(E —vi) {iglWq) = (igl Hop [¥p), (2.14)

where v; is the unperturbed energy of |ig) given by (v; — HQQ) lig) = 0. In Eq. (2.14),
we do not have summation over the index i because of the orthogonality of |ig). It
is important to note that we no longer need the degrees of freedom of the relative
motion of two atoms in |ig), because Eq. (2.13) and (2.14) contain just the amplitude
(ig|Wq). The equations for a set of [\Wp) and (ig|W ) are naturally expressed in terms
of a Hamiltonian constructed from the field operator(s) Pu(r) representing atoms and
the molecular field operator ¢;(r), where the index a denotes the hyperfine state and
the atomic species. If we assume for simplicity that the open channel consists of two
atoms in the same hyperfine state and that only one closed-channel molecular state is
resonant, the indices can be dropped, and the Hamiltonian reads

Hpp = /dr %Vg@* Vi + %/dr dr’ Uo(r — )P (1) P ()P (r )i (r), (2.15)

I:IPQ = I:I(SP = %/dr dr’ g(r — r’)tf!+(r)l,@+(r’)ql3 (r -;r’) , (2.16)
flgo = / dr (ﬁvqﬁv(ﬁ + v¢3+q3) | @.17)

Here, m is the mass of an atom, U, is the interaction potential within the open channel,
and g(r —1') = (rrlglﬁpglig). This so-called two-channel model gives us a natural
starting point of analyzing many-body systems with a Feshbach resonance. We can easily
generalize this for systems with multiple hyperfine states or multiple closed-channel
molecular states.
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We can restrict the form of g(r) by symmetry. Suppose that the inter-channel
coupling is induced by the spherically symmetric exchange interaction, as discussed
in the previous section. In this case, the orbital angular momentum in the relative
motion of two colliding atoms is a conserved quantity. Therefore, if the rotational
motion of a closed-channel molecule has the angular momentum / and its projection
m, the associated Feshbach resonance occurs in the scattering processes with the same
quantum numbers. Correspondingly, the angular dependence of g(r) is given by the
spherical harmonic function Y;" (7). This implies that in spherically symmetric systems,
a Feshbach resonance in the /th partial wave has (2/ + 1)-fold degeneracy, which reflects
the degeneracy of the closed-channel molecule. In practice, an external magnetic field
is applied to a gas to control the Feshbach resonance. This may result in multiplet
structures of an /th-wave Feshbach resonance for [ > 0, which have been observed in
p-wave [101] and d-wave [102] resonances.

In dilute, low-temperature atomic gases described by the Hamiltonian (2.15-2.17),
many-body properties are expectedly independent of the detailed profiles of g(r) and
Uy(r), as typical length scales such as the interparticle spacing and the thermal de
Broglie length are much larger than the range of these functions. Therefore, one can
choose a convenient function suitable for one’s needs.

We would like to emphasize again that Eqs. (2.15-2.17) are the Hamiltonian that
corresponds to the Lagrangians in Refs. [98-100] if one truncates the Taylor expansion
of the Fourier transform of g(r). This indicates that the use of the two-channel model is
not restricted to atomic systems with a Feshbach resonance, and that results that follow
from the two-channel model are potentially relevant not only to ultracold atomic gases
but also to low-energy nuclear systems.

Now, let us discuss specific examples of the two-channel models that are relevant to

our research.

2.21 s-wave resonance in a two-component Bose gas

Consider a mixture of two atomic species labeled 1 and 2, each of which is prepared in a
single hyperfine state. For definiteness and later use, we assume the atoms are bosons,
although in this section we only discuss a two-body system consisting of one atom for
each species. If there is an s-wave Feshbach resonance between the two species, the

two-channel Hamiltonian reads

N 1 N A 1 ~ N apoap oA A
= [ar( V01 Vi Vi Vs Ul

) (2.18)
57 V0" VO +vod d + o1 + Qo ot |,
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where m; is the mass of an atom of the ith species (i = 1,2), M = m; + m; is the mass of
a closed-channel molecule, and we adopt U, (r) = Upd(r) and g(r) = goo(r).

The parameters, Uy, vo, and go, are determined so that they reproduce low-energy
scattering data, especially the scattering amplitude. To this end, we need to solve the
two-body problem beyond the Born approximation. Let us consider a two-body state
whose total momentum is zero, and write down the coupled Schrédinger equations in

the momentum representation:

2 ’
(E - 2I;1r) Wo(k) = U / %\Po(k’) + goW. = T(E), (2.19)
(E=vo) W, = go/ (3:;3\110(](’). (2.20)

Here, W, (k) is the wave function for the relative motion of the open-channel atoms,
W, is the amplitude of the closed-channel molecule, and m; is the reduced mass of the
two particles. Note that the right-hand side of Eq. (2.19), which is actually a T-matrix
element, is independent of k but implicitly depends on E. This is because we have taken

the zero-range limit of the interaction.

The solutions consists of continuous scattering states with E > 0, and if any, discrete
bound states with E < 0[1, 2]. To find the scattering state, we need to specify a boundary
condition because otherwise the value of W, (k) for |k| = v2m,E would not be uniquely
determined. Here, we require the wave function to be a superposition of an incoming
plane wave and an outgoing scattered wave. In the momentum representation, a solution
for W, (k) reads

T(E + i0)

Wo(k) = (2m)°6(k — ,
() = @myolk = ko) * & 0 "2 am,

(2.21)

where kg is the momentum of the incoming plane wave that satisfies E = k%/ 2m;, and
the imaginary part of the energy is set to be the positive infinitesimal to ensure that the
scattered wave is outgoing [2]. Solutions of this form constitute a continuous spectrum,
which is physically a set of the scattering states labeled by ko. By substituting this and
Eq. (2.20) into the T-matrix, we obtain

5 dk 1
T(E +i0) = | Uy + ==Y 1+ T(E +i0 222
(E+i0) 0 E—vo) ( Z)/(Zn)3E+iO—k2/2mr (222)
— 2 _1 _1
8o dk 1
= [|lUy+ — . 2.2
0 E—vo) / (2n) E + i0 — k2/2m; (2.23)
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This expression contains an ultraviolet divergence in the k-integration. However, it can
be absorbed into the definition of the bare interaction parameters so that the resulting
T-matrix becomes finite. If we impose an ultraviolet cutoff at the momentum A, the

momentum integral above is calculated as

d 1 A i
/ k3 - T fom,E. (2.24)
lk|<A (2m)? E +i0 — k?/2m;, e 27

The linear divergence is cancelled by setting
g2
Uo(A) = Z(MU,  go(A) = Z(A)g,  wo(A) =v —[1-Z(M]F, (2.25)

where Z(A) = (1 — mUA/n?)"!. Therefore, U and g are subject to multiplicative
renormalization, while the closed-channel molecular energy v is additively shifted. The

resulting T-matrix is

-1

, (2.26)

T(E +i0) = 22 |27 [y + $° _1+i\/2mE
mr m E—-v 3

r

which is now cutoff-independent and implies that the s-wave scattering length a is

2
- Te70) = (u _ g—) 227)

v
This expression results from the exact solution of the two-body problem within the two-
channel model, without relying on the Born approximation. It is therefore applicable
even when a diverges. In particular, the higher-order interaction modifies the condition
for the resonance from vy = 0 to v = 0. Experimentally, if we approximate v ~ 6 (B — By)
near the resonance and once 61 and By are known, one can determine U and g by, for

example, locating the zero crossing of 2 and measuring a at the zero magnetic field.

We can also find the closed-channel amplitude W.. It is obtained by substituting
Eq. (2.21) into Eq. (2.20),
OT(E + 10) /

-1 (2m)3 E +i0 - k2/2mr

gT(E + 10)
— UE=7)+ g2 (A — o0). (2.29)

W, =

(2.28)

When taking the infinite cutoff limit, we used the expressions of the bare parameters
in Eq. (2.25). Near the resonance E ~ v ~ (, the expression of the T-matrix as given in
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Eq. (2.26) reduces to

27
T(E) ¥ —————, 2.30
(E) imo\2m.E ( )
and the closed-channel amplitude is
2
W, ~ I (2.31)

imrg\/ZmrE'

This indicates that for a given energy, the inter-channel coupling g controls the closed-
channel amplitude. In particular, if § — oo, the closed-channel amplitude vanishes,
which implies that the two-channel model behaves like a single-channel interaction in
the limit of the large g.

When the detuning crosses the open-channel threshold v =~ 0, the low-energy form
of the T-matrix does not change if one takes the limit U — 0. This limit is equivalent to

the effective-range approximation, where the T-matrix takes the form

2 -1
T(E + i0) = ;” [a-1 N i\/ZmrE] . (2.32)
r

Here, 1 is the effective range. In this case, the renormalization factor Z(A) is identically
unity, and therefore, the inter-channel coupling ¢ is not renormalized. On the other

hand, the detuning is again additively renormalized,

meoZA
vo(A) = v + 8 2. (2.33)
s
These couplings give a and r as follows:
_ 2ntv 27
al=-——, rn=-— . (2.34)
m:g my&

In this limit, the effective range r( is directly related to the inter-channel coupling go.
In particular, when gy is sufficiently large, ro may be negligible. This implies that a
system with a large go looks like a single-channel system, which is consistent with the
observation for the finite U model. Note that the effective range r is always negative
within the two-channel model as long as the coupling constant is a real number. It is
realistic for Feshbach resonances, while if we consider more general interactions, the

effective range can take an arbitrary real number.

In addition to the continuous scattering states, the complete energy spectrum may
contain discrete bound states. They are found as poles of the T-matrix. Here, we
focus on the case of U — 0, which is relevant to the later discussion. The equation for
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the bound-state energy T(=Eg)~! = 0 can be easily solved, where Eg > 0. Note that
the imaginary part of VE for a negative energy should be positive for physical bound
states [2]. If the scattering length is negative, it has no bound-state solution that has a
real energy. By contrast, for positive scattering lengths, there is a single bound state,

whose binding energy is given by

_ (\1-2rg/a —1)2

2
2mrr0

Eg

(2.35)
The wave function of this bound state is immediately obtained if we set W. = Z'/2 and
use Eq. (2.19):

gozl/z

Wo(k) = ————.
o(k) Eg + k2/2m,

(2.36)

Note that a discrete negative-energy state does not have a term corresponding to an

incident plane wave. One can also find the closed-channel amplitude Z'/? from the

2
S _ 1/ZmrrOEB |
1+ y2m,r2Eg

Note that for rp — 0, Z is always zero while Eg remains finite. This indicates that this

normalization condition:

(2.37)

physical bound state is totally different from the bare closed-channel molecule. The
bound state in this limit is composed of two atoms in the open channel.

One can confirm by direct calculations that the solutions found here constitute the
complete orthonormal basis of the Hilbert space representing the relative motion, as we
expect for physical Hamiltonian.

2.2.2 p-wave resonance in a spinless Fermi gas

Collisions of identical particles are subject to symmetry restriction. In particular, for
spinless fermions, where s-wave interactions are prohibited, the p-wave scattering gives
the dominant contribution. Here, the word “spinless” means that we prepare atoms in
a single hyperfine state, in which case we can formally drop the spin index from the
fermionic field operator because there is no remaining internal degree of freedom in
an atom. In ultracold collisions, effects of the p-wave scattering are usually negligible.
However, Feshbach resonances have been utilized to realize atomic gases with strong

p-wave interactions.
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The two-channel model of a p-wave resonance has at least three closed-channel

molecules corresponding to three different projections of the relative angular momentum:

H:/dr

1 ’
+ %/dr dr’ Zl lgm(r — )Y ()T () P (r -;r ) +H. C.] :

1
L vit.vo 1 oot N (m) 2+ 7
TTALARAADY (mv%wmw’" Db

(2.38)

Here, we use the upper-case M for the mass of an atom and the lower-case m for the
projection of angular momentum. In the spherically symmetric system, the energies
of the closed-channel molecules are degenerate. However, in cold-atom experiments,
we apply a magnetic field to control a Feshbach resonance, which breaks the rotational
symmetry into the axisymmetry around the direction of the applied field. This is why
the detuning v(()m) has explicit dependence on m. We drop the off-resonant interaction
in the open channel because the p-wave interaction in the absence of the Feshbach
resonance is negligibly small. The coupling function g, (r) is proportional to Y{"(#) and
kept finite-ranged. This is necessary if we want the Hamiltonian to be a Hermitian,
all the states to have positive norms, and the inner product to be defined as a usual
Hermitian inner product [25, 98-100, 146-150]3. Instead of taking the zero-range limit,
we assume that g,,(r) is sufficiently smooth so that its Fourier transform §,,(k) is also
analytic and sufficiently smooth. This implies that §,,(k) can be written as

Gm(k) = gokY{"(k)x(k*), x(0)=1, (2.39)

where x(k?) is an analytic function of k2. If ¢,,(r) has a radius R, outside of which the
coupling is negligible, a simple dimensional analysis suggests that x(k?) also has a radius
of O(R™!) unless g,,(r) has a short-range structure of the size R’ < R. Here, we assume
gm(r) is well-behaved in this sense. An important consequence of this assumption is

that at low momenta, ¢,,(k) grows linearly with k before it is cut off at k ~ R™L.

Similarly to the s-wave resonance, we can perform the renormalization of this p-wave
model. For this model, the two-body coupled Schrddinger equations are

2 1 1 . R
(E - M)\yo(k) = > Guk)Wy = > drkkoY]" (k)Y (ko) T (E + i0;k, ko), (240)

m=-1 m=-1

3An alternative approach is to make the range of the coupling function g(r) arbitrarily small at the
cost of the positivity of the norm. This is done in Refs. [98-100]. In that case, we can no longer interpret
the ¢-field as the closed-channel molecule because it is an unphysical state. The ¢-field is then called a
ghost field.
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1 dk
(27)

In contrast to the previous s-wave case, the T-matrix depends on both k and the incident

(E=vi")wu =5 [ o5 @nWo(k). (2.41)

momentum ko, as well as the energy. Owing to the orthogonality of the spherical
harmonics, the decomposition of the T-matrix is unambiguous. From these equations,

we can derive the equation for the T-matrix element:

|golPx(k*)x (k)

8m(E — (’”))

L J80PX() % K2k K2 x (k)T (E + 0 K, ko)
2(E (m)) (2n)3 E-K?2/M+i0

T,o(E +i0; k, ko) =
(2.42)

This is a linear integral equation for T,,(E; k, ko), but if we note that the k-dependence
of the right-hand side is given by x(k?), T(E;k’, k)/x(k’?) is in fact independent of k’
and can be taken out of the integral. This leads to the following form of the T-matrix

element,
1 x (k) x (k)
T (E +i0; k, ko) = (F)xlky ) (2.43)
471 2(E- v ) S (D
Igol2 0 (2n)3 E-k"2/M+i0

which contains a function y(k?), which determines the momentum dependence. For
low-energy collisions, the integral in the denominator can be evaluated as a power series

in terms of E,

1) dk/ k/4X(k/2)2 . )
/0 @nPE-K2/M+i0 16 S (MEP(ME)

< odk / < dk’ ,
-M k? kZZ—MZE/ ——x(k?)* + O(E?).
| ok [ o)

(2.44)

We can substitute this into Eq. (2.43) and compare it with the low-energy expression of

the on-shell T-matrix element,
4T 1

T (E + ZO, k, k0)|k2:k'2= = - ’
" MET M ool — ku ME + i(ME)32

(2.45)
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(m)
0

which yields the equations relating the bare quantities, v, ’ and go, to the low-energy

scattering data, the p-wave scattering volume v,, and the effective range* k,,

2. (m) 00
il M / k' k2 x (k?)?
T Mgl (2.46)
64n? 2

ky=—— — = Oodk’ K22 + 40 1(0).
" e n/O X(K? + 40,15/(0)

This is a p-wave analog of Egs. (2.25) and (2.34).

“Note that k;, has the dimension of momentum. However, it is customary to call it the effective “range”.
Therefore, we follow this convention here.
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Chapter 3

Universal relations

in an anisotropic p-wave Fermi gas

In the vicinity of a scattering resonance, the scattering length diverges and the system
becomes strongly correlated. There, controlled approximations based on perturbative
expansions break down, and calculations of physical quantities become difficult. In
such cases, it is of great use to have exact relations between observables that do not rely
on a perturbation theory because they allow us, for example, to relate one measurement
to other aspects of the system, or to test the validity of theoretical methods by imposing

constraints.

For an s-wave resonance in a spin-1/2 Fermi gas in three dimensions, there are
several universal relations that connect short-range and short-time correlations with
thermodynamic quantities [52-60]. There, a single quantity, Tan’s contact, bridges
both sides of physics. On one hand, it characterizes the strength of the short-range
and short-time correlations. Here, the “short” range means length scales smaller than
the interparticle spacing and the thermal de Broglie length but larger than the range
of interactions. For example, the momentum distribution for large momenta has a

power-law tail, whose coefficient is Tan’s contact:

np ~ %. (3.1)
Other correlation functions, such as the radio-frequency spectrum [64-67], the static [52]
and dynamic [68-71] structure factors, and the viscosity spectral function [69, 72],
also show characteristic power laws with coefficients solely determined by the contact,
Plank’s constant, the mass of atoms, and a dimensionless factor. On the other hand,
Tan’s contact is directly related to the thermodynamics. A prominent example is the

adiabatic sweep theorem, which states that Tan’s contact is the derivative of the energy
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with respect to the scattering length:

JE

C= 47—[M8(——1/a)

(3.2)
Importantly, all these relations hold true very generally in the strongly correlated regime,
regardless of the number of particles, whether the system is in the ground state or
at finite temperatures. A crucial assumption is that the range of interactions is much
shorter than any other length scales so that there is the window of universality where
one can observe the power laws such as the one shown in Eq. (3.1). This is well satisfied
in ultracold atomic gases, and the experiments have tested the universal relations and
measured the contact [93-97].

Similar universal relations are also investigated for lower dimensions [58, 59, 76-78],
bosonic systems [73-75], and mixtures of atomic species [73], with s-wave scattering
resonances. Recently, they are also extended to p-wave [79-82] and d-wave [82, 83]
resonances, and the experimental measurement of the p-wave contact was also re-
ported [151]. The present author contributed to one of the first studies on the universal

relations in the p-wave interacting Fermi gas.

The p-wave is the first partial wave that is anisotropic. This statement has twofold
meanings. Firstly, the p-wave scattering amplitude has an angular dependence even
when the interaction potential is isotropic. Secondly, in the case of a p-wave or higher-
partial-wave Feshbach resonance, a microscopic interaction itself can be anisotropic
because of an external magnetic field. Such an effect has been observed as multiplet
structures of resonances [101, 102]. In the earlier studies of the universal relations in a

p-wave Fermi gas, however, the latter effects are not fully taken into account.

Here, we discuss the universal relations in a spinless Fermi gas with an anisotropic
p-wave resonance. In Section 3.1, we present the universal power laws in the high
momentum distribution and the short-range density-density correlation function. We
show that the contact in this case is not a single quantity, but a 3 X 3 component tensor,
which we call the p-wave contact tensor. In Section 3.2, we derive the adiabatic sweep
theorem, which relates the p-wave contact tensor to the derivative of the energy with
respect to the p-wave scattering volume. In the derivation, we need to extend the p-wave
scattering volume to anisotropic interactions. In Section 3.3, we discuss the p-wave
contact tensor in the p-wave superfluid. In Section 3.4, we describe an experimental

implementation to test the universal relations.
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3.1 p-wave contact tensor in correlation functions

In this section, we discuss the high-momentum tail of the momentum distribution and
the short-range behavior of the density-density correlation function, and introduce
the notion of the p-wave contact tensor. For this purpose, we employ the following

two-channel Hamiltonian:

ﬂ=z[2 AI,&,,+Z(4M )it ,,]

1
3 Z Z [gokY (P12) X (P3)ah, a5, by p, + H. c.].
p1,p2 m=-1

Here, p12 = p1 — p2, d;r, creates a fermionic atom with the momentum p in the open
channel, and b}, p creates a closed-channel molecule with the projection 1 of the angular
momentum and the momentum p. This is exactly the same Hamiltonian as that given
in Eq. (2.38), but in the momentum representation. The bare detuning v(()m) and the
coupling constant go are determined by Eq. (2.46) so that the low-energy scattering data,
the scattering volume and the effective range, are reproduced (see Sec. 2.2.2 for details

of this procedure).

To discuss the correlation functions, we start from the Schrédinger equation. By
noting that the Hamiltonian (3.3) conserves the total number of the atoms but not the
numbers of the open-channel atoms N, and the closed-channel molecules N, separately,
a state with the total number of atoms N = N, + 2N can be expressed as a sum of the
states with different N, and N.:

WN) = Z Z Z Z No 'N 7 VNN (o, {gide, {midi)

2No+Ne=N {pi}x {qx}x {mi}x (3.4)

>y o4
X apl PNobmlql DBy 10)-

Here, {pi}« is the ordered set of the N, momenta of the open-channel atoms, {q }r and
{my}r are the sets of the momenta and the projected angular momenta, respectively,
of the N, closed-channel molecules. We can then write down the time-independent
Schrodinger equations in terms of the set of the wave functions:

(E — T)\I](NOINC) =1 [\y(No—2,Nc+1)] +1 [\I](No+2/Nc_1)] , (3.5)

where T is the kinetic energy including the detuning, and [; and I, denote the terms
arising from atath,, and lAJ‘Lmdﬁ in the Hamiltonian (3.3), respectively. The concrete forms
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of I; and I, are as follows:

No N 1

I [wNom2 NV (g b, {qichi, {muche) = Z Z Z (=1 gopi; Y{" (i)

i=1 j=itlm=—1 (3.6)
X X(P%)‘I’(NO_Z’M”) ik \{pi,pit Ak +{pi + i}, {mide + {m}),

Nc
- _ 0 , irar
I [WNF2NDT (i, {qid, {mdi) = Z Z %Puyiﬂ (P12
pipy i=1

X x(ph ) W2 N (L o0+ {piche, {qiche \ {gi}, {mu \ {mi}) .

(3.7)

Here, pij = pi — pj, p}, = p] — P, and \ and + denote the set operations of subtraction
and addition, respectively.

As we are interested in the high-momentum distribution, let us analyze Eq. (3.5) for
p1 that is larger than typical system’s momentum scales such as the Fermi momentum
pr and the thermal momentum pr, but smaller than the cutoff scale set by the range
of the interaction. On the right-hand side, the dominant contributions come from I,
where the terms with i = 1 in Eq. (3.6) grow linearly for a large p1 due to the factor of
p1j- Therefore, the Schrédinger equation (3.5) reduces asymptotically to

No 1

(E = DY@ ((pihe, {qite, {mek) = > > (=1) gopy Y () o8
j=2 m=-1 .

x WNo2ND (15 W\ {p1, i}, {qide + {p1 + i}, (ki + {m}) .

It should be noted that the amplitude of the right-hand side concentrates around
pj ~ —p1 with the width of the order of pt, because it depends on the wave function
with p1 + p; in its momentum argument of a closed-channel molecule. With this in
mind, the momentum distribution in the (N,, N.) sector can be calculated by integrating
out the variables other than p; from gg[W®™oNe)|2. Retaining only the leading terms,
we find

NoNo) _ _ N 2
s 2 2o 20 YN A (g (meo) (39)
{pih\p1} {qie {micke

2 2
D MY YeTarerS

P1 m,m’ {px b\ p1} {qx e {macdk
X WNmZ NS (3 \ {p1, p2}, Agi i + {p2}, (i + {m})
x WNe2NH (fpy 1\ {1, pa}, {qide + {p2}, (ki + {m'}).

(3.10)
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The momentum distribution itself is obtained by summing up this for all the (N,, N,)
pairs with 2N, + N, = N. By inspection, we find that it has the following compact

expression:
M?|gol? . . Y
My ~ f DBV () (Un | D Bhgburg | ¥n (3.11)
P m,m’ q
Y™ (51)Y™ (H
= > Coum (pl)zl by (3.12)
m,m’ pl
where we define the p-wave contact tensor C ;'
Cmm’ = M2|g0|2 <Z Z;qu;m’q> . (313)
q

This result follows from the time-independent Schrodinger equation and is applicable
to pure states. The extension to thermal states is obvious; the power-law tail of Eq. (3.12)
has the same power, with the definition of the p-wave contact tensor in Eq. (3.13) still
applicable by regarding the average as the thermal average. Therefore, we conclude
that the momentum distribution 7, of a spinless Fermi gas with an anisotropic p-wave
resonance, whether it is in a pure state or a thermal mixture state, has a tail that is
proportional to p~2 and has an anisotropy as shown in Eq. (3.12), and that its coefficients
are given by the p-wave contact tensor, which is defined in Eq. (3.13).

By a similar argument, we can find the short-range behavior of the density-density
correlation function,

g(r) = (n(r)n(0)), (3.14)

where 7i(r) = ¥t(r)i(r) is the density operator of open-channel atoms. In the above
discussion on the wave function in the momentum representation, one can see that the
wave function diminishes with 1/p;; when the relative momentum of the ith and jth
atoms becomes large. This high-momentum behavior translates into the short-range
singularity of 1/ rz.zj in the real space, where r;; is the relative position of the same pair
of the atoms. By collecting the leading-order terms carefully, we find the following
asymptotic form of the density-density correlation function:

Y (7)) (7)

16m2Vrt 7 (3.15)

g(r) = (A(NA0) = > Conr

where V is the volume of the gas.
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Some comments are in order. From its definition (3.13), we see that the p-wave
contact is directly related to the closed-channel molecules. In particular, its diagonal
components are the number of the closed-channel molecules with the projected angular

momentum m:
Cimm = M2|g0|2Nm- (3.16)

Generally, Cy; is a 3 X 3 Hermitian matrix, which can be diagonalized by a unitary
transformation. Once diagonalized, the diagonal components can again be interpreted
as the number of the closed-channel molecules in a superposition state of m = 0 and +1.
If the p-wave interaction has anisotropy;, as is the case for a Feshbach resonance, however,
such a superposition state does not have a well-defined energy. The projected angular
momentum is thus the most natural quantum number in the case of the magnetic

Feshbach resonance.

The definition of the p-wave contact tensor also implies that C,,;,,» transforms under
spatial rotation in the same way as the product Ylm(f)Yl’”/*(f). In particular, its trace is
invariant under any rotation and the diagonal components are invariant under rotation
around the quantization axis, which is defined by an external magnetic field in the case
of a Feshbach resonance. On the other hand, the off-diagonal components represent the
breaking of axisymmetry in the short-range correlations. We will later see a concrete
example where the axisymmetry breaking happens and the p-wave contact tensor

acquires nonzero off-diagonal components.

The same field theory as Eq. (3.3) is also used as an effective-field theory of the
halo nuclei [99]. Therefore, the results here hold true in such nuclear systems. In that
case, however, the field operator 13,, is just an auxiliary field and no longer represents
a physical entity. A physical interpretation that is also applicable to nuclear systems
is obtained from Eq. (3.15). The density-density correlation function measures the
number of the particles that are at a distance of r from another particle. Equation (3.15),
therefore, implies that the p-wave contact tensor is a measure of the number of the pairs
of atoms within a small distance.

3.2 Adiabatic sweep theorem

The p-wave contact tensor is directly related to the thermodynamics through the
adiabatic sweep theorem. To derive the theorem, we need to define a generalized p-wave

scattering volume v,,,,. If a p-wave scattering process from an m state into an m’ state
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is allowed, the scattering amplitude takes the following form:

1
Fp )= D AT F ()L Y B)YI (), (3.17)
m,m’=-1
where kp’ is the incoming momentum and kp is the outgoing momentum. The matrix

¥ (k) represents the transition amplitude, whose inverse has the low-energy expansion,

LI 1kmm,kz — i3 + O(K?), (3.18)

mm’ 2

[ () e = =

which defines the generalized scattering volume v,,,» and the effective range k.
When a p-wave interaction preserves axisymmetry, ¥ (k) is a diagonal matrix, with the
scattering volume v;» = 00,y and the effective range ki = ky O m. Similarly,
we define a matrix 7 (E + i0; k, ko) by the spherical harmonic expansion of the off-shell
T-matrix:

1
T(E +i0; k, ko) = Z 47kko[T (E + i0; k, ko), m Y (R)Y"™* (") (3.19)

m,m’'=—1

The partial amplitude ¥ (k) and the on-shell T-matrix 7 (k?/M; k, k) are proportional to
each other as in the scattering theory with spherical symmetry:

M

— =T (k*/M; k, k). (3.20)
47

F (k) =

Within the axisymmetric two-channel model, the scattering volume is controlled by

(m)
0

“off-diagonal” detuning?! of the following form:

the detuning parameters v, ’. This can be naturally generalized by introducing the

1

> "k bw = 0, (3.21)

m,m’'=—1

where we introduce the vector of the closed-channel operators (f) = (95—1, (Z)O, qSl) and

(m,m’)
0

two-body problem. The Lippmann-Schwinger equation for the T-matrix, which is now

the matrix 7, whose elements are v . With this term, we can again solve the

1One can also generalize the inter-channel coupling in such a way that it converts a pair of atoms with
the projected relative angular momentum m into a closed-channel dimer with m’. However, such coupling
constants are determined solely by k7, not by vy, and thus irrelevant in the current argument.
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a matrix 7, reads

|golPx (k) x (k3)
8n(EL; — 7o)
IgolPx(k?) [ K2dk K2 x(k?)
2EL—70) Jo (@n)3 E—KkK2/M +i

T (E +1i0;k, ko) =

(3.22)

OT(E + iO; k/, ko),

where I3 is the three-dimensional identity matrix. We can solve this in a similar manner

to the argument in Section 2.2.2, yielding

_ . 87 ® dk’ Kty (k?)?
k) x (k3T YE +i0; k, ko) = ——=(El3 — ¥ —/ .

5oP 2

By comparing this with the low-energy expansion of # ~!(k), we can relate the bare
parameters to the scattering data, namely, the generalized scattering volume

3272y ) I
-1 0 1172 (1722
,=— A W— ak’ k k , 3.24
and the effective range
647-(2 2 ® ’ 272 -1 ’
kmm’ = —W - ;/0 dk )((k ) + 4Umm,)( (0) (325)
64r> 2 /°° :
r—— = dk’ x(k%)?, (3.26)
M?2[go|> T Jo

0.

where we assume the system is near resonance v;! , =

We are prepared to show the adiabatic sweep theorem for the p-wave contact tensor.
By using Egs. (3.24) and (3.26), we obtain

oH  Migol?
d(-1/o7L ) 32m2

mm’

/ dr Gy (1) (r). (3.27)

On the other hand, the Hellmann-Feynman theorem reads

JE oH
A-1/v7t )y <a(—1 o1 > ' (3.28)

mm’ mm’

These two equations, combined with Eq. (3.13), yield the adiabatic sweep theorem:

JE

Comr = 21TM—-————.
e T W2 )

(3.29)
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After taking the derivative with respect to —1/v,,,,/, we can set its off-diagonal elements
to be zero as they should be in realistic Feshbach resonances. However, this does not
necessarily make the off-diagonal components of the p-wave contact tensor vanish. As
we shall see in the next section, the off-diagonal components of C,,,s can be nonzero

even in the absence of the off-diagonal components of the generalized scattering volume.

3.3 Contact tensor in p-wave superfluids

A p-wave superfluid provides an example where the multicomponent nature of the
p-wave contact tensor plays a significant role. In particular, it exhibits the off-diagonal
components of the p-wave contact tensor due to the spontaneous breaking of axisymme-
try. To show this, we first derive the expression of the p-wave contact tensor within the
mean-field approximation to the Hamiltonian (3.3) [103-105]. To this end, a convenient
order parameter is the condensate wave function of the closed-channel molecules:

Om = (Pm(r)y (m =0,%1). (3.30)

In steady states, this is equivalent to the pair amplitude, or the gap function [152],
which are the usual order parameters of fermionic superfluids; the condensate of the
closed-channel molecules exists if and only if the condensate of the Cooper pairs exists.

By ignoring the terms that is quadratic in terms of fluctuations of ¢, (r) around ¢, we
find

(D3 (1) (1)) = P, (3.31)

when the system is deep in the superfluid state. Combined with Eq. (3.13), this yields

Crmr = |80|2§0m§0m', (3.32)

which relates the p-wave contact tensor and the order parameter of the p-wave superfluid.
We would like to emphasize that this does not mean that the p-wave contact tensor
vanishes in the normal phase; a normal p-wave Fermi gas is shown to have a finite
p-wave contact tensor, which is, however, diagonal [80]. This is natural because the
energy in the normal phase changes as the p-wave scattering volume is modulated,
and with this, the adiabatic sweep theorem implies a finite p-wave contact. Therefore,
Eq. (3.32) is a good approximation for lower temperatures, where the fluctuation is
small. Note, however, that the off-diagonal components in a uniform Fermi gas in a

normal phase are zero because the axisymmetry is preserved.
y
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Equation (3.32) makes it clear that the p-wave contact tensor is diagonal within
the mean-field approximation if and only if exactly one component of ¢, is nonzero.
There are two such possibilities: the p, + ip, superfluid and the p, superfluid. The
phase diagram of the spinless Fermi gas with a p-wave Feshbach resonance has been
investigated by other groups [103-105]. When the interaction is spherically symmetric,
the spinless Fermi gas is similar to the liquid *He in a large magnetic field, where A;
phase is realized. Likewise, for the spinless Fermi gas, it is shown that the time-reversal
symmetry broken p, + ip, phase is realized if the Feshbach resonance is spherically
symmetric. The p-wave Feshbach resonance, on the other hand, has a natural anisotropy
due to the magnetic dipole-dipole interaction, in such a way that the interaction in the
m = 0 channel is more attractive than that in the m = +1 channels [101]. Therefore, if
the splitting of the p-wave Feshbach resonances is sufficiently large, the p, superfluid
has the lowest energy. For an intermediate splitting of the resonances, the competition
between the two opposite tendencies determines the phase. Indeed, it is shown that the

superfluid in this regime is in the p, + ifp, state, in which the order parameters satisfy

Qo # 0, P-1= Q1. (3.33)

The time-reversal symmetry and the axisymmetry is broken in this phase. As a result,
the p-wave contact tensor exhibits the off-diagonal components. Therefore, one can
distinguish the different superfluid phases by measuring the p-wave contact tensor. In
particular, the presence of nonzero off-diagonal components unambiguously signals the
pz + ippy superfluid.

3.4 Experimental implementation

A Feshbach resonance is the most common tool of controlling interatomic interactions
in ultracold atomic systems. However, since it is axisymmetric, it cannot tune 1/0mm
for m # m’. Here, we propose an alternative path to control 1/v,,,,’, where we utilize a
two-photon Raman process (see Figure 3.1).

Let |e) be a diatomic molecular state that couples to two of the closed-channel states
|m1) and |my) by lasers. The resonant frequencies for |m1) and |m;) are denoted by w1
and wy, and the Rabi frequencies by )1 and (), respectively. With the rotational wave

approximation, the effective Hamiltonian representing these couplings is

Py
HRaman = ((i)zﬁz (f)-;l;qzl (]5:) hRaman émz ’ (3-34)
Pe
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Wi 0 Qs w2

) = — [mo)

Figure 3.1: A-configuration to control v,,,, and measure the p-wave contact tensor. The
molecular states |m;) (j = 1, 2) are two of the three closed-channel states, and |e) denotes
another excited molecular state, with the energy difference w;. The two states |m;) and
le) are coupled by the laser with the complex Rabi frequency Q; and the detuning A.
[Figure reproduced from Yoshida and Ueda, Phys. Rev. A 94, 033611 (2016). © 2016
American Physical Society.]

0 0 /2
HRaman =| 0 0 Q2 (3.35)
O1/2 /2 A

where ¢! is the creation operator of a diatomic molecule in the state |e), and A is the
detuning. For the moment, we omit the spatial argument from the bosonic operators of

the diatomic molecules. By diagonalizing /iraman, We find three eigenvalues,

0, % (A + A2+ |2 + |Q2|2) = Ws, (3.36)

with the corresponding eigenvectors,

T

|0> & (QZI _Qll 0) s (337)
T

I4) oc (Q;, Q;, Za)i) . (3.38)

In the weak-field limit, where Q1 — 0 and Q) — 0, |+) is adiabatically connected to the
excited molecular state |e), while the subspace spanned by |0) and |-) reduces to the
subspace of the closed-channel molecules. Now, suppose that no molecules are in the
excited state |e) at the initial time and that the intensities of the lasers are adiabatically

ramped up. Then we can ignore the state |+) and approximate I:IR'maln to
HRaman = CU—(]S-E(]S—/ (3.39)
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where ¢! creates a molecule in the |-) state. For the large detuning limit A > |Q;| and
A > ||, we obtain

I:IRaman = ﬁ (lQl|2¢3;zl€5m1 + |Q2|295:12q3m2 + ngl(z);zl(ﬁmz + Q;QZQS;Q(]SM) . (3-40)
This amounts to sweeping véml’mZ) = v(()mz’ml)* as (2,01 /4A, and thus to tuning 1/, m,
for m1 # mo.

We can use a similar configuration to measure the p-wave contact tensor. This time,
the lasers are suddenly tuned on, and the frequencies are set close to the resonance so
that A < |Q1],|Q2|. We also assume that the lifetime of the excited state |e) is much
shorter than that of |m1) and |my). In this case, immediately after one turns on the
lasers, all the eigenstates of hraman are populated. After the lifetime of the excited state
le), on the other hand, there remain only the molecules in |0), so called the dark state,
which does not involve |e). Therefore, by counting the number of the closed-channel

molecules, we obtain

N = <¢3g€50> (3.41)
1 In n ~ ~
= o (02l O dm + 01P b

—| 10Dty — 10 DT Py )

(3.42)

where 0 is the relative phase of (21 and (). This means that by repeating the measurement
of N,, with the different 6, we can determine (qﬁzﬂ QBW,Z), which in turn determines the
(m1, mp)-component of the p-wave contact tensor with Eq. (3.13).
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Chapter 4

Few-body spectrum of

mass-balanced impurity-boson systems

This and the following two chapters concern universality in a single impurity immersed
in a weakly interacting Bose gas, where the impurity-boson interaction is near a Feshbach

resonance.

In this chapter, we consider a few bosons interacting with an impurity. This few-body
problem in the impurity-boson system is interesting not only on its own, but also from
the view point of the zero-density limit n — 0 of the Bose gas. On one hand, if we
consider an impurity in a dilute Bose gas, properties of the impurity are inevitably subject
to few-body correlations. In particular, if we take the dilute limit of the background
Bose gas, the energy spectrum of this many-body system reduces to that of the few-body
systems. On the other hand, it exhibits the Efimov effect. When one particle interacts
resonantly with two identical bosons, there is an infinite series of shallow bound states,
which are related to each other by discrete scale transformation with a scaling factor of
1986.1 [6]. This property is universal; regardless of details of a resonant interaction, the
scaling factor is fixed by the mass ratio of the impurity and the bosons.

Here, we explore stronger universality in the Efimov effect of the impurity-boson
systems. The universal scale invariance generally applies to excited, shallow Efimov
trimers, whose radii are much larger than microscopic length scales such as the range of
interactions. The ground state of three identical bosons, on the other hand, is known to
deviate from the universal scale invariance by 10-20% [9, 10]. Intuitively, this is because
the radius of the ground state is comparable to the microscopic scales, which results
in the significant probability that the particles are within the range of the interaction.
However, for the impurity-boson systems, the size of the ground-state trimer greatly
exceeds the range of interactions, which expectedly makes it possible that the ground

and lower excited states are almost insensitive to short-range details.
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To show this, we calculate the energies of the few-body bound states using the rp-
and A-models, whose precise definitions are given in Section 4.1. In Section 4.2, by
solving the Schrodinger equations for the mass-balanced impurity-boson systems, we
obtain the ground and the first-excited trimer spectra, and also two tetramer states
below the ground-state Efimov trimer. The energy scale of these states depends on the
microscopic details of the models. However, we show that various dimensionless ratios
formed by these low-lying spectra have universal values, and that the ground and the
tirst-excited states are already universal. As a consequence of this universality and for
later use, we derive the relation between the hard-core diameter of the bosons and the
three-body parameter. In Section 4.3, we argue that the scale separation between the
three-body parameter and the microscopic length scales is behind the universality of
the ground state of the mass-balanced impurity-boson systems. As a comparison, we
calculate the energies of the ground and first-excited states in mass-imbalanced systems,

and show how the universality is lost as the impurity particle is made lighter.

4.1 Models and Schrodinger equations

Consider one particle interacting with two identical bosons (the 2+1 system), where
the impurity-boson interaction is of the delta-function type with the infinite s-wave
scattering length and there is no interaction between bosons. It is known that the energy
spectrum of the 2+1 system is not bounded from below, as noted by Thomas [153] and
analyzed in more detail by Efimov [6]. To cure this situation, we need to introduce the so-
called three-body parameter a_, which is defined as the s-wave scattering length at which
the lowest-energy three-body bound state appears from the three-atom continuum (see
Fig. 4.1). In theoretical calculations, this can be done in various ways. One can, for
example, use some finite-range potentials, or introduce repulsive interactions between
the bosons. Here, we use two different approaches, based on the two-channel model
discussed in Section 2.2.1, to obtain a finite three-body parameter:

e ro-model — This is the two-channel model after the limit U — 0 is taken. The
effective range g is related to the three-body parameter by a_ = 2467, [108].

¢ A-model — In this model, we impose an ultraviolet cutoff at the momentum A
on the atoms when one atom and the impurity form a closed-channel molecule.
We also take U — 0 and g — oo. This is equivalent to introducing a three-body

interaction in the contact-interaction model [154].
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In both cases, where we take U — 0, we start from the two-channel Hamiltonian of

the following form:
A= |epbhby + eptpty + (e + voddidy | + 8 3 (dhsgbgty + Ehbhdpeg) . @D)
p

Here, 2, = f (ZdTp)s. The operators ?); and é;r, create a boson and the impurity, respectively,
with the momentum p and the energy ¢, = p?/2m, where we assume that the impurity
and the bosons have the equal mass. The operator d;; creates a closed-channel dimer
formed by the impurity and a boson, which has the momentum p and the energy
e;} = p?/4m. The bare detuning vy and the inter-channel coupling? ¢ are determined
so as to reproduce the s-wave scattering length a and the effective range rg of the
impurity-boson scattering. By imposing an ultraviolet cutoff ko and carrying out the

renormalization procedure as described in Section 2.2.1, we obtain

81
T m2g?

2
gl AT (mg 4.2)

= —ko—wvo|, 1r0=
mg? \ 22 0 0) 0

In the following discussion, we always take kg — oo when it is possible, and therefore
vy — oo for a fixed a7!, in order for ko to drop out of the problem.

The number of the impurities and the number of the bosons are both conserved
quantities, when we count one closed-channel dimer as one impurity plus one boson.
Therefore, we can write down the general wave functions for the systems with one
impurity and N bosons, where the state vectors for N = 1,2, and 3, are written as

follows:

|W,) = Z apél bl + yoaig) 0y, (4.3)

4
1 ~ a~r A ~ A

|Ws) = Z Eammcim_mb;bgz + Z ypdi,,b;) 0, (4.4)

P1,p2 14
1 At it pt gt 1 7t ot ot
Wiy = | D) ctpmml oy bn B0+ D 5Vpimdty bl B, | 100, (45)

P1,P2,P3 P1,p2

Here, |0) represents the zero-particle vacuum, and a and y are the wave functions
describing the states that have the impurity in the open- and closed-channels, respectively.
The bosonic symmetry implies that they are invariant under exchange of their momentum

arguments. In the rp-model, the domain of @ and y is not restricted. On the other hand,

1As shown in Section 2.2.1, g is not renormalized when U — 0. This is why we use g, instead of go
here.
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the A-model is defined as the one that imposes the ultraviolet cutoff on y, while the

open-channel functions « are defined in the entire momentum space as in the rp-model.

The Schrodinger equations (H — E) |¥n41) = 0 involve both o and y. However, one
can remove the open-channel wave function a to obtain the equations of the closed-
channel wave function y only. Here, we demonstrate this procedure in the four-body
case. The other cases can be treated in a similar manner. The Schrédinger equation
(H — E) |W,) = 0 reads

(E = eprapatps = €p1 = €p2 = €p3) Aprpops = & (Vprpa + Vipaps + Vspr) 5 (4.6)

(E —Vo— 821+p2 —&p1 Epz) Vpip2 = &8 Z Ap'pipa- (4.7)
p/

Here, the integral over p’ is cut off at the momentum kg as the equations involves the
bare detuning v¢. By solving Eq. (4.6) for aj,,,p, and substituting it into Eq. (4.7), one
tinds

Ypip2 T Vpop' + Ve'm

Epr+patp’ — E€p1 ~ Epy ~ Ep’

(E — Vo — 521+p2 —&p1 — 5;72) Vpip2 = 82 Z E_ (4.8)
p/

Now by noting that the impurity-boson T-matrix in vacuum is given, as the special case
of Eq. (2.32), by

-1

ToE,p) = |7 (E-vo—ef) = > s 9)

- — (ko — o0), (4.10)
m =1 — yomE /2 — V-mE — i0

one can eliminate the bare parameters vg and g and write the equation in the form

explicitly independent of ko:

Ypop' T Voo

ToHE = €p, — €p,, 1 + P2) = (4.11)
0 p1 p2r P P2)Vpip2 ; E — Epr+patp’ — €pr — Epy — Ep
For the three-body and two-body systems, the same procedure yields
_ V'
TN (E - ¢&p, = , 412
E=¢p,P)Vp ; Etpry — 2y — 2y (4.12)
T, (E,0) = 0. (4.13)
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Owing to the rotational symmetry, we can assume that the energy eigenstates are
simultaneously the eigenstates of the total angular momentum. Here, we focus on the
states with the zero angular momentum, which are relevant to the Efimov physics.
This implies that the wave functions are of the form y,,,, = y(|p1l, |p2l, cos 0) for the
four-body system, where 0 is the angle between p1 and p», and y, = y(|pl) in the
three-body system. The resulting equations for these reduced wave functions are shown
in Appendix A.

The few-body equations for both the rp-model and the A-model are written in
the form of Egs. (4.11-4.13). However, the microscopic mechanisms that ensure the
stability of this system are different in these models. In the rp-model, the effective range
ro is finite and negative. This two-body quantity suppresses contributions from the
high-momentum particles above the momentum scale ~ r;!, which saves the system
from the collapse. That is, the structure of the two-body interaction leads to a finite
ground-state energy in the rp-model. By contrast, as the effective range in the A-model
is set zero, it does not have any two-body mechanism that regulates three-body physics.
Instead, the high-momentum cutoff A is imposed on the momentum arguments of the
wave function y. The cutoff A only affects the closed-channel wave function y, while
the open-channel wave function a remains cutoff-free. This implies that the integral
in Eq. (4.9) is taken without the cutoff. In other words, two-body processes involving
the impurity and one boson remain unaffected by A, and it only affects three-body
processes, where two bosons interact by exchanging the impurity particle. Note that
this three-body cutoff can be removed by introducing the three-body interaction whose
coupling constant depends on A and taking A — oo [154]. The A-model is in this sense
equivalent to the model with the three-body interaction.

4.2 Universality of the spectrum

We solve Egs. (4.11) and (4.12) numerically, while the solution of Eq. (4.13) is already
given in Eq. (2.35). In Figure 4.1, we show the spectrum of the four-body system
described by the rp-model.

If the s-wave scattering length is positive, Eq. (4.13) has a single solution E = —Ep
corresponding to a two-body bound state as shown in Eq. (2.35):

)
Ep = . (4.14)

2
mro
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Figure 4.1: Energy spectrum of the 3+1 system within the rg-model. We show the ground
(first-excited) Efimov trimer as the red solid curve, which starts at the critical scattering

length a_ (61(_1 )), crossesa ' =0atE = E_ (E(_1 )), and continues until it dissociates into
the atom-dimer continuum (green region). Note that there is an infinite series of excited
Efimov states including those not shown in this plot, which converge to the pointa™ =0
and E = 0 following the discrete scale invariance. We also find two tetramer states below
the lowest Efimov state, whose critical scattering lengths and the energies at unitarity is

denoted by aflg _and Eflg _ (i =1,2), respectively. The excited tetramer exists even at

unitarity a~! = 0, and disappears at a =~ 9 X 103|ro|.

52



It converges to the result of the contact interaction, 1/ maZ, in the limit of ry — —0. This

explains the fact that the dimer spectrum is an almost straight line in Fig. 4.1.

The three-body sector supports so-called Efimov trimers. Such three-body bound
states can exist even when there is no dimer, i.e., when a < 0. Right at unitarity, where
a~! = 0, there is an infinite series of three-body bound states consisting of the impurity
and two bosons. The most remarkable feature of Efimov trimers is a discrete scale
symmetry. One Efimov state with the s-wave scattering length a and the energy E implies
another Efimov state with Apa and AaZE, where the scaling factor Ag is determined
by the mass ratio and quantum statistics of the identical particles but independent of
details of interactions for sufficiently shallow trimers. In the present case, where two
non-interacting bosons interact resonantly with one impurity with the same mass, the
scaling factor is known Ag = 1986.1 [6].

Our numerical results indicate that the two lowest states already obey the predicted
scaling law with high accuracy. The ratio of the s-wave scattering lengths, a_ and ol at
which the ground and first-excited Efimov state merge with the three-atom continuum,
is a(_l ) Ja- = 1991, very close to the universal scaling factor of 1986.1. Also, the ratio of
the energies of the ground and the first-excited states at unitarity is E_/E W~ (1986.1)2,
which agrees to five significant digits. This is remarkable because generally the discrete
scale invariance is exact only asymptotically for excited Efimov states, and the ground
and the lower-excited states may not strictly follow the scaling law. For example, in
three-identical Bose systems, the scaling factor between the ground and the first-excited
states is known to deviate from its universal value 22.7 by 10-20% due to finite-range
corrections [9, 10].

Below the deepest Efimov trimer, we find two four-body bound states. For identical
bosons, it was predicted that there exist two tetramers associated with the ground-state
Efimov trimer, both theoretically [17, 18, 155, 156] and experimentally [38]. Four-body
bound states have also been studied in systems composed of one light particle and
three heavy indentical particles [22, 23, 109]. It was found that such mass-imbalanced
four-body systems also have two lower-lying bound state. However, when the mass
imbalance is small, the excited tetramer state in the four-body system at unitarity ! = 0

has eluded previous investigations.

Now we would like to argue that these features of few-body systems, consisting of
one particle interacting resonantly with a few identical bosons, are actually universal,
in the sense that dimensionless ratios in the few-body spectrum are independent of
specific models. To test the universality, we also calculate the energy spectrum within
the A-mode, as shown in Fig. 4.2. The length scales of few-body physics in this model is
set by A. For example, we find the three-body parameter a_ ~ 1354A~1. However, the
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Figure 4.2: Energy spectrum of the four-body system within the A-model. This shares
all the qualitative features with that of the rp-model shown in Fig. 4.1, while now the
quantities are scaled by A instead of ro. The critical scattering length of the ground
Efimov trimer a_ is related to A by a_ ~ 1354A™L. The first-excited tetramer also exists

in the A-model at unitarity; this tetramer dissociates into the atom-trimer continuum at
a=2x10°A7",
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la_| ma?|E_| a(_l)/a_ \/E_/E(_l)
ro-model || 2467|ro| [108] 9.913 1991 1986.126

A-model | 1354A71 9.950 1987 | 1986.127

a /affg,_ Eij),_/E_ a_/afg,_ Effg,_ JE_
ro-model 2.810 9.35 1.060 | 1.0030(3)
A-model 2.814 9.43 1.061 | 1.0036(1)

Table 4.1: Comparison of few-body data for the rp- and the A-model. While the overall
length scale set by a_ depends on the details of the models, the dimensionless ratios
characterizing the few-body spectra agree to an accuracy of 1% or less. These quantities
include the scattering lengths at which the few-body bound states enter the continuum,
as well as their energies at unitarity, as indicated in Figs. 4.1 and 4.2.

spectrum of the A-model shares all the qualitative features such as the number of the
tetramer states with that of the ro-model. Moreover, the spectra of the two models are

almost indistinguishable if the axes are appropriately scaled.

For more quantitative comparison, we summarize the dimensionless ratios in
Table 4.1. The overall length scale, which is set by a_, depends on specific models; it
is proportional to g in the rp-model and to A™! in the A-model. It is natural because
besides the s-wave scattering length, each model has only one parameter, 7y or A,
which is the only length scale that can fix the critical scattering length a_. On the other
hand, the dimensionless quantities, such as the ratios of the bound-state energies at
unitarity and those of the critical scattering lengths, agree between the two models
within 1%. These results suggest that the spectrum of mass-balanced four-body systems,
including the ground state and the lower excited states, is highly universal, contrary to
the non-universality observed for indentical bosons.

The ratio of the energies of the deepest trimer and tetramer, ES‘%_ /E-, also agrees
with a recent calculation based on yet another model of the impurity-boson system [110],
which further supports the universality. The model has a hard-core boson-boson
interaction with the diameter ag and an attractive square-well interaction between the

impurity and bosons. They found Eg _/E_ = 9.7 by using the diffusion Monte Carlo
method, while our calculations show Efllg JE-=~9.4.

The observed model-independence at the four-body level indicates that we do not
need such things as a four-body parameter that controls the four-body bound states. This

is consistent with what have been found theoretically in identical particles [17, 18, 156]
and heteronuclear systems [22, 23, 109].
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As an implication of the universality and for later convenience, we derive the relation
between the three-body parameter a_ and the radius of the hard-core interaction between
bosons in the model used in Ref. [110]. The model has three independent parameters:
the s-wave scattering length a of the impurity-boson interaction, the radius r, of the
square well, and the diameter ap of the hard-core boson-boson interaction. Note that the
depth of the square-well potential is determined in the way it reproduces the scattering
length a for a given r,,. As ry is made much smaller than a and ag, it drops out of the
problem, and the model essentially reduces to the two-parameter model. Now, the
universality of the few-body spectrum implies that this model has a value of ma? ‘Eg‘
similar to that in the rp-model, which can be extracted from our calculation. On the
other hand, in Ref. [110] it is reported that mag? |Ef£ ~ 4.7 x 10~*. Combining these
two results, we find?

a_ =2.1(4) x 10%as. (4.15)

The uncertainty arises predominantly from the statistical one in the QMC calculation.

4.3 Scale separation behind the universality

A universality is usually accompanied by separation of scales; a physical phenomenon
is insensitive to system’s properties whose characteristic size is too small or too large
compared with that of the phenomenon itself. Before ending this chapter, we point out
the model-independence of the few-body spectrum is also backed by a large separation of
scales. In the present problem, systems’ characteristic length scale is rp, A, or ag. On the
other hand, the few-body bound states, which are the phenomena we are investigating,
are characterized by, for example, the critical scattering length, a_, of the ground Efimov

trimer. As we have already shown, a_ is related to systems’ parameters by

la_| = 2.5 x 10%|ro| (ro-model), (4.16)
=1.4x10°A7! (A-model), (4.17)
=2.1x 10%ap (hard-core boson-boson interaction). (4.18)

This large separation between the microscopic lengths and the scale of the three-body
physics is characteristic of mass-balanced impurity-boson systems. Let m; be the mass
of the impurity and mg that of the bosons. The proportionality constants quoted in
Egs. (4.16-4.18) become smaller if m;/mp is made smaller. Indeed, it is known that for

a lighter impurity, the lower-lying states are sensitive to finite-range corrections. In

2Here, we used Eﬁ; instead of E_ because the statistical uncertainty of the tetramer energy is smaller
than that of the trimer energy [110].
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la_| a(_l)/a_ a(_z)/a(_l) a(_?’)/a(_z) a(_4)/a(_3) a(_S)/a(_[D
ro-model || 0.6101 |rg| | 8.706 6.040 5.463 5.308 5.267
A-model || 4.992A°1 | 6.731 5.482 5.295 5.261 5.254

Table 4.2: Critical scattering length a_ of the ground Efimov trimer and the ratios

between the adjacent critical scattering lengths for m;/mp = %. Here, a" represents the

s-wave scattering length at which the ith-excited Efimov trimer enters the three-atom
continuum. For highly excited states, the ratios converge to their unviersal value 5.253.

Table 4.2, we show the ratios between the s-wave scattering lengths where two adjacent
Efimov trimers appear from the three-atom continuum when m;/mg = 21—0 ; this ratio of
the masses is relevant to a mixture of °Li and 133Cs. In this case, a_ is of the same order
of magnitude as rg and A™. While the ratios of highly excited states show convergence
to its universal value 5.253, a_/ a(_l ) deviates by 30-70% from the universal value, which
depends heavily on the choice of the model. Therefore, for the study of the universal
nature of resonantly interacting impurity-boson systems, the mass-balanced case offers
unique possibilities that even the lower-lying states are insensitive to details of the
system.
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Chapter 5
Infinite-mass impurity with a few bosons

In the last section, we discuss the importance of the separation of the scales, which
leads to the universal few-body spectrum in the mass-balanced impurity-boson systems.
We also mention that the deviation from the universality becomes significant when
the mass of the impurity becomes small. It is then natural to ask what happens in the
opposite limit of the infinite-mass impurity.

One may argue that this limit is trivial if there is no boson-boson interaction, because
the problem then reduces to a non-interacting Bose gas in an external field produced by
the impurity. This is true, if an interaction between the impurity and bosons is described
by a potential energy. The situation is not that simple, however, in the presence of a
Feshbach resonance because it accompanies an effective three-body repulsion.

Mathematically, Eq. (4.12) is ill-posed for the mass-balanced case if 7y = 0 and no
cutoff is imposed on the integral on the right-hand side. On the other hand, when
ro < 0, T;(E — &y, p) contains a term proportional to rop?, which suppresses y, for
p > r;! and hinders the collapse. By noting that y, represents the relative motion of
the closed-channel dimer and a boson, this effect can be seen as an effective three-body
repulsion induced by the effective range.

This explanation is also supported by a physical intuition based on a Feshbach
resonance. One boson can strongly interact with the impurity because there is a closed-
channel molecular level on resonance with the open channel. When the two particles
interact and form a closed-channel dimer, on the other hand, a second boson coming
close to the impurity cannot undergo a Feshbach resonance because generically there is
no “closed-channel trimer” that is resonant with a collision of the closed-channel dimer
and a boson. This is reflected in the ry-model as the absence of the terms like f'db, where
t' is the creation operator of a closed-channel trimer formed by one closed-channel
dimer and one boson. Therefore, the impurity can be screened by the interaction with a
boson, which causes the effective three-body repulsion in the rp-model.
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To reveal physical consequences of this effective three-body force, we consider an
infinitely heavy particle interacting with two identical bosons. Here again, we ignore
interactions between bosons. In Section 5.1, we show that this three-body problem
within the rg-model is analytically solvable by mapping the Hamiltonian into that of a
bosonic extension of Anderson’s single impurity model. For a two-body system, the
equivalence of the two models was pointed out in Ref. [105]. Here, we extend it to the
many-body impurity-boson system, where we find that an infinite on-site repulsion is
necessary. We show that a three-body bound state exists when the s-wave scattering
length is positive and larger than a critical scattering length a*. When a = a*, the trimer
state dissociates into the atom-dimer continuum. The binding energy of the trimer state
is always smaller than twice that of the dimer state. These results are drastically different
from what is expected from the single-channel picture; when an interaction between the
impurity and a boson can be written as a potential energy, it just reduces to the problem
of non-interacting bosons in an external field, and the ground-state energy of the N+1
system is just N times as large as that of the 1+1 system. On the other hand, our results
implies that the effective three-body repulsion makes the trimer state much shallower.
In the limit of o — —0, we recover the single-channel result, where the trimer energy
is twice as large as the dimer energy. However, we show that the convergence is only
logarithmic. In Section 5.2, we numerically calculate the three-body spectrum of the
A-model in the limit of the heavy impurity. We find that the A-model is equipped with
all the features of the three-body problem described above, including the logarithmic
approach to the potential interaction. This suggests that they are universal properties of
systems with the three-body forces.

5.1 Analytical results for an infinite-mass impurity

The analytical solution is obtained in three steps: First, we transform the rp-model
Hamiltonian into a bosonic version of Anderson’s single impurity model with an infinite
on-site repulsion. Next, we diagonalize the bilinear part of the Hamiltonian by solving
the Schrodinger equation for the two-body problem. Finally, the three-body problem is
solved by writing down the Schrédinger equation with the basis that diagonalizes the
bilinear part and imposes the condition of no double occupancy of the closed-channel
state, which derives from the on-site repulsion in the model.
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5.1.1 Bosonic Anderson’s single impurity model

When the impurity has an infinite mass, the rp-model reads
H= Z (pzﬁ;l;p + Vod}td},) +9 Z (j;+q13q5,, + é;E;dpr) , (5.1)
P P4

where 15;5, ¢t, and dA;r, are the creation operators of the bosons, the impurity, and the
closed-channel dimer, respectively, and we set the mass of the bosons as 1/2 for simplicity.
Asaspecial case of Eq. (2.34), the bare parameters vp and g are related to the lower-energy
scattering data by

87
_?I

2
gt = ‘; ( g (5.2)

——ko—vl, 1ro=
2720 0) 0
where kg is the ultraviolet cutoff, which will be taken to be infinite with fixed a~! and ry.
The absence of the kinetic terms of the impurity and the closed-channel dimer means
that an impurity is localized and does not propagate under the time evolution generated
by H. Therefore, we can simply assume that the impurity is localized at the origin, and

retain only the localized modes of the impurity and the closed-channel molecule:
A=) pbby +vod'd+g > (d*é,,a + ew;;a) . (5.3)
P P

In this chapter, we refer to this expression as the rop-model. This is bilinear in terms of Bp
and ci, but the coupling with ¢ makes the problem nontrivial. Here, the role of ¢ is to
conserve the number of the impurities, N; = dtd + ¢*¢, which is one in the present case.

To see this point, let us consider the bilinear Hamiltonian
o= p*Bby +vod'd + g 3 (d'h, + B}d) (5.4)
p p

and compare the Schrédinger equation with that of Eq. (5.3). This Hamiltonian no
longer contains the impurity degrees of freedom, and an N + 1-body system within
the rp-model corresponds to an N-boson problem for Eq (5.4). To be specific, we take a
three-body system consisting of two bosons and one impurity for example. The most
general wave function for the rp-model is

1 Y ~ AL A~
) =15 Z Yepipal by, by, + Z Yapd'by | 10), (5:5)
pP1.p2 p
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and the Schrodinger equation H|¥) = E |W¥) reads

(E - P% - Pg)'ubcmpz =8 (Hbdpl + 'abdpz) , (5.6)
(E - PZ —v0)Pap = & Z Yepg- (5.7)
q

On the other hand, a two-boson state within the Hamiltonian (5.4) can be written as

1 - NS I
®) =5 D Gppbhibh, + > bapd Bl + 5aad'd"| [0), (5.8)
p1.p2 p

whose Schrodinger equation reads

(E - P% - Pg)‘Pmpz =8 ((Pdm + ¢dpz) , (5.9)
(E=p>=v0)pap = 8 Z Ppq + &Pad, (5.10)
q
(E = 2v0)Paa = 28 Z Gdg- (5.11)
q

The first two equations are equivalent to those for ¢y, , and Y4, if we set ¢p,p, = Vepyp,,
Pap = Yap, and ¢Pgg = 0. In the ro-model, the impurity-number conservation implies
that 1 —dtd = ¢'¢ > 0, or d'd < 1, which prohibits the double occupancy of the
closed-channel state. A similar correspondence applies to systems with multiple bosons
with one impurity, where the Schrédinger equation for Eq. (5.4) reduces to that of the

ro-model when the amplitude for multi-dimer states is suppressed.

This observation implies that for systems with a single, infinite-mass impurity, the
Hamiltonian (5.4), with some additional mechanism to avoid the multiple occupancy of
the dimer state, leads to the same results as the rp-model. Here, we adopt the “on-site”
repulsive interaction,

A =Hy+ %mmz, (5.12)

which will be taken to be infinite at the end of calculations. This additional term
penalizes the states in which the d-state is multiply occupied, leading to ¢zg — 0 in
the above example. This results in exactly the same form of the Schrédinger equations
as those for the pair of ¥ ¢y, p, and ¢ 4,,. Therefore, the two Hamiltonians give the same
results for the problem of two bosons (plus one impurity, in the case of the rp-model).

We can also extend the derivation to three or more bosons. It should be noted,
however, that the derivation of Eq. (5.12) relies on the fact that the number of the
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impurity is one. Therefore, the equivalence of the Hamiltonians (5.3) and (5.12) is

restricted to the single-impurity sector.

The mapping from the rp-model to Eq. (5.12) has transformed the N +1-body problem
with the conserved impurity number into the unconstrained N-body problem with
the on-site interaction. This interaction has an important property called separability.
A two-body potential is called separable if it can be written as a finite-dimensional
projector. Separability often simplifies analyses of few-body problems [157] and many-
body problems [158]. Here, the on-site repulsion term is the two-boson interaction,
which is proportional to the projection operator onto the two-dimer state. Its separability

can be exploited to derive the analytic solution as discussed below.

Note that the Hamiltonian (5.12), combined with Eq. (5.4), has exactly the same
structure as Anderson’s single impurity model [159], except that in the present case, the
particles are spinless bosons. This bosonic model has not attracted as much attention
as the fermionic one, but was recently studied by using the numerical renormalization
group method [160, 161]. We also note that the model can be mapped to a spin-boson
model as well [162, 163], where the open and closed channels are represented as the spin
up and down. Our study sheds light on the few-body aspects in the presence of resonant
interactions in these models. In particular, the mapping between the two-channel
model and the Anderson model has revealed that such physics is naturally realized in
mass-imbalanced mixtures of atomic gases with a Feshbach resonance.

5.1.2 Diagonalization of the bilinear part

In the following discussion, we assume that the s-wave scattering length is positive,
where we have one two-body bound state.

We can diagonalize the bilinear part Hy by solving the two-body problem. This is a
special case of Section 2.2.1. As the mass of the impurity is infinite, the reduced mass
m, is equal to the mass of the bosons, which is 1/2 in the present unit. The solutions of
this two-body problem include the scattering states |By) with the incoming momentum
k and the bound state |D). They can be expanded in terms of E;r, and d* as

0) = B} |0}, (5.13)

|Br) = (Z E;u,,k +dTVy
p

D) =

> b, + é*zl/z) 0y = D0, (5.14)
14
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where the operators Bz and D create the scattering state and the bound state, respectively.
By using these operators, the bilinear part can be written as

Ho= ) K*BiBi - EsD'D, (5.15)

where Eg is the binding energy of the dimer. The explicit expressions of the expansion
coefficients can be derived by solving the Schrodinger equation (see Section 2.2.1),

T(k) 1732
= (2n)’ W)+ k=8 T(), 5.16
Uy = (2P o(p = k) + = s Vie= 87T (516)
-1
gz 1
=—2=  z=|1+ , 5.17
P By IrolEY)* 17
where T(E) is again the T-matrix element given by
T(E) = Sl (5.18)

a-! ——rOE V-E -

It is independent of the center-of-mass momentum because the pair of the impurity
and one boson has the infinite total mass and therefore the zero kinetic energy. The
completeness and the orthonormality of the transformed basis can be checked by direct
calculations, and By and D satisfy the canonical commutation relations:

[Bkl,B;Z] =2n)%5(k1 — kp), [D,D']=1,.... (5.19)

The dimer binding energy is determined by solving the equation T(~Eg)~! = 0. For
later convenience!, we adopt the unit where Eg = 1, and remove a~! from Eq. (5.18) by
using T(-1)"1 =0

4t

T(E) = . 5.20
(E) Hrol(E+1)+1-V-E—-i0 520

With i = 2mp = Eg = 1, we completely fix the scales of time, mass, and length. Therefore,
all the variables are now dimensionless.

1We use the residue theorem later to integrate certain functions. There, the operations will be slightly
simpler by using Eg as the unit of energy. Also, we are interested in E/Eg, and this is a natual choice of
the unit for this purpose.
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5.1.3 Three-body problem

Now we solve the 2+1 problem. This time, the “on-site repulsion” plays a role.
Importantly, this interaction term is separable, which has the form of the projector onto
the states where the closed-channel state is doubly occupied. This structure allows us to
obtain an analytical solution for the three-body problem.

The basis diagonalizing Hy is the most convenient for our purpose. Therefore, we
write down the wave function in the following form:

1 St B stat 1 aga
W21) = | D saniBi Bl + ) BkB{D' + ZyD'D* | [0). (5.21)
ki,ko k

If we recall that we take the two-body binding energy Eg as the unit of energy, the
Schrodinger equation (E — H) [Wa1) = 0 reads

(E = ki = kD) akk, = Vi, Vi1, (5.22)
(E - k* + 1Bk = V; 2121, (5.23)
(E+2)y = Zr, (5.24)

where 1 = U (O | dd | \I/2+1>. The amplitude 7 can be zero or non-zero. If 7 = 0, the

above equations immediately give
E=ki+ks k*—1,0r —2. (5.25)

We can always construct the wave functions corresponding to the first two solutions.
For E = k% + k%, the doubly occupied closed-channel state interferes destructively in the
superposition state

ht pt ht pHt
(Blekz - Bkiné) 10), (5.26)

if |k1| = |k7| = k1 and |kz| = |k7| = k2. This is therefore one solution with that energy. A
wave function for E = k? — 1 can also be constructed as a superposition state of Biﬁ* |0)
and B;,f)* |0) for |k| = |k’| = k. On the other hand, the solution with E = —2 does not
necessarily exist because at that energy, there is only one unperturbed solution D*D* |0).
This solution is consistent with (O | dd | \y2+1> =1/U — 0if and only if Z = 0, which is
also equivalent to rgEB = 0, or equivalently ro/a = 0, owing to Eq. (5.17). Therefore, a
three-body bound state having E < —1, if any, necessarily has 7 # 0 for a generic set of
the parameters.
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To find a possible three-body bound state, we invert Egs. (5.22-5.24),

Vi Vit v;zl/% 71

E—k%—kgl ﬁk:E—k2+1’ YT ET2

Aky = (5.27)
A condition for the bound-state energy is then given by the condition of no double
occupancy of the closed-channel state in the limit of U — oo. By using the solution (5.27),
this condition reads

L ~ Vi, Vi, |* T 2|Vl 2t 7%t
Oldd|va)= >, TR G+ D 5y T Erz =0 6
ko 1 2 k

Since 7 # 0, we can just remove it from the above equation. The resulting equation
determines one unknown quantity, the energy E, from the known quantities Vi and Z,
which depend on the single parameter r¢. This nonlinear equation is more amenable
to analytic investigations than the integral equations as the one that we solved in the
previous chapter.

Note that the numerator of each term in Eq. (5.28) is positive, while for the presumed
three-body bound state with E < —1, the denominators of the first two terms are negative.

Therefore, Eq. (5.28) can be satisfied only if E > —2, which makes the third term positive.

With this restriction of the energy in mind, we can actually perform all the integration
in Eq. (5.28). By using Egs. (5.16), (5.17) and (5.20), we can rewrite Eq. (5.28) as

1 Z 1 272(1 + |ro)) 27(1 + |ro))
Pkl —E (g2 1) 412 4 62 (2032 + 1) + 12 + K2

2 27t(1 + |ro|)
+Zkz_1_5 ol (12 2. 12
P [ (k> +1) +1]* +k

(5.29)

As the integrands are the rational functions of the momentum variables, the integration
over ki and k can be done with the help of the residue theorem, leading to

1 Z 27t(1 + |ro|)
E+2 (1++kZ+ [E)Q2+ |r0| + VK2 + [Ellrol) [2l(k2 +1) + 12 + k2

(1 ++/-1+|E])2 + |r0| + -1+ |E| |r0|)

By setting k = @(x —x71), the square root y/k2 + |E|, and therefore the entire integrand,
can be made a rational function of x. Remarkably, finding the poles of the resulting

(5.30)

integrand reduces to solving quadratic equations, which means that we can obtain the

expressions of all the poles. This allows us to perform the remaining integration by
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Figure 5.1: Spectrum of the three-body problem with the infinite-mass impurity as
a function of |rg|. The three-body bound state (blue curve) exists in the interval
0 < |rgl/a < 0.31821. At |rg|/a = 0.31821, the trimer state crosses the atom-dimer
threshold energy (gray line). In the inset, we show the spectrum as a function of a7,
taking |ro| as the unit of length. The gray-dotted line corresponds to E = —2Eg. In this
plot, the trimer state is almost degenerate with the dimer state, and these two states
merge at the tricritical point |rp|/a = 0.

using the residue theorem again and obtain a closed-form result. In this way, we obtain

the equation determining the trimer energy in the form

0 = r(1 + |rol) [rgE® = 4|E|(L + |rol)* + 4(2 + |ro])?]
+4+/|E| -1 [2(2 + |rol)? - |E|r§] (7‘( —arctan V|E| — 1)

r3|E|
42~ |ED@ + rol)y/(@ + [ro)? - |Elr2 arctanh 1 ~ ——C
(2 = [EN@2 + [ro])4/(2 + |r0])? = |E|r§ arctan (2 + |ro])?

which can be now solved numerically or analyzed by hand.

(5.31)

In Figure 5.1, we show the numerical solution of Eq. (5.31). We find that there is one
trimer state when 0 < v2mEg|rg| < 0.279226, or equivalently 0 < a2~ < 0.31821|ro|™! =
(a*)L. At the critical scattering length a = a*, the trimer state crosses the atom-dimer
threshold, dissolving into the continuum. As shown in the inset of Fig. 5.1, the opposite
limit of |ro|/a — +0 is the “tricritical point”, at which both the trimer and the dimer
merge into the unbound continuum. This is consistent with Efimov’s prediction that

la_/ro| — oo in the limit of m;/mp — co. The energy approaches —2Eg, which is
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expected because the limit 7o — —0 makes the two-channel model behave more like the
single-channel model, as discussed in Section 2.2.1. Also, this observation agrees with
the earlier one that E = —2Ejp is achieved if and only if Z = 0, because it vanishes as
Z o |ro|'/2. However, the approach to E = —2Ep is very slow. We find that the trimer is

almost degenerate with the dimer except in the very close vicinity of |rp|/a = 0.

We can discuss this limiting behavior more quantitatively. First, note that arctanh x ~
—1log(1 - x) as x — 1. This implies that the limit 7o — 0 accompanies a logarithmic
divergence of arctanh in the third line of Eq. (5.31). As the first and the second terms of
Eq. (5.31) remain finite in the limits of E — —2 and ry — -0, the divergence needs to be
compensated by the vanishing factor of (2 — |E|) in order for Eq. (5.31) to hold. We thus
find that

E 2

Tt
B T ogasion 070 -

up to the leading-logarithmic correction, where we have used Eg — 1/ma? for ry — 0.
This explains the slow convergence of E/Eg to the single-channel value of 2. At the
level of the two-body physics, the finite-rg corrections to the quantities such as the
bound-state energy and the scattering amplitude is given by powers of ro/a. Therefore
in many cases, it does not change the qualitative behavior of the system. On the other
hand, our results reveal that once we consider three-body systems, a finite effective range
drastically changes the spectrum, and that the correction from the zero-effective-range

limit vanishes only logarithmically.

5.2 Universality of the logarithmic correction

In this section, we argue that the logarithmic correction found in the previous section
is not peculiar to the ro-model, but is a universal feature associated with the three-
body repulsion. We also find that the four-body system exhibits a similar logarithmic
correction with a different coefficient.

For this purpose, we first solve the integral equation for the three-body problem

within the A-model. In the limit of the infinite-mass impurity, the equation reads

_ Yy
TUE-e)yp= ), Fmo—r (5.39)
lp’I<A o
where T(E) = Lﬂflﬁ. Compared with Eq. (4.12), the T-matrix in Eq. (5.33) is

independent of the momentum, and the denominator of the integrand does not have
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the term corresponding to the kinetic energy of the impurity, both of which are the
consequences of the infinite mass of the impurity.

In Figure 5.2(a), we show the plot of Eg/(E + 2Eg) calculated within the rg-model
and the A-model, where E is the ground-state energy of the three-body system. The
result for the A-model has the same asymptotic slope for a — +oo as the ro-model. This
suggests the following universal expression of the energy of the three-body bound state:

E 27
E_B ~ =2+ @ (El i +00). (534)

A similar logarithmic correction is found in the four-body problem. The bound-state
energy is found by solving the integral equation,

Ypip' t Vpap’

7
- gpl - EPZ - gp’

THE = ep —ep Vo = D, 5 (5.:35)
p/

where the cutoff A is imposed on the integral for the A-model, and the T-matrix has a
finite effective range for the rgp-model. In Figure 5.2(b), we show the plots of Eg/(E + 3Eg)
for the two models, where 3Eg is the energy expected for the four-body system without
the three-body repulsion. They approach straight lines with the same slope, indicating
the following asymptotic expression:

E 27

— ~-3+ ,
Eg loga

(5.36)

where ¢ ~ 3 is a universal constant.

Equations (5.34) and (5.36) involve only the s-wave scattering length. This suggests
that it is the only relevant parameter around the unitarity limit, and that the unitarity
limit, in particular, is scale-invariant, at least up to the four-body sector. Since there is no
logarithmic correction in interactions described by two-body potentials, we conclude that

the logarithmic correction is a universal feature of the effective three-body interaction.
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Figure 5.2: Universal logarithmic correction for (a) the three-body bound state and (b)
the four-body bound state. Both the rp-model (blue) and the A-model (red) show the

logarithmic correction 27t /log a to the limiting energy E = —2Eg. The unit of the length
is 79 in the ro-model and A~! in the A-model. The gray-dashed lines are eyeguides,

which are parallel to (a) kﬁa and (b) l%ia.
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Chapter 6
Ground-state properties of a Bose polaron

Now we turn to a many-body system, where a single impurity is immersed in a scalar
Bose gas. This system is called a Bose polaron [108, 110-125]. The concept of the polaron
was originally introduced to describe properties of an electron in polar crystals [164-166].
Coupling with phonons modifies electronic properties; for example, an electron acquires
an effective mass and the self-energy, which can be measured from the electronic and
magnetic response [167]. An impurity particle immersed in a Bose-Einstein condensate
was also pointed out to be polaronic, and its weak-coupling limit is described by a model
similar to the Frohlich model [112, 115, 117], which is the paradigmatic theoretical model
of the polaron [168, 169].

Our focus here is on the strong-coupling regime, where the s-wave scattering length
a characterizing the impurity-boson interaction is larger than any other length scales of
the system such as the average inter-particle spacing. In particular, we seek for universal
properties in the ground state of the strongly coupled Bose polaron. A prime example of
such universality in strongly coupled many-body systems is the unitary Fermi gas; at zero
temperature, the only length scale in the unitary Fermi gas is the inter-particle spacing /,
and thus physical quantities are completely determined by /, Planck’s constant 7, the
mass of the particles, and some universal dimensionless numbers [49, 50]. Motivated by
this fact, we examine whether a similar universality emerges in a strongly coupled Bose
system. Specifically, we investigate the ground-state properties of the Bose polaron and
identify the characteristic parameters that are necessary to describe the Bose polaron.

In the case of the Bose systems, there are additional complications, which are
irrelevant in the Fermi gas. First of all, scalar bosons can interact with each other, while
fermions in the same spin state are almost non-interacting at ultra-low temperatures
due to Pauli’s exclusion principle. This introduces additional length scale, ag, which
is the s-wave scattering length between bosons. We assume that ag is positive and

much smaller than /, and what is more, we take ag — 0 whenever possible. One issue
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here is the stability of the Bose polaron when ag — 0; we will address this point in
this chapter. Another, more fundamental issue is the presence of the Efimov effect in
this system [5-7]. This gives rise to the three-body parameter a_, which controls the
three-body Efimov spectrum. Having these parameters in hand, we investigate in this
chapter which quantities are sensitive to which length scales in the ground-state Bose

polaron.

The outline of this chapter is as follows. In Section 6.1, we describe the model
Hamiltonian and our theoretical approach. Here, we employ a variational method,
which takes three Bogoliubov excitations into account. Variational wave functions with
one [114] and two [108] Bogoliubov excitations have been used to describe the Bose
polaron. We argue, however, that taking three excitations into account is minimal
to examine the universality. In Section 6.2, we discuss the ground-state energy. In
particular, we argue that the ground-state energy is a universal, model-independent
function of the three-body parameter when the density is not too large. The high-density
limit is weakly coupled, though highly model-dependent, and admits controlled analysis.
We therefore derive analytical expressions of the energies for this regime and compare
with the numerical results. In Section 6.3, we examine universality of other observables:
the quasi-particle residue, the effective mass, and Tan’s contact. We find that the residue
approaches zero by adding a Bogoliubov excitation and is significantly sensitive to ag. A
perturbation theory reveals that the orthogonality of the ground-state wavefunction to
the decoupled state for ag — 0 is caused by the infrared divergence, which is suppressed

in the presence of a finite ag.

6.1 Model and variational approach

6.1.1 Model Hamiltonian

A description of an impurity immersed in a weakly interacting Bose-Einstein condensate
involves several length scales. The Bose medium is characterized by its density n and
the s-wave scattering length between the bosons ag. Since we focus on the weakly
interacting regime, we assume that nag> < 1 and treat the condensate and excitations
within the Bogoliubov theory. We also need the length scales describing the interactions
between the impurity and bosons. For a short-range, resonant interaction, the foremost
one is the s-wave scattering length a of the impurity-boson interaction. Here, we focus
on the unitary regime near a Feshbach resonance, where |a| is much larger than any other

length scales, and therefore we fix 2~ = 0. Another important length scale associated
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with the impurity-boson interaction is the three-body parameter a_, which fixes the
three-body spectrum of this system.

We model the interaction between the impurity and bosons by the rg-model and
the A-model, as defined in Chapter 4. We can also incorpolate a repulsive interaction

between bosons by adding an interaction term, which leads to the following Hamiltonian:
H ZHB+H1+HFR,
Ay = / dr | =Vt Vs + Lototdeds|, Hi= / dr Vi - Vi,
2m "B 2 VBB ’ 2m SR
. 1 A ~ Ay~ Ap A ap oAg oA
HFR=/df l@v¢+'v¢+vo€i)+¢+go (¢+¢B¢i+¢f¢1§¢)]-

Here, gﬁ;, A;r, and q;* are the creation operators of a boson, the impurity, and a closed-
channel molecule, respectively. The two-channel interaction is controlled by the detuning
vo and the inter-channel coupling go. The inter-boson interaction is also introduced,
which is assumed to be a contact interaction with the strength U = 4nag/m. As we
concentrate on the single-impurity properties, the quantum statistics of the impurity and
the closed-channel molecule is irrelevant, but for the sake of definiteness, we assume
that they are bosons!.

In the weakly interacting regime of the Bose gas, where nag® < 1, we can apply
the Bogoliubov approximation to the BEC [145], and consider interactions between the
impurity and the Bogoliubov excitations on the condensate. This allows us to replace g
by Vno+ 2540 e'?"B,, where B, is the annihilation operator of the Bogoliubov excitation

with momentum p, and to approximate Hg as
Ay = > EpBhby, 6.2)
P

where we have omitted a constant energy arising from the inter-boson interaction as it is
irrelevant for later discussions. Here, E, is the Bogoliubov dispersion relation defined

as

E, = \/ep(ep + 8mnpag/m) = \/ep(e‘p +1/mé&?2), (6.3)

where ¢, = p?/2m is the single-particle dispersion in vacuum, and & = 1/v8mnnoag is
the coherence length of the condensate. The Bogoliubov operator f3, is related to the

1This is a natural assumption in this mass-balanced case because an impurity particle with the same
mass as the bosons is created by transferring atoms in the Bose gas to another hyperfine state [107]. More
generally, however, impurity-boson systems with small mass imbalance can be realized by using fermions
as impurity particles (e.g. a mixture of 'K (boson) and *°K (fermion)); we expect that the small mass
imbalance does not affect our conclusion.
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bosonic field operator Bp, which is the Fourier transform of 1p(r), by the Bogoliubov
transformation

by = upPp — vpBL,, (6.4)
where

uy = [(ep + w)/Ep +11/2, 03 =[(ep + u)/Ep —1]/2, (6.5)

with the chemical potential of the bosons given by u = 1/2mé&?2.

We also apply the Bogoliubov approximation to the coupling term Hgg. This leads
to the following model Hamiltonian of an impurity in the weakly interacting BEC [108]:

=Y [Enbiy + eptyip + (e + vordld

p ) ) - o (6.6)

80N Y (dicy + by ) + 80 Y (dhegbatp + E5B5dpeg)
P P

d:
P

and the closed-channel field ¢(r), respectively. Note that the bosonic operator in the

where ¢ p2 /4m, and ¢, and Uip are the Fourier transforms of the impurity field y@i(r)
second line is the bare one Bp, not the Bogoliubov operator Bp- This is because the
resonance occurs between the impurity and a bare boson, not between the impurity and
a Bogoliubov excitation. We can of course write I;p in terms of Bp, but we choose this
form just for notational simplicity.

The Hamiltonian (6.6) depends on the inter-boson scattering length ag through the
Bogoliubov dispersion and the Bogoliubov transformation, where it appears only in the
combination ngag, or equivalently the coherence length & =1/ \V8mnpag. Consequently,
the bosons are non-interacting in the dilute limit 7y — 0 within the present approxima-
tion, while the interaction between the impurity and bosons survives in the same limit.
This implies that the three-body parameter a_ associated with the three-body Efimov
state is independent of ag; instead, it is determined by 7y or A™!, depending on the
model chosen, in exactly the same way as discussed in Chapter 4. This is a consequence
of the Bogoliubov approximation, which ignores higher-order contributions from the
boson-boson interaction. This approximation is reasonable when ag is much smaller
than |rg| or A}, in which case the latter lengths predominantly determine a_. One may
also consider the opposite situation, where a_ is determined by ag. Such a setting was
investigated in Refs. [110, 119], where they considered an impurity interacting via a
single-channel contact interaction with a hard-core Bose gas with the diameter ap, as we
have pointed out in Chapter 4.
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6.1.2 Variational wavefunction

The interaction between the impurity and bosons, as modeled by the Hamiltonian (6.6),
excites bosons out of the condensate. This means that the ground state is a superposition
of states containing an arbitrary number of Bogoliubov excitations. Here, to evaluate
the ground-state energy of the Bose polaron, we truncate the highly excited states and
retain the states with at most three Bogoliubov excitations:

W) = 1) + [2) + [P3) + [¢4), (6.7)
1) = aoc} 10, (6.8)
o) = | > apct, Bl + yodE) 0), 6.9)
p
1 .
|17b3> = E Z al’lzl’z —pl Pzﬁmﬁpz + Z VP pﬁ;) |0> s (6'10)
P1.p2
1
|I,b4> = g Z aPlPZPS —p1 pz—pgrgmﬁpzﬁm 2 Z Vplpz —p1 pzﬁplﬁpz) |O> (6-11)
p1,p2,pP3 p1.p2

Here, |0) is the ground state of the condensate without the impurity, which satisfies
B;r, |0) = 0 for any p. Each component |i;) has i — 1 bosons that are excited out of the
condensate.

The c-number coefficients, denoted by a and y, are determined variationally by the
stationary condition, J((W|(H — E)|W))/d(a*, y*) = 0, where the Lagrange multiplier, E,
is introduced to ensure the normalization condition (W|W¥) = 1. This represents the
energy measured with respect to the ground state without the impurity. This leads to a
set of seven coupled equations, from which we can remove a and obtain the coupled
integral equations,

[ Tgec(E,0) - ])/o = \/_Z( “plp v”y”) ZEu”W”” 6.12)

E—-¢,—Ep —e,,—E

no _ UpYo _UpVO
E- _Eplyp_\/n_o(E_sp_Ep E )

Ep

[Tlgéc(E —Ep,p)—

(6.13)
UpUg)q Upvtﬂ/q) ( UgYpq Uq9YVpq )
+ + +4/ng - ,
_ 1o Up,Tp, Y0
T (E-E, —E ,p1+p2)——ly = (6.14)
l BEC P1 P2 E — Eplpz Pip2 E — 8}71 _ Epl
Up1Ypa Up1Vp2 Up Uq)pagq Up1Uq)p2q
+ /1o ( - ) + ( + ) + (p1 < p2).
E - Eplpz E - sz - Epz E - Eplpzq E - (c,‘pz - Epz
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Here, (p1 < p2) denotes the terms that symmetrize the right-hand side of Eq. (6.14),
Epg = Epigteéptéegand Expy = Exiprg+ €k +€p +&4. The medium T-matrix, Teec(E, p),
is defined as

2
L - B/ ] ) (6.15)

E-eg—¢eprg E-E;j—¢epiy

TotcE,p) = T3 HE,p)+ )
q

-1
where Ty(E, p) = % [a‘l - 3m(E - eg) —-m(E - eg)l is the two-body T-matrix in
vacuum. The procedure that yields these equations is similar to that used in Chapter 4
and is detailed in Appendix A. In the rp-model, we have a finite effective range r¢ in
the vacuum T-matrix and take the integration in Egs. (6.12-6.14) without an ultraviolet
cutoff. On the other hand, in the A-model, we set 1y = 0 and truncate the integration at
lg| = A. Note, however, that the integration in Eq. (6.15) is kept without the UV-cutoff so
that A leaves two-body physics unaffected. We solve the integral equations (6.12-6.14)
numerically to evaluate the energy and other properties of the Bose polaron in the
ground state.

It is essential for our purpose to keep the full three-excitation component |4) in the
truncated ansatz. First of all, to see the effects of beyond-two-body physics, especially
the Efimov physics, we need at least two excitations that are correlated in a way that
supports the Efimov states involving the impurity and two bosons. Here, we take the
most general form of &y, p,, Ap;p,ps, and so on, within the zero-angular-momentum
sector, and therefore have enough room to observe the Efimov physics in the Bose
polaron. Furthermore, to examine whether polaron properties are fully determined by
parameters characterizing two- and three-body physics such as a and a_, or controlled
by an additional “more-body” parameter, the three-excitation ansatz offers the minimal

starting point, which fully takes four-body correlations into account.

6.2 Ground-state energy

We now present the ground-state energy of the Bose polaron at unitarity. The discussions
here mainly deal with the non-interacting limit of the Bose gas, ag — 0 and £ — 0. In
this case, the Bogoliubov excitation is identical with the bare bosonic excitation, and
the Bogoliubov spectrum reduces to the single-particle kinetic energy p?/2m in free
space. In Fig 6.1(a), we compare the ground-state energy of the rp-model with that of
the A-model. In order to compare the results of two different models and reveal the
role of the Efimov physics in the Bose polaron, we convert the short-range parameter,
ro or A7}, into the dimensionless three-body parameter n'/3|a_|. We also calculate
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Figure 6.1: Ground-state energy of the Bose polaron at unitarity as a function of né/ *la_|

for ap — 0. (a) We show the results for the rp-model (blue) and the A-model (red).

When the Bose gas is dilute (nl/ 3|a_| < 1), the energies approach the energy of the
ground-state tetramer (gray dashed). The high-density regime displays highly model-
dependent behavior. The ground -state energy in the rp-model is consistent with the
perturbation theory up to O(g3 2) (gray dot-dashed). On the other hand, the ground-state
243723023 _ 5.405n%

energy of the A-model saturates at —=—"_ >, which corresponds to the
solution of the one-excitation ansatz within the A-model. (b) We show the results for
the rp-model, within the variational ansatz with one (dotted), two (dashed), and three
(solid) Bogoliubov excitations. The gray dotted and dashed lines denote the energy of
the ground-state Efimov trimer and that of the ground-state tetramer, respectively.
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the ground-state energy within the variational ansatz with one and two Bogoliubov
excitations, whose results for the rp-model are shown in Fig. 6.1(b). In the following
subsections, we discuss three different regimes of the density in detail.

6.2.1 Low-density limit

As we have already shown in Chapter 4, impurity-boson systems at unitarity have three-
and four-body bound states, whose energies are universal. Therefore, as the low-density
limit is taken, the Boes polaron at zero temerature should transform into the deepest

bound cluster, whether or not there is a phase transition along the way.

Equations (6.12-6.14) can capture the crossover to at least four-body cluster. There
is no obvious singularity in the equations, implying no phase transition within the
approximation. The low-density limitng — Oleadstou, — 1,v, — 0,and Tgec(E, p) —
To(E,p). As a result, Egs. (6.12-6.14) reduce to Egs. (4.11-4.13), which describe the
few-body systems in vacuum. This implies that the approximate ground-state energy
converges to that of the deepest 3+1-body cluster, which indeed happens without a
phase transition within the present variational approach using the rgp-model and the
A-model. The ground-state energy is independent of the density in this limit and can be
written as E = —14/ ma?, where n4 = 93 is the universal, model-independent constant,
as discussed in Chapter 4.

Within the current variational ansatz, larger bound states with more bosons cannot
appear. However, theoretically, such states are not ruled out. In the case of identical
bosons, it has been theoretically predicted that there exist five- and more-body clus-
ters [19-21], and a five-body resonance in an ultracold Bose gas has been reported [40].
Similarly, a five-body bound state is predicted by a diffusion Monte Carlo calculation
in the mass-balanced impurity-boson system at unitarity, while the same calculation
suggests that there is no six- or more-body clusters [110].

Remarkably, the energy of the five-body cluster is estimated in Ref. [119] to be
E = —1s/ma? with 15 ~ 300, indicating that the size of the cluster is O(|a_|/20). This is
still much larger than the microscopic length scale, which is ap in the QMC calculation
and rp and A~! in our study. We would like to emphasize that it is natural that there is
the largest cluster state having the maximal number of bosons. In the impurity-boson
system, the pairwise attraction acts between the impurity and bosons and scales only
linearly with the number of bosons. This is in contrast to identical boson systems, where
the pairwise interaction scales quadratically with the number of the particles. Moreover,
as argued in the previous chapters, the presence of ry or A implies the presence of an
effective three-body repulsion. It is thus reasonable that the costs of kinetic energy
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and three-body repulsion exceed the gain from the attractive interaction at some point,
prohibiting formation of a larger bound cluster.

These considerations lead us to conclude that the dimensionless value 75 and the
absence of larger bound states than the five-body cluster are the universal features of
the impurity-boson system. In other words, the ground-state energy of the Bose polaron
is universal in the low-density limit of the background Bose gas even if we take the
arbitrary number of the Bogoliubov excitations into account. An important consequence
of this is that the Bose polaron can have a finite ground-state energy, even without
repulsive interactions between the bosons. It is indeed the three-body repulsion, not
necessarily the two-body repulsion between bosons, that saves this many-body system
from collapsing.

6.2.2 Many-body universal regime

As the density of the Bose gas is made higher such that n(l)/ a_ 2 1, the ground-state
energy deviates from that of the few-body systems. This is because the size of the
few-body cluster becomes comparable to or larger than the interparticle spacing of
the Bose gas, and the few-body picture that is useful in the low-density limit is no
longer applicable. Notably, the ground-state energy significantly depends on the three-
body parameter in this regime of both models. This is in stark contrast to the unitary
Fermi gas, which does not depend on any interaction length scales and whose physical
quantities are determined by 7, the mass of the particles, the density, and the universal

dimensionless numbers such as the Bertsch parameter.

Although the Bose polaron at unitarity does not have a universal value of the
ground-state energy, we argue that it is a model-independent, universal function of
1/3 |a_| when the density is not too large. We have already discussed the universality in

0
the dilute regime. Figure 6.1 further shows that even for n(l)/ 3

n
a_ > 1, the curves of the
two models collapse when they are plotted as a function of n(l)/ 3a_|.

Since our calculation is based on the variational method, it can be subject to a criticism
that the results are biased. In particular, one may argue that the observed universality is
a consequence of the bias. It should be pointed out, however, that the ansatz that we
adopt takes full four-body correlations, and that a bias, if any, would result from five-
or more-body correlations. If such an effect causes nonuniversality, there should be
a significant probability that four or more bosons gather around the impurity within
the microscopic length scales such as rp and A~!. This is not likely to happen unless
particles form tight clusters, which, however, is not consistent with the discussion in the

previous section.
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Figure 6.2: Comparison with the quantum Monte Carlo calculation [119] based on the
hard-core model of the Bose polaron. The blue and red curves correspond to the results
of the variational calculations within the rgp-model and the A-model, respectively, and
the gray dots show the results of the QMC calculation. The error bars attached to the
OMC results display the statistical uncertainty.

This argument is intuitive but not conclusive. A further evidence of the universality
is offered by the comparison of our results with the diffusion Monte Carlo calculation
based on the hard-core model of the Bose polaron [119]. This model incorporates the
hard-core interaction between bosons with the diameter ag and the contact interaction
between the impurity and bosons. In Figure 6.2, we show the ground-state energy of
the three different models of the Bose polaron. Here, we use Eq. (4.15) to convert the
boson-boson scattering length ap to the three-body parameter a_. Although the results
scatter within the range of 10-20% when ng|a_| ~ 10%, they converge to a single curve as
nola-| is lowered. This demonstrates that the ground-state energy of the Bose polaron is

universally determined by né/ Yla_|, independent of the microscopic details.

Note that the effects of a finite ag are twofold in the hard-core model; it controls the
three-body Efimov physics and also the properties of the Bose gas such as the coherence
length of the condensate. On the other hand, in the rp-model and the A-model, the
three-body parameter and the coherence length are two independent parameter. The
agreement between the three models when ag is set zero in the latter two models reveals
that the ground-state energy is predominantly determined by the three-body parameter,
rather than the coherence length. We can also take a finite coherence length into account
in the variational calculation. In Figure 6.3, we show the ground-state energy within
the ro-model with agp set to be zero (solid) and finite (dashed). In the latter calculation,
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Figure 6.3: Ground-state energy of the Bose polaron within the rp-model for ag — 0
(solid) and ap = |a_|/(2.1 x 10%) (dashed). The gray dots are the results of the QMC
calculation in Ref. [119]. The top horizontal axis shows n!/3ag corresponding to the
dashed curve and the gray dots.

we fix ap by ap = a_/(2.1 x 10%), to be consistent with the hard-core interaction. We
again emphasize that ap in the current calculation does not affect a_ while it controls the
cohence length &£. The energy is almost insensitive to £ in the low-density regime where
the few-body physics dominates. On the other hand, as we increase the density, there is
a visible shift in the ground-state energy. The change of this shift with & is, however,
much smaller than the variation caused by the three-body parameter alone. We also
show the data points of the hard-core model, which clarify that the shift caused by & is
too small to account for the energy variation in the hard-core model. Thus, we conclude
that the ground-state energy of the Bose polaron is a universal function of a_, and that
it is insensitive to other details including the coherence length of the condensate.

6.2.3 High-density limit

The properties of the Bose polaron are highly model-dependent in this regime. It is
a natural consequence of the fact that the interparticle spacing n~'/3 is comparable
to or smaller than the microscopic lengths such as the effective range. At the same
time, the Bose polaron in the rp-model and the A-model is weakly correlated in this
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limit, as discussed below?2. We can exploit this property to calculate the ground-state
energy and compare the results with the variational calculation. Here, we present the
many-body perturbation theory in the rp-model and show that they are consistent with
the variational calculation in the high-density regime. Next, we calculate the limiting
energy within the A-model in the case of ag = 0 by using the truncated ansatz with the
arbitrary (but finite) number of excitations, and show that it is given as the solution of
T;(E,0) = no/E, which is
24872323 5.405n%/°

E = ~ 6.16
- - (6.16)

This is also consistent with the variational calculation. Note that this is same as the
variational equation based on the trial wave function truncated at one Bogoliubov
excitation, instead of three.

Note that Fig. 6.1(b) clearly shows that the variational approach for the rop-model
converges fast with the number of the Bogoliubov excitations in this regime. This is also
true for the A-model. The consistency of the analytical expressions and the variational
results is, therefore, indicative of the finite ground-state energies of this many-body
system even without the boson-boson repulsion for high densities. Combining this and
the discussion in the low-density limit, we conclude that the Bose polaron at unitarity is
stabilized by the three-body repulsion at any density.

The ryp-model

-1/3 g2

in finite-density systems [105]3. This indicates that the high density is equivalent to

In the rp-model, the dimensionless coupling constant of a Feshbach resonance is n

the small coupling constant, and that the perturbation theory in terms of this coupling
constant is applicable in this regime. Physically, a small g is of interest because it
corresponds to a narrow Feshbach resonance, whose weak-coupling nature has been
exploited mostly in a Fermi gas [105] and an impurity immersed in a Fermi sea (a Fermi
polaron) [170]. Here, we present the perturbation theory to the next-to-the-leading
order.

Figures 6.4(a, b) show the impurity self-energy up to O( gg), which reads

Y(w,p) = Z(Z)(a),p) + 2(4)(6(), p), (6.17)

2This statement itself is model-dependent. It should be clear if we consider the hard-core interaction
between bosons, which restricts the density of the Bose gas and does not have the high-density limit.

SHere we square the coupling constant go. This is because in scattering processes the formation of a
closed-channel molecule always accompanies its dissociation, which is overall a second-order process in
terms of go.
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Figure 6.4: Self-energy diagrams that contribute to the ground-state energy up to the
next-to-the-leading order. When the boson-boson scattering length ag is zero, there
are only two diagrams (a, b) up to this order. Here, the dashed lines and the solid line
denote the condensate and excited bosons, respectively, while the double line represents
the closed-channel molecules and the wavy line shows the impurity propagator. The
impurity propagator in the next-to-the-leading order diagram (b) is dressed by the
leading-order self-energy and its definition is given in the Dyson equation (d). If there
is a finite boson-boson scattering length, the other O( g%) diagram (c) also gives rise to
the next-to-the-leading order correction.

2

n
=00, p) = S0, (619)
@ (@, p) = 8" > L bl (6.19)
e A w2 |
9 €9 7 Epra T T, =l

r+q

Here, we have used the assumption that ag = 0, which implies that u, = 1,v, =0,
and that the Bogoliubov dispersion E,; reduces to the single-particle dispersion ¢, in
vacuum. In the momentum integral, the subtraction of 1/2¢, is necessary to compensate
the ultraviolet divergence, which comes from the impurity-boson scattering in vacuum.

This is equivalent to the renormalization procedure described in Section 2.2.1.

The polaron energy is found from the equation E = %(E, 0). Atthe order of O(g3), this
reads E = g2no/E, leading to E = E® = —/87ng/|ro|/m. Here, we used g3 = 87/m?|ro|.
This is consistent with the asymptotic behavior of the variational calculation with the
ro-model as shown in Fig. 6.1. Now, suppose that E = E@ + §E. The energy equation

can be rewritten within the current approximation as follows:

E =X(E,0), (6.20)
& E@+5E~1?(E, 0+ LW(E 0~ E? - sE+£W(E,0,  (6.21)
& OF = ;TO(ED,0) 622)
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Figure 6.5: Next-to-the-leading order correction of the ground-state energy within
the ro-model. We show 0FE = E — E®@ of the variational calculations (solid) and the
perturbation theory (dashed), where E @ = —\/8ntng/|ro|/m is the energy determined
from the self-energy of O(g5). (a) When the background Bose gas is non-interacting,

1/4
the O(gj) correction to the self-energy gives 6E = —f (?3750) , which is correctly
V7o

captured by the variational calculation. (b) If ap is small and positive, OE oc =5
ro — oo with a fixed ag. This scaling and the coefficient is also reproduced by the
variational calculation.

as

By noting that (E®)? = g2ng, ZW(E?, 0) is readily calculated:

1 m
TW(ED,0) = g2 > — ot (6.23)
7 |EY=0*/m - e

1/4
:_\[ (8””0) , (6.24)
|7ol°

Figure 6.5(a) shows that this correction is also captured by the variational calculation.

The range of validity of this calculation, especially the validity of ag — 0, becomes clear
when we consider a finite ag > 0. In this case, the additional diagram in Fig. 6.4(c)
contributes to the same order*. The O(g, 4)_correction 2# is also modified, while = is
unchanged. These finite-ag corrections read

2

P(w, p) = ggz _E"_ —, (6.25)
g VTR Epayg

*Although there are five other diagrams of the self-energy up to O(g;), they only give higher-order
corrections in the limit of |ry| — co with a fixed ag. The detailed diagrammatic analysis on this is given in
Appendix B.
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4, .2 ,
(0, p) = —200 D 7 . (6.26)

dy2 2 2
(w = €3) oo &q
/' q |w—-—E;—¢
9 Pt a)—Eq—eg+q

In these integrals, the comparison between w and 1/(2m £?) defines two different regimes.
? < ap/|rol
(x 1)%, the momentum-dependence of the integrand becomes significant only when
lg| > 2m|w| > &1, and thus we can take ug — 1,v, > 0,and E; — ¢,4. In this
limit, the resulting expressions reduce to those of ag = 0 as given in Eq. (6.24). On the

Letusfocusonw = E® and p = 0. When w > 1/(2m&?), or equivalently ngag

other hand, when w < 1/(2mé&?) (& ag/|ro| < ngag® < 1), we can ignore w from the
integrand except in a small fraction of the integration range. Also, the contribution to

the final results from such a small region only gives higher-order corrections. We thus

obtain
r@ED 0) + sWED, o) zz g & 1 6.27)
7 + 7 = + 6.
v 8o 1| ~Eq ¢4 —Eg— el 2g
_ 16V3r — 72 \noas _ 2.83268 v1ods 6.28)
3vmm  |rol m |rol ’ '
which resultsin 6E = 8‘3/3%7”36 '(;‘:}TB. Therefore, if ag/|ro| < noap®, the next-to-the-leading

correction to the ground-state energy scales as v/ag/|ro|, instead of 70| 5/* as found in
Eq. (6.24) for ap — 0. This is also consistent with the variational calculation with a finite
ag, as shown in Fig. 6.5(b).

Importantly, the next-to-the-leading order correction is positive, which implies that
the ground-state energy is bounded by E® from below. This reveals that the ground-
state energy has a well-defined limit even if we take ag — 0. This is possible because of
the effective three-body repulsion, as discussed in the previous chapter. Although the
coupling in the ro-model is zero-ranged, it still has a non-zero effective range ro, which
stabilizes this many-body system.

The A-model

Here, the dimensionless cutoff is 7713 A, which vanishes in the high-density limit, and
consequently, three-body processes are prohibited at any momentum. This leads to the
observed convergence of the energy to the value corresponding to the one-excitation
ansatz. We can show this when ag = 0 within the variational ansatz by taking into

The latter inequality is implied when we use the Bogoliubov approximation. See the discussion on
the model Hamiltonian in the previous section.
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account an arbitrary (but finite) number of Bogoliubov excitations. For convenience, we
set ng = 1 in this discussion.

Let N be the maximum number of excitations that we take into account. The

variational equations in this case constitute a set of the equations of the form

— 1 Ypops..p +"'+7/pp...p_
ok (B B Py = | gy = Lot Ty
P1---Pk p1.--pPk (6 29)
N Z (quzps pe T T Vapipa.pia L appap '
7lq91<A E - Equ -Pk E- Eqm..-pk
fork=1,2,...,N -2, and
l Tgec(E, 0) - l Vo= Z I_E —&. (6.30)
a,1q1<A
- 1
TB]%C (E - EN—lle—l) - - ypl...pN,l (63].)
E - EPln-PN—l
_ Vpops.pna1 T Vpipapn + Z ()/qPZPS---PN—l T T Yapipa.pno
E- EP1-~PN4 E - EL]PI'--PN—l

q,1q1<A

Here, E; = Zle Ep., Py = Zle pi,and Ep p,. p, = EZ’?_lpi + Zle €p;- The T-matrix is

given by Tzl .(E, p) = —4%~/—m(E — p?/4m) in the A-model with ag = 0

When the limit A — 0 is taken, the functions denoted by ) are defined only in the
close vicinity of the point at which all the momentum variables are zero. Around this
point, unless the energy exactly satisfies TgéC(E ,0) — £ = 0, the equations above are
smooth. Therefore we can approximate Ypipa..px PY Y00..0 = Vk (k=1,2,...,N—-1),and
set all the p; to 0. This enables us to derive the linear equations for the set of yy:

F(E)T = MT, (6.32)

where f(E) = ET];EC(E,O) -1,T=(vo,y1,---,yn-1)", and

0Q 0 0 0 0
1Q Q 0 0 0
M= 02 20 QO 0 0 Q_A3 23
“lo 0 3 30 0 0 ~6n2) (6:33)
00 0 0 .. N-1 (N-1)Q
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For negative, real energies E, f(E) isreal and df (E)/dE < 0. This implies that the largest
eigenvalue of the matrix M, which is positive, corresponds to the ground state. We
cannot set () = 0 in the above equation because the diagonalizability of M is lost at this
point and the limit () — 0 is not continuous. To take this limit, we make M Hermitian
and thus explicitly diagonalizable as follows:

0 QL2 0 0
Q2 Q \V20Q1/2 0
PMPL=| 0 V2QY2 200 +BQY2 .. (6.34)
0 0 V3Q2 30
0 1 0 0
1 QY2 2 0
=Q210 V2 2012 3 .|, (6.35)

0 0 V3 3Q1/?

where
Qk/2 Q(N—l)/Z

I\/H,”.,\/m .

This makes it clear that the largest eigenvalue scales as Q'/2 o« A%2 in the limit of A — 0.

P = diag 1,01/2,...

(6.36)

In particular, this implies that the limiting energy is determined by f(E) = 0, which
24/3,2/3 2/3
gives E = Eg = —HT%. Note that this is exactly the same equation as the one that

derives from the one-excitation ansatz. Therefore, we conclude that the Bose polaron
with ag = 0 has a finite ground-state energy within the A-model in the high-density
limit of the background Bose gas.

The above equation also indicates that the leading correction to the ground-state
energy vanishes as A%2 in the limit of A — 0. More precisely, suppose that the largest
eigenvalue of M is a. Then the energy is determined by

3

VT OE, (6.37)

a = f(E) = 0E - f'(Eo) =

where 6E = E — Ep and Ej is the solution of f(E) = 0. For example, when the maximum
number of excitations is N = 3, we obtain @ ~ V3Q/2 = A%2/y27. We thus obtain
OE =~ —211/6A3/2/371/2 This is consistent with the numerical solution of the variational
equation, as shown in Fig. 6.6.
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Figure 6.6: Correction to the dense limit in the A-model. We calculate 6E = E — Ey

within the trial wavefunction with three excitations, by directly solving the variational
243523213
m

equations (solid) and from the largest eigenvalue of M (dashed). Here, Eg =
is the ground-state energy in the high-density limit.

6.2.4 Measurement of the ground-state energy

Before ending the discussion on the ground-state energy, we would like to point out that
it is experimentally accessible in ultracold atomic systems as demonstrated in the recent
experiments [106, 107]. Here, we summarize an experimental scheme to determine the
ground-state energy of the Bose polaron relative to the non-interacting system. We focus
on the homonuclear setting, where we use the same atomic species for the impurity and
the background Bose gas and they are distinguished by hyperfine states [107].

Let |T) be the hyperfine state corresponding to the Bose gas and ||) to the impurity.
Since they are two internal states of the same atomic species, there is a well-defined
energy difference A = E| — E4, which is a single-atom property. This can be used as
an absolute energy reference to measure the ground-state energy of the Bose polaron.
Suppose that we prepare a gas of atoms in the |T) state and shine on it a radio-frequency
pulse of w to transfer atoms from |T) to ||). The transition rate then has a peak
at @ = wpeak, Which is generally different from A due to the initial- and final-state
interactions, the latter of which leads to the polaron ground-state energy Epo1. Therefore,
one can find

Epol = a)peak — A, (6.38)

3

where we have retained the leading order in npag”, assuming that the atoms in the |T)

state interact weakly with each other.
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The linear response theory allows us to make more quantitative discussion [107, 171].
The coupling of the two states is described by the Hamiltonian,

A= (13; e;) (Z ) (6.39)

p
where () is the Rabi frequency, and w is the frequency of the pulse. Here, Ep and

0 Qe
Qe—ia)t A

¢p represent atoms of the same species in the different hyperfine states [T) and []),

respectively. From the Kubo formula, the rate of transfer is
N} = —2Q*ImD(w), (6.40)

where D(w) is the Fourier transform of

[Z OO ej,(t')Bq(t’)]
14 q

and |0) is the ground state of a gas composed of |T) atoms. By noting that up to the

leading order in noag>,

D(t—t)=—i0(t —t') <0

0> ) (6.41)

by 10) = Vodp010), & 10) =0, (6.42)
we can rewrite D(f — t’) as

D(t = ') = =ing (0| Tep=o(t)E] o (t")

0> = 10Gimp(p = 0, — 1), (6.43)

where T is the time-ordering operator, and Gimp represents the impurity Green function.
This means that the measurement of the transfer rate gives the information on impurity’s
spectral function A(p, w) = —ZImGimp(p, w):

N = Q*A(p =0, w). (6.44)

Here, @ = 0 is not the interacting ground-state energy, but the ground-state energy
of the Bose gas without the impurity. If the |]) state does not interact with the |T)
state, it has a peak at w = A because of the energy difference between |T) and |]). The
ground-state energy of the interacting Bose polaron with respect to the non-interacting
system can be found from the shift of the peak frequency from A.

A similar method has also been used for a heteronuclear setting, where the impurity
and bosons are different atomic species [106]. One needs two internal states of the
impurity atom, one of which resonantly interacts with bosons and the other does not or
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only weakly interact. If this is the case, one can extract the ground-state energy of the
Bose polaron from a shift of the peak frequency from its known value for a single atom.
Therefore, by using these methods, we can measure the ground-state energy of the Bose

polaron and test its universality experimentally.

6.3 Other observables

We now discuss the ground-state properties of the Bose polaron other than the energy.
Here, we calculate the quasi-particle residue, the effective mass, and the Tan’s contact.
We focus especially on how sensitive they are to the three-body parameter a_ and the

boson-boson scattering length ag.

6.3.1 Quasi-particle residue

The quasi-particle residue Z is defined as the squared overlap between the true ground-
state wave function of the Bose polaron and that of the decoupled system. In terms of

the variational wave function, it is written as

Z = |ag|? (6.45)

> 2
8
= E—;’ (\/n_oyo - Z Uq%a) / (6.46)

q

where we have assumed that the wave function |WV) is normalized.

In Figure 6.7(a), we show the results for the quasi-particle residue at unitarity for
ag = 0. Over the entire range of né/ la_|, Z is significantly smaller than unity. It is
natural to have Z — 0 in the dilute limit because the few-body cluster is orthogonal
to the decoupled impurity state. On the other hand, we find that Z does not show the
convergence to finite values with the increasing number of Bogoliubov excitations, even
in the intermediate-density regime. This suggests that the residue vanishes at unitarity
when ag = 0, and that the impurity loses the quasi-particle nature. We note that the
vanishing residue in the limit of ag — 0 is not unique to the Bose polaron in the unitary
regime; it is known within a perturbation theory for weak impurity-boson interactions
that the residue approaches zero when ag — 0.

Remarkably, the quasi-particle residue is highly sensitive to the scattering length
ag between bosons. In Figure 6.7(b), we plot the residue within the rp-model with
ap = |a-|/(2.1 x 10%), which is compatible with the hard-core model. It demonstrates
that a finite ap significantly enhances Z. In addition, it makes the residue converge fast;

the trial wave functions with two and three Bogoliubov excitations give close results.
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Figure 6.7: Quasi-particle residue of the Bose polaron at unitarity. (a) We show the
results for the rp-model (blue) and the A-model (red) for ag — 0. The different curves
(dotted, dashed, and solid) represent the number of Bogoliubov excitations in the trial
wave function (from one to three). (b) We calculate the residue with ag = |a_|/(2.1x 10%),
in a way compatible with the hard-core model in Refs. [110, 119]. Here, we show the
results of the rp-model with zero (blue) and finite (gray) as.
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These qualitative results, that the residue is zero for ag = 0 while it is nonzero for
ag # 0, are also reproduced by the next-to-the-leading order perturbation theory within
the ro-model, which is valid in the high-density regime. From Eq. (6.19), we find

1 (E® —3q%/4m)* + (E@)?
9.29(w.0 - —— YWED, o) 4 o2 ;o (647
) ( )|(u=E(2) E(l) ( ) gO qu (_7E(2)q2/4m + 3q4/4m)2 ( )
1/4
3 1 L
o1 ) L 6.48
7(87'cn0|70|3) 7ol (649)

where L denotes a diverging length scale, indicating that the integral has a linear infrared
divergence. This implies that the wave function of the polaron is orthogonal to that of
the impurity decoupled from the Bose gas due to the large amplitude of the low-energy
excitations. Such excitations are, however, suppressed when the Bose gas has a finite
coherence length. A detailed diagrammatic analysis is given in Appendix B. In short, the
linear Bogoliubov dispersion and the cancellation of the particle and hole propagation
lead to a infrared-finite result. In particular, we find
1 as
Z - 5 ol (6.49)
when ag/|rg| < noag® < 1.
Therefore, we conclude that the residue is suppressed when ag — 0 and is sensitive
to ag. Although the three-body repulsion can stabilize the Bose polaron even when

ag — 0, it is not enough to prevent unbounded excitations of the low-energy modes.

6.3.2 Effective mass

The impurity acquires an effective mass m* due to the interaction with the bosonic bath.
To define the effective mass, suppose that E(p) is the energy of a Bose polaron with a
given momentum p, where the rotational symmetry is assumed. The effective mass m*
is then given as the second derivative of E(p):

w1 9°E(p)
()t ==

(6.50)
p=0
We can calculate it within the variational ansatz; however, due to the complexity of the
calculation, we here truncate the variational wave function at two Bogoliubov excitations.
We describe in Appendix C how to calculate m* within the variational approach.
In Figure 6.8(a), we plot the inverse effective mass of the Bose polaron at unitarity
for ag — 0. For the densities ngla_| < 100, the two models give almost the same
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Figure 6.8: The inverse effective mass of the Bose polaron as a function of the dimension-
less three-body parameter. (a) Results for the rp-model (blue) and the A-model (red)
for ag — 0. The solid line denotes the results obtained for the two-excitation ansatz,
and the dashed line for the one-excitation ansatz. (b) Comparison of the results for
the rg-model with the QMC calculation for the hard-core model (gray dots). For the
ro-model, we show the results for ag — 0 (solid) and ap = |a_|/(2.1 x 10*) (dashed).
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effective masses. In particular, they converge to 1/3m as np — 0. This is because we
truncate the wave function with two Bogoliubov excitations and the ground state for
no — 0 within the approximation is the lowest Efimov trimer, whose mass is 3m. If N
bosons can be bound to the impurity to form a cluster state, the effective mass should
converge to (N + 1)m in the dilute limit. In the high-density regime, the results become

model-dependent.

In Figure 6.8(b), we also compare our results with the QMC calculation based on
the hard-core model of the Bose polaron [119]. Here, we show the results within the
ro-model for ap = 0 and ap # 0; in the latter case we fix ap = a_/(2.1 x 10%) again.
The variation of the effective mass within the plotted region is similar between the
two models when a finite ap is taken into account in the rp-model. However, we also
find a significant discrepancy between them. It is possible that we would have better
agreement by taking more excitations into account, but at this point, it is difficult to

reach any conclusion on the universality of the effective mass and the effect of a finite ag.

6.3.3 Tan’s contact

Tan’s contact C is defined from the energy as

JE

C= 4ﬁmm,

(6.51)

where a is the s-wave scattering length of the impurity-boson interaction [53]. Ex-
perimentally, the contact can be measured by using a Feshbach resonance to tune the
scattering length and applying the above definition [93]. It is also accessible from
the high momentum tail of the momentum distribution, the short-range singularity
of the density-density correlation function [52], and the high-frequency tail of the
radio-frequency spectroscopy [64—67]. Physically, it gives a measure of the number of

pairs at short distances [52].

For the two-channel Hamiltonian (6.1), it is shown that the contact can be written
in terms of the closed-channel dimers [172]. In particular, within the variational wave

function, it is given as

C=m2g2 )" (w|did, |w) (6.52)
q
1
= m’g; (I)/ol2 + Z 4l + 5 Z Iyq1q2|2) : (6.53)
q q1,92
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Figure 6.9: Tan’s contact for the Bose polaron at unitarity as a function of the dimension-
less three-body parameter. (a) Results for the rp-model (blue) and the A-model (red)
with one (dotted), two (dashed), and three (solid) Bogoliubov excitations for ag — 0. (b)
Comparison of the results for the ro-model with those for the hard-core model (gray
dots). We show the results for the ro-model for ag — 0 (solid) and ag = |a_|/(2.1 x 10%)
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Note that this is well-defined in the limit of gg — oo because the closed-channel
amplitude y scales as O(g, 1) (see the discussion in Section 2.2.1). Therefore, this
expression is also applicable to the A-model, where go — oo is implied.

We show the results for the contact in Fig. 6.9(a). In the dilute limit, n=1/3C is
proportional to (n'3a_|)7L, indicating that the contact is constant in this limit and
proportional to |a_|~!. Tt is a natural consequence of the fact that the only length scale at
unitarity is a- when ny — 0 and ag — 0. The numerical results demonstrate that Tan’s
contact is a model-independent function of n(l)/ 3|a_|. We also compare our results with
the QMC calculation of the hard-core model in Fig. 6.9(b). Note that some of the data

1/3 1/3 4 -1
o lrol,ng AT ~ 1
and the model dependence is significant. For the points in the many-body universal

points of the QMC are given for relatively high densities, where n

regime, they are consistent with our results, although the statistical uncertainty is large.
In the same plot, we also show the variational results with a finite ag, which indicates
that the contact has a relatively weak dependence on ag. Therefore, we conclude that

the contact in the ground-state Bose polaron is also a universal function of né/ %la_|.
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Chapter 7
Conclusions

In this thesis, we have investigated universal few-body phenomena and their conse-
quences in many-body systems in an anisotropic p-wave Fermi gas and an impurity-boson

system.

Chapter 2 is devoted to reviewing the physics of a Feshbach resonance and the
construction of the effective-field theory, which is called the two-channel model. Such an
effective-field theory is particularly suited for discussing without referring to microscopic
details the universal properties that emerge in resonantly interacting systems. Indeed,
although we have constructed the two-channel model to faithfully reproduce a Feshbach
resonance, the two-channel model is the same field theory as the ones that have been
used to describe low-energy nuclear systems. Thus, the results that follow are relevant
not only to ultracold atomic gases but also to nuclei and other systems with resonant

interactions.

In Chapter 3, we have discussed the universal relations in an anisotropic p-wave
Fermi gas. Firstly, we have shown the short-range singularity in correlation functions.
Specifically, we have found that the momentum distribution at large momenta p has
a characteristic p‘z-decay, whose coefficients define the p-wave contact tensor C,, .
We have also found that the density-density correlation function has a short-range
r~*-divergence, whose coefficients are the p-wave contact tensor. Secondly, we have
proved the adiabatic sweep theorem, which states that the p-wave contact tensor is
the derivative of the energy with respect to the generalized p-wave scattering volume.
This gives the direct connection of the p-wave contact tensor and the thermodynamic
quantity. In the p-wave superfluids, where axisymmetry can be spontaneously broken,
we have derived the expression of the p-wave contact tensor within the mean-field
theory. The result indicates that the different superfluid phase can be distinguished
by measuring the p-wave contact tensor. One concern about these findings is that
the generalized p-wave scattering volume cannot be controlled by magnetic Feshbach
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resonances. Instead, we propose using the A-configuration of the Raman lasers to
control the generalized scattering volume and test our results.

In Chapter 4 and 5, we have addressed the universality of the few-body spectra
in the impurity-boson systems at unitarity. In Chapter 4, we have investigated the
mass-balanced case, where the mass of the impurity is equal to that of a boson. We have
calculated the three-body and four-body spectra within the rp-model and the A-model,
and shown that dimensionless ratios constructed from the energies at unitarity and
the critical values of the s-wave scattering length are independent of the models with
high accuracy. This universality is more than the one expected in the identical-boson
Efimov states, because in that case, the universality holds for excited states but not for
the ground state. We have argued that the separation of the scales of the two-body
physics and the Efimov effect is at the core of our results. We have demonstrated it
by the results for a lighter impurity, for which the two scales are of the same order of
magnitude and the lower Efimov states deviate from the discrete scaling relation. The
opposite limit of a heavy impurity has been studied in Chapter 5. In this limit, we
have shown that the rp-model can be mapped to a Hamiltonian similar to Anderson’s
single impurity model. By using this mapping, we have solved the three-body problem
analytically, and found the logarithmic correction to the binding energy for finite s-wave
scattering lengths. We have compared this result with the numerical solution of the
A-model, and argued that this logarithmic correction is, in fact, a universal consequence
of the effective three-body repulsion.

In Chapter 6, we have addressed the many-body problem of the Bose polaron. In
particular, we have discussed the ground-state properties of the Bose polaron. We have
employed the variational wave function that incorporates three Bogoliubov excitations
on top of the Bose-Einstein condensate formed by the background Bose gas. This
enables us to examine effects of four-body correlations. By comparing the ground-state
energies that we calculate within the rp-model and the A-model with the result for the
hard-core model [119], we have found that for sufficiently low densities, the ground-state
energy is a universal function of n'/3a_ and is relatively insensitive to the boson-boson
interaction ag. The high-density regime is model-dependent but analytically tractable.
By comparing the numerical data with analytical results, we have argued that the
ground-state energy is indeed finite even in the absence of the repulsive interaction
between bosons. We have also discussed the quasi-particle residue, the effective mass,
and Tan’s contact of the Bose polaron at zero temperature. While Tan’s contact as
well as the ground-state energy is relatively insensitive to ag and thus universal, the
ag-dependence of the quasi-particle residue and the effective mass is comparable to or
greater than their a_-dependence. In particular, the quasi-particle residue is strongly
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suppressed in the limit of ag — 0. This is consistent with the results of the perturbation
theory for a large n'/3|ro|, which suggests that the infrared divergence leads to the
vanishing quasi-particle residue. However, the residue converges to a finite value when
we take a finite ag into account; this is also consistent with the perturbation theory.

Our study raises several questions for future research. Regarding the universal
relations in an anisotropic p-wave Fermi gas, theoretical calculations of the p-wave
contact tensor are only done in the mean-field regime of the superfluid phase and
the high-temperature regime. The finite-temperature behavior of the p-wave contact
tensor, especially near the phase transition, is yet to be explored. The connection to
the lower dimensions is also an issue that should be investigated. Universal relations
in a p-wave Fermi gas in one [173] and two dimensions [174, 175] have already been
discussed. In ultracold atomic gases, a resonance in lower dimensions can be realized
by the confinement-induced resonance, where an external confinement introduces
additional anisotropy to the system. In this regard, what is a p-wave contact tensor in
such a confined gas, and how it is related to the contacts defined in lower dimensions,
are interesting questions.

There are also open issues related to the impurity-boson systems. Firstly, there is a
renormalization-group study on a Bose polaron near a Feshbach resonance [121], but, so
far, the three-body interaction has been omitted in their action and thus the three-body
parameter cannot be fixed. It is therefore desirable to have a renormalization group that
incorporates the Efimov effect correctly to characterize the universality that we have
found in this thesis. Such a study may be useful to gain an insight into the universality
of quantities other than the ground-state energy. Secondly, a finite density of impurities
may bring non-trivial many-body effects because two impurities and one boson can
form an Efimov trimer, depending on quantum statistics and the mass of an impurity.
So far, there is a study on two bosonic impurities in a Bose-Einstein condensate [176],
but otherwise, such many-body systems remain largely to be investigated. Another
issue concerns the case with the infinite-mass impurity. Since there is no Efimov effect
in this limit, the unitarity limit becomes scale-invariant. This may lead to a universal
equation of state of an infinite-mass Bose polaron that is parameter-free and resembles

the one in the unitary Fermi gas.
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Appendix A

Integral equations

for states with rotational symmetry

In this appendix, we present a detailed derivation of the integral equations for the Bose
polaron with rotational symmetry. We can also derive the equations for the rotationally
symmetric bound states in the vacuum in a similar way, and the resulting equations are
obtained as the zero-density limit of those for the Bose polaron.

From the Hamiltonian (6.6) and the variational ansatz (6.7-6.11), the stationary
condition J((W|(H — E)|W¥))/d(a*, y*) = 0 gives the seven coupled equations,

Eag = gO\/n_OVO—SOZUqVqr (A1)

q
(E - Ep = )y = Q0ltpY0 + 0VI0Yp = 80 ) VgVap, (A2)

q

(E - Eplpz)aplpz = gO(”pﬂ/pz + ”szpl) + 80\/”_07/;71;72/ (A.3)
(E = Epipops)@pripaps = §0(Upy Vpops + Upy Vpspr + UpsVprpa)s (A4)
(E - 1/0))/0 = gO\/n_gozg + 80 Z Uglyg, (A5)

q
(E-vo—E, - sg)y,, = —g0Upo + goVnoa, + Z UgQgp, (A.6)

q

d —
(E —Vo— Ep1p2)yplp2 - _gO(vplapz + Upzapl)

= A7
q
where we have introduced the following notations:
El’ll’z = El’l + EPZ T Epi+pas (A.8)
Ep1p2p3 = Epl + Epz + Ep?) + €p1+p2+p3, (A.9)
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ES  =E, +E, +¢

pip2 (A.10)

pitp2’

Note that for the A-model, the domains of the a functions are the entire momentum
space while those of the y functions are restricted by A. For ny — 0, the equations
for ay, the pairs (ap, y0), (@p,p,, Y0), and (ap,p,ps, Vp1p,) are decoupled from each other,
yielding the Schrédinger equations for the few-body systems in the vacuum, such as
Egs. (4.6) and (4.7) for the four-body system. Substituting the first four equations into
the latter three to eliminate the a functions, we obtain

1/[2
_ q
[802(5 - vp) — E E— Eq — 36]_] Y0
q

(A11)
10Yo UgVq  TUqVq) UkOq)kq
" E +Z(E—Eq—sq E ) LIE—Ei- e
u? u v
2 _d_ . _ q _ pYo  Updo
[go (E - ed — vy~ Ep) ;—E_E )/p—\/n_o(E_Ep_gp = ) (A12)

noYp (”p”tﬂ/q v,,v,,y,,) ( UqYpq 99Ypa )
+——"" 4 — +/ng — ,
E-E, ¢, Z E-E,, E qu E-E,;, E-¢,-E,

_ noYp1p2
2
£52(E - -2 Vo = g
[ 0 Plpz E — Empzq] pPip2 E — Ep1pz
Up10p, Y p1p2 ( Up VP> Up1Vp2 )
+] [ ————— +ny - (A.13)
{ E - Ep1 — &p zq] E - EPlPZ E - EPZ ~&py

+ Z (”m”q)/qu Op1%q97qp> )
E Eqplpz E - Ep2 - €p2

+(p1 e Pz)} ,

where (p1 & p2) represents the terms that symmetrize the expression within {} with
respect to the exchange of p1 and p,. It is clear by inspection that the coefficients of
the y functions on the left-hand side can be written in terms of the medium T-matrix
defined as

u2

1 _o2(r_d_ Y. N Y2
Teec(E, p) = g (E €p VO) Zq: E_E,—¢yry (A.14)

The momentum integral in this definition is apparently ultraviolet divergent. This is also
the case for the A-model because the restriction on the domain of the y functions does
not affect the range of the integration in the definition of Tggc. However, the restriction

can be removed by recalling the definition of the T-matrix of the vacuum two-body
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scattering,

T, E,p) = 87 (E - e = o) - ZE_E,, (A15)

= % [a"l — iom(E — 52) —/-m(E - eg)] , (A.16)

. . 1 .
and subtracting this from T :

Tesc(E,p) = Ty (E, p) + Z (A.17)

—eqrp E-Eg—¢q4p

This is explicitly UV-finite because for a large ¢, the integrand is of O(q~*). By using
Teec(E, p), we obtain the coupled integral equations:

[ Typc(E, 0) - ]7/0 = «/_Z( ety U”y”) ZEu”v"y””’ (A.18)

E—-¢,—Ep —ep—E

_ no Up)o Up)o
TokelE = By, ) = |y = Vi = - )

€p — &~ Ep
(A.19)
Upllg)q Upvtﬂ/q) ( UgYVpq 997pq )
+ + ++/ng -
;(E—EM E Z E-Epy E-¢p-Ep
Up, Uy V0
T—l E—-E, — , + I S — kP2
[ BEc( p1 p2s P1+ P2) E_ EPlle Vpip2 E—¢p —Ep
4 \/7’1_0( Up V2 UpiVpe ) + Z (ul’lu‘ﬂ/l’zq + 109V pag ) (A.20)
E - Empz E - Epy — Ep2 E - Empzq E - Epy — E,72

+(p1 © p2).

For the A-model, all the integrations in Eqgs. (A.18-A.20) are cut off at A.

For states with rotational symmetry, we can restrict our consideration to the y

functions of the following form:

P2
IIP 1)’

Vp = 7/1(|P|), 7/p1p2 V2 |P1| |P2| | (AZl)
together with a single number . This reduces the dimensions of the domain of y,,,
from six to three, in particular, and makes it viable to solve them directly by discretization.
Moreover, we can perform the integration over all the angular variables except for the

ones that are the arguments of the unknown functions. For Egs. (A.18) and (A.19), we
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immediately obtain the following form:

2d
o3-S 202510

2m? (A.22)
p*q*dp dqdz upvgya(p, q,2) '
874 E-¢e,—E, ’
-1 (p _ __ " _ UpYo  TpYo
lTBEc(E Ep.p) E—ep—Eplyl(p)_\/n_o(E—Ep—ep E
2dg | muyu ~(p-gP2+E,+E,—E| v,v
Y O e Rl A 2;”(’7 W rEy B mE] = 0 71(9) (A.23)
2r2 | 2pq | E(p+qP+E,+E;—E -
g*dqd u ,Z v ,q,2
+\/—/ qz gv2(p,q,2) 72(p.9,2) |
~Ey—E;- &2+ 2 +2pgz) E-Ep—¢p
For Eq. (A.20), care is necessary to perform the angular integral in
Up UqYpaq _ upugy2(p2, 9, Zp?q) ‘ (A24)
7 E=Epiprg p E=LEp = Ep, = Eq — Epripaeg
Here, we introduce the notations
pi-p2
z = cos 0 = . A.25
v = €08 Opre = i) (4.29)

In the integrand, we can simultaneously take p; as the zenith direction and the polar
angle 0,,,; and the azimuth angle as the independent variables. Since z,, is one of
the arguments of ), in the integrand, we cannot integrate over z,,, in advance. On the
other hand, in principle, the azimuthal integration can be done. To show the results

explicitly, first we note that z,,;, appears in ¢,,,4 as

1
Epiprqg = - (p% + p% + qz + 2p1P2Zp p, + 2P19%p1q + ZquZPZq) ) (A.26)

It can be written in terms of the independent angles as

Zpiq = ZpipaZpag T \/1 - (Zmpz)z\/l — (2pyq)? cOS B, (A.27)

where ¢ is the relative azimuth angle of g from p;. By using this, we can rewrite the
integrand as

”plquZ(PZI q;zpzq) — _uplulﬂ/Z(PZI q/szq)
E—Ep = Ep, —Eq = €praprg f+gcosd

, (A.28)
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where

1
f(Pl/ P2, quplpzfzpzq) = EPl + EPz + Eq + % (P% + P% + qZ)

1 (A.29)
P (+p1p22p1pz + P24zp,q + quzplpzzpzq) - E,
1
g1, 9, Zp1pas szq) = %\/1 - (Zmpz)z\/l - (szq)2~ (A.30)

This makes the ¢-dependence of the integrand clear, and therefore we can use a formula

/Zn R S AR (A31)
o a+bcosd ~2_p2 ’ '

and obtain the following expression:

Up Uqg)paq q2“p1”q72(P2/ 0, Zprq) A9 dZpyq

=
p E —Epipq 4m2 \/f(m,

(A.32)

2 2
P2, 9, Zpipas Zpaq)* = §WP1, 9, Zpipas Zpag)

Substituting this into Eq. (A.20) and doing other angular integrals that can be done, we
obtain the third integral equation for states with rotational symmetry:

— n
lTBéC(E —Ep, —Ep,, Ip1 + p2l) - E_—nglpz
Up O e l”pl rip2)  vplp2) l

- _E_Epl _gpl E_Eplpz E_Epz_gpz

2
q-dqgdz Up, U Vp, U
" / = p2q (_ p1ttg p1vq ) v2(p2, g, szq) +(p1 & p2).

+
/fz_gz E—Ep, — ¢€p,

This is the integral equation for a three-variable function, which can be numerically

l VZ(PL P2, Zp1p2)

(A.33)

solved by discretizing the continuous variables.
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Appendix B

Perturbative analysis of the rp-model

In this appendix, we present the details of the perturbation theory within the rp-model
of the Bose polaron. As the properties of the impurity are of our interest, we first discuss
the impurity self-energy diagrams up to the order of g;. We then proceed to other
quantities that we can derive from the self-energy.

Here is the dictionary of the diagrammatic representation [158]:

2 2

G = up i
— = 1(w,P)=a)_Ep+io_a)+Ep—i0'
i ) _ UpDp UpOp
=G = T T Y o, — 0
(B.1)
1
===D(w/p)5—d,
w—€p+10
1
:G P =
2% (w,p) w—é&p+1i0

>==g0.

For each loop integral, we attach a factor of i. Here, we assume the unitarity where the
dimer has zero detuning (no v in D(w, p)). Instead of introducing the bare detuning vy
as we do in Sec. 2.2.1, we explicitly make the pair propagator finite by subtracting the
diverging part (see Sec. B.2). We also note that the impurity and a boson interact only
by forming a closed-channel dimer, and that one dimer line always has two vertices at

its edge. Thus the self-energy only has terms with the even power of go.
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(a) (b)

Figure B.1: Self-energy diagrams of O(g3). At this order, the impurity forms a closed-
channel dimer and dissociates back into the open channel. This process occurs either (a)
by binding a boson in the condensate, or (b) by creating a particle-hole pair, of which
the particle binds with the impurity into a closed-channel molecule. The processes
represented by (b) have a non-zero contribution only when & # 0 because otherwise the
only excitation of the Bose gas is the particle excitation. We denote the corresponding

terms by ZE,Z) and Z;z).

B.1 Self-energy to O(g})

For a general ap, there are two diagrams of the impurity self-energy to O( gg), which are
shown in Fig. B.1. From Eq. (B.1), they immediately read

2

8p"o
2P(w,p) = $2noD(w, p) = — </ (B.2)
w =&,
) _ .2 d*q
Z‘b (a)/ p) =14y (2ﬂ)4D(a) +4q0,pt q)Gl(QO/ ’7) (B3)
a4 u? v2
= ig?2 T L 7___ |, (B4
(271) a)+q0—gp+q+1() Q()—Eq+lo q0+Eq—10

where the 4-momentum g denotes the pair of the frequency g9 and the 3-momentum g4.
In the frequency integration, one can take the integral contour that encloses the upper
half of the complex-gq plain. This leads to

2

d3

) 2 q q

Y Nw,p) = , B.5
b (@P) go/(Zn)3w—Eq—e;}+q+i0 (5-5)

which clearly vanishes for ag — 0. It is worthwhile to note that the integral does not
have a singularity for v — 0 and p — 0, and that in this limit, the only scale in the
integrand is the coherence length &. This implies that for small w and p, apart from a

numerical constant,

2 1
X ,p) ~— , B.6

where g% = 87t/m?|rg| is used. In contrast, 21(12) is singular for v — 0 and p — 0, and

therefore is dominant for go — 0.
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Figure B.2: Dyson equation for the impurity propagator at the lowest order.

The singularity of the leading self-energy ZEZZ) drastically alters the physical picture
of the weak-coupling limit from that of the decoupled impurity. This becomes clear
if we consider the dressed impurity propagator. It is defined by the Dyson equation

shown in Fig. B.2 and has the following analytic expression:

1

w = - gono/(w - &5)’

Q(a),p) =

(B.7)

For p = 0, the pole with the smallest real part, which corresponds to the ground state, is

W= —4 /ggno = —+/87tng/|ro|/m = E@. Around this point, G is approximated by

1
w—E® + (e, + ES)/ZI

Gw.p) =3 (B38)
which implies that the quasi-particle residue is Z = 1/2 and the effective mass is
m* = 4m /3. The ground state in this limit is in fact the equal-weight superposition state
of the decoupled impurity and a closed-channel dimer. For the current perturbative
analysis, an important consequence of this consideration is that we need to incorporate
this picture from the next order to obtain the correct results. In other word, the impurity

propagator in the O( gé) diagrams should be replaced by the dressed one G.

B.2 Self-energy to O(g;)
In Figure B.3, we show all the six diagrams to this order. Among them, only 224)
corresponding to Fig. B.3(a) remains finite for ag — 0. Moreover, we shall show that
all the others give smaller corrections, compared with 224). On the other hand, the
quasi-particle residue is subtler because we need to take 224) to fo) into account to have
a finite result.

Now we can readily write down the self-energies of O(g3). After the frequency

integrals, we obtain the following expressions:

D@, p) = 800 /d3”’ W2G(w—E,,p +q) + = (B.9)
! ’p_(w—eg)z (n)3 | 1 7P g2’ '
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Figure B.3: Self-energy diagrams of O(g;). We denote the diagrams (a-f) by 2564)
(x =a,b,..., f). We need to use the dressed impurity propagator in order to obtain
the correct results to the next-to-the-leading order. Among the six diagrams, only
224) survives for ag — 0. For ag > 0, the diagrams (b-f) diminish faster than Z,(;L) in
the weak-coupling limit. However, when calculating the derivatives of them, e.g., the
residue, we need to take other diagrams into account in order to remove an infrared
divergence.

géno d®q ugvaG(w —Eg,p+4q)

4) 4)
LN w,p)=2(w,p) =- , (B.10)
b ¢ . .
w-e5J 2P  w-E, —egw
d3q 03G(w —Eqg,p +9q)
=M@, p) = gino 1. . , (B.11)

@r)P (= Eq = ep,p)?
Bq Pk Vu2G(w—Ey—Ex,p+q+k)—m/q*]
(2m)? (2m)? (@ = Ex — €5, )
dq 4%k uqvquxvkG(w —E4 —Ex,p+q+k)
2n) 2n)° (0 -Eg-ed, )@ —Ex—¢ '

2w, p) = gl

. (B.12)

Z?)(w,p) = ¢ (B.13)

d
p+k)

The subtraction of the ultraviolet divergence in Egs. (B.9) and (B.12) is equivalent to
setting the bare detuning vy to

2 3
mgy 2/ a’q m
AN)=——A= — B.14

as we did in Sec. 2.2.1, and to retaining the terms up to O(g;).

Similarly to the discussion in the previous section, we can compare the different
diagrams with the help of the dimensional analysis. A naive dimensional analysis for
w — 0and p — 0 leads to the following scaling relations:

1/2
@_ 1 cw_sw_ " @ mé
C

@ _ @ 1
7 - ’ LA Z‘ = Z‘ ~ T 5
“ ol b |7]3/2 4 rol? ‘ f )2

(B.15)
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b c
w — 0and p — 0. This results in a logarithmic correction to 224) and 224) and an

additional factor of |ro|'/2/(& Zné/ 2) for 224). With these corrections considered, we still

This is too simplistic, however, for X and Z(d4) have infrared divergence for

see that Z,(;D is dominant in the weak-coupling limit. Indeed, it has the same scaling as
Zf). Therefore, the first correction to Zf,z) is given by Zf) and 224) for ag # 0 and only
by 224) for ag = 0. Note that this consideration is about the self-energy itself. When
we discuss the quasi-particle residue, for example, we consider the derivative of the
self-energy, in which more care must be taken to obtain meaningful results.

B.3 Ground-state energy

The energy can be found by solving E = L(E, 0). From the leading-order self-energy
zﬁ,z), we obtain the following ground-state energy:

1 [8mnyg
E=E® = _E‘/ ol (B.16)

When Z(w, p) = Z?(w, p) + 6Z(w, p), the equation for the energy reduces to

E=xPE® + 5E,0) + 6Z(E@ + 5E, 0) (B.17)
~ E@ — 6E + 6X(E®,0), (B.18)

where OF = E — E? and we have dropped the higher-order corrections. Therefore, the
next-to-the-leading-order correction to the ground state energy is obtained by

OF = %52(15(2),0). (B.19)

Below, we consider the cases with ag = 0 and ap # 0 separately.

Casel:ag =0

In this case, only 224) alone gives the next-to-the-leading-order correction to the ground-
state energy. By noting that u; — 1, E; — ¢4, and (E?)? = g%no, it is straightforward
from Eq. (B.9) to obtain

1/4
2
~(ED,0) = —\@ (SR"O) : (B.20)

m |70l3
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Therefore, the ground-state energy is

~_ 87’(110 \/7 8711”!0)
V |70l (V nol®) (2D

Case 2: ag >0

As shown in the previous sections, the next-to-the-leading-order correction to the
self-energy comes from the following two terms:

5x(E?,0) = 2P(E@,0) + £ (E@, 0). (B.22)
By using the expressions for them, we obtain

d3 02 le
5T(E?,0) = 5 ”;3 5 Eq —+ T +Z|. B
Tt - € 8p'o

The integral is not singular in the limit of E (2) — (. Therefore, to obtain the next-to-the-
leading-order correction only, we can safely set E? — 0,

2 uZ

d’q m
—_ 52 q _ q
6X(0,0) = go/ oy - 83 Ere + _q2 (B.24)

8m dx | x*+1-xVx2+2 _x2+1+x\/x2+2_|_1
mlrol€ J 21 | x2 424 xVa2+2/2  x2+2+xVx2+2
\oa
- (161 |2 ﬁ) 075 (B.26)
3 ] mirol
2.83268+/npap

m|ro|

0

(B.25)

(B.27)

Therefore, the ground-state energy to the next-to-the-leading-order correction is

noa
E=-—1 8””°+(8,/3—£) Vo (B.28)
m |70 3 +m) mlrol

B.4 Quasi-particle residue
In terms of the self-energy, the quasi-particle residue Z is given as

Z =1-9,X(w,0)| - - (B.29)
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Considering the leading-order self-energy 2512) first, we find that

25E
9,ZP(w,0) ~ 1+

w=E@+8E B m’ (B30)

where we retain the next-to-the-leading-order correction to the shift of the ground-state
energy. Combining this with the corrections to the self-energy, we obtain

_ 26E
Zl~2 - o d0OZ(@,0)| —re (B.31)

where 6L =X - )222). Clearly, this is consistent with the comment at the end of Sec. B.1.

Equivalently, we obtain the leading correction to the quasi-particle residue as follows:

1 6E 1
Z-5= o 7 90dZ(@, 0l (B.32)

Casel:ag =0

In this case, we only need to consider 224) and set u; = 1,v;, = 0, and E; = ¢4. The

frequency derivative of this term is

4 3
(4) _[5 8™ d°q _ m
8(0211 (C(), 0) - (a(u 0)2 ) (27_()3 lg(w €QI q) + qz
) 3 (B.33)
8o [ d’q B
w? J (2m)3 PG =20, 0),

and has two contributions, which are distinguished by the part on which the differentia-
tion acts. In the first term, w outside the integral is differentiated; this leads to the term
in 80)2,(14)(E @,0) of the form

—2 (4) (2) _ 46E

E(z) Z‘a (E 7 O) - E(4) 7 (834)
where we use O0E = %Z?(E ), 0) which holds true for ag = 0. In the other term, d,, acts
on G in the integral, which, in fact, leads to an infrared divergence. For a small g and

ag — 0, we can use Eq. (B.8) to obtain

1 1
30)@(({) —&q, q)|w=E(z) = —E [gq N (Eq N 83)/2]2 (B35)
~q74, (B.36)



which makes it clear that the integral diverges linearly around g = 0. In total, the inverse
of the quasi-particle residue is

20E L
_1 ~
z =2k T (B.37)
3 1 L
:2—2\ﬁ—+—, B.38
7 (8mnp|ro[)1/4  |rol (B.38)

where L represents the linear divergence. This result implies that the quasi-particle
residue is zero within the perturbation theory for ag — 0.

We would like to emphasize that the infrared divergence persists even if we take
the higher-order self-energy in calculating the dressed propagator. Generally, the

low-momentum expansion of G has the form

Z
— E*—p2/2m*’

Gw,p)=— (B.39)

where E* and m" are the ground-state energy and the effective mass, respectively, which
are determined within the same order of approximation. Then the derivative of G at

low momenta is again

d0G(@ = €p, p)| g ~ P (B.40)

Therefore, as long as this expansion applies to G, the integral in Eq. (B.9) inevitably
diverges for ag — 0.

Case2:ag >0

If we apply the naive counting of the power to each term of d,,Z, we find that Z,(f) gives
the next-to-the-leading-order correction. Similarly to the case with ag = 0, we can divide
9, L™ into two parts:

aa)zz(z4)(wz O) = (8wg0 0) 9

w? (2m)3
gono [ dq
w2 (27)3

|u$§(a) —E4q)+ Ez
1 (B.41)

UpdwG(w — Eq, q).

For the term in which d,, acts on w2 outside the integral, we obtain the following

expression:

2 2
—ﬁz;‘”(E(ZLO) ~ _ﬁzg‘”(o, 0) (B.42)
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. B.43
e VAPN (B.43)

Note that for ag # 0, this is not simply —46E/ E®@ because 6F has a contribution from
2)
.

A special care is needed when we consider the term involving the derivative of

G, which, for ag — 0, causes the linear infrared divergence. For a nonzero ag, the

Bogoliubov dispersion is linear in momentum, weakening the divergence of d,G around

the pole to

00G(@ —Eq, q)| _po ~ P2 (B.44)

At the same time, a nonzero ap leads to a diverging uf] ~ ¢! for a small g, which,
together with the divergence of d, G, results in a logarithmic divergence of the integral.

This, however, does not affect the final result because the same divergence occurs in
80,2;)4), 8w2£4), and 8wZE{4), which have been omitted so far, and they cancel out. To see
that this cancellation happens, it is sufficient to consider the terms involving d,,G. If
we look at Egs. (B.10) and (B.11), we can approximate w — E; — 53 by w and take it out
of the integral for p — 0 and g — 0. Then each integral has the logarithmic infrared

divergence from the integrands of the form

—Ug0q dwG(w — Eg, q)lwzgm (B.45)

and

Vg 900G (@ = Eq, @) g (B.46)

Here, the sign in Eq. (B.45) is important. Also, Eq. (B.45) is to be doubled because both
224) and Z(C4) have the same contribution. Therefore, by summing up these terms, the

integrand at low momenta is

(g — vq)z dwG(w - Eg, q)|w:E(2) . (B.47)

Since for asmall g, u; —v, ~ /7, the resulting integral is infrared finite and can simply be
ignored, because after combined with the prefactor, the result scales as &/|r¢|, decaying
faster than \/m for go — 0.

From the discussion above, we conclude that the quasi-particle residue has a finite

value for ap # 0 within the perturbation theory up to O( gé). We thus find that

20E 2

(4)

Z 1t~
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~2 (n \/§) ol (B.49)

Lo 2 2] s
z_2+(\/§n \ﬂ) ol (B.50)

which is finite, in contrast to the case for ag = 0.

or equivalently
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Appendix C

Effective mass obtained

from the variational wave function

The inverse effective mass of the Bose polaron is defined as

1 _ PEp)

o = 5o (u,v=x,y,2), (C.1)

p=0

where E(p) is the energy dispersion of the Bose polaron and the rotational symmetry is
assumed. A straightforward way to calculate this quantity is to determine E(p) for a
small p and differentiate it numerically. However, it is numerically expensive to extend
the variational method to finite p states, and thus it is hard to obtain accurate results by
this method.

Here, we take an alternative approach based on a perturbative expansion of the
variational equation. By regarding the total momentum p as a small parameter, we
expand the variational equation in terms of p, and evaluate the second derivative of the
ground-state energy. A similar method was used to calculate the effective mass of a

Fermi polaron by Trefzger and Castin [127].

In the variational method, the integral equation has the following structure:
Ko(E)Iy) =0, (C.2)

where |y) is the set of the y functions to be determined, and Ko(E) is a linear integral
operator. The ground-state energy is E = Eg, where the smallest eigenvalue of Ko(E)

crosses zero. We can generalize the variational equations for a finite p that implicitly
gives E(p):

K[E(p),plly) =0. (C.3)
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Note that this is not a Schrédinger equation, as we have removed the a functions and K is
no longer of the form H — E. However, the fact that K is a Hermitian matrix allows us to
evaluate the eigenvalues perturbatively in a manner similar to the Rayleigh-Schrodinger
perturbation theory for Hamiltonians. Once we have a perturbative expression of the
lowest eigenvalue, the condition that it vanishes gives the energy E(p) for a small p, or
equivalently, the effective mass.

To this end, we first expand K[E(p), p] in terms of p:

o % % PuPo | » 9’E(p) 5
K[E(p), p] = Ko + puKy + (Kw + KE (C4)
u:g,;/,z u,vzzx;y,z 2 &Puapv p=0
= KO + Z pulzu + Z Puzpv (Kuv + %(%JUKE) 7 (C'5)
u=x,y,z u,0=x,Y,2

where we use dE(p)/dp = 0, the definition of the effective mass, Ky = Ko(Ep), and the
following operators:

. K[E
@ JK[E, p]

s
= @ Jd°K[E, p]
IPu

uv =

. _ JKI[E,p]
, K
E=Eg,p=0 Ipudpy

ES —r (C.6)

4
E=Eq,p=0 E=Eq,p=0

Owing to rotational symmetry, we can focus on p = pe, without loss of generality and

simplify the expansion as follows:

2
RIE(p), p] = Ro(Eo) + pRa+ P (K N ) C)

We use this expansion to obtain the lowest eigenvalue of K[E(p), p] for a small p.
Suppose the lowest eigenvalue A¢[E(p), p] is expanded as

MlE(@), p1= AV + A0p + APp2 +. (C.8)

It should be noted that this is not only an expansion of A¢[E, p] in terms of p, but
also it contains the information about the expansion of E(p). The first coefficient /'\éo)
is the lowest eigenvalue of Ko(Ep), which is zero from the condition determining the
ground-state energy Ey for p = 0. The perturbation coefficients for the higher orders are

written as
1y = (ol R [y0). (C9)

1 K
2D = §<7/o (Kzz + —K )‘ > ) |<Z’(L) - |Ay(8 (C.10)
i>0
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1 KZ
(KZZ+—K )| > Z' Vi |A(O|)y0 . (C.11)

>0

_1

Here, /\EO) is the i-th lowest eigenvalue of Ko(Eo) and |y;) is the corresponding eigenvector;

we count i from zero, which corresponds to the ground state satisfying Ko(Eo) |y0) = 0
By noting that K, has odd parity while the ground state is an even-parity state, the
first-order coefficient Aél) automatically vanishes.

Now we return to the condition that determines the ground-state energy, which is

AolE(p), p] =0, (C.12)

for any given p. This means that all the perturbation coefficients in Eq. (C.8) are zero, and
that this set of the zero-coefficient conditions determines the low-momentum expansion
of E(p). In particular, /\82) = 0 gives the following expression of the effective mass:

1 ZI(%IK |0y’

e {(ro] K| Vo)[ O 2O = (r0|Kzz| 0} |- (C.13)
i>

By introducing a projection operator P = ;. |y} {yi|, we can rewrite the effective mass
in the following form:

1 1 ‘ D NN, PN ~
oo <)/0 | [ | 7/0> <70 [ z ( O) z zz]

This is a particularly convenient form, because we do not need to take the numerical

> . (C.14)

derivative of the ground-state energy or calculate the derivative of the y functions. In
this method, we use the derivatives of the integral operator, whose expressions are
known, and take the expectation values within |y(), which is numerically obtained in
the calculation of the ground-state energy.
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