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Notation and abbreviations

CONTENTS

For the notation of other quantities either an unambiguous standard notation is used, or the notation
is given explicitly in the text. List of the special notation used throughout the Dissertation:

SYMBOL

aip

asp

aj

aZ

[dimensionless]

= 75l)

[units of energy]
[units of mass]

<
S

(R)

£ e <
&2

MEANING

one-dimensional s-wave scattering length
three-dimensional s-wave scattering length
oscillator length of the transverse confinement
oscillator length of the longitudinal confinement
number of dimensions

diffusion constant

total energy of the system

local energy of a walker R

Bijl-Jastrow component of a local energy

drift force

Bijl-Jastrow component of the drift force
one-body Bijl-Jastrow term

two-body Bijl-Jastrow term

non-diagonal element of the OBDM
pair-distribution function

value at zero of the three-body correlation function
one-dimensional coupling constant
three-dimensional coupling constant

size of the system or side of the simulation box
particle mass

linear density

(total) particle density

number of particles

coordinate of i-th particle

a point in D N-dimensional phase space (a walker)
range of the potential

(variational) matching distance

size of the cloud in z-direction

size of the cloud in the transverse direction
exponentiation of the Bijl-Jastrov term
external potential

pair-interaction potential

anisotropy parameter (aspect ratio)

chemical potential

reduced mass

imaginary time

ground state many body wave function

trial many body wave function

frequency of the transverse harmonic confinement
frequency of the longitudinal harmonic confinement

DEFINITION
=)
(=23)
a; =+\/h/mw,
a, = +/h/mw,

D = h?/2m

(e13)
=)
(E13)
()
ee (2232)
ce (237)

188

]
2

o~~~

)
)
)
)
)

Lo

-)

nlD:N/L
n3D:N/V

7_1; - (xia Yi, ZZ)

R = {Fl, ...,FN}
(27

(3m)

A=w,/w,

w=m/2
T=1l
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List of used abbreviations:

BCS
BEC
BJ
DMC
FN-MC
JS

GP

HR

HS
LDA
LL
OBDM
TG

SR

SS

SW
QMC
VMC

Bardeen Cooper Schriffer
Bose-Einstein condensation
Bijl-Jastrow

Diffusion Monte Carlo
Fixed Node Monte Carlo
Jastrow-Slater
Gross-Pitaevskii

hard rod

hard sphere

local density approximation
Lieb-Liniger

one-body density matrix
Tonks-Girardeau

short range

soft sphere

square well

Quantum Monte Carlo
Variational Monte Carlo
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Introduction

Although proposed by Einstein [Ein24, Ein?5] for an ideal quantum gas a long time ago Bose-Einstein
condensation (BEC) almost remained only a mathematical artifact. After many years of intense ex-
perimental activity in 1995 BEC was observed in alkali vapours in a remarkable series of experiments
[AEMT95, DMATO5]. Since that time there has been an explosion of experimental and theoretical in-
terest worldwide in the study of dilute Bose gases. The Bose condensate, a macroscopically occupied
quantum wave, exhibits peculiar properties and often is referred to as a new state of matter.

One of the directions where very important achievements were made in the years passed from the
first realization of the BEC in gases, is the the development techniques of cooling quantum gases to
extremely low temperatures and of trapping methods allowing for the realization of low-dimensional
geometries (for example, [GVLF01 SKCT01, GBRMT01, MSKEN3, TOHT04, SMST04]). This com-
bination leads to highly non-trivial effects, like the fermionization of bosons which may happen in
one-dimensional quantum system. The progress in cooling methods has led to the possibility of
observing both Bose and Fermi systems at temperatures much smaller than the degeneration tem-
perature. The development of the techniques of diagnostics allows to get a quantitative description
of the system under investigation: the size of the cloud, release energy, the momentum distribution,
structure factor and frequencies of collective excitations are available in many experiments.

The most widely used approach for the description of quantum degenerate bosonic system is the
mean-field Gross-Pitaevskii (GP) theory[Gro61, Pit61]. In this approach all particles are considered
to be in the same quantum state described by the condensate wave function, which evolves in time
according to the Gross-Pitaevskii equation. The mean-field approach has proven very useful as it
is mathematically much easier to solve the equation for one particle in an effective field of other
particles, than to solve the full many body problem. The GP approach holds when the depletion of
the condensate is negligible or, more generally, when the correlation length is much larger than the
interparticle distance. One-dimensional gases in a regime of strong quantum correlations where the
above condition fails, have already been realized.

The problem of solving the many-body Schrédinger equation and finding multidimensional av-
erages integrating out 3N degrees of freedom is very complicated. The Monte Carlo methods are
indispensable tools in the calculation of multidimensional integrals (see, for example[Cep99, (CBY5,
MFESY95]) and have been shown to be highly useful in the investigation of quantum systems (see, for
example, [ABCG02, GGMBO4]). We are most of all interested in the quantum properties of the
system at zero temperature. The diffusion Monte Carlo method is the best suited for this type of
study.

The confining potentials (magnetic trapping, optical trapping, etc.) can be well described by
harmonic potentials. If the frequencies of the confinement are equal in all three directions (i.e. the
trap is spherical) the sample of the gas inside is three-dimensional. If, instead, the trap is made
tighter in two directions, the shape of the gas cloud becomes elongated, and in the limit w; > w,
the system becomes effectively one-dimensional (see Fig. M). The crossover of a trapped gas from

5
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Figure 1: An example of realization of a quasi one dimensional bosonic system (taken from
[MSKED3]). Two counterpropagating laser beams create a tight two dimensional optical lattice.
In the transversal direction the gas is in the ground state of the confining potential. Excitation of
the next levels is highly suppressed due to the low temperature kT /hw, < 6-1072 and low value
of the available one-dimensional energy p/hw, — 1 < 0.1.

three- to one- dimensional behaviour is highly interesting and we have studied it using a Quantum
Monte Carlo method[AGD2].

The reduced dimensionality enhances the effect of interactions and the properties of a one-
dimensional system can be very different from the ones of a three-dimensional gas. The phenomenon
of Bose condensation is absent in a one-dimensional homogeneous system. Furthermore, the behavior
of repulsive bosons is very peculiar in one dimensional system: in the limit of low density the particles
get completely reflected in the process of two-body collisions (limit of impenetrable particles) and
the interaction between particles plays a role of an effective Pauli principle. In this Tonks-Girardeu
limit fermionization of bose particles happens. The wave function of strongly interacting bosons can
be mapped onto a wave function of ideal spinless fermions[Gir60]. The system of bosons acquires
many fermionic properties: the energy, pair distribution function, static structure factor, etc. are
the same. In the low-density regime beyond mean-field effects are important and they can not be
accounted for by the Gross-Pitaevskii approach, which is valid instead in the opposite regime of
large densities. In the regime of intermediate densities (recently realized in experiments[TOHT04))
both methods are not applicable. The system with contact repulsive interaction (Lieb-Liniger gas)
is exactly solvable. Many of its properties are known exactly: the ground-state energy [LLG3], value

OBDM[OD0O3]. Still the complete description of correlation functions in the Lieb-Liniger gas (also
value at zero of the three-body correlation function which was measured in the experiment[TOHT04))
is unknown. The DMC is well suited to study this problem[AGO3].

In a one-dimensional system with attractive contact interactions a two-body bound state appears
for any strength of the d-potential While the Pauli exclusion principle prohibits fermions from oc-
cupying a state with the same quantum numbers, bosons are free to populate the lowest state. An
exact result for a system of bosons[McG64] shows that the ground state is a soliton-like state with
large negative energy. In a system of two-component fermions two particles with different spin can
form a bound state (particles with parallel spins can not interact with contact potential), but other
particles (or pairs) have to stay apart. The exact solution[Gan67, KO75] shows formation of dimers
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which form a gas-like state. In the dilute regime the internal structure of the composite dimer can
be neglected and the system behaves as a Tonks-Girardeau gas of bosons with twice the mass of the
atoms[ABGP04].

For a gas of 1D bosons we propose to obtain a large attractive interaction in this special way:
start with a gas of repulsive bosons, increase the strength of the interactions using the Feshbach
resonance up to Tonks-Girardeau regime (a;p — —0) and then change the sign of the interaction
(a1p — +0). The new state (“super-Tonks”) will have correlations which are even stronger than in
the Tonks-Girardeau gas. The super-Tonks gas is a metastable state which has analogies with a gas
of hard-rods of size a;p. The super-Tonks is a metastable state. A very important question is to
find out if the super-Tonks gas is stable and, thus, can be realized in an experiment. We use the
variational Monte Carlo method to investigate this problem[ABCGO44)]. Interaction effects in quasi-
one-dimensional systems can be studied in experiments by exciting “breathing” mode oscillations.
The local density approximation can be used to obtain the density profile of a trapped system of
bosons or fermions. We solve the local density approximation for a quite general class of equations
of state analytically. Using the sum rule approach we extract the oscillation frequencies numerically
for all densities and analytically in the limits where the expansion of the equation of state is known.

A peculiar property of a low temperature system is the possibility of being superfluid. One of
the most important predictions of Landau theory of superfluidity is the existence of a finite critical
velocity. If a body moves in a superfluid at 7" = 0 with velocity V' less then v., the motion is dissipa-
tionless. At V' > v, a drag force arises because elementary excitations are created. Recently, existence
of a critical velocity for the superfluid motion in a Bose-Einstein condensed gas was confirmed in
various experiments. For example, at MIT a trapped condensate was stirred by a laser beam and
the dissipated energy was measured[RKOT99 ORVT00]. According to Landau if one imagines to
move a small body through the system and there is no normal part, no dissipation will happen if
the speed is smaller than the speed of sound. We calculate the effect of a small impurity moving
through a condensate which is described by the Gross-Pitaevskii equation[AP02]. We want to find
an answer to a question which is rather complicated. We know that in the large density mean-field
regime that the system should be superfluid. On the other side, in the Tonks-Girardeau regime the
system is mapped to the fermions, which are not superfluid.

An important question concerns effective interactions in 1D, i.e. how the one-dimensional effective
coupling constant is related to the three dimensional s-wave scattering length. A solution for the
problem of two-body scattering on a pseudopotential in a waveguide was found by Olshanii[OIs9g]
and shows a resonant behavior in the regime asp ~ a, due to virtual excitations of transverse modes
confinement levels. Since in normal experimental conditions azp < a,, a resonant scattering in
the vicinity of a Feshbach resonance should be used in order to enter this regime. In experiments
a possible way to fulfill this condition is to make use of the Feshbach resonance. An important
question is to prove the existence of the confinement induced resonance in a many body system. We
consider a resonant scattering on a smooth attractive potential of very small range and use Fixed-
Node Monte Carlo to study the problem of quasi-one-dimensional Bose gases with large scattering
length[ABGGO4H, ABGGO44].

The use of Feshbach resonance allows one to vary the interaction strength in a controlled way and
tune the scattering length essentially to any arbitrary value. Recent experiments on two-component
ultracold atomic Fermi gases near a Feshbach resonance have opened the possibility of investigat-
ing the crossover from a Bose-Einstein condensate (BEC) to a Bardeen-Cooper-Schrieffer (BCS)
superfluid. For positive values of the s-wave scattering length asp, atoms with different spins are
observed to pair into bound molecules which, at low enough temperature, form a Bose conden-



8 CONTENTS

tracold Fermi gas with a < 0 and kp|la|] < 1 [BART04a, BKCT04], where standard BCS theory
is expected to apply. In the crossover region the value of |azp| can be orders of magnitude larger
than the inverse Fermi wave vector k' and one enters a new strongly-correlated regime known as
unitary limit [OHGT02 BART04h BKCF04]. In dilute systems, for which the effective range of the
interaction Ry is much smaller than the mean interparticle distance, kr Ry < 1, the unitary regime is
believed to be universal. In this regime, the only relevant energy scale should be given by the energy
of the noninteracting Fermi gas. The unitary regime presents a challenge for many-body theoreti-
cal approaches because there is not any obvious small parameter to construct a well-posed theory.
Quantum Monte Carlo techniques are the best suited tools for treating strongly-correlated systems.
We use Fixed-Node Monte Carlo method to obtain for the first time the equation of state covering
all regimes (BEC, unitary, BCS)[ABCG04H|. The equation of state can be tested in experiments by
measuring the frequencies of collective oscillations. We also investigate the behavior of correlation
functions.

The structure of the Dissertation is as follows.

In the Chapter M we introduce the analytical approaches and approximations used in the subse-
quent Chapters. Chapter B explains in details the Quantum Monte Carlo methods used in the study.
In Chapter B we consider a system of bosons in an anisotropic trap and study the transition from a
three dimensional behaviour to a quasi one dimensional one as the trap is made very elongated. We
study the properties of a quasi-one-dimensional Bose gas with resonant scattering in Chapter @. The
system of J-interacting bosons in the case of repulsive interactions (Lieb-Liniger gas) is investigated
in Chapter B and in the case of attractive interactions in Chapter B. The motion of an impurity as
a test for superfluidity is considered in Chapter [@. In the next two chapters we consider systems of
two component fermions in a quasi one dimensional system (Chapter B) and in a three-dimensional
uniform system (Chapter 8). Conclusions are drawn in the last Chapter (Chapter O4).



Chapter 1

Tools

1.1 Introduction

This Chapter is intended to introduce tools for the subsequent Chapters. Here we define the quanti-
ties (correlation functions, static structure factor, etc.) that later are used to describe the properties
of quantum systems. We explain the analytical methods (Gross-Pitaevskii approach) and approxi-
mations (local density approximation, pseudopotential approximation) used in our study. We review
the 2-body scattering problem in three- and one-dimensional systems as it gives insight into the
many-body physics and is relevant for the implementation of the Monte Carlo techniques. Most of
the content of the Chapter is standart and is presented for the completeness of the discussion. Only
in several sections some new results are obtained (Secs. [6,172).

The structure of the Chapter is as follows.

In Section 2 we introduce quantities which characterize a quantum system and can be accessed
in experiments. We start by considering the representations of the first and second quantization
(Secs. =0, TZ2A). A special attention is paid to the relation between mean averages and correlation
functions. The calculation of the correlation functions can be largely simplified in a homogeneous sys-
tem (Sec. [23), although the case of trapped systems is also considered (Sec. 2H). The momentum
distribution and static structure factor are introduced in Sec. I—24.

The scattering theory is addressed in Section I=3. The scope of our study is general and we
consider the theory in a three-dimensional system (Sec. [Z32), as well as in a one-dimensional system
(Sec. E33). The scattering problem is solved for a number of potentials that appear in different
models. The scattering solutions are used to construct the trial wave function (see Chapter D)
and make comparison of N-body and 2-body physics (see Chapter H). We discuss scattering on
a d-potential (pseudopotential) in a one dimensional system (Sec. [Z3237), where the problem is
well posed, and also in a three dimensional system (Sec. IZ341), where instead a regularization
procedure is needed. We relate the coupling constant to the s-wave scattering length (in 1D and
3D) for the scattering on the pseudopotential, which is a highly important theoretical tool widely
used throughout this dissertation. In the conclusion of Section we consider the case of resonant
scattering, when the scattering length can be much larger than the range of the potential.

A dilute quantum system of repulsive bosons shows very peculiar properties in 1D. Fermionization
of the bosonic system takes place (Tonks-Girardeau gas[Gir60]), and the particles behave as if they
were ideal fermions. We address some of the properties of an ideal Fermi gas in Section. 4. The
Fermi momentum and Fermi energy of an ideal 1D Fermi gas (Sec. [Z) provide an important
physical scale not only in the TG regime but in the whole range of densities. The ground-state
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energy of a gas of impenetrable particles (hard-rod gas) is calculated in Sec. 4. The properties
of a gas of hard-rods are important in the proposed relation of such a system to a short-range
attractive potential (super-Tonks) gas (see Chapter B). Also the HR gas equation of state is related
to the expansion of the energy of a Lieb-Liniger gas in the regime of strong correlations and this
expansion is relevant for the estimation of the properties of correlation functions in this regime.

In this dissertation the Monte Carlo results are systematically compared to the predictions of
the mean-field Gross-Pitaevskii approach (when GP equation is applicable). In Section T35 the
GP equation is derived from a energy functional, which later is used to study the properties of a
condensate disturbed by an impurity (see Chapter @). In a similar way the GP equations in restricted
geometries (cigar- and disk- shaped condensates) are derived in Sec. 3. In this approach virtual
excitations in the tight direction are neglected and the resulting expression of the coupling constants
is to be compared with the one of an exact solution of a two-body scattering problem in 1D obtained
by Olshanii [OIs98].

If the equation of state of the homogeneous system is known, the local density approximation
allows one to estimate the properties of a system in the presence of an external confinement. The
general idea of this method is explained in Sec. L6 and the characteristic parameters in three-
and one-dimensional systems are discussed. We propose an exact solutions of the LDA problem
for a “perturbative” equation of state both in one dimension (Sec. [62) and in three dimensions
(Sec. [63). The obtained formulas are applied to bosonic systems (see Chapter B) as well as fermionic
systems (see Chapter B). In particular the LDA method together with the sum rule approach (in
1D) and scaling approach (in 1D) can be used to estimate the frequencies of collective excitations.
Expansions for those frequencies are obtained and later are compared to the result of the numerical
results obtained using LDA (see Figs. 64, B4). Finally in Section 64 we consider the LDA applied
to the Tonks-Girardeau gas and calculate the static structure factor in a trapped system.

This introductory Chapter is concluded with a newly proposed derivation of the dynamic form
factor, pair distribution function and the one-body density matrix of a weakly interacting bosonic gas
in 1D. The Haldane description [Hal&T] of this system is corrected in order to replace the phononic
excitation spectrum with the more precise Bogoliubov spectrum. In this way we eliminate logarithmic
divergences present in the problem and estimate the prefactors of the long-range asymptotics. In
particular the coefficient of the decay of the OBDM (Sec. [C73) is compared to the exact DMC result
(see Sec. H) and is found to be extremely accurate (less than 0.3% error).
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1.2 Correlation functions and related quantities

1.2.1 Correlation functions: second quantization form

Quantum description of identical particles can be conveniently done in terms of the creation and
annihilation field operators. The operator Wf(7) puts a particle into a point 7, while W(7) destroys
a particle at the same point. Field operators can be conveniently presented in terms of creation ay
(annihilation a') operator that puts (destroys) a particle in a single particle orbital ¢z (7):

V() = Yl
k

VR = Sedag .

In a uniform gas occupying a volume V' single particle orbitals ¢z(7") are plain waves ¢z(7°) = \%V etk

In a system of bosons operators (II) commute [¥(7), UT(7)] = §(F — ), [¥(7), ¥(7)] = 0 and
anticommute in a system of fermions.

Before giving the definition of the correlation functions in terms of the field operators (), let
us discuss how the correlation functions come naturally from the calculation of the mean values of
operators. We shall start with a very general form of a Hamiltonian consisting of one- and two- body
operators

=04 FO, (12)

where the one-body operator F® is a sum of operators ﬁ-(l) each acting only on one particle:

N

FO = 3 f0(m) (1.3)
i=1
1.

FQ::§§y@m@> (1.4)
1#]

For example, it can be an external potential f®)(7) = V,,,(7) (and, thus, the operator is diagonal
the coordinate representation) or it can be the kinetic energy fM)(p) = p?/2m (the operator is
diagonal in the momentum representation). A commonly used two-body operator is a particle-
particle interaction is usually defined in the coordinate representation f) (7, 7%) = Vi (71, 7).

In the second quantization representation the one-body FO and two-body F® operators are
conveniently expressed in terms of the field operators ().

PO = // 1 (7) fOF, 7B () didr (1.5)
F® = % // U (AU (7) fO(F, 7 (7)Y (F) dFdF (1.6)

Here we assume that the one-body operator can be either local (7] fM|7) = fM(7)§(7 — ) (like
in the case of an external field), either non local (like in the case of the kinetic energy), so, in general,
we have two arguments f() = f()(7 ). Instead, for the two-body term we always assume that
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it is local (i.e. it has a form similar to the particle-particle interaction energy) (7, 7| fM|7, ) =
FO (7, 7%)8(FL — 7)6(7 — ), so in (C8) we have only two arguments instead of four.
The quantum averages of F(1 and F® can be extracted from fM and f@ if the correlation

functions are known™:

(FU) = /f(l)FF )G (7, ) didi (L.7)

(F@) = //f (7. ) Ga(F, ) dFdF (1.8)
Here G1(7,7") and Go(7, ") are the non normalized correlation functions defined as

Go(r7) = <‘?T(7f)‘if(4)> (1.9)
Go(F) = (WA D ()b () (1.10)

The function G (7, 7") characterizes correlations existing between values of the field in two different
points 7 and 77. The total phase does not enter in the definition, but instead the relative phase
between two points is important. The diagonal term 7 = 7 of (IC9) gives the density of the system
n(F) = (UH(F)U(F)) = G4(F,7), so the trace of the matrix G, gives the total number of particles
trGy = [Gi(F,7)dF = N. The function G5(7,7) characterizes the density correlations between
points 7 and

It is convenient to introduce dimensionless versions of functions (IT9) and (I—I):

LY

- Gl(ﬁ F,)

rr) = 1.11
977 NERENCENGR (1.11)
a7, 7 Galr, ) (1.12)

) - Gl (Fv mGl(F’ F,)

The function (D) is limited to the range [0,1] and can be understood as the probability to
destroy a particle at ¥ and put it at 7. It is always possible to put a particle to the place where it
was, so g1(7,7) = 1. The non-diagonal long range asymptotic vanishes in trapped systems and also
in homogeneous systems in the absence of Bose-Einstein condensation g (7, 7) — 0, |7, 7’| — oo.

A more detailed introduction to the analytic properties of the correlation functions can be found,
for example, in [Gla63, NG9Y, (GS03a]

1.2.2 Correlation functions: first quantization form

The meaning of the correlation functions (ICII,IT2) is best of all understood in terms of the field
operators as discussed in the previous Section. Instead for the implementation of the Monte-Carlo
technique it is necessary to express the correlation functions in terms of the wave function ¢(R) of
the system. The easiest way to do SO is to find an expression of the operator average in form similar
o ([C4,rR).

The mean value of a one-body operator in the first quantization Is written as

3 * Fl FN (1) Fz 7:‘1 FN
(FWy = [ R)FOR)Y(R) IR _ Z:zlfw (71, ooy PN) U (F) (71 o T ) AR )
TP aR O

LAt zero temperature the expectation value (...) is taken with respect to the ground state of the system.
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W (7, 7V (7

where G4 (7, ) stands for
wa* T’ TZ,...,FN)¢(F7F2,...7FN) dFQdFN
fw Tl, ...,FN)w(Fl, ...,FN) dfldTTN

The expression for the two-body correlation function (II) can be deduced from the average of
a two-body operator (IC3):

G (T, 7)) = (1.14)

JU*R)FOR)H(R)dR

F - = 1.15
e f|¢ )2 AR [WR)PdR (1.15)
— 1) [ [P ) (R, TP AR
2 [¢*(R)]2dR //f (71, 75)g2(71, 7o) drydry,  (1.16)
where the first quantization expression for the two body correlation function is
N = 1) [ (7,7, Py, ooy ) [* ds..diy
Gl 7") = 1.17
)= J 1, )|2d?”1 dFy (L1.17)

1.2.3 Homogeneous system

Many simplifications can be done in a homogeneous system due to the presence of the translational
symmetry. The correlation functions discussed above depend only on the relative distance between
two coordinates |7 — 7'|. The diagonal element of G is simply a constant G1(7,7) = n. The

non-diagonal element of the normalized one-body density matrix (in following we will address it as
OBDM) is written as

N [ (F, Foy ooy TN )(0, iy ooy P ) AP diy

r)=— — — — 1.18
alr) =7 TT0(Fr, s ) 2 diy . dFy (1.18)
The normalized two-body density matrix (pair distribution function) is then given by
N(N -1 70,75, ..., Tn ) |> dFs...dT
g2(7,) — )f|¢(7”, » '3, 7TN)| T3 N (119>

n? f |77Z)(F1a ) FN)lz dFld’I?N

At the zero temperature some of the properties of the pair distribution can be easily understood.
At large distances the correlation between particles becomes weaker and weaker and we can approx-
imate the field operator W(r) = \/a(r)e’ * ~ /a(r),r — oo and at zero temperature one has
g2(r) = 1 —  and g»(r) approaches unity in the thermodynamic limit. On the contrary at short
distances particles “feel” each other and the value at zero can be very different from the value in the
bulk. In case of impenetrable particles, two particles are not allowed to overlap, thus ¢»(0) = 0. For
purely repulsive interaction go(0) < 1 and for purely attractive go(0) > 1.

In the average of a two-body operator (C8) it is possible to integrate out the dummy variable
and get a simple expression

2
= % // f(Q)(T_’i - 7?2> 92(7?1,7_’)2) dFldFQ = %/f@)(r) 92(7") d’f’ (120)
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For a particular case of a contact potential V;,,(r) = gd(r) the potential energy is directly related
to the value of the pair distribution function at zero:

Eint 1

N = 5919:(0) (1.21)

We will also give definition of the three-body density matria®

N(N = 1)(N = 2) [ [1(0,0,0, 7y, ..., y) |2 diy...di'y

0) = 1.22
93< ) Tl3 f|w(F17,FN)|2dF1dFN ( )
Its value at zero gives the probability of finding three particles in the same point.
1.2.4 Momentum distribution and static structure factor
In terms of the field operator () the momentum distribution ny is given as
ng = (U1), (1.23)
The field operator in momentum space W is related to the W(7) by the Fourier transform
b, = [ hy(r)-L
% / ik <d12)\/ﬂ (1.24)
V() = [l

Substitution of (Z24) into (I=23) gives following expression for the momentum distribution

// ik, <R+ ,R——) dRd3 (1.25)

Note, that the dependence on k enters through the relative distance, so the center of the mass
motion can be integrated out independently of k. This procedure is used in the DMC (see Sec.22).
In the homogeneous system one has

ng = n/eikrgl(r) dr (1.26)

At zero temperature the dynamic structure factor S(k,w) is related to the k-component of the
density operator

Pr = /e‘ikrn(r) dr (1.27)
in the following way

ZI (nlpk = (P10)P8(Rew — huoy) (1.28)

2It is interesting to note that the normalization factor N!/(IN —m)! of the m-body correlation function comes from
the number of ways to make groups of m-particles out of N particles, but at the same time can be found from the
properties of the field operators Wf|N) = /N|N — 1), U|N) = /N + 1|N + 1)
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It characterizes the scattering cross-section of inelastic reactions where the scattering probe trans-
fers momentum Ak and energy hw to the system. By integrating out the w dependence we obtain
the static structure factor

S = 5 | Sth.w) o = S5 ((oup-2) = (o)) (1.29)

This expression is used in QMC calculations (refer to Sec. ZZ72). Another useful representation
can be obtained from Egs. (ICI0,027) and commutation relations for the field operator W(r). It
relates the static structure factor to the two-body density matrix

S(k) =1+ % / / e* 2 (Gl (ry, 19) — n(ry)n(ra)) dridrs (1.30)

In a homogeneous system the two-body density matrix depends only on the relative distance
r = ry — ro and the static structure factor S(r) is directly related to the pair distribution function
(12)

S(k)=1+ n/eikr(gg(r) —1)dr (1.31)

1.2.5 Trapped system

The presence of an external harmonic confinement removes the translational invariance. We will
restrict ourselves to one dimensional case as the relevant to the study presented in Chapter @. The
one-body density matrix () gq(21, 22) depends on both arguments:

i (z’—l—z”) a2 = N [*(2, o 2n)0(", s 2n) dzo..dzy

o : 1.32
2 f’w('zla)ZN)PledZN ( )

where n(z) is the density profile.
The momentum distribution of a trapped system is obtained from the OBDM by the Fourier
transform with the respect to the relative distance

n(k) = // g1 <Z + %, Z — %) n(Z) P dzd?, (1.33)

1.3 The scattering problem

1.3.1 Introduction

Apart from the rare cases when the exact wave function of the system is known (like exactly solvable
TG (E220) and HR (P4R) gases) the construction of the trial wave function is commonly done by
matching the solution of a two-body problem with a decay to a constant. We will pay much attention
to the problem of a two-body scattering both in three- and in one-dimensional geometries.
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1.3.2 Three-dimensional scattering problem
1.3.2.1 General approach

In this section we will formulate the generic scattering problem in a three-dimensional space. At low
density the interaction between particles of a gas is well described by binary collisions.

Consider a collision of two particles having coordinates r; and ro, masses m; and msy. The aim
is to find the stationary solution fi2(7,7%) of the Schréodinger equation:

2 2
<—27:L—WAF1 - QH—WAFQ + Vine (|71 — FQD) J12(71,72) = E1a f12(71, 72) (1.34)
In absence of an external confinement the problem is translationary invariant and the center of
mass moves with a constant velocity. The solution of problem gets separated in the center of the
mass frame. The Schrédinger equation for the movement of the center of mass R = (mqmy +mars) /M
is trivial:
h2

— 17 8rfr(R) = Exfr(R), (1.35)

here M = m; + my is the total mass. The solution of Eq. 233 is a free wave® fﬁ(ﬁ) = exp{il;ﬁﬁ}

with kg being the initial wavenumber of the system and gz = W2k [2M.
The equation for the relative coordinate 7 = 7| — 75 involves the interaction potential:

2
(—;"—HAH vmtuﬂ)) 1) = £5(7) (1.36)
where
_ mqme
h= (1.37)

is the reduced mass. Once solutions of Eqs. I=33-1238 are known the solution of the scattering problem
(I=32) is given by

f12(771,772) = f*(ﬁ)f(F)
{ £ _ 52+5’ (1.38)

In order to proceed further we will assume that the energy of the incident particle E is small
and the solution has a spherical symmetry f(r) = f(|r]) = f(r). In this case the Laplacian gets
simplified A = g—; + %% and the Eq. is conveniently rewritten by introducing function g(r)

f(r)

u(r) = = (1.39)

w(0) = 0 (1.40)

in such a way that its form reminds a one-dimensional Schrédinger equation:

5" () + Vime(r)u(r) = Eulr) (1.41)

3The normalization of the scattering solution is of no interest to us, so in following we will always omit the
normalization factor.
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The solution of this equation in a general form can be written as
u(r) = sin(kr + 0(k)), (1.42)
where
hk = V2mE (1.43)

is the momentum of the incident particle and d(k) is the scattering phase.

The scattering at low energy (which describes well a binary collisions in a dilute gas) has a special
interest as it becomes universal and can be described in terms of one parameter, the s-wave scattering
length asp:

o(k)

asp = —’lcl_I)I(I)T (144)

In the asymptotic limit of slow particles k — 0 the scattering solution (IZ2) can be expanded

f(r) — const (1 - GSTD) (1.45)

and has the node at a distance equal to asp. It gives an equivalent definition of the three-dimensional
scattering length as a position of the first node of the positive energy scattered solution in the low-
momentum limit.

In the next several sections we will solve the problem of the scattering on a hard-sphere potential
(IC3X232) and a soft-sphere potential (IZ3233). We will find explicit expressions for the scattered
functions, which are of a great importance, as in many cases can provide a physical insight into
properties of a many body problem. Indeed, at a certain conditions the correlation functions can be
related to the scattered function f(r). Another point is that the two-body Bijl-Jastrow term fo(r)
(E237) in the construction of the trial wave function is very often taken in a form of f(r). Thus such
calculations are very important for the implementation of the Quantum Monte Carlo methods.

We will also find expressions for the scattering length azp in terms of the height (or depth) of
the potential Vj:

Vo = max |Vin (r)| (1.46)

and the range of the potential R, which in this Dissertation will be understood as a characteristic
distance on which the potential acts. In other words the potential can be neglected for distances
much larger than R:

R = me{V(M) ~ 0} (1.47)

1.3.2.2 Scattering on a hard sphere potential

As pointed out in Sec. [Z3Z0], in the the limit of low energy collisions the information about the
interaction potential enters in the terms of only one parameter, the s-wave scattering length and
scattering on all potentials having the same scattering length is the same (the scattering becomes
universal). This allows us to choose as simple potential as one can think of. If we consider the
scattering on a repulsive potential, then the easiest choice is the hard sphere (HS) potential:

+oo, r<a
VIS (r) = { 0 s> aii (1.48)
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This potential has only one parameter, which we name agp in the definition (48). Obviously it
has the meaning of the range of the potential (I27). At the same time it has meaning of the scattering
length, as introduced in (I24). It will come out naturally from the solution of the scattering problem.

The Schrodinger equation (I41) becomes (u = m/2)

_hz " HS _
—u"(r) + V2 (r)u(r) = Eulr) (1.49)
m

A particle can not penetrate the hard core of the potential and the solution vanishes for distances

smaller than the size of the hard sphere®:

u(r) = 7| < asp
{ ”(7") 2u(r) =0, |r| > asp (1.50)

The solution of the differential equation (I20) can be easily found. Together with (IZ39) we
obtain:

” = 0, Ir| < asp
1) = { Asin(k(r —asp)) /v, |r| > asp ’ (1.51)

where A is an arbitrary constant and k is given by (IZ3). The phase shift is linear in the wave
vector of the incident particle §(k) = —kasp and from (I44) we prove that the range of the potential
(2R) has indeed meaning of the three-dimensional scattering length as stated in the beginning of
this section.

1.3.2.3 Scattering on a soft sphere potential

In order to test the universality assumption and if the details of the potential are important it is
useful to have a potential, where the range of the potential R can be varied while keeping the s-wave
scattering length constant. In the case of the hard-sphere (Sec. 322) both distances are the same.
The easiest way to modify the hard sphere potential (IZ8) in such a way that it has desired properties
is to make the height of the potential finite. The resulting potential is called the soft-sphere (SS)
potential:

Vo, "< R
VS5 (r) :{ 0“ > R (1.52)

where Vj is positive.

The Schrodinger equation (1) for a pair of particles in the center of mass system is given by

{ u'(r) + (k* = 5*)u(r) =0, r<R (1.53)

u”"(r) + k*u(r) =0, r>R"’

where we express the energy of the incident particle in terms of the wave number k? = mé&/h? and
introduce a characteristic wave number related to the height of the potential:

i =mVy/R? (1.54)

4Note that therefore the energy is purely kinetic and the interaction potential does not enter in an explicit way,
instead it sets the boundary condition on the solution.
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We are interested in scattering at small energy, so €& < V. For convenience we introduce K? =
»? — k?, where K is real. The second equation out of the pair (I’A3) has a free wave solution
which extends with the same amplitude to large distances, although the first equation has a decaying
solution expressed in terms of the hyperbolic sinus:

u(r) = { Asinh(Kr +61), r<R (1.55)

Bsin(kr +9), r>R

The phase 6; must be equal to zero in order to obtain a solution which is not divergent at r = 0
(see condition TZ0). We impose continuity of solution and its derivative in the point R:

{ Asinh(LR) = Bsin(kR+ )

AK cosh(KR) = Bkcos(kR+ ) (1.56)

Condition of the continuity of the logarithmic derivative K cotanh(KR) = k cotan(kR + ¢) fixes
the phase d(k) of the solution:

0(k) = arctan (% tanh ICR) — kR (1.57)

This defines the relation between constants A and B:

e B’ (1.58)
sinh? kR + (£ cos kR)’ '

By taking limit of low energy in (I54) and using the definition (44 one obtains the expression
for the s-wave scattering length for the scattering on the SS potential:

(1.59)

If in the case of the hard core potential (IZR) the potential energy is absent, it is no longer so
here. This makes it reasonable to use a pair of potentials SS-HS in order to test the universality of
the s-wave description (see, e.g., study done in Chapter. B).

1.3.3 One-dimensional scattering problem
1.3.3.1 General approach

We already have explored some aspects of the scattering problem in three-dimensions in Sec. [Z372.
Here we will consider the problem of a one-dimensional scattering.

The scattering solution in a uniform system separates in center of the mass frame, as the property
(I=38) is valid also in a 1D case. Thus in the following we will skip the trivial solution for the movement
of the center of the mass and we will address the most interesting part due to solution for the relative
coordinate z = z; — 25. The one dimensional Schrodinger equation for the relative motion is written
as

h2

—gp ") V()] (2) = €1(2), (1.60)
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where the reduced mass p is given by (IZ34). We will always consider scattering with a positive
energy, even if the interaction potential itself might be attractive. Then the scattering energy can
be written as & = h?k?/2u, where k is real. The equation (I60) becomes

f"(2) + (k2 — %’;‘t(z)) f(z)=0 (1.61)

Its general solution can be written as®

f(2) = cos(k|z| + A(k)) (1.62)

The one-dimensional scattering length is defined as the derivative of the phase A(k) in the limit
of low-energy scattering®
OA(k)

aip = —igfg)w (163)

1.3.3.2 Scattering on a pseudopotential

In a one-dimensional system the contact d-potential is a “good” potential and the problem of a
scattering on it is solved in a standard manner, as described in Sec. IZ3Z31 without any special
tricks. The situation is different in three-dimensions where the d-potential has to be regularized
(refer to Sec.IZ34) in order to avoid a possible divergence which can be caused by the behavior of
a symmetric solution ([Z39).

The é-pseudopotential turns out to be highly useful theoretical tool. Indeed the commonly used
Gross-Pitaevskii equation corresponds to pseudopotential interaction Vi, (z) = g1pd(z). A system
of particles with d-pseudopotential interaction (5) is one of few exactly solvable one dimensional
quantum systems.

The Schrodinger equation (ICG) of the scattering on a pseudopotential

2

h 1"
_ﬂf (2) + 9100(2) f(2) = £f(2), (1.64)

In the region |z| > 0 it takes form of a free particle propagation f”(z)+ k*f(z) = 0 with the even
solution given by

f(z) = cos(k|z] + A) (1.65)

We are left with the only point z = 0, where the scattering potential is nonzero Vj,;(r) # 0.
The infinite strength of the d-potential makes the first derivative of the potential be discontinuous.
Indeed, the proper boundary condition can be obtained by integrating the equation (I64) from

5In the three-dimensional system we look for solutions with spherical symmetry. In a one-dimensional system it is
equivalent to searching even solutions.

6The textbook definition for the three-dimensional scattering length (I2d) can be recasted in a similar form
asp = %13%) 00/0k. We prefer to have a definition in terms of a derivative, as it does not cause any ambiguity in the

choice a free particle phase. In three dimensions the phase of sinus (IZ3) in absence of the scattering potential is
fixed to zero due to the condition (M), which is no longer so in 1D case, as it should be fixed to 7/2. Instead the
definition (IB3) takes into account the difference between the phase in presence of scatterer and in its absence. See
also footnote on p. £
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infinitesimally small —¢ up to +¢. The integral of the continuous function fy(z) is proportional to
¢ and vanishes in the limit € — 0. Instead the d-function extracts the value of the function in zero
and one obtains the relation

f'(e) = fl(—e) = 2Mif;Df(O) (1.66)

This boundary condition for the solution (IT63) provides a relation between the scattering phase
A and the momentum £ of an incident particle

2k
Kt agip

A(k) = —arccot (1.67)

Taking the limit of the low energy scattering from (IG3) one obtains the value of the scattering
length

h?
HgiD

(1.68)

a1p = —

This expression can be read the other around: for equal mass particles y = m/2 the strength of the
potential g p in a one-dimensional homogeneous system is related to the value of the one-dimensional
coupling constant as

2h?

maip

gip = — (169)

It is interesting to note, that the sign in the relation of the scattering length to the coupling
constant is opposite to the one of a three dimensional system. In 3D positive scattering length
corresponds to repulsion and negative one to attraction. Another difference is that the 3D coupling
constant is directly proportional to the scattering length, although ¢;p is inversely proportional to
aip.

In terms of a;p the phase (IC67) becomes

A(k) = arccot kayp (1.70)

The scattering solution (ICGH) gets written as:
f(2) = cos(k|z| + arccot kaip) (1.71)
In the low energy limit & — 0 the phase (I_70) can be expanded A(k) = 7/2 — kaip + O(k?)
and the scattering solution becomes simply f(z) = k(z — a1p). One sees that the one-dimensional

scattering length coincides with the position of the first node of the analytic continuation of the
low-energy solution?.

"It turns out that this property is general and can be used as an alternative to (IC53) definition of the one-dimensional
scattering length.
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1.3.3.3 Scattering on a 1D square well potential

In this section we will consider scattering on a one-dimensional square well. The potential is similar
to the one of the soft sphere with the difference that now the potential is attractive:

VSW(Z) = -V @(R2 _ 22)7 (1.72)

where R is the range of the potential. In the region |z| < R the kinetic energy of the slow particle
can be neglected

f'(2)+ Vo f(z) =0 (1.73)

All solutions can be decomposed into a sum of even and odd solutions distinguished by the
boundary condition at zero which can be either f(0) =0 or f/(0) = 0. We choose the state with the
minimal energy, i.e. f'(0) = 0, which leads to the solution of the form

f(z) = Acos(v/Vp 2), 2| < R (1.74)
In the other region |z| > R the interaction potential is absent and the solution is a plain wave
f(z) = Bsin(kz + d), lz| < R (1.75)

The scattering phase can be defined from the continuity condition of the logarithmic derivative
at the matching distance R. This condition reads as

/
R
% = —/Votan(vVVoR) = k cotan(kR + &) (1.76)
Eq. (IZ7@) fixes the dependence of the phase on the wave number of the scattering particle:
\/V(] tan(\/V()R)
k
Finally, from (IB3) we obtain the expression for the scattering length on the 1D square well

potential:
aip =R (1 + _COtaj;(VV?m) (1.78)
0

A(k) = — arccot — kR (1.77)

1.3.3.4 Scattering on a hard-rod potential

The hard-rod potential is a one-dimension version of the hard core potential, which in 3D correspond
to a hard sphere (IZ8). The HR potential is defined by its radius |a;p|

HR .y _ | 00, |z| <|aip]
V() = { 0. |2 > lasp| (1.79)

The scattering phase in the solution ([C62) is fixed by the condition that the function vanishes
at the HR radius A = —k|a;1p| — 7/2. From (IB3) immediately follows that the radius defined as
(I=79) coincides with the value of the one dimensional scattering length. Again, as in Sec. [C3272 we
have a hard core potential, for which its radius, the scattering length and the range of the potential
are completely the same.

The scattering solution on a hard rod potential reads as

f(z) = sin(k(|z] = [a1p])) (1.80)
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1.3.4 Pseudopotential
1.3.4.1 The pseudopotential method

As it was discussed above, in Secs. 32 I-T-373, scattering on different short-ranged potentials in
the low-energy limit is universal, i.e. depends essentially on one parameter, the scattering length
and the particular shape of the potential is of no large importance. Thus it is very useful to relate
scattering on all those potentials to a scattering on a simple d-potential. In other words instead of
considering a particular shape of the interaction potential, we give the description it terms of a free
scattering solution at || > 0 with an appropriate boundary condition at r = 0, which takes properly
into account the scattering length and, thus, the interaction potential.

In one dimensional case the application of this scheme is straight as the Schrodinger equation for
two particles can be directly solved, as it is explained in the Sec. [Z3Z32. In three dimensions the
situation is more complicated as the behavior of the solution (I=39) is not compatible with scattering
on a d-potential and special adjustments should be made.

Let us revise the solution of the Schrodinger equation in the limit of low energy scattering. From
the definition of the three-dimensional scattering length (I24) it follows that the scattering solution
vanishes at the distance r = agp. Thus we define the scattering function of the pseuodopotential in
such a way that it satisfies the free scattering equation in the region r > 0:

(A+E)f(r)=0, r>0 (1.81)

We will use the expression (IZ3) to approach the r — 0 limit:
a3p
fr) = x (1 - —> (1.82)
r

where the constant x can be related to the scattering length by multiplying (I"82) by r and differ-
entiating

X = limg(rf(r)) (1.83)

r—0 Or
We can now modify Eq. [T in such a way that it satisfies the correct boundary condition (I=82).
By inserting (IX2) into (ICX1) we obtain®
0
(A1) x (1= 22) = —4md(r) - (r (1)) (1.84)
r r

The operator § (F)%(r-) is called the pseudopotential. Going back to energy units we obtain the rela-
tion between the strength of the pseudopotential gsp (coupling constant) and the three-dimensional
scattering length

0
Vi = go00() 51 () (155
4rh?
93p = i asp, (1.86)
m

= —474(r), which can be easily obtained from the solution f(7) = — 2= [ %dﬂ to

8We used property A(1/ In
7)

the Poisson equation A f(

)

T
p(7) substituting the point charge p(7) = §(7).
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where we considered the case of equal-mass particles p = m/2.

The pseudopotential (IZ85,I8GF) was used by Olshanii [OIS98] to solve quasi one dimensional
scattering problem in a tight harmonic transverse confinement.

Finally, the wave function f(r) satisfies the equation®:

G R ATk 0
(——Al——A2+ (1)

2m 2m (ri2 - )) [, %) = Ef (1, 5), (1.87)

87’12

1.3.5 Resonance scattering

In the previous sections we considered situation, when the scattering happens on the lowest energy
level. In this case the s-wave scattering length a for any finite strength potential is smaller than the
range of the potential R (see, e.g. Secs. [323333) and equals to R in the case of the infinite
strength potential (Secs. [Z322,1°3234). The pseudopotential description (Secs. [23232,0-3271) falls
into a different class of problem used at a small density, where the exact type of the potential is not
important and it is substituted by the boundary condition at » = 0. In this sense the range of the
pseudopotential is zero R = 0 and we have opposite condition

la| > R (1.88)

A physical realization of 3D scattering satisfying the condition (IC88) can be achieved in the
case of a resonant scattering. In this Section we will describe scattering on the first exited state of
attractive potentials supporting a bound state in the case when the position of the excited state is
close to zero-energy continuum level.

1.3.5.1 Scattering on a square-well potential

Let us consider an attractive version of the soft sphere potential (IC52):

—Vo, "< R
VSW(T):{ 0 0 r> R (1.89)

Interaction (IRY) is called a square-well potential, with V; (positive) being its depth and R being
its range. The Schrodinger equation ([CZ) for a pair of particles in the center of mass system is
given by

u'(r) + (k* + A u(r) =0, r<R (1.90)
u”’(r) + K*u(r) = 0, r>R"’ '
where, as usual, k? = m&/h? and
= —mVy/h* >0 (1.91)

We are interested in finding solutions with positive energies, as that are the solutions correspond-
ing to a scattered state, instead solutions with negative energy are localized. On the opposite to
the situation described in Sec. 237271, the interaction potential is always lower than the value of the

9 Additional literature on the topic of pseudopotential description can be found in classical articles [Fer36],[HY57]
and in books [BW57],p.74, [HuaR7)].
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scattering energy Vj,:(r) < €. For convenience we introduce K? = »* + k? > 0. In both regions the
solution is a free-wave like:

u(r) = { Asin(Kr+4d,), r<R (1.92)

Bsin(kr +9), r>R

The condition (I0) immediately fixes the phase 6; = 0. The matching equations for the function
and its derivative read as

{ Asin(KR) = Bsin(kR+90)

AK cos(KR) = Bkcos(kR + 0) (1.93)

Condition of the continuity of the logarithmic derivative K cotan(CR) = kcotan(kR + 0) fixes
the phase (k) of the solution

d(k) = arctan (% tan ICR) — kR (1.94)

This builds the relation between constants A and B:
2 _ B?
sin? kR + (% cos k:R)2

(1.95)

By taking limit of low energy in (I"94) and using the definition (44 one obtains the expression
for the s-wave scattering length:

(1.96)

t
vop — R [1 B an%R]

xR

The dependence of the scattering length of the scattering on a soft sphere potential (Eq. [C39)
looks similar to (C98) with the only difference that the trigonometric tangent is substituted with
the hyperbolic one. The difference is crucial. Indeed, as 0 < tanh(z)/x < 1, the scattering length
on the SS potential is always smaller than the range of the potential. Instead, the term tan(z)/x
is unbound. When the scattering happens at resonant momentum »R = /2 4+ A(3) with small
detuning |A(s)| < 1, the scattering length becomes extremely large and changes its sign.

The square well potential is attractive and in principle can have the bound state solution with
energy F, = —h?k?/m < 0. In outer region r > R the solution (IU2) gets modified and decays
exponentially fast. The condition of the continuity of the logarithmic derivative in the limit £k — 0
is »tan xR = kytanh k, R. This condition can not be satisfied before crossing the resonance, as
inequality tan z > tanh = holds for arguments x < 0 < 7/2. Instead immediately after the resonance
position A(3¢) > 0 a shallow bound state appears in the system.

1.3.5.2 Scattering on a modified Poschl-Teller potential

The potential (I89) considered in the previous section might be inconvenient in some cases, as it
produces large gradients of the solution at its border » ~ R due to the abrupt change of its value
from —V{ to zero. This can be avoided by using, for example, the modified Poschl-Teller potential

Vo ooAN=1)

Vir) = _COShZ(T/R) T 2mR? cosh®(r/R)’

(1.97)
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where 1} is the depth of the potential and R is its range.

The problem of three-dimensional scattering on this potential can be solved analytically (see, e.g.
[E7T]) and the dependence of the s-wave scattering length on the depth of the potential well can
be found explicitly:

A
a%) = gcotan%—i-”y—i-‘lf()\), (1.98)
where 7 = 0.5772... is the Euler’s constant and ¥ is the Digamma function. This dependence is
expressed in the Fig. B2

1.4 Energy of the TG and HR gas

1.4.1 Energy of the Tonks-Girardeau gas

In the very dilute 1D regime, when the one-dimensional gas parameter becomes extremely small
niplaip| < 1, the 1D system of bosons can be mapped onto 1D system of fermions [Gir60]. In a
fermionic system the number of fermions is given by the volume of the fermi sphere (the bosons are
mapped onto spinless fermions). In a one-dimensional system this volume degenerates to 2kp:

kr
dk 1
N=1L — = —kpL 1.99
/ o a t ( )
—kp

We obtain that the relation of the fermi wave number kg to the density nip is linear
k’F:ﬂ"th (1100)

The value of kp fixes the scale for the correlation functions. The static structure factor (B3)
completely changes its behavior at £ = 2kr. The value of kr fixes period of oscillations in the pair
distribution function (62). Being the only spatial length scale in a homogeneous system, 1/kp fixes
at the same time value of the healing length &, and consequently the border at which starts the
asymptotic power law decay of the one-body density matrix.

The chemical potential equals to the fermi energy (this is the definition of the fermi energy):

w2h?
= 5 n?, (1.101)

The energy is obtained by integration of the chemical potential. The energy per particle turns
out to be equal to

wh?
Ep = G D (1.102)

1.4.2 Hard-rod gas

Let us consider a gas of N hard rod bosons of size a;p™. The energy of the hard-rode gas is easily
obtained from the expression for the energy of the Tonks-Girardeau gas (CI0Z) by subtracting the

10 Ag discussed in Sec. IZ334, the size of a hard-rod equals to the one-dimensional scattering length on HR potential
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excluded volume n — N/(L — Na;p) [Gir60, KNLI9Y|

E 2h2n? 1
HE _ T % Mp (1.103)
N 6m (1 - nlDalD)Q

The chemical potential is the derivative of the energy with respect to number of particles

m2h*n?, (1 — aipnip/3)

2m (1 —(ZlD?’LlD)S ’

If the density is small njpa;p < 1, one is allowed to make an expansion of (ICI03) in terms of
the small parameter:
E  7mRn2, 7w’h*ndpaip

= _ 1.105
N om + 3m ( )

It is interesting to note, while the “excluded volume” term was derived for a;p > 0, it still
provides the leading correction to the TG energy (ITT02) in the Lieb-Liniger Hamiltonian (B), i.e.
for a;p < 0. The point is that it describes the interaction energy, which is absent in a TG gas
(see argumentation done on page I24). The equation of state in LL model can be found exactly by
solving the integral equations (A—IHAZ3). An iterative solution in the considered region njplaip| < 1
provides a way for the calculation of the expansion

2
m 2
e(nlaipl) = ENE §7T2n1D|G1D|, (1.106)
where we adopt standard for LL equations notation (B=3). This formula is consistent with (II0H)
and can be obtained by solving recursively the Lieb-Liniger integral equations (ATIHAT3).

1.5 Gross Pitaevskii Equation

1.5.1 Variational derivation of the GPE

Let us consider N identical bosons in an external potential V,,;. For T' < T, all particle stay in the
ground state of the Hamiltonian:

N ¢ . N
H = Z |: o + ‘/ezt(ri)} + 5 Z Vim(ri — T‘j), (1107)

i#]

At low temperatures, namely when the de Broglie wavelength Ay becomes much larger than the
range of Vj,.(r;;), only s-wave scattering between pairs of bosons remains significant, and we can
approximate V,,.(r;;) by a pseudopotential (I=8).

Generally, the ground state of H cannot be determined exactly. In the absence of interactions
however, it is a product state: all the bosons are in the ground state of the single particle Hamiltonian.
In the presence of weak interactions, one still can approximate the ground state of H by a product
state:

[90) = [¥(1))--[(N)), (1.108)
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where all bosons are in the same state [))™

Obviously, |¢g) is symmetric with the respect to exchange of particles and has the correct sym-
metry for a system of bosons. Contrary to the non-interacting case, |¢) is no longer the ground state
of the single particle Hamiltonian, but has to be determined by minimizing the energy:

(ol H|bo)
B = oln)

Let us calculate the value of (II7) averaged over the Fock state (ITOR). In the coordinate
representation the external potential energy becomes:

<¢orzvm<ﬁ->\¢o>= /w*(m...w*m)Zvemw(r ) dR= N/w ot (F)U(F) dF

For the interaction between the particles we obtain:

(1.109)

(ol Z 5 Vint (1) d0) /¢ (771)% D Vi (rig)wo (7). (Fy) dR =
G i#j
= _Z//w *(75) Vit (rig )P (72) 3 (75) drdiy= M N / O (PY* (7) Vine (|7 =7 ) (F) () drdr’

i#]

Thus we obtain the expression of the total Hamiltonian in the first quantization (see, also, (I"I8))

(= o (5o

We now look for the minimum of the energy (¢0|H |o) keeping the normalization fixed {¢g|pg) = 1.
Because 9 in general is a complex number, we can consider the variations d1) and d¢* as independent.
Using the method of Lagrange multipliers, the approximate ground state |¢g) has to satisfy:

w)w) a2 / AP Vi (|7 — 7)) (@) drdi (1.110)

6 {00l H10) | — dleol Hlso) = 0. (1.111)

where p is the Lagrange multiplier associated with the constraint (¢g|pg) = 1.
Inserting the expression (IIT) in equation (ITTT) and setting to zero the linear term Jdi* we
yield:

2m

(_h_QA + Vm> () + (N —1) (/ Vine (|7 — 7)o (7)]? dr) W(F) = p(F) (1.112)

Now we use that the properties of the s-wave scattering at the discussed conditions can be
described by using the pseudopotential (IZ88) and, finally, obtain

(-%A + V) () + (N = sl (7 20(F) = ab(7) (1.113)

Tt is important to note that |¢) is not a wave function and in this sense the derived below GPE (ICIT3) is not a
“non linear Schrodinger equation”. In particular its time evolution is driven by the chemical potential p instead of
the energy of the system E, as it happens for the solution of the Schrédinger equation.
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This is the Gross-Pitaevskii equation [Gro61, Pit61]. It has a straightforward interpretation: each
boson evolves in the external potential V,,; and in the mean-field potential produced by the other
N — 1 bosons.

Let us clarify the meaning of the parameter p, which was introduced formally as a Lagrange
multiplier. Multiplying GP equation (III3) by ¢*(r) and by carrying out an integrating over r we
have:

u= [ (-

A direct comparison to (III0) shows that pu = diN(qbo\H |o) (number of considered particles is
large) and thus p has a physical meaning of the chemical potential.

An alternative way is to normalize the wave function to the number of particles in the system
(po|éo) = N. In this normalization GPE reads as (N > 1):

2 v) GO+ (V= 1) [ 680 0= P drd (111

(—”“—A + v) B(7) + gap @) = pp(7) (1.115)

2m

1.5.2 Coupling constant in quasi one- and two- dimensional systems

The mean-field relation of the coupling constant in 1D, g;p and in 2D, gop, to the three dimensional
scattering length asp in restricted geometries can be found by repeating the derivation given in
Sec. 5 while assuming that the order parameter ¢ can be factorized. We start from the energy
functional (ITIM)

B h? 93D
BlU] = [ (590 + Vil + 22101 a. (1.116)

where, according to (ICR8), gsp = 4wh®a/m is the three dimensional coupling constant. The varia-
tional procedure

oY  OF
h—— = 1.11
ot T oy (1117)
gives time-dependent Gross-Pitaevskii equation
L O(r, 1) A I N
— 1t = - 1.11
P — (2 4 ol R ) w7t (L118)

In the presence of an external confinement along one direction (disk-shaped condensate) V,.(7) =

mw?x? /2 we assume a gaussian ansatz for the wave function ¥(r, t) = ,e(7)p(y, 2, 1) With Ve () =
7 V4ag? exp (—22/24d2,,) being ground state wave function of a harmonic oscillator. The integration

over x in (ICII8B) can be easily done by using following properties of the gaussian function .

1. Normalization properties

1

[owa=1 [u@
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2. The function v, is a stationary solution of a one-dimensional Schrédinger equation in a trap

( K2 0?2 mw?z?

2m Ox? + 2

) Yose(T) = %wosc(x) (1.120)

Integrating out x from the GP energy functional (I'TI8) and doing the variational procedure
(IIT7) we obtain the Gross-Pitaevskii equation in a quasi two dimensional system

Op(y, z,t) _ (_ h? (82 0?

=5 om \a2 T o2

hew
) + galely, 2, 1)) + 7) o(y, z,t), (1.121)

where the two dimensional coupling constant is given by

93D 2v/2rh2a
92D e =
vV 27TCLOSC Mmaese

If the external potential restricts the motion in two dimensions (i.e. in a cigar-shaped condensate)
and the confinement is so strong that no excitations in the radial direction are possible, the wave
function gets factorized in the following way: (7, t) = Yose()V0se(y)d(2). The explicit integration
in (II@) over z and y leads to one-dimensional Gross-Pitaevskii equation

(1.122)

L 0p(z,t) h? 02 9
h =|—-—=—= t hw t 1.123
e L+ gulels O + ) (=) (1123)
Here g1p denotes effective one-dimensional coupling constant
93D 2h%a
= = 1.124
0= e, ~ ma, —

Comparing it with the definition of the 1D coupling constant g;p = —2h?/(map) (C6Y) we find
the mean-field relation of one-dimensional scattering length a,p to the three-dimensional scattering
length a and oscillator length a,s.:

CL2

= —95¢ 1.125
aip . ( )

1.6 Local Density Approximation

It happens often, that properties of a homogeneous system are well known (e.g. the homogeneous
model is exactly solvable, or numerical calculation has been done), but the properties of the system
in an external field are not known. If number of particles is large enough one can refer to the local
density approximation in order to obtain the desired properties.

1.6.1 General method

In the local density approximation one assumes that the chemical potential u is given by sum of the
local chemical potential 1,., which is the chemical potential of the uniform system, and the external
field:

H = Mhom(n(f‘)) + Vveact('r_”) (1'126)
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The local chemical potential pyo, is defined by the equation of state in absence of the external
field and accounts for the interaction between particles and partially for the kinetic energy.
The value of the chemical potential y is fixed by the normalization condition

N = /n(F) dr, (1.127)

where the density profile is obtained by inverting the density dependence of the local chemical
potential n = /Lgolm.

Once the chemical potential p is known a lot of useful information can be inferred: the density
profile, energy, size of the cloud, density moments (r?), etc.

In the following we will always consider a harmonic external confinement:

1
Vet (T) = mwx:rz + 2mwyy + 2mwzz2 (1.128)
The normalization condition (ICT24) becomes:
o1 s 1 2
N = Hirom |1 = —mwxaz — gy’ — gmw.2? | ddydz (1.129)

The sizes of the cloud in three directions R,, R, R, is fixed by the value of the chemical potential
and corresponding frequencies of the harmonic confinement through relation:

B2 = Lo B2 = L B2 (1.130)
K o Wity = 5Ty My, = 5 W2, .

We express the distances in the trap in units of the size of the cloud: 7 = (z/R,,y/R,, z/R.)
and in front of the integral (IT29) we have the geometrical average R,R,R, = R? appearing. It
means that the trap frequencies (even if the trap is not spherical) enter only through combination
Whe = (wxwywz)l/ 3 and the oscillator lengths correspondingly through parameter a, = +/h/mw.
Now the integral is to be taken inside a sphere of radius 1 and is symmetric in respect to 7. It follows
immediately, that the normalization condition (I'T29) in general can be written as

1 2
h
Al = i / T [@M?wu — )| 4xi? dr, (1.131)

here the dimensionless chemical potential i is obtamed by choosing Y= hwho as the unit of energy in
the trap, the density in a homogeneous system uhom is measured in umts of a=3, where a is a length
scale convenient for the homogeneous system (for example it can be equal to the s-wave scattering
length a3p), chemical potential (i.e. the argument of the inverse function j; . ) is measured in units
of h?/ma?, and, finally, the characteristic parameter Asp is defined as

a
Agp = N6 — (1.132)

Qho
From the Eq. TI3T, which is basically a dimensionless version of Eq. we discover there
is a scaling in terms of the characteristic parameter Azp. In other words systems having different
number of particles and oscillator frequencies will have absolutely the same density profile and other

LDA properties (once expressed in the correct units as discussed above) if they have equal values of
parameter ([CI32).
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A similar procedure can be carried in a one-dimensional case (we choose the z axis), where the
normalization condition reads as

1
N = /Mﬂolm [,u — Emwzz2] dz (1.133)

Its dimensionless form is obtained by measuring the energies in the trap in units of %N hw,
e [ [ 2 2
Aip = i /_1 Al om {wﬂAw(l < )} dz, (1.134)

and the one-dimensional characteristic parameter is related to the number of particles as

N/2q

Ap = (1.135)

ay

1.6.2 Exact solution for 1D “perturbative” equation of state

We will start from very general equation of state of a homogeneous system which can be found in

any type of first-order perturbation theory. In the zeroth approximation one has™™;
w0 = Cl(na)%h—Q, (1.136)
o ma?

here a is unit of length, C] is a numerical coefficient of the leading term in the chemical potential
and v is the power of the dependence on the gas parameter na. The next term of perturbation in
general can be written as

(1) h

Hom = C1(na)™ (14 Ca(na)™ +...) (1.137)

ma?’
where Cy(na)” < 1. We will use local density approximation (Sec. [8) in order to obtain properties
of trapped system. The equation (ITIZ8) can be inverted by using (CI37) to obtain the density
profile n(z):

1 1479
1w 2N\ Cyf 1 p 22 i
S . U P R ) e 1.1
n(z)a (C’lhz/maQ( RQ)) M (Clh2/ma2 R? ’ (1.138)

here size of the cloud R is related to the chemical potential p = %mw2R2 (CT30).
The value of the chemical potential is fixed by the normalization condition (ITZ2). It is convenient
to make use of the integral equality [GRR0]

/(1—#)6“@::%, a>—1 (1.139)

12This approximation is called polytropic.
13Many theories produces results that fall into the class of equations of state described by formula (ICI38). For
example GP theory, ideal fermi gas, TG gas.
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Thus we have restriction on the polytropic indices v; > —1, % > —1. If those conditions are
satisfied, then the leading contribution to the chemical potential is given by

271
2+71

Ayp? ; (1.140)

1
1) _ o F(%1 +
h? /ma? \/27TF(%1 +

2)
1)

where Ajp is the characteristic parameter of a one-dimensional trapped gas defined by (CI33).
In the next order of accuracy the chemical potential is given by

1+
I VERC, oy TRy oo B (1.141)
R2/ma?  h2/ma? (2+7) A p? F(% + %) h? /ma? |

R
The mean square displacement (2?) = & [ 2?n(z) dz is directly related to the potential energy
“R
of the oscillator confinement and is given by

(3 _ _m (Hﬁcﬂz F<2+q>F<1+T”><1 / )) (1.142)

B2 2+3m o' D(L)T(S+ ) Cy h?Jm a?

The frequencies of the collective oscillations can be predicted within LDA. The frequency of the

. . . . . (2?2
breathing mode is inferred from the derivative of the mean square displacement Q? = —2 (z?) / %

[MS02] and equals to

QQ
— = (2 + 'Yl) + 2
w2 27NT(1 4+ 2)T(2)T(§ + H22)

7

VTCaye (1 +72) (% + 7%) PO+ 02+ 2) (TG + 20’ 2+7721(1 143)
V2O (1+ 1) |

The obtained formula is very general and gives an insight to many interesting cases where the
perturbation theory can be developed. In the table (IIl) we summarize some of the examples.

1.6.3 Exact solution for 3D “perturbative” equation of state

In this Section we will develop theory in three-dimensions for the “perturbative” equation of state
which we define as:

Hiow = C1(na®) (14 Cy(na®)?)—; (1.144)
where the |Cy(na3)”?| < 1) is the perturbative term.

Within the local density approximation we obtain the chemical potential in a trapped system.
The leading term is given by

p© 1 <011/“A§D I'(3
1

L)\ T
— mn 1.145
NY3hwye A3\ (2m)32 T ) ( )



34 CHAPTER 1. TOOLS

Limit Ci. |G 72 | /W

Lieb-Liniger: wealk interaction o |1 | =2/ |-1/2 |3+ 5292”5_3 /A
Lieb-Liniger: strong interaction /2 |2 |-8/3 1]4-— %_Al D
Attractive Fermi gas: strong interaction | 72/32 | 2 | 2/3 14+ %Al D
Attractive Fermi gas: weak interaction | 72/8 |2 | —8/m? 14+ % /A1p
Repulsive Fermi gas: strong interaction | 72/2 |2 | —8In(2)/3 14— HSJQ_#AI D
Repulsive Fermi gas: weak interaction | 72/8 |2 | 8/x? -1 14— 2 5/ A1

Gas of Hard-Rods /2 |2 |8/3 114+ 13?{ Aip

Table 1.1: Summary for some of one-dimensional models where the expansion of the equation of
state is known. The first column labels the considered model. The coefficients of the expansion are
given in columns 2-5. The last column gives the predictions for the oscillation frequencies calculated
calculated as (ITT43). The parameter A;p is defined by (ICI32). Note that the presence of a term in
the chemical potential independent of the density (for example, binding energy of a molecule) does
not modify the frequencies of oscillations and is ignored.

where Asp is the characteristic combination (ICI32). The next correction to (ICI43) is given by

T4 (1.146)

e 20, T(E+
1) 2+ 3 (1 +

I+ ARTG L)\
)F( +1+’yz) (271’0 >3/2 (1_|_7L1)

‘Ql»—th,_.

The density profile is given by

+v2

1 pu r2\\ Gy U P2\ \ 7
5= = 11— — 11— — 1.14
n(rja (Cl h? /ma? ( R2)> <C’1 h?/ma? R? ’ (1.147)

where the chemical potential is given by ([CI45-0T48), the size of the condensate R is defined in
(I30) while the relation between different units of energy is provided by NY/3hwy,, = A2, h%/ma®.
We give an explicit expression for the density in the center of the trap. The leading term is:

PE= o7y
n®(0)a® = MGra) Mg’ (1
(2rCy)2D(1 + %)A:’)Dq
The next term is
2(142)
nM(0) = n®(0) — G (1 2 A+ S T ”Ll>> ks o (1.149)
” (2+37) D1+ DTG+ 52) )\ (2r0y)er(tm)
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The scaling approach allows calculation of the frequencies of the collective oscillations. The
frequency of the breathing mode is™ Q?/w? = 3/2 = —1 in a spherical trap, Q%/w? = 3 — 2/=Z and
02 Jw? = = in a very elongated trap w, < w,. The parameter Z defining oscillation frequencies is
given by

279

+ il) 24371
- 1)> (1.150)
7

4Cy (1 + 72)72 F(g +
I+m+7 1+

= | Nojon

(1 + 22 A6 T
Z=21+mv)+ I “)( i L

1
7
1 3
)P+ 222) (2, I
The “expansion” equation of states (I"I37,[144) can be naturally applied to the problems, where
it is possible to construct a perturbation theory. Another possible application of the discussed
above method is to consider the parameters C, C5, 1, 7» as variational and fix them by fitting to an
equation of state, where an exact solution to the LDA problem is not known. An arbitrary equation
of state can be expanded as ([CI37,0[144) in any point, for example, by demanding that the first
three derivatives of the function and the function itself coincide with the ones calculated from the
(CT33,144). The four conditions of the continuity fixes four parameters.

1.6.4 Static structure factor of a trapped Tonks-Girardeau gas

The chemical potential of the Tonks-Girardeu gas is known due to fermion-bosonic mapping [Gir60].
It equals to the fermi energy of a one-dimensional spinless fermi gas and is given by the formula
(Tdm). The dependency on the density is simple and lies within class of functions (ICI38) for
which the LDA problem was solved in Sec. 6. The TG gas is described by the subsequent set of
parameters: C| = 72/2,y; = 2,Cy = 0.

The value of the chemical potential of the TG gas in a trap is immediately found from Eq. 140
and equals to p = Nhw,. Its integration with the respect of the number of particles gives the total
energy in the LDAT:

E hw.,
— =N 1.151
N 5 (1.151)
The density profile is a semicircle
22 1/2
n(z) =ngp (1 - ﬁ) ) (1.152)

with system size given by (I'I30) R, = v2Na, and the density in the center equal to nga, = V2N /7.
The mean square radius of the trapped system is given then by

N gaz (1.153)

14§, Stringari, unpublished.

151t is interesting to note that the result (IZI51) of an approximate solution for particles of infinite repulsion coincides
with an ezact result for particles interacting with g/r? interaction (Calogero-Sutherland model [Cal6d, Sut71]) in the
limit ¢ — 0. Indeed, as shown in [Suf7I] the energy of such a gas equals E/N = 1hw.(1 + A(N — 1)), where X is
related to the strength of interaction g = 2A(A — 1). There are two different ways of taking the limit ¢ — 0: 1)
A—0,E/N — %hwz i.e. this limit corresponds to non-interacting bosons all staying in the lowest state of a harmonic
oscillator 2) A — 0, E/N — %N hw,, i.e. this limit preserves the singularity of the interaction while makes the
potential energy vanishing.



36 CHAPTER 1. TOOLS

The static structure factor of a uniform system depends on value of momentum k and on the
density (i.e. on the value of the fermi momentum ky) as given by formula (5H). We approximate
the static structure factor in a trap by averaging it over the density profile (I'Th2):

R

1 ka, .| (kay)? [ (ka,)?
LDA/1\ _ _ _ _ _ \MP2)
S (k) = R /S(k, n(z))dz = Wi arcsin /1 N +1 1 SN (1.154)
“R

It is easy to check that it vanishes for small momenta S*P4(k) — 0,k — 0, while it saturates to
unity at large values of momenta SYPA(k) = 1, |k| > V8N /a..

1.7 Correlation functions in a Luttinger liquid

1.7.1 Stationary density-density correlation function

The long-range properties of a weakly interacting one-dimensional bosonic gas can be calculated
using the macroscopic representation of the field operator (IT): @(x) = \/po + p'(2)e?@) where py
is the mean density™ and $(z) is the phase operator. Those operators can be expressed in terms
of quasiparticle creation and annihilation operators (see., for example, [PS03] Egs.(6.65-6.66), and
consider a one-dimensional system):

[ " ~ .
A _ g — 0 ikx bT —ikx 1.1

" /77|k| Sk St ik
P = - | [( k€ k€ )7 ( )

where we introduced an important parameter describing the interactions between particles:

_27Thp0
= Mec

(1.157)

The operators (ICIH3,IT58) satisfy the commutation rule [p(x), §'(2')] = —id(z — ).

Our approach is applicable in a weakly interacting gas py — oo. Deep in this regime the speed
of sound has a square root dependence on the density ¢ = /gpo/M and the coefficient 7 is large
n = 2mhy/po/Mg. In the opposite regime of strong correlations p — 0 (TG limit) the bosonic system
of impenetrable particles is mapped onto a system of non-interacting fermions [Gir60] with the speed
of sound given by the fermi velocity c¢r = whpy/M (II00) and is proportional to the density. In this
regime n = 2. By generalizing the definition of the fermi velocity from the TG regime, where the
fermionization of a bosonic system happens, to an arbitary density we obtain a simple interpretation
of the parameter (ICIhd): n = 2cp/c. The speed of sound in a system with a repulsive contact
potential is not larger than the fermi velocity, thus in LL system (B) n > 2. The situation becomes
different in a gas of hard-rods of size a;p. Presence of an excluded volume makes the available phase
space be effectively smaller L — L — Na;p, which in turn renormalizes the speed of sound (see [CI03)
and makes it be larger. In this special case of the super-Tonks gas (Sec. B) the parameter n (IIh7)
can be smaller than 2.

16Tn this section we keep a different notation for the linear density p = nip = N/L
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Following Haldane [Hal81] we introduce a new field J(x) such that Vi(z) = 7[po + §(x)]. The
operator ¥ satisfy boundary conditions 19(3: +L)= 19( )+ 7N and increases monotonically by 7 each
time x passes the location of a particle. Particles are thus taken to be located at the points where ﬁ(x)
is a multiple of 7, allowing the density operator to be expressed as p(x) = Vi(z){3, d[0(z) — mp]},
or, equivalently,

[e.9]

px) =lpo+ 7' (@)] Y explizmi(z)] (1.158)

m=—00

Integrating (ICIh8) we obtain an expression of this field in terms of creation and annihilation

operators:
9 ; T : 1 ik 1T —ikx
Wz) = Yo+ mpor — 1 Ek '/ 4]/§T|]L sign k (bye™® — bl e7??) (1.159)

We will start with calculation of asymptotics of the density-density correlation function:

(p(x)p(0)) = (p5 + Z expli2(md(x) +m'9(0)))) (1.160)

First of all we calculate the contribution coming from density fluctuations p'(z):

(7 va@ﬁk e 1 bl e (b + b)) (1.161)

The creation and annihilation operators satisfy bosonic commutation relations [Bk, IA)L] = dp 1 and
at zero temperature excitations are absent <b,tbk> = 0, so in the averaging in Eq. [CI61 we get non
zero result only for (bbl) =1, i.e.

kale”“:/ |kl _on (1 ik gk
AL 47rMc 27r 472 \ 22 =z

We consider contribution only from the lower limit of the integration £ = 0 and, thus, obtain

(0 (@)0(0)) = — 5o~ (1.163)

Now let us calculate the contribution of the phase fluctuations in (II60):

() expli2(md(z) + m'H(0))]) =

Zexp{zQ m-+m )190+227rmp0x+2« / \k:|LSlgn k bk e pm’) — bl (me™** 4 ’))>}§1.164)

m,m/

o)

(1.162)

0

An average of a phonon operator A is gaussian and satisfies an equality (exp{A}) = exp{(A42)/2}.
In this way we can pass from an average of an exponent to an exponent of averaged quantities:

<Z expli2(md(x) + m'9(0))]) = Z exp {i2(m + m')Y + i2wrmpox}

m,m/’

exo{z = <(z3k(meikw+m')—ég(me—imm’))(Bk(me““wrm')—Bg(me—ikx+m'))>](1.165)
k
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At the zero temperature excitations are absent. This simplifies the calculation as the averaging in
(I6A) gives simply (...) = —(me " +m/)(me* +m’) = —(m*+m?+2mm/ cos kx). We substitute
the summation in the exponent of (CIB5) with integration over k:

2 7”7 2 2 / dk
Z 2]k|L 2/% m°+m'< +2mm coskx)% (1.166)
0
This integral has an infrared divergence unless m’ = —m, so we consider only these terms. Now

the integral converges at small & and takes the leading contribution in the interval 1/z < k < 1/¢
where £ is minimal length at which the hydrodinamic theory can be applied. In this region one can
neglect the contribution coming from the oscillating cosine term and one has

1/¢
—4m? / mn dk _ —m*n(In(1/¢) — In(1/z)) = —nym? In(z/€) (1.167)

2k 21
1/x

Finally, collecting together (163,164, 164) we obtain an expression for the stationary density-
density correlation function

M _ (1 _ #(pox)”) (1 +9 i C; cos(2mmpoz) <§) _nm2> (1.168)

p() m=1

1.7.2 Time-dependent density-density correlation function

In this Section we develop an approach which allows an estimation of correlations between differ-
ent moments of time. We substitute the stationary hydrodynamic expressions of phase and den-
sity operators ([CI55,I158) on time-dependent hydrodynamic expressions (see, for example, [LPR0],

Eqgs.(24.10)):
N . ™ 7 i(kx—|klc 1t —i(kz—|klc
oz, t) = —zZ,/n‘k‘L(bke(k [klet) _ pi gmilke=lklet)y (1.169)
k

Imlkl ~ . N )
pAI(QZ, t) _ Z ZJTI[ (bkez(kxf|k|ct) + bltefl(k:p7|k|ct)) (117())
k

It is easy to note (see Eqs. [CI53,CI158) that the time ¢ enters always in the combination (kz—|k|ct),
which means that time-dependent solution can be obtained from stationary solution by changing
kx — kx — |k|ct in integrands and carrying out integration again. Density fluctuations (II51) are
than given by

(ﬁ/(:p,t)ﬁ’(0,0)):/o MR (ke | ke @5 1 <( L ! 2) (1.171)

4 27 82 \ (z+ct)? (v —ct)

Here again we considered the contribution from the lower limit k£ = 0.
The contribution from the phase fluctuations (ICI64) is calculated analogously to (ICI68):

o0

1— - -
—pm? /[ cosl;x—i—ct dk+/ Cosk (x Ct)]dk (1.172)

0
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The main contribution to integrals comes from momenta 1/(z+ct) < k < 1/£ in the first integral
and 1/(z — ct) < k < 1/£ in the second one. As we are interested in description of asymptotically
large distances condition x > ct is always fulfilled. In this conditions the integration gives

+1In = ——nm?In (1.173)

§ § 2 &

Thus we find that the asymptotic behavior of the time-dependent density-density correlation
function is given by

[ x + ct :v—ct} 1 x? — 2t?
5 In _—

1pm?

<,5(x,75):§(0,0)>:1_ n (( 1 1)2)+220icos(27rmpox) (#)_2(1.174)

P2 8m2p2 \ (v +ct)?  (z—ct

1.7.3 Calculation with non-logarithmic accuracy

The phonon dispersion w = c|k| relation which was used in the derivation above leads to infrared
divergence in some of the integrals (II68) and was resolved by truncation of the integral. This
problem can be cured using a more precise Bogoliubov dispersion law:

oty = ke + (1) )

It is easy to see that results for the new dispersion can be obtained by changing formally the
speed of sound c|k| — c|k|y/1+ (hk/2Mc)? in definitions of hydrodynamic operators (ITGE9-ITZ0.
This will lead to a converging value of the integral (ICI6Q):

r nm2m?(1 — cos kx) dk ) [ 1—cosz dz
) L Y L 1.176
/Qk\/1+ (koM 2w UREEEE (1.176)

Here we introduced the notation z = xk and € = h/2Mecx. Let us split the integral (ICI78) in
two parts:

[e'e) N 0o
1 ——cosz dz
(1 —cosz)— +/ 1.177
0/\/1+5222 z 0/ z\/1+€2z2 ( )
N

in such a way that 1 < N < 1/e. The term (1 + £%2?) can be neglected in the integration up
to N and oscillating term can be neglected at larger distances. In order to proceed further we
shift the lower integration limit by short distance ¢ — 0. Then the first integral becomes equal to
In N/e —Ci N + Cie. The second integral can be easily calculated by using substitution y? = 1+ 222

and equals %ln %izz%zi Collecting everything together we obtain

T 1—cosz dz AMcx 8T pox

A 1 = 1 1.178
/\/1—|—52222 TR [ n o’ ( )
0

where v &~ 0.577 is Euler’s constant.
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The static density-density correlation function (CIGX) (more precisely its m # 0 part) is equal to

(p(x)p(0)) o~ (1™ cos(2mmpox)
0? =1+ 2; (87TC’) (pox)mm* 7 (1.179)

where C' = e¢7 ~ 1.781.

The time-dependent result differ from the stationary case (ICI79) only by substitution z —
V2 — *t? in the denominator, as it was already shown in the calculation with logarithmic accuracy
(compare and [CI74):

(p(z,)p(0,0)) _ +2§: ( % )”m2 : cos(2mmpor) (1.180)
m=1 & p

2 2.,
6 0 /2 — C2t2)m n

1.7.4 Dynamic form factor

The dynamic form factor is related to the time-dependent density-density correlation function by the
means of the Fourier transform:

Sk, w) = p—;// gilwt=ka) {<ﬁ($’t;§(0’o» - 1] dz dt (1.181)

The correlation function was calculated with non-logarithmic accuracy and is given by formula
(T=0). The evaluation of direct Fourier transform (IZIXT) would give us the expression for the
dynamic form factor. It turns out that it is easier to go other way around, i.e. guess the form of the
m-th component of S(k,w)

2

S(k,w) = A(w? — A(k — 2mkp)?) "7 1, (1.182)

make the inverse Fourier transform to go back from (k,w) to (z,¢) and comparing obtain result to
(T=0) fix the value of the constant A. Here we use notation krp = mpg. We start by doing the

o0
integration over momentum. S(z,w) = [ " S(k,w)%. We introduce notation Ak = k + 2mkp
—o0

the integral is limited to the region (—w/c,w/c):

w/c m27]71
— m2n—2 i2mkpx g 2 _ 2 ? d(Ak)
S(z,w) = Ac e / cos(Akx) Rc) (Ak)} 5 (1.183)
—w/e

As a reference we use formula 3.771(464/465) from Gradstein-Ryzhik book [GRR0]:

u 2 v 1 1
/ (u? — xQ)V_%cos(ax)dx = VT (_u) I (1/ + §> Jy(au), {a > 0,u > 0,Rev > —5]
0

2 a

The substitution v = w/c, a = z, v = (m*n — 1)/2 gives an expression in terms of (z,w)

manl

AePmkr [ 9yc\ T 2 m?n wx
— (27 g () 1.184
S, w) 2y/mc < T ) ( 2 )ng ( c ) (1.184)
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where J,(z) is the Bessel function of the first kind. The integration over the frequencies S(z,t) =

[ eS8 (z,w)% can be done easily done by using the formula (6.699.5) from [GRR0]
0

o b” 1 1 1
/ x” cos(ax)J,(bx) dx = 2" —=T (— + 1/) (b —a®) "2 [0 <a<b, |Rer|< 3
0

VvToo\2
and gives
2c)m -1 2 2mk
St t) = 4% 12 (m ”) cos(2mkr) (1.185)
2 2 (22 — CQtz)%
Comparing this result with (IZIR0) we fix so far unknown coefficient of the proportionality to the
2 'rn2 .
value A = hrf?m‘;’:;)m (8021 02) " and, finally, obtain

= 8mpyc h m (wz—cz(k:—ka:F)Q)mTQn_l—|—(w2—02(k—l—2mkp)2)mT%_1
S(k = 1.186
(ko) =) (220} h(chCJ ; (1.186)

1.7.5 Popov’s coefficient

The introduced above approach allows us to find the asymptotic behavior of the one-body density
matrix and estimate the coefficient of its decay. Within the first order of accuracy we split the
average as

g1(x) = (V/p(x)p(0)e PO =2 = (\/ () p(0)) (P =21O) (1.187)

We first calculate the contribution coming from the phase fluctuations

phase .y (i@@)-90)y — [ ox T (h(e™ — 1) — bf (e—the _ .
g (x) = ) < p{;w/mkw(bk( 1) — b ( 1)}> (1.188)

The average of the exponent can be further developed by using the relation for the gaussian
average (exp A) = exp <%A2>. At zero temperature excitations are absent and the only nonzero

average is <ZA);€ZA)£> = 1. Thus we obtain

1 Tl ; s ﬂ(l —-CCﬁSklﬁ dk
phase ikx ikx
=exp{ —= E _ -1 —1) ) =ex — _ 1.1
@) ep{ 24 n|/<;yL(e (e )} P / nlkl 2 (1.189)

At this point we substitute the phononic excitation spectrum with the proper Bogoliubov disper-
sion. This can be done by changing n — n/+/1 + (hk/2Mc)2.

hase
g1 (x) = exp

(1.190)

1 7 1+ (hk/2Mc)2(1 — cos kz)dk
n k
0
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Formally this integral is diverging. However, we will take use of the properties of the d-function

T kx
/ cos o0 = b(x) (1.191)

As we are interested in long range asymptotical behavior we subtract (IT91) from the exponent
of (IT90) and consider a well-convergent expression

2 (2) = exp _1/ (x/l * (Ak/2Me)” 1> (1— cos ka) p dk (1.192)

n k

0

Partial integration together with the notation € = A/(2xMc) < 1 and z = kx gives

1 T z—sinz
phase

T) =ex —— dz 1.193
AN =R\ Ty e (1:199)

This equation can be calculated with non-logarithmic accuracy at x > & by splitting the integral
in three parts 1 < N <« 1/¢

o0 N N %)
z—sinz 1 sin z h
= [ —dz — d dz=~v—1-1 1.194
/22\/14—522:2 /Z : / 22 Z+/z\/1~|—5222 7 Y M ( )
0 A A N
The calculation gives the result
ph 617777 g

() = 1.195
o) = (1) (1.195)

In order to take into account the density fluctuations we develop (ICI7) using Taylor expansion
VIitz=1+2/2—22/8+0(x?), so g7 (x) = (/p(x)p(0)) =~ po + 4p0<[p (x) — p'(0)]p'(0)). Writing
the density operator in terms of creation and annihilation operators (eq. [CIh@) we obtain

el N . T oohk dk
97 (x) = po + Z _pohlk] ’ (be (e —1) + bl (7" —1)) (by 4 D)) = / Po Coskas 1)2
0

2LMc

»-lkl»—‘

™

We substitute the speed of sound for the Bogoliubov dispersion relation c(k) = cy/1 + (hk/2Mc)?
and express the integral in dimensionless units e = h/(2Mcz), z = kx

(e 9]

poh / (cosz —1)zdz
ST Mecx? V14222
0

(Vp(2)p(0)) = po + (1.196)

The integral can be evaluated and expanded for small €

i cosz—1)zdz 1 1 1 1
/( \/1% A (11 (g) — ke <2>) ~ 5 (132 4 0EY),  (1197)
0
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where [;(z) is modified Bessel function of first kind and L_;(z) is modified Struve function.
In terms of the parameter n we have

(VAR = po <1 r- #) (1.198)

Combining together (CTYH) and (ICTIR) we obtain finally the expression for the coefficient of the
long-range asymptotics

o = (S)” (142 ) b (1.199)

n  16mpia?

In order to get an expression for the one-body density matrix at a finite temperature, one should
account for thermal quasi-particle excitations. The long-range excitations are phonons and obey
Bose-Einstein statistics (b0) = (exp(fikc/kpT) —1)~'. We are interested at the long-range behavior
of the one-body density matrix, which corresponds to the limit k& — 0. In this conditions one can
do a Taylor expansion and get <ZA)LZA)> = kgT'/hlk|c. The calculation of the average (IIZ8) leads to
appearance of an additional term, which depends on the temperature (compare with (ICI9)):

[e.e]

1-— kx)(1+ 2kgT/hlk|c) dk
g{)hase<x> =exp{ — / ﬂ-( COS $)( + B / | |C) bk
nlk| 21

(1.200)

—0o0

As we will show, the additional thermal suppression becomes dominating and will change the
asymptotic behaviour of g;(z) significantly. The effect of the thermal phase fluctuations can be
separated:

[e.9]

hase hase
(@) = iy e = [

—00

(1 — cos kx)2kgT /h|k|c dk
1|k 2m

(1.201)

where the zero temperature part gf@fﬁ%(m) is readily given by the formula (ITJH). The integral in
(=) is well behaved and can be easily calculated. It turns out to be proportional to —|z| leading
to exponential decay of the thermal fluctuation part at large distances:

1—v 1
phase . € 77)" ( |CC‘)
T) = exp | —— 1.202
(o) = (51) e (o (1.202)

The characteristic thermal decay length &7 is inversely proportional to the temperature:

{r = = 4mpo N7, (1.203)

where the de Broglie thermal length is defined in the usual way A = h//2mmkpT.
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Chapter 2

Quantum Monte Carlo technique

2.1 Introduction

Quantum Monte Carlo methods (QMC) are very powerful tools for the investigation of quantum
many body systems (for a review see, for example, [Cep95],[GnadRK]). The usage of QMC techniques
provides deep insight into understanding of the physical problem. It allows one to accomplish the
ab initio calculation and, starting from a microscopic model (commonly a model Hamiltonian), earn
knowledge of the macroscopic behavior of the system. Often it turns out that this approach is the only
accessible tool for studying sophisticated problems, as in order to have a model, which can be solved
analytically in exact way, one usually has to make severe assumptions, which can be relaxed in QMC.
In many cases it is possible to construct analytically a perturbation theory, then its applicability is
restricted by smallness of the perturbation parameter and also in cases like that QMC methods can
be used to avoid the restrictions. The QMC techniques solve the many-body Schrodinger equation for
the ground state and for excited states at zero temperature. Similar to other MC approaches, these
techniques are based on stochastic numerical algorithms, which are powerful when one is treating
systems with many degrees of freedom.

We are interested in exploring the quantum properties of systems. The quantum effects manifest
the most at the lowest temperatures, when the system stays in the ground state. Thus we choose
the Diffusion Monte Carlo method to address the problem. This method is ezact® for calculation a
ground state energy of a bosonic system

In order to study a fermionic system we use Fixed-Note Monte Carlo technique (FN-MC), which
is a modification of the DMC method. In general this approach gives an upper bound to the ground
state energy, but with a good choice of the trial wave function the difference can be significantly
minimized.

In this chapter we will start from the Variational Monte Carlo method which is applicable both
for bosons and fermions. Then we will discuss bosonic Diffusion Monte Carlo method and fermionic
Fixed-Node Monte Carlo method. We will address in details construction of the trial wave functions
and, next, will discuss the implementation of the measurements of the quantities of interest.

LOf course, as this method is a statistical one and all outputs are obtained within statistical errors which can be
decreased by making a longer series of measurements.
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2.2 Variational Monte Carlo

2.2.1 Variational principle

The simplest of the Quantum Monte Carlo methods is the variational method (VMC). The idea of
this method is to use an approximate wave function ¢r (variational or trial wave function) and then
by sampling the probability distribution

p(R) = [Ur(R)” (2.1)

calculate averages of physical quantities. It is easy to show that the average

Er = WrlHlgr) E, (2.2)

(Uplr) —

gives an upper bound to the ground-state energy. By minimizing the variational energy with respect
to the external parameters one can optimize the wave function within the given class of wave functions
considered.

Importantly, the variational principle also applies to excited states. For a trial wave function ¥
with a given symmetry, the variational estimate provides an upper bound to the energy of the lowest
excited state of the Hamiltonian H with that symmetry.

2.2.2 Applications

If the wave function of the ground state is known exactly, then the VMC sampling will provide
exact ground state properties. For example, in a system of hard-rods one has a knowledge of the
ground state wave function and energy, but the correlation functions are not known. In this case the
VMC calculation allows to complete the description of the system. In a similar manner if one knows
exactly an eigenstate wave function, then the properties of the system can be obtained by the VMC
sampling in an exact way.

The VMC can be effectively used for studying the metastable states. In particular one can make
estimations of the critical parameters leading to the system collapse (see Sec. B).

The VMC is used to optimize the variational parameters before doing DMC or FN-MC calcula-
tions, as the efficiency of the latter depends significantly on the quality of the trial wave function.

2.2.3 Implementation

It is convenient to work in the coordinate representation, as this representation is the most natural for
writing the interaction potential and external potential. In a system of N particles in D dimensions
the distribution function depends on DN variables p(R) = p(7,...,7n). An average value of an
operator A is then given by a DN-multidimensional integral

e JAG e )P e )iy

(4) S
[ [ p(Fr, ., FN))dry.dry

(2.3)

Even for a few particles N ~ 10 the structure of the integral becomes too difficult for implemen-
tation usual discretization methods of integration and instead one can use stochastic Monte Carlo
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methods. The idea of the method is to generate a set of states (chain) Ry, ..., Ry with the probability
distribution p(R) and approximate the (A) as the average

()~ - Y AR (2.4)

Such a chain where the next configuration R’ depends only on the previous configuration R
(Markov chain) can be generated by the Metropolis algorithm [MRRF53]: the new configuration is
accepted with the probability P(R — R/) given by the rule

1, if p(R’) > p(R)
(R)/p(R), if p(R') < p(R)

In a quantum system the probability distribution is given by the square of the wave function
module as Eq. EZI. The specific construction of wave functions will be discussed in Sec. 3.

The efficiency significantly depends on the type of the trial moves. A natural way to generate a
new configuration is to move all particles 7, = 7; + 5:-,7; =1, N, here f: is a random shift delimited to

PR —R)= { ) (2.5)

range ]5] < Z. If the amplitude of the shift = is too large the acceptance rate becomes too small, if
instead = is very small, almost all moves are accepted, but the generated configurations are strongly
correlated. The acceptance rate of about 50% in general provides a good choice.

The efficiency of a variational calculation can be highly improved by doing a complex move
consisting of separate moves of one particle at a time. Each independent move allow a larger dis-
placement at the fixed acceptance rate. Indeed, the amplitude of each individual move can be an
order of magnitude larger and consequently leading to a faster convergence of the sampling.

2.3 Diffusion Monte Carlo

The Diffusion Monte Carlo method (DMC) can be successfully applied to the investigation of bosonic
systems at low temperatures. It is based on solving the Schrédinger equation in the imaginary time
and allows calculation of the exact (in statistical sense) value of the ground state energy.

2.3.1 Schrodinger equation

The evolution of a quantum system is described by Schrodinger equation

P X
Instead of considering the time-evolution we will look for the ground state properties. That can
be done by introducing the imaginary time T = —it/h. We rewrite the Schrodinger equation and
introduce a constant energy shift £, whose meaning will become clearer later:
P R
_Egp(Rv T) = (H - E)SD(Rv T)a (27>
The formal solution ¢(R,7) = e~H=E)T (R, 0) can be expanded in eigenstate functions of the
Hamiltonian H¢, = FE,¢,, where we order the eigenumbers in an increasing order Fy < E; < ...

YR, T) = cadn(R,T) = Y cathn(R, 0)e =B (28)
n=0 n=0
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The amplitudes of the components change with time, either increasing or decreasing depending on
the sign of (E, — E). At large times the term that corresponds to the projection on the ground state
dominates the sum. In other words all excited states decay exponentially fast and only contribution
from ground state survives

Y(R,7) = co ¢o(R,0) 6_(E°_E)T, when 7 — o0 (2.9)

In the long time limit the wave function remains finite only if F is equal to Ey. The ground state
energy Ey will be estimated in a different way (Sec. ZZ71), but the fact that its estimation used for
the energy shift value E' leads to a stable normalization of ¢)(R, 7) proves in a different way that the
estimator is correct (for the implementation see Eq. P234).

The Hamiltonian of a system of N particles interacting via pair-wise potential V;,; and subjected
to an external field V,,; in a most general form can be written as

) g2 N N N
H:_%ZAz“—ZV;nt(V‘;_Fj|)+z‘/ea:t(7?z)7 (210)
=1 1<J =1
The Schrodinger equation (2-7) reads as?
0

where we introduced the notation D = h?*/2m and terms depending only on particle coordinates are
N N
denoted as V(R) = > Vine (|75 — 7)) + D Vewr (7)-
i<j i=1
The efficiency of the method can be significantly improved if additional information on the wave
function is used. The idea is to approximate the true wave function (R, 7) by a trial one ¢7(R) and
let the algorithm correct the guess done. This approach is called tmportance sampling and consists
in solving the Schrodinger equation for the modified wave function

fR,7) =vr(R)Y(R, 7) (2.12)

Another reason for using the product of wave functions as the probability distribution instead
of sampling ¢ is that the average over the latter is ill defined (A) = [A¢ dR/ [ dR, on the
contrary the average over the product of wave functions has the meaning of the mixed estimator
(A) = [YrA¢YdR/ [y dR. From (EID) it follows that the distribution function f satisfies the

equation
—%f(R, 7) = —DARf(R,7) + DVR(Ff(R, 7)) + (E"*(R) — E)f(R,T), (2.13)

here E'¢ denotes the local energy which is the average of the Hamiltonian with respect to trial wave
function®

E"*(R) = 7 (R)HYr(R) (2.14)

2The subscript R of the differential operator indicates that the derivative has to be taken for every component of
R.
3for details of the calculation refer to Sec. E=2
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and F is the drift force which is proportional to the gradient of the trial wave function and points in
the direction of the maximal increase of )%

2
F= WVR@W(R) (2.15)

2.3.2 Green’s function

The formal solution of the Schrodinger equation written in coordinate space is given by

(RIf(7)) = D (Rle”"=P7[R)(R'|f(0)), (2.16)

Rl

or, expressed in terms of the Green’s function G(R,R/,7) = (Rle" =B R/), the above equation
reads as

FR,7) = / G(R, R, 7)f(R’,0)dR’ (2.17)

In other words, the differential Schrodinger equation (28) corresponds to the integral equation
(217), which can be integrated with help of Monte Carlo methods. Although the Green’s function
G(R/,R,7) is not known, it can be approximated at small times 7, and then equation (2I7) can be
solved step by step

FR. 7+ A7) — / G(R, R/, A7) f(R, 7) dR’ (2.18)

The asymptotic solution for large times can be obtained by propagating f (R, 7) for a large number
of time steps Ar.

fR,7) = vr(R)po(R), T— o0 (2.19)

For further convenience let us split the Hamiltonian into three pieces

ﬁ:ﬁl—Fﬁz—Fﬁg, (220)
where
H, = —DA,
Hy = D((VRF)+FVg)), (2.21)

Hy = E"““(R)-E
Let us introduce the corresponding Green’s functions:

Gi(R, R/, 7) = (Rle 7

R), i=1,2,3 (2.22)

4The definition (27IH) of the drift force can be understood in a classical analogy. In a classical system the probability
distribution has a Boltzman form. The coordinate part of the distribution function is related to the potential energy
p(R) = constexp(—U(R)) (we put the fictitious temperature to one). The classical force is an antigradient of the
potential energy F = —V5RU(R) = Vr Ilnp(R). If we approximate a quantum probability distribution by the square
of a trial wave function (E), then the force equals exactly to (EI3).
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The exponent of a sum of two operators (on the contrary to an exponent of c-numbers) in general
can not be written as a product of two exponents. The exact relation takes into account the non-
commutativity exp{—(A+ B)7 +[A, B]72/2} = exp{—Ar} exp{—B7}. The primitive approximation
consists in neglecting the noncommutativity

e—HT _ e—H1T€—H2T€—H37' + 0(7—2) (223>

This formula, rewritten in the coordinate representation, gives the expression for the Green’s
function

G(Ra R/7T) = // Gl(R> RlaT)GQ(RLRZaT)GS(R%R,vT) dedR2

From Eq. we find that the Green’s function should satisfy Bloch differential equation:

a / o 2 / ) —
5 GRR.7) = HGRR,7), i=123 (2.24)
Gi(R,R’,0) = ¢(R—-R)
The equation for the kinetic term has the form
/
_86’1(};,1:{,7—) _ —DAG1(R, RI,T) (2.25)
T

This is the diffusion equation with diffusion constant D = h?/2m. It can be conveniently solved
in a momentum representation where the kinetic energy operator is diagonal. Going back to the
coordinate representation one finds that the solution is a Gaussian

G1(R,R/,7) = (47 D7) 3N 2 exp {—(R#;{/F} (2.26)

The equation for the drift force term is

o aGQ (R, Rl, T)

5y = —DVr(FG2(R,R/, 7)) (2.27)

and its solution is
Go(R, R/, 7) =0(R — R(7)), (2.28)

here R(7) is the solution of the classical equation of motion

{di“) = DFR(),
R(0) = R

(2.29)

The last equation from (E224) has a trivial solution, which describes the branching term

Gs(R,R/,7) = exp{(E — E"(R))7} 6(R — R) (2.30)
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2.3.3 Primitive algorithm

If the wave function of the system f(R,7) is real and positive, as it happens in case of ground state
of a bose system, it can be treated as population density distribution® (the algorithm for fermions,
where the wave function has nodes will be discussed in Sec. I8)

Nw

fR,7) =) CSR - Ry(r)), (2.31)

=1

here C' is a positive constant, R;(7) are coordinates of a population element (so called walker) in
3N-dimensional configuration space, f(R,7)dR gives the probability to find a walker at time 7 in
the vicinity dR of a point R.

Let us now interpret the action of the each of the three terms of the Hamiltonian (2220) on the
population distribution or, being the same, the action of the corresponding Green’s functions (2228,
2R, 2230). In terms of Markov chains the Green’s function is the G(R, R/, 7) is the transition matrix
which determines the evolution of the distribution (see Eq. EZIR).

The first term means the diffusion of each of the walkers in the configuration space

RM(t + A1) =R(7) + x, (2.32)

here x is a random value having a gaussian distribution exp{—x?/(4DAT7)}.

The second term describes the action of the drift force, which guides the walkers to places in
the configuration space, where the trial wave function is maximal. This is the way how importance
sampling acts in the algorithm

R (t + Ar) =R(7) + DF(R)AT (2.33)

The Green’s functions of steps (2228),(E228) are normalized to unity [ G(R,R’,7)dR = 1. The
normalization of wave function f is then conserved, which means that the number of walkers remains
constant.

The third term is the branching

® (R, 7+ A7) = exp{—(E"*(R) — E) At} f(R,7) (2.34)

The corresponding Green’s function G3(R,R’,7) (2230) is no longer normalized. That means
that the weight of a walker R changes on this step, thus walkers with lower local energy have larger
weights and walkers with larger local energy have smaller weights. On this step each walker is to be
duplicated b = exp{—(E"¢(R) — E) A7} times. In general the number b is not an integer. A possible
solution is to throw a random number ¢ € (0,1) and duplicate the walker [b + &] times, where the
brackets [-] stand for the integer part of a number.

Now it is clear that by adjusting the value of E one can control the size of the population and
keep it within the desired range. If the value of E is taken to be equal the estimator E, (Z14)
averaged over the population and the population size does not change, it means that Ej is equal to
the ground state energy (see, also, Eq. Z19).

!The formula (2231) should be understood in the statistical sense, the average of any value A over the Lh.s. and r.h.s
distributions are equal to each other in the limit when size of the population Ny tends to infinity [ A(R)f(R,7)dR =

lim [ A(R) T C5(R - Rs(r)) dR
=1

NWA)OO
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The branching is an essential part of the DMC algorithm as it “corrects” the trial wave function.
Indeed, the first two steps (228), (228) alone without (2230) are equivalent to sampling the trial
wave function and provide the same result as the variational calculation (Sec. 22). If the trial wave
function is an exact eigenfunction of the Hamiltonian, the local energy equals to the corresponding
eigennumber and is independent of R, thus the branching becomes irrelevant as it acts in the same
way on all walkers.

2.3.4 Higher-order algorithm

The primitive approximation (Z223) for the Green’s function has a first-order of accuracy, i.e. the
resulting energy has a linear dependence on the timestep. It means that measurements with different
time-steps are necessary in order to make extrapolation to zero timestep A7 — 0 as the dependence
on the timestep is very strong. Instead one can consider a higher order approximations. One of the
possible second-order expansions is

6—1:]7' — e—ﬁgT/Q6—1:]27'/2e—lfllTe—ﬁgT/Ze—fng/2 + 0(7'3) (235>

This expansion leads to a quadratic dependence of the energy on the timestep which makes this
approximation very useful. The point is that each calculation has an intrinsic statistical error, which
depends on the length of the calculation and on the variance of the measured quantity. Once the
desired level of accuracy is chosen one can make a study of the dependence on the timestep and
adjust it to the maximal value, which still gives an error smaller than the desired statistical error.
Using this timestep one can avoid the extrapolation procedure at all.

Here is the summary of the higher order scheme used in the calculations. One step which propa-
gates the system in the imaginary time from 7 to 7 + A7. The walker is moved from position R;_;
to position R; and is replicated with the weight calculated during the branching

1) Gaussian jump (228):
R=Rii+x. f(x)=exp{-R?/4AT}
2) Drift force (2228):
R =R+ F(R)A7/2
R'"=R+ (F(R)+ F(R')A7/4
R”"=R+FR") AT
3) Branching (2230):
R — R,

2.4 Fixed-node Diffusion Monte Carlo method

The FN-DMC method [RCAIS?] modifies the DMC method to allow an approximate treatment of
excited states of many-body systems. The idea of the FN-DMC method is to treat excited states by
“enforcing” the positive definiteness of the probability distribution f(R,7) = ¢r(R)¥(R, 7). The
function f(R, 7) is positive definite everywhere in configuration space, and can hence be interpreted
as a probability distribution, if ¥»r(R) and ¥(R, 7) change sign together, and thus share the same
(high-dimensional) nodal surface. To ensure positive definiteness of f(R,7), the trial wave function
r(R) imposes a nodal constraint, which is fixed during the calculation. Within this constraint,
the function f(R,7) is propagated (following a scheme very similar to that outlined in Sec. E23),
and reaches an asymptotic distribution for large 7 — oo, f(R,7) = ¥7(R) (R, 7). In the FN-DMC
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method, ¥r(R) is an approximation to the exact excited eigenfunction of the many-body Schrodinger
equation (and not the groundstate wave function as in the DMC method). It can be proven that, due
to the nodal constraint, the fixed-node energy is a variational upper bound to the exact eigenenergy
for a given symmetry [RCAUR?]. In particular, if the nodal surface of ¥)r(R) were exact, then (R, 7)
would be exact. Thus, the FN-DMC energy depends crucially on a good parameterization of the
many-body nodal surface.

Thus, in a FN-DMC simulation the function f(R,7) = ¢r(R)¥(R, 7), where V(R 7) denotes the
wave function of the system and ¥7(R) is a trial function used for importance sampling, is evolved
in imaginary time according to the Schrodinger equation

IR DUR(R.T) + DVRFR)S(R.) + [EL(R) - Eoflf(R.7) (2.36)

In the above equation R = (ry,....,ry), EL(R) = ¢r(R)"'Hyr(R) denotes the local energy,
F(R) = 2¢70(R)"'Vr¥r(R) is the quantum drift force, D = h*/(2m) plays the role of an effective
diffusion constant, and E,.; is a reference energy introduced to stabilize the numerics. The energy
and other observables of the state of the system are calculated from averages over the asymtpotic
distribution function f(R,7 — 00). To ensure positive definiteness of the probability distribution f
for fermions, the nodal structure of ¥r is imposed as a constraint during the calculation. It can be
proved that, due to this nodal constraint, the calculated energy is an upper bound to the eigenenergy
for a given symmetry [RCAIR?|. In particular, if the nodal surface of ¥y were exact, the fixed-node
energy would also be exact.

Construction of the trial wave function, as well as evaluation of the energy, is described in Sec. EG.

2.5 Construction of trial wave functions: system of Bosons

2.5.1 Introduction

This Section is aimed to provide technical details on the construction of trial bosonic wave functions.
First of all we will discuss the general Bijl-Jastrow trial wave function and than we will explain in
details the construction of trial wave functions used to obtain properties of the bosonic systems. The
idea of this section is to make a reference for the technical part of the calculations, in order to leave
the subsequent discussion free for physical discussions.

2.5.2 Bijl-Jastrow wave function

The bosonic function must be symmetric with respect to exchange of two particles. The most natural
way to construct the trial wave function of a system of Bosons is to consider a product of one-body
and two-body terms (we neglect three-body and higher terms):

(7, 7) = [T A [T A7 =7 (237)

j<k

This construction is called Bijl-Jastrow trial wave function. The one-body term fi(7) accounts
for the external potential and, commonly, has the same structure as the solution of an ideal system
in the same external potential. The interaction between particles is accounted by the two-body Bijl-
Jastrow term f5(r) which must go to a unity (uncorrelated value) at large distances. If the periodic
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boundary conditions are used the restriction on the two-body term is stronger, the function must go
to the unity already at the half size of the simulation box. This condition ensures that the particles
do not interact with their own images and no artificial correlations are introduced.

Once the exact type of the Bijl-Jastrow terms is chosen, one should also calculate the first and
second derivatives in order to implement the QMC method. Actually the algorithm can be optimized
by noticing (see Sec. EZ0) that the trial wave function always comes in one of the three combinations:

1) the logarithm of the Bijl-Jastrow term (is necessary for the Metropolis algorithm in the varia-
tional calculation and calculations of the non-local quantities, e.g. the one-body density matrix)

u(r) =1In f(r) (2.38)

2) the logarithmic derivative of the Bijl-Jastrow term (is needed for the calculation of the drift
force (E13))

f'(r)
f(r)

3) the second derivative enters only in the calculation of the kinetic part of the local energy. The
following combination is relevant:

ooy L") ()N mViu(r) D =1f(r)
£ = f(r)+(f<r>) TR T (2:40)

where D is number of dimensions.

F(r) =

(2.39)

2.5.3 One-body Bijl-Jastrow term in an anisotropic trap

Let the external field be an anisotropic trap with the aspect ratio A: Vg (7)) = smw? (22 +y2 + A?2?).
We choose the one-body Bijl-Jastrow term (237) in form of a Gaussian Wlth the widths o and f3
being variational parameters:

f1(7) = exp{—a(a® + 3?) — BAz*} (2.41)
Then the one body contribution to the drift force is
Fi(7) = — (2az, 20, 28)2) (2.42)

The local energy is

N N
loc loc — — = 2 i 7 i
E““(R) = N(2a + BA) + § & — 7|) — 5 ;1 |F3 (T oo TN)|° ;1 5 (2.43)

i<k

where we used oscillator units: energy is measured in units of Aw,; and the distances in units of the
oscillator length a .

2.5.4 One-dimensional wave functions

In this section we will discuss construction of a wave functions which are used to solve one-dimensional
problems. Apart from the case of the Tonks-Girardeau and gas of hard rods, where the wave function
is known exactly (Secs. Z5A10,Th477), the wave function are constructed in a Bijl-Jastrow form based
on two-body solutions found in the Secs. 2333 (the same method is used also in the construction of
three-dimensional wave functions Secs. ZZo3).
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2.5.4.1 Tonks-Giradeau wave function

As was first shown by Girardeau[Gir60], the wave function of the Tonks-Girardeau gas is equal to
the absolute value of the wave function of 1D ideal fermions. The interaction potential corresponds
to d-function with infinite strength, or in other words the TG model describes impenetrable particles
of a zero size. The component of an ezact wave function is given by

fa(2) = |sin(mz/L)| (2.44)

Strictly speaking the wave function (244) does not fall into the class of Bijl-Jastrow functions
(2231) as the term f5(z) does not go to a constant even in the large-range limit, but always experience
oscillations. At the same time it does not cause problems in our calculations as it turns out that
the scattering energy & = m2h?/mL? of the exact solution [Gir6l] corresponds to lowest energy of
one particle of reduced mass in a box with zero boundary conditions and the fy(z) goes to one in a
smooth way at the maximal allowed distance z = L/2.

The drift force contribution (2239) is given by

Folz) = VE cotan VE= (2.45)

and the 1D local energy (240) equals to

Eao(2) = E(1 + cotan® VEz) (2.46)

2.5.4.2 Hard-rod wave function (exact)

In this section we will discuss the wave function of the hard-rod gas, i.e. the one-dimensional gas
of impenetrable particles (I"79) of radius a;p. Already in his original work[Gir60], Girardeau noted
that the exact ground state wave function of a hard-rod system can be obtained from the wave
function of the TG gas (Sec EEA4l) by subtracting the excluded volume. That can be done by the
transformation

2, = 2 — ia1p, i=1N (2.47)

This exact wave function is used for calculation of correlation properties in the super-Tonks
regime.

2.5.4.3 Hard-rod wave function (approximate)

The transformation (247) makes the implementation of the calculation quite sophisticated. Instead
one can construct an approximate wave function in the same spirit as it will be done in the subsequent
sections, i.e. by using the exact solution for the two particle scattering problem (I50).

Using the solution (IC80) we propose

0, 2| < laip|

L e R Y R (248

The advantage of this wave function is that it is solution of a two-body problem, so the interaction
energy is always constant, which is much easier to sample numerically. The force and local energy
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can be easily obtained from 1D hard-sphere wave function. The difference is that £ is a variational
parameter here.
The drift force contribution (2239) is given by

0 2| <laip|

= ’ 2.4
F2(2) { V€ cotan \/E(]z\ — laip|), |z| > |aip| (2.49)
The 1D local energy (240) is

0, 2| <laip|

loc ) = .
£"(2) {E(1+cotan2\/E(|z|—|a1D|)>, 2| > |aip)| (2.50)

2.5.4.4 Wave function of the Lieb Liniger gas

In this section we will describe the construction of the wave function whis is used to solve the Lieb-
Liniger equation in presence of an external confinement (refer to Sec. BZH). The aim is to obtain
a wave function suitable for the description of the gas in a wide range of the density, starting from
the Tonks-Girardeau and up to the Gross-Pitaevskii regimes. The important point is that TG wave
function always has nodes, although in GP regime the nodes are absent.

At the distances |z| > 0 the interaction potential is absent and the solutions are are simple sinus
and cosine functions. We want to choose a solution which goes to one at the matching distance
R, which is treated as a variational parameter, and is a solution of a two-body problem (ITG3) at
a smaller distances. Also we want to have a symmetry in sign reversing. The solution that satisfies
those conditions is

1, z2< —R,,
) cosk(z—R,), —R,<2z<0
fQ(Z) - COSk(Z+Rm>, 0 S y < Rm (251)
1, R, <z

At the matching points +R,, the derivative is automatically equal to zero and the function
matches smoothly to a constant. The phase A(k) = kR,, is related to the scattering length a;p by
the boundary condition (I_70), which we will write as®

kaip tankR,, =1 (2.52)

Once k is obtained by solving numerically this equation the drift force contribution (2239) can be
calculated from formula

—ktank(z — R,,), 0<|z| < R,
Fa(z) z{ 0. ( ) 2 2' ng (2.53)

The energy contribution (240) is then described by

k*(1 + tan®(k(z — Ry, , 0 |z| < Ry,
£x(2) :{ . (h(z = Fm)) \z|2|1’%m (2.54)

5Note that for a repulsive gas a;p < 0 while for attractive a;p > 0.
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2.5.4.5 Phonon trial wave function (J-potential)

Here we shall construct a trial wave function which at distances short is a two-body solution of one-
dimensional d-function scattering and has “phonon” like behavior at large distances (see [RCHT]).
The trial wave function is chosen in the following form

_ J Acosk(z—B), z<R
fa(z) = { |sin®(wz/L)], 2>R

There are five undefined parameters A, B, k, a, R and four continuity equations. One parameter
is left free. We will chose matching distance R as the guiding parameter.

(2.55)

1) Continuity condition at zero is the same as in the Lieb-Liniger trial wave function (I68) and
is given by the formula (2252)

kaiptankB =1 (2.56)

This equation fixes the value of the phase shift kB.
2) Continuity condition at the matching point

a) continuity of the wave function:
Acosk(R — B) =sin*(rR/L) (2.57)

b) continuity of the first derivative, which together with the condition a) means continuity
of the logarithmic derivative:

—ktank(R — B) = 04% cotan(mR/L) (2.58)

c) continuity of the second derivative or, together with a) and b) means continuity of the
local energy:

2
—H:a<%)ua—nmmﬁ@Rﬂ»—u (2.59)
One can prove that following relation holds kL /7 sin 27 R/L 4 sin 2k(R — B) = 0. Another useful
relation is tan k(R — B) = (kayp sin kR + cos kR)/(kaip cos kR — sin kR).
The value of the scattering momenta is a solution of the equation

(sinkR — kaip coskR)(coskR + kaip sinkR) L . 27R

k((kap)? + 1) ST
The maximal value of the L.h.s. is reached at k£ = 0 and equals to R —a;p. For matching distance
much smaller than L the sinus function on the r.h.s. can be expanded and the condition for the
existence of the solution is a;p < 0 which is always fulfilled for the repulsive gas.
All other parameters can be found from the following formulae:

(2.60)

B = %arccot ka
a = 1+tanZf (&L cotan k(R — B) + tan ZE) (2.61)
A = sSint@R/L)

cos(k(R—B))

The contribution to the energy is given by

_f_”+ (L/)Q_{ K* 1 +tan’k(z — B)], z<R

f f)  la (%)2 [1+cotan® 2], 2 >R (2.62)
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2.5.4.6 Super-Tonks trial wave function (attractive J-potential)

In this section we will describe the construction of the trial wave function ¥ 1 used fir the investigation
of the super-Tonks system (see Chapter B).

We use Bijl-Jastrow construction (2234) with the two-body term which is chosen to be similar to
(E=1)

cos[k(|z| = Rm)],  [2] < B

The cut-off length R, is a variational parameter, while the wave vector k (for a given R,,) is
chosen in a such way that the boundary condition imposed by the J-function potential (252) at z = 0
is satisfied: —ktan(kR,,) = 1/a1p. For distances smaller than the cut-off length, |z| < R,,, the above
wave function corresponds to the exact solution with positive energy of the two-body problem with
the interaction potential g1pd(2) (see, formula [G3).

2.5.4.7 Scattering on the resonance state of a Bose gas

In the case of the Hamiltonian (A9) we use Gaussian construction for the one-body Bijl-Jastrow

term
2

z
fi(z) = exp {_qu} (2.64)
where the Gaussian width «, is treated as a variational parameter. The two-body correlation term
fa(2) (2232) is chosen as
cosl.(|2] — 2)], || <
|z| >

fa(2) _{ 1,

The cut-off length Z is fixed at Z = 500a;p, while the wave vector k, is chosen such that the
boundary condition at z = 0 imposed by the -function potential is satisfied: —k, tan(k.Z) = 1/a;p.
For negative a1p (gip > 0) the correlation function, Eq. B84, is positive everywhere. For positive
a1p (g1p < 0), in contrast, fo(z) changes sign at |z| = a1p. The parameterization given by Eq. Z63
is used in our stability analysis performed within a VMC framework (see Sec. B4) and in our DMC
calculations for g;p > 0. To perform the FN-DMC calculations for negative g, p, we need to construct
a trial wave function that is positive definite everywhere. In the FN-DMC calculations, we thus use
an alternative parameterization, which imposes the constraint fo = 0 for a1p < z,

(2.65)

NN

0,  z<ap
fo(2) = coslk.(]z| = 2)], aip<z<Z (2.66)
1, z> 7

2.5.5 Three-dimensional wave functions
2.5.5.1 Hard sphere trial wave function

The problem of scattering on a hard sphere potential (IZ8) was studied in Sec. 322, In dilute
systems for small interparticle distance r the two body Bijl Jastrow term f5(r) is well approximated
by the solution f(r) (I5d), i.e. by the wave function of a pair of particles in vacuum. At large
distances the pair wave function asymptotically goes to a constant value, as the particles become
uncorrelated.
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we introduce dimensionless notation by measuring the distance r in units of the hard sphere radius
azp and energy F in units of h?/(ma3p))

Asin(vV2E(r — 1)) " <R,

fo(r) = r ’ (2.67)
i 1—Bexp{—£}, Ir| > R,

The request the function be smooth at the matching point R,,, i.e.

1) the function fo(r) itself must be continuous:

R

Asin(vV2E(R,, — 1)) — 1— Bexp {_Fm } (2.68)

Ry,

2) derivative fi(r) must be continuous

AVZE cos(V2E(Ry — 1)) Asin(VE(Rn—1)) B { i } (2.69)

R R2, —aP

3) the local energy fo(r) ™ (=h2A1/2m — B*A1/2m + Vi (73 — 7)) f2(r) must be continuous

()

The solution of this system is

_ R £? —2¢
~ sin(u(l — 1/R)) €2 — 26 + u?’

g o) (2.71)
226 2’

where we used the notation © = vV2ER and £ = R/a. The value of £ is obtained from the equation

u(€ —2)

1 — — = —arctan
R

There are three conditions for the determination of five unknown parameters, consequently two
parameters are left free. The usual way to define them is minimize the variational energy in Varia-
tional Monte Carlo which yields an optimized trial wave function.
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2.5.5.2 Soft sphere trial wave function

At short distances the scattering solution f(r) (IZ53) is expected to proved a good approximation
for the two-body Bijl-Jastrow term fy(r) (2231) in a gas with the soft sphere interaction potential
(I52). At the larger distances f(r) should saturate to a constant in a smooth way. We choose an
exponential type of decay:

Asinh(KC
%ﬁ“), < R
folry = Bsinlbr40) 0 p B (2.73)
T

1—Cexp<—£>, ngé

The description of a continuous matching at the point R is described in Sec. IZ3723. Now we shall
discuss the matching procedure at the point R,,. As usual we have three matching conditions:

1. Continuity of the function fo(r):

_ Bsin(kRy, +6)
- o

F(Ry) — 1= Coexp (_%) (2.74)

2. Continuity of the logarithmic derivative f5(r)/f2(r) which fixes the value of the parameter C:

kcotan(kR,, +9) — 1/R,,

p— m 2.
¢ = exp(R /a)kcotan(kRm +0)—-1/R,+1/a (2.75)
Substitution of (2273) into (ZZ74) fixes value of B
R,, 1
/e (2.76)

B sin(kR,, + 9) kcotan(kR,,, + 0) — 1/R,, + 1/«

3. The kinetic energy must be continuous at r = R,,,. This condition yields

P 2 P\
- ( F(B) B f(Rm)) g (2.77)

After some mathematics the following procedure is obtained:

1. By choosing the value of the scattering length a3p and the range of the potential R define the
value of s (i.e. height of the potential 1} as related by (IZ54)) by solving the transcendental
equation (ICh9)

2. Introduce z = kR,,, y = R,,/a and § = §/x. Both equations (IZR7) and

- 1 z(y —2)
1 + (5 = E arctan (m) (278)

has to be satisfied in order to loop to determine z = kR, and 6. This can be done using
iterative procedure:
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(a) Choose the value for the 5% (the first time it is initialized with 50 = —q /R,,) and obtain
the value of 2 as the solution of Eq. EZ78

(b) Fix the scattering momentum k@ = 2@ /R, and obtain the phase 55‘) as a solution of
(C52)

(c) Iterate (ci(f“) = (59 + 5,5”)/2 until both numbers converge to the same value by repeating
steps (a-c)

3. Then the the constants (A,B,C) are given by formulae
(a) C'=exp(y)a?/(+? +y* — 2y)
(b) B = R,,/sin(z + 9)
(¢) A= Bsin(kR,, + ¢)/sinh(kR,,)

Once all parameters are fixed, the two-body term fo(r) is given by (EZ73), the drift force contri-
bution (2239) is given by

cotanh(v/V —&r) 1

Fo(r) = ¢ VEcotan(VEr +6) — %, R<|r| < R, (2.79)
C r -1
Cloa(z-c)) " bem

Local energy (2420) equals to

£ 4 (V—8) <cotanh(\iﬁr))27 < R

E(r) =4 £(1+ cotan®*(VEr + 6), R<|r| < Rn (2.80)
|1 C 2 1
a [5 (1+exp(r/a)—0) _;} exp (r/a) — C’ Il > B

2.5.5.3 Trial wave function of 3D zero range potential

We construct a wave function for a zero range potential in a three-dimensional case. The correct
scattering length a is imposed on the trial wave function f(r) by corresponding boundary condition
at zero distance.

(/) 1 251

rf(r) |,—o o
We choose the trial wave function in the form

flr)y= é sin(kr + B) (2.82)

for r < R and f(r) = 1 otherwise.
The boundary condition at zero gives the constraint:

tan B = —ka (2.83)
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We impose continuity of the derivative at the matching distance which gives us another condition
on the parameters of the trial wave function

tan (kR + B) = kR (2.84)
The constant B can be easily eliminated providing an equation which fixes the momentum &:

tan(kR — arctankR) a
= — 2.
kR R (2.85)
Ones it is solved, the equation (Z83) fixes the value of the B. Finally the value of A is fixed by

continuity of the wave function itself

L/2
= 2.
sin(kL/2 + B) (2.86)
The drift force is given by
1
Fo(r) = kcotan(kr + B) — — (2.87)
r
The Bijl-Jastrow contribution to the 3D local energy depends on the distance r as
1\ 2
Ey(r) =k + (k cotan(kr + B) — —) (2.88)
r

2.5.5.4 Scattering on the resonance state of a Bose gas

To describe the lowest-lying gas-like state of the Hamiltonian (EI8), we use for the one-body Bijl-
Jastrow term an ansatz similar to (2Z1):

G :exp{—x2+y2 _Z } (2.89)

2 2
200 202

Here, o, and «, determine the Gaussian width of ¢r in the longitudinal and transverse direction,
respectively. These variational parameters o, and «, are optimized in the course of the VMC
calculation by minimizing the energy expectation value. The two-body correlation factor fo(r) (E231)
is chosen to reproduce closely the scattering behavior of two bosons at low energies. For the hard-
sphere potential (I2R), we take

0, |7l < asp

ﬁw:{l—%wm,m>%D

The constraint fo = 0 for » < azp accounts for the boundary condition imposed by the hard-
sphere potential, it is exact even for the many-body system. For the short-range potential (ICI2), we
use instead

(2.90)

1,2+y2 Z2 <
fa(i) = S e (2.91)
B A ke

where a and b denote the lengths of the semi-axes of an ellipse. For two particles under highly-
elongated confinement, the nodal surface is to a good approximation ellipticly shaped as will be
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discussed in Sec. B471. Thus, the parameters a and b are determined by fitting the elliptical surface
to the nodal surface obtained by solving the Schrodinger equation for N = 2, Eqs. 24 and B=8, by
performing a B-spline basis set calculation. In contrast to V#9, the constraint f, = 0 in Eq. 2290
parameterizes the many-body nodal surface for V% only approximately. We expect that our param-
eterization leads to an accurate description of quasi-1D Bose gases if the average distance between
particles is much larger than the semi-axes of the ellipse. The trial wave functions discussed here in
the context of our VMC calculations also enter our FN-DMC calculations.

2.6 Construction of trial wave functions: system of Fermions

2.6.1 Trial wave function in the BCS limit

In the construction of the trial function the antisymmitrization is included through the Slater deter-
minant D(R)

Yr(R) = DR) [[ A1) [] L7 — 7l) (2.92)

i=1 j<k

Thus at the variational trial move one has to calculate the ratio of two determinants in addition
to usual one- and two- body correlation terms present in the bosonic VMC algorithm (compare with
(2231) and see Sec. Z2). An element of the Slater matrix is given by D;, = (), where ¢, (7) is
a single particle orbital. In further latin indices will always refer to particle number and the greek
indices to orbital number. During a trial move in which position of only one particle get changed,
just one row of the Slater matrix changes. This means that instead of a direct calculation of the
Slater determinant a more efficient method can be used. Before doing the trial move one should
calculate the inverse matrix D such that DD = I or in terms of the matrix elements

N
Z D;oDjo = i (2.93)
a=1

If we denote the matrix with coordinate of the i** particle changed as D’ then the ratio of interest
becomes

[D'? _ |DDD'|® _ |DPDD'|

— _ — | D'DI? 2.94
D~ [DP op PP (2.94)

The matrix D'D is almost diagonal. Indeed, only i** row is different from the one of a unitary
matrix. It means that the determinant of such a matrix equals to the " element of this row, i.e.

D <~
1= p = ¢a(7})Dia (2.95)

a=1

After the move is accepted the inverse matrix must be updated. There is a fast way of doing it.
Instead of direct inversion of the determinant matrix one can use ¢ from eq.(2Z93):

Din={ =

N _
= 7)D, S 2.96
ja—Dmﬂi 1: 2l ot i (2.96)

>
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Differentiating the trial wave function (2292) one finds the expression for the kinetic energy. It is
equal to

N
TR ‘zm{Z%“Z«‘il“ ) Z|E(R)I2}, (2.97)
=1

i<k
where the two-body contribution to the local energy is the same as in the bosonic case
) D-1) f3(r) | (f5(r)\*
gloc r) = — Q(T) . ( 2 + 2 2.98
R R AR VA (2%

and there is an additional term coming from the determinant part of the trial wave function.

.. ADR) (VDR)’
En(T) = D(R) +< D(R) (2.99)
The drift force (Z13) appearing in (2Z297) is given by
5 gy~ VPR T | - f(I7 = 7il) 7= 7
Fi(R) = ———— - 2.100
B ="D®) n T L Ll = I =il (2:100)

The derivatives of the determinant are related to the derivatives of the orbitals in an easy way
(see formula (2793))

N
YO S D Visa() (2.101)

2.6.2 Kinetic energy

We always use coordinate representation for the wave functions in our calculations, thus the calcu-
lation of the potential energy, which is diagonal in this representation, is trivial. Instead calculation
of the kinetic energy demands knowledge of wave function derivatives. Let us calculate the first and
second derivatives of the fermion wave function:

V- T(R) = U(R) < Z Vi fa(l7 - Tﬂ”) (2.102)

fo|7i = 751)

+ gloe 4 ploe (2.103)

2
FDR V fg |Tz 7”]|)
DR) *Z fo[7 = 7))

The local energy is defined as

e 3 Am(m—m)_( ﬁfzuﬂ—m)) (2.10)

J

A-D(R)
Dl'oc — T o
’ D(R)

V:D(R) i
DR > (2.105)

VRS
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The second derivative of the determinant is calculated explicitly, while the second derivative of
the two-body Jastrow term is calculated by assuming spherical symmetry:

0? o? 0?
A:DR) = (@ toat @) D(R) (2.106)
Ap(r) = 0+ 2 0) (2.107)

2.6.3 Calculation of the tail energy

A simulation of a homogeneous system is done by considering a finite box of size L. One restricts
interaction between the particles to a distance of L/2. Larger distances should be avoided in order
not to have a double counting of a same particle which would leave to artificial correlation. Thus
one introduces a cut-off at L/2 and a proper calculation of the energy is necessesary.

The situation is different for a Bijl-Jastrow construction of the wave function and a Slater deter-
minant. We will consider a generalization of the wave function containing a product of both terms.
The energy per particle in the thermodynamic limit N — oo is given by the integral of the interaction
energy from the cut-off length L/2 to infinity.

o0

Bl =Y > ViR-nhon [ Ve (2,108

i j<i,|F—7|>L/2 L2

In the thermodynamic limit N — oo the Jastrow force becomes zero as the summation on j is
approximated by a symmetric uniform distribution of particles outside a sphere of L/2 radius. So,
the tail of a kinetic energy for a Jastrow wave function is

it 0 [ ey B0 [0 2000 POV s
= mlg (dr == [ ) Tf(r)+(f(r))]d (2109)

On the opposite, there is no similar cancellation due to the symmetry in the Slater term, but
instead due to linearity the square of the first derivative is exactly cancelled by the force squared
term, thus

gait _ Pn [T g"(r) 29'()] s (2.110)
Pt m g(r) — rg(r)
L/2

2.6.4 Bijl-Jastrow term (square well trial wave function)

Now let us specify the Bijl-Jastrow term which will take care of the interactions between spin up and
spin down particles. We consider an attractive interaction potential which supports a bound state.
Thus we can describe resonant scattering with very large scattering lengths azp. It also means that
for the unit of length it is preferable to take instead the range of potential R instead of azp which
can be even diverging (the unitary regime).

We consider scattering on the square well (SW) potential (C89). The scattering problem was
studied in Sec. =375, Here we only summarize the construction of the Bijl-Jastrow term:
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1) the equation for the scattering momentum is

1 kL k L
— |arctan — — arctan (— tan v a2 4 k:QR)} =——R (2.111)
k 2 %2 —+ ]{;2 2
2) the shift phase 0 is defined as
kL kL
= — | = — 2.112
o arctan( 5 ) 5 ( )
3) normalization factor B
L/2
=—‘'1° 2.113
sin(kL/2 + 0) ( )
4) normalization factor A
sin(kR + 0)
A=B 2.114
sin(v'»? 4+ k?R) ( )

The Bijl-Jastrow contribution to the force and the local energy are given by following expressions:

f'(r) [ Kcotan(Kr) — %, r<R (2.115)
f(r) | kcotan(kr+0) -1, r>R '
K? — (K cotan(Kr) — )2 r<R
3D __ r/
Eioe = { k? — (kcotan(kr +6) — 2)?, 1> R (2.116)

2.6.5 Trial wave function: zero energy scattering state

On the BCS side of the resonance the scattering length is negative a < 0. Here the attractive square
well potential well of strength Vy = h?s?/m. There is no bound state anymore and instead one has
a solution with positive energy & = h?k?/m. The scattering solution is

f(r) = { Aginkr, r<R (2.117)

Bsin(kr +6), r>R

The scattering length a phase is related to the phase of the scatters wave. In the low-energy limit

the phase is simply 6 = —ka. In this limit s and we have simple solution
A -
Zsinkr, r<R
— r ’ 2.118
J(r) {B(1+%’), r> R (2.118)
A 1
, Zsinkr (%ctg——), r<R
=< 7 r 2.119
f(r) { Bl rs R (2.119)
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2.6.5.1 Matching to a constant

The wave function constructed in the previous section is long-ranged as it decays only as 1/r at
large distances. This leads to overestimation of the correlations in deep BCS limit. For example at
a = —5R the variational energy is 8 times larger than the energy of a fermi gas. The fixed-node MC
algorithm corrects this behavior and the resulting energy is close to the energy of a fermi gas.

ésin%’r’, r<R

flr) = B(1+ 2, R<r <R, (2.120)
14+ Cexp(—=knr), Rn<r

The matching conditions fix values of the constants A, B, C"

A = BRUHa/R
Sin sz _1
_ lal 1
B = <1+m<1—m>> (2.121)
_ Bla|exp(kmBRm)
O - R%ikm

2.7 Measured quantities

2.7.1 Local energy

The most general form of a Hamiltonian of a system of IV interacting bosons in an external field is
(21m):

A2 N N N

= _%ZAFZ‘+Z‘/"’“(m+2‘/z’nt(|ﬁ—fkl)7 (2.122)
=1 i=1 j<k

where m is mass of a particle, V,,(7) is the external field, Vi, (|r]) is particle-particle interaction

potential. Given the many-body wave function W(7, ..., 7y) the local energy is defined according to
(21a):

E°(7y, ..., 7y) = (2.123)

Operator of the external field and particle-particle interaction are diagonal in this representation
and are calculated trivially as a summation over particles and pairs of the second and third terms
of (Z122). Calculation of the kinetic energy, first term of (2122) is more tricky, as the Laplacian
operator is not diagonal.

2.7.1.1 Local kinetic energy and the drift force
In this section we will find the expression of the local kinetic energy

nA(F, ..., 7y

Tlc(p  RPo)= T\ o A
(71,0 T) = =5 U (P, 7N

(2.124)

Let us calculate the second derivative in two steps, as the first derivative is important for the
calculation of the drift force. We consider the Bijl-Jastrow form (E231) of the trial wave function
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and will express the final results in terms of one- and two- body Bijl-Jastrow terms f; and f;. The
gradient of the many-body trial wave function is given by

() — () (AT ST = ) 7=
VA ) = W )<f1() PSSR —m) (212)

The full expression for the Laplacian is

W~ wr AR A LAY

A7) R ><f1(ﬁ) *%;fguﬁ—mm_m) *

P T 1(7) fi Tk|) fo(7i — 7)) ?
- ’(ﬁ(f) (fﬁ)ﬂ; He—a - (A —rm)]) (2120)

The kinetic energy can be written in a compact form
R (X N
loc (= e N loc loc 2N (= - )2
T (Tlu"wTN)_%{Zlg +2;g Tk|) 2|E(r17'“ar1\7)| }7 (2127)
% j 1=

where we introduced notation for the one- and two- body contribution to the local energy (see, also,
(2-2m))

loc [ = . _f{( (F) ?
S0 = <f>> (2.128)
loc r o _fé/(r) é(?") ?
E(r) = o +( ( )) (2.129)

and introduced the drift force (see (2239))

AT AN - A N

Fi(ﬂ,...,FN):fl(ierZ 2(’“ il) I = (2.130)
fim)r ‘

2.7.1.2 Exponentiation

It is convenient (see Eq.ZZ38) to do the exponentiation of the one- and two- body terms u(r) =
In f1(7), ua(r) = In fo(r). The point is that numerically a better precision is achieved by working
with numbers of the same order. The formula for the kinetic energy becomes simpler

n &
T (7, .. Fy) = 5 {Z ) + QZU — ) + Z | Fy(7 } (2.131)

=1 i<k
with
T -
Fy(F, ooy ) =l (75)= + Y (|7 — k) (2.132)
T |75 — 7%
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2.7.2 Static structure factor

It is natural to give the definition of the static structure factor S (E) in the momentum space as the
correlation function of the momentum distribution between elements —k and k (I29):

NS(k) = {p_zpp) — l{pp)]%, (2.133)
Using the properties of the Fourier component p_p = (pz)* it can be rewritten in a different way

NS(k) = (log*) = 1o (2.134)

In the Diffusion Monte Carlo calculation the density distribution is approximated by the density
of walkers (see (2231))

n(F) = Za(f— 7) (2.135)

With the means of the Fourier transform we express it in the momentum space

N N N
- / eMn(R)dit =Y e* =N "cos ki +i Y sin ki (2.136)
=1 =1 =1

and obtain a simple expression for the static structure factor
2 N 2
— ‘ <Z sin Eﬁ>
i=1

N 2 N 2 N
RN N
i—1 i—1 i—1

In a trapped system there are no restrictions on the value of momentum IZ, although, naturally,
the momentum distribution vanishes for k& < 1/R, where R is the size of the system. Instead, if
periodic boundary conditions are used, the value of momenta is quantized and is dependent on the
size of the box

(2.137)

27
Nzx,y,z = fnaz,y,z

(2.138)

At the same in a homogeneous system the two last terms in (22I31) are vanishing.

2.7.3 One body density matrix in a homogeneous system

The one body density matrix (OBDM) g; of a homogeneous system described by the many body
wave function ¢ (77, ..., 7y) according to (CI8) is equal to

(‘77"_77‘//|> f f¢ 7! T27'--7 N)l/}(fw 7?2,'- FN)dFQdFN
. T T 100 PO i

(2.139)

Since in DMC calculation does not sample directly the ground-state probability distribution ¢Z,
but instead the mixed probability ¢y (ZI2) one obtains the mized one-body density matrix as the
output

miwed(F) f fwT 7’1 + 7" 7“2, ...,FN)¢0(F1,F2, ...,FN> dFQdFN

= = - — ) 2140
& f fwT Tl? .- TN)(bO(Tl, ---,TN) drl...d'rN ( )
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This formula can be rewritten in a way convenient for the Monte Carlo sampling:

() nf...fm;m 4 7 Ty oy TN ) (W (L, Ty oy PN)) T F (L oy P )AL Ay
! [ [ F(F o PN) ATy

where we have used the asymptotic formula (2219) and have taken into account that in a homogeneous

system g, depends only on the module of the relative distance between two particles. If the trial wave
function is chosen as a product of pair functions (2237) then using the notation (P38) u(|7; — 75]) =

o (2.141)

In fo(|7; — 75])) and f1 = 0 one has ¢ (7, ...,7n) = [[ exp{u(|7; — 7;|)}. Then the ratio of the trial
1<J
wave function appearing in (ZZI41) becomes
Yr(F + 7., TN) S S .
= = ex ri+r—rj]) —p(rs —7j 2.142
o — e S+l w5 (214

In order to gain better statistics it is convenient to average over all possible pairs of particles

mixe ¢T Tla-- Tz+/r 5 .
grized Z e :—Zexp Z (|17 + 7 — 7)) — u(|F, — 7;]) §2.143)

1, 7“N
JFi

The asymptotic limit of the OBDM gives the condensate density

No
Tlggogl( r) = 5 (2.144)

and the condensate fraction is obtained by the calculating the asymptotic ratio

.0 (7“) No
| = —
rggo n N

(2.145)

2.7.4 One body density matrix in a harmonic trap

While in a homogeneous system the OBDM depends only on the relative distance, for a system in
external potential it is no longer true (I=32). Instead one define the OBDM in a convenient way by
integrating out the center of the mass motion.

9.(7) —/ <R+ 2,R— 5) dR, (2.146)

Here the standard notation for the center of the mass variables is used & = (T1+73)/2, 7 =711 —T75.
The point in the definition (27148) is that the momentum distribution can be obtained by the Fourier
transform with respect to 7

n(k) = / ,(7) e dr (2.147)
For practical purposes it is convenient to change the notation

{5 - (2.148)
r T
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Using this notation the mixed OBDM becomes

_ o [ V(B A+ F oy oy TN) G0 (R, T, .., Py) dTy....dF
gimmed(R’F) — Nf fwT( +T7T27 ;TN>¢0( , Tg, ,TN) T2 N

- = = S S S ; 2.149
f...f@/]}(’l"l,...,’l“N)Qﬁo(’l"l,...,TN) dTl...dTN ( )
which reminds us the expression for the OBDM of a homogeneous system ([CIX).
The function g, can be measured in the QMC simulation
o TR A7y Py oo, ) (W5 (R, Py ooy Tn)) T F (R, Ty ooy P ) A RAFy .. dF
gised () — [ JIV(R+ 7 oy ooy N ) (5 (R, oy ooy Tn)) T (R, Ty oo, Py )dRATS TN} (2.150)

f S F(Fr e, PP AN
by taking an average of the following quantity

br(R+F, ..., Px)
Ur(R, ..., TN)

where u; (7) stands for the one-body exponent in the Jastrow-Bijl wave function (see Eq. EZ38), which
for harmonic confinement is taken to be equal to (Z4T).

= exp {ul(é+ ) = (B) + ) up(|Fy + 7 — ) — ua(|F — fj|)} . (2.151)

j>1

2.7.5 Pair distribution

The pair distribution function (TBDM) in a homogeneous system is given by the formula (ITT9)
L N —1) [[$R)[dFs...dFy
92|72 — 71]) = 3 5
n JW®R)]?dR
Let us explain now how this formula is implemented in Monte Carlo calculation. We make
summation over all pairs of particles:

(2.152)

L > 0(ri — )Y (R)[*dR
iy~ MOV fots = Pperar 2 I 5 .
? n?L [(R)]2dR nN [(R)]2dR '
If we do a discretization of the coordinate with spacing h and introduce function 9, (z) which is
one if z < h and zero otherwise, do summation over absolute value (the distribution is obviously

symmetric) we obtain following expressions:

1) In one dimensional system:

9" (r) = < Zﬁh (Iriy — 7)) > (2.154)

1<j
In a uncorrelated system 9, (|z|) = 2h/L is constant and go(z) =1 — 1/N.

2) In two-dimensional system distance z enters explicitly in the expression of the pair distribution
function leading to larger numerical variance at small distances

3P (=) = <2mmeZﬁh 235 — |>|> (2.155)

3) In a three-dimensional system the corresponding expression is

9P (2) = <ﬁzﬁh<m - z|>|> (2.156)
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2.7.6 Pure estimators and extrapolation technique

As a result of the VMC calculation one obtains a wvariational esimator for a quantity (let it be
described by an operator A), which corresponds to an average over the trial wave function ¢p:

(A)yar, = {rlAlyr) (2.157)

(Yr|r)
Instead, the DMC method asymptotically provides a more precise mized estimator, which we
denote as

(A)miz. = (ol Alor) (2.158)

{oltr)
Still, this type of average can differ from the “pure” ground state average, which corresponds to
the true quantum-mechanical equilibrium value at a zero temperature

<A>pu're - M (2159)

(Dol o)

The DMC method gives an exact result for the energy, as the mixed average of the local energy
Eipe = w;lfl Y1 coincides with the pure estimator. This can be easily seen by noticing that when
(o acts on H, it gives exactly the ground state energy.

We will show that averages of local operators can be calculated in a “pure” way. This means that
the pair distribution function, radial distribution, size of the condensate can be found essentially
exactly. We assume that (R|A|R’) = A(R)(R|R/). The “pure” average can be related to the mixed
one in the following way

(G0l AR) S 1) (AR)P(R))mis

e = B )~ (PR)ws (2:160)
where P(R) is defined as
P(R) = j;((lf?) (doltr) (2.161)

and gives the number of descendants of a walker R for large times 7 — oo. Practically it is enough
to wait a sufficiently large, but a finite time 7. One makes measurements of a local quantity for
all of the walkers, but calculates the average after the time 7', so that each walker was replicated
according to the weight P(R).

One of important examples of a non-local quantity is the non-diagonal element of the one-body
density matrix (see (2I21)). This quantity deserves a special attention, so we will explain an ex-
trapolation technique, which can be applied for finding averages of a non-local operators.

Let us denote the difference between the trial wave function and ground-state wave function as

0y
$o = thr + 01 (2.162)

Then the ground-state average can be written as

(A)pure = (G0l A|o) = (Wr|Alr) + 2(do| Al6v) + (59| A|5v) (2.163)
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If 01 is small the second order term (51| A|61)) can be neglected. After substitution (¢g|A|dy) =

(| Aldo) — (17 Alpr) the extrapolation formula becomes

A ~ ~

<A>pure ~ 2<A>mzx - <A>Uar.

It is possible to write another extrapolation formula of the same order of accuracy:

A A me
(A)pure = A i

{(A)var.

(2.164)

(2.165)

Of course, if the extrapolation technique is applicable, formulae (2064) and (ZI63) give the
same result. The second formula is preferable for extrapolation of a non-negative quantity (e.g. the
OBDM), if the function can be very close to zero, as (EZI63) preserves the sign of the function.

In the end of this Section we will mention that it can be proven that the measurement of the
superfluid density in DMC method is a pure estimator and to a large extent is not biased by the

chose of a trial wave function [Asf0T, AGD2)].
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Chapter 3

3D-1D crossover of a trapped Bose gas

3.1 Introduction

The study of trapped Bose systems in low dimensions is currently attracting a lot of interest. In
particular, 1D systems are expected to exhibit remarkable properties which are far from the mean-
field description and are not present in 2D and 3D. The peculiarity of 1D physics consists in the
role played by fluctuations, which destroy long-range order even at zero temperature [Sch77, Hal8T],
and in the occurrence of characteristic effects due to correlations such as the fermionization of the
gas in the Tonks-Girardeau regime [Gir60]. Recent experiments with highly anisotropic, quasi-one-
dimensional traps have shown first evidences of 1D features in the aspect ratio and energy of the
released cloud[GVLT01, SKCT01] as well as in the coherence properties of condensates with fluctu-
ating phase[DHRT01]. From a theoretical viewpoint, the emergence of 1D effects in the properties of
binary atomic collisions, by increasing the confinement in the transverse direction, has been pointed
out by Olshanii[OIs98]. In the case of harmonically trapped gases, the occurrence of various regimes
possessing true or quasi-condensate and the possibility of entering the Tonks-Girardeau gas regime
of impenetrable bosons has been discussed in[PSW00].

The ground-state properties and excitation spectrum of a homogeneous 1D system of bosons in-
teracting through a repulsive contact potential have been calculated exactly by Lieb and Liniger long
time ago[LL63, Lie63]. For a fixed interaction strength the Lieb-Liniger equation of state reproduces
in the high density regime the mean-field result obtained using the Bogoliubov model and in the
opposite limit of low density coincides with the ground-state of impenetrable bosons [Gir60]. For 1D
systems in harmonic traps, the exact many-body ground-state wave function in the Tonks-Girardeau
mean-field and the Tonks-Girardeau regime has been obtained within the local density approxima-
tion in[DLOOT]. Methods based on local density approximation in the longitudinal direction and on
the Gross-Pitaevskii equation for the transverse direction have been recently employed to predict the
frequency of the collective excitations [MS02] and the ground-state energy in the 3D-1D cross-over

In this chapter we present exact Diffusion Monte-Carlo (see Sec. Z3) results for the 3D-1D cross-
over in harmonically trapped Bose gases. As a function of the anisotropy parameter of the trap we
calculate the ground-state properties of the system and for highly anisotropic traps we point out the
occurrence of important beyond mean-field effects including the fermionization of the gas.

75
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3.2 Theory

3.2.1 Model Hamiltonian
In order to describe a cold bosonic gas in a trap we use the model Hamiltonian of type (2122)

N

N L By
= —%ZAZ‘FZ%M(’“ _Tj’)_'_z‘/ewt(ri)’ (31>
=1

i<j i=1

Our system consists of IV spinless bosons of mass m interacting through the two-body interatomic
potential Vj,;(r) and is subject to the external field which is taken to be harmonic and axially
symmetric:

Vear(F) = m(wir] +wiz?)/2, (3-2)

where z is the axial coordinate, | is the radial transverse coordinate and w,, w, are the corresponding
oscillator frequencies.

For the interatomic potential we use two different repulsive model potentials: the hard-sphere
(HS) potential (IZ8) and the soft-sphere (SS) potential (IT52). In the case of the HS potential the
s-wave scattering length coincides with the radius of the sphere and in the case of the SS potential is
given by (IhY9). For finite V; one always has R > agp, while for V5 — 400 the SS potential coincides
with the HS one with R = a3p. The height V| of the potential is fixed by the value of the range R
in units of the scattering length, for which we choose R = basp. It is worth noticing that the HS
and the SS model with R = 5asp represent two extreme cases for a repulsive interatomic potential.
In the HS case, the energy is entirely kinetic, while for the SS potential a ~ (m/h?) [~V (r)r2dr,
according to Born approximation, and the energy is almost all potential. By comparing the results
of the two model potentials we can investigate to what extent the ground-state properties of the
system depend only on the s-wave scattering length and not on the details of the potential.

3.2.2 Relevant parameters and DMC approach

The relevant parameters of the problem are the number of particles N, the ratio agp/a, of the
scattering length to the transverse harmonic oscillator length a; = y/h/mw, and the anisotropy
parameter A = w,/w,. For a given set of parameters we solve exactly, using the Diffusion Monte-
Carlo method (Sec. E23), the many-body Schrodinger equation (28) for the ground state and we
calculate the energy per particle and the mean square radii of the cloud in the axial and radial
directions. Importance sampling is used through the Bijl-Jastrow trial wave function (2237). For
the one-body term, which accounts for the external confinement, we use a simple gaussian ansatz
(E2T) fi(ry,2) = exp{—a,r? —«a,2?}, with o and «, optimized variational parameters. The two-
body term fy(r) accounts instead for the particle-particle interaction and is chosen using the same

method, the precise choice of ¥r(R) is to a large extent unimportant and the results obtained are
not biased by the choice of the trial wave function®.

Mean square radii are calculated using the pure estimator technique developed in [CBY5]
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3.2.3 Mean-field approach

The DMC results are compared with the predictions of mean-field theory which are obtained from
the stationary Gross-Pitaevskii (GP) equation (IT23)

(= g+ Vel + 9 = IR ) 87) = () (33)

where ®(7) is the order parameter normalized to unity: [ |®(7)|*dF = 1 and g = 4wh*azp/m is the
coupling constant (IC8[). Further, finite size effects have been taken into account in the GP equation
by the factor N — 1 in the interaction term [Esr97] (see, also, TTT3). In the case of anisotropic traps
with A < 1, the GP equation (B=3) is expected to provide a correct description of the system if the
transverse confinement is weak agp/a; < 1, and if the mean separation distance between particles
is much smaller than the healing length 1/ nég’ < &, where € = 1/4/8mnspasp and nsp is the central
density of the cloud. In terms of the linear density along z, nip(z) = 27 fooo rinsp(ry,z)dry, this
latter condition reads 1/nip < ai /aszp. If the mean separation distance between particles in the
longitudinal direction becomes much larger than the effective 1D scattering length given by a2 /asp
[PSW0O0], the mean-field approximation breaks down because of the lack of off diagonal long range
order.

The system enters the 1D regime when the motion in the radial direction becomes frozen. In
this regime the radial density profile of the cloud is fixed by the harmonic oscillator ground state,
resulting in a mean square radius which coincides with the transverse oscillator length /(r?) = a;.
Further, the energy per particle is dominated by the trapping potential and one has the condition
E/N — hw, < hw, .

3.2.4 1D system: local density approximation

If the discretization of levels in the longitudinal direction can be neglected, i.e. if E/N —hw, > hw,,
the 1D system can be described within the local density approximation (LDA). In this case, the
chemical potential of the system is calculated through the local equilibrium equation (ICIZ8) which
we write separating in an explicit way the dominant contribution of the transverse confinement Aw, :
_ m 9 2

po=hws + finom(nap(2)) + S Wi (34)
Here fipom(n1p) is the chemical potential corresponding to a homogeneous 1D system of density nqp.
If the ratio agp/a; < 1, the local chemical potential can be obtained from the Lieb-Liniger (LL)
equation (B0) of state with the effective 1D coupling constant g;p = g3p/(2ma?) (CI24).One finds:
Uhom = O[niperr(nip)]/Onip, where ery is the LL energy per particle. The LDA problem in one-
dimension was already studied in Sec. TG2A. The chemical potential p as a function of N and trap
parameters is given by formula (CI20). The ground-state energy of the system with a given number
of particles can then be calculated through direct integration of p(NV).

If nypa® Jazp > 1, the system is weakly interacting and the LL equation of state coincides
with the mean-field prediction: €r;, = gipnip/2. In the notation of Sec. G2 it corresponds to
Cy = 2,71 =1,Cy = 0. From formula (IT20) one finds the following results for the energy per
particle

E 3 asp\2?
= — = (3nN)\=22 )
N th_ 10 (3 AGL) th, (35)
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and exploiting formula (I"I38) one obtains an expression for the mean square radius of the cloud in
the longitudinal direction

(2?) = (3NA‘f—f> " \;%A . (3.6)

In the opposite limit, n;pa% /a < 1, the system enters the Tonks-Girardeau regime and the LL
equation of state has the Fermi-like behavior (IT02) €1, = 72h?ni,/6m. The energy per particle
and the mean square radius of the trapped system are easily extracted from the results for a purely
one-dimensional system (I[CI51),(CI5H3)

E N

N
_— = —_— 2 e —_
T fuwoy 5 hw, ,  V(2?) 0L - (3.7)

In terms of the parameters of the system, the two regimes can be identified by comparing the
corresponding energies. The mean-field energy becomes favorable if NAa% /a2, > 1, whereas the
Tonks-Girardeau gas is preferred if the condition Na? /a3, < 1 is satisfied?.

3.2.5 1D system: beyond local density approximation

In order to account for effects beyond local density approximation we have also applied the DMC
method to a system of N particles interacting through the Lieb-Liniger Hamiltonian in the presence
of harmonic confinement

ot W2 s 02 N w? 22
HYp" = Nhwy = 5= oty 0(z— )+ )~ (3.8)
i=1 v

— ’ 2
1<J i=1

When the number of particles is large, the properties of the ground state of the Hamiltonian
(BR) coincide with the ones obtained from the LL equation of state within LDA. However, for small
systems one expects deviations and the DMC method provides us with a powerful tool. The relevant
parameters are the same as for the 3D simulation with the Hamiltonian (B): the number of particles
N, the ratio asp/a, fixing the strength of the contact potential g;p and the anisotropy parameter A
fixing the strength of the longitudinal confinement in units of Aw, .

The importance sampling is realized through the Bijl-Jastrow trial wave function (2237). The
one-body term is of gaussian form (EZ20) fi(z) = exp{—a,2?}. The two-body term fy(z) is given
by the formula (ZZ51). The construction of the the discussed in details in Sec. Z544. There are
two variational parameters: gaussian width «, and the matching distance R,,. We fix them by
minimizing the variational energy.

We notice that our choice of the two-body Jastrow factor reproduces both the weakly interacting
and the Tonks-Girardeau regime. In fact, if kR, is small, fy(z) ~ 1,2z = 0 and the contact potential
is almost transparent. On the other hand, if kR,, approaches 7/2, fo(z) — 0,z = 0 and the contact
potential behaves as an impenetrable barrier.

2This characteristic for LDA parameter is universal, for example systems with different number of particles be-
have similarly if the combination NXa? /a3, is the same. It becomes clear from from equation (I"I3d) noting that
NXa? /a3, = A3
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3.3 Results
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3.3.1 Small system, medium scattering length
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Figure 3.1: Energy per particle as a function of \. DMC results: HS potential (solid circles), SS
potential (solid triangles), LL Hamiltonian (BR) (open triangles).Dashed line: GP equation (B33),
solid line: LL equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.

Error bars are smaller than the size of the symbols.
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Figure 3.2: Mean square radius along z as a function of X\. Dashed line: GP equation (B33), solid
line: LL equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas. Error

bars are smaller than the size of the symbols.

We first consider a system of very few particles (N = 5) and we consider different values of the
ratio agp/a, . Figs. BI-BA refer to asp/ay = 0.2, and we present results for the energy per particle
and the mean square radius of the cloud in the longitudinal direction as a function of the anisotropy
parameter A = w,/w,. Results from the GP equation (B3) and from the Lieb-Liniger equation
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of state in LDA are also shown. We find that the HS and SS potential give practically the same
results even for the largest values of A\, showing that for these parameters we are well within the
universal regime where the details of the potential are irrelevant. For large values of A the DMC
results agree well with the predictions of GP equation. By decreasing A\ beyond mean-field effects
become visible and both the energy per particle and the mean square radius approach the LL result
when NXa? /a? ~ 1, corresponding to A ~ 1072, Finally, for the smallest values of the anisotropy
parameter (A ~ 10™*) we find clear evidence of the Tonks-Girardeau gas behavior both in the energy
and in the shape of the cloud. It is worth stressing that beyond mean-field effects occurring in the
small X regime can be only obtained by using DMC. A Variational Monte-Carlo (VMC) calculation
based on the trial wave function 1 (R) described above, would yield results in good agreement with
mean-field over the whole range of values of A\. DMC results using the Lieb-Liniger Hamiltonian Hp
of Eq. (BR) are also shown and coincide with the results of the 3D Hamiltonian (BT). This shows
that the 3D interatomic potential is correctly described by the 1D d-potential even for the largest
values of A\. In fact, due to the small number of particles, the density profile of the cloud in the
transverse direction is correctly described by the harmonic oscillator ground-state wave function (see
Fig. B9). The 1D character of the system is also evident from Fig. Bl which shows that E/N — hw,
is always smaller than the transverse confining energy. Deviations of DMC results from the LL
equation of state arise because of finite size effects. These effects become less and less important as
A decreases and one enters the regime (E/N — hw,)/hw; > A where LDA applies. In terms of the
mean square radius of the cloud (see Fig. B2), the condition of applicability of LDA requires (z%)!/2
much larger than the corresponding ideal gas (IG) value.

3.3.2 Small system, small scattering length

In Figs. B23-84 we present results for azp/a; = 0.04, corresponding to a less tight transverse confine-
ment or, equivalently, to a smaller scattering length. By decreasing asp/a; we enter more deeply in
the universal regime where the theory of pseudo-potentials applies and we find no difference between
HS and SS results. Further, as for the azp/a; = 0.2 case, we find no difference between DMC
results obtained starting from Hamiltonian (BT) and from the 1D Hamiltonian (B). Compared to
Figs. BTI-B7, the cross-over between mean field and Lieb-Liniger occurs for smaller values of A. For
the smallest values of A beyond mean-field effects become evident, though one would need to decrease
A even further to enter the Tonks-Girardeau gas regime.

3.3.3 Small system, large scattering length

The results for azp/a; = 1 are shown in Figs. B3-B@. In this case the HS and SS potential give
significantly different results in the large A regime. For both potentials the mean-field description is
inadequate. By decreasing A the HS system enters the Tonks-Girardeau regime before approaching
the LL results, whereas the SS system crosses from the ideal gas (IG) regime to the Tonks-Girardeau
regime. For this value of asp/a, the DMC results with the Hamiltonian (B8) coincide exactly with
the ones of the LL equation of state in LDA due to the large coupling constant.

3.3.4 Large system

Figs. B74-B8R refer to a much larger system with N = 100 and azp/a; = 0.2. In this case, we see a
clear cross-over from 3D mean field, at large A, to 1D LL at small A\. Important beyond mean-field
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Figure 3.3: Energy per particle as a function of \. DMC results: HS potential (solid circles), LL

Hamiltonian (BR) (open triangles), Dashed line: GP equation (B23), solid line: LL equation of states
in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.
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Figure 3.4: Mean square radius along z as a function of A\. Dashed line: GP equation (B33), solid
line: LL equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.

effects become evident in the energy per particle as NAa? /a* ~ 1, corresponding to A ~ 1073. The
Tonks-Girardeau regime would correspond to even smaller values of A which are difficult to obtain in
our simulation. However, for the smallest values of A reported in Fig. BZ we find already very good
agreement with the LL equation of state. One should notice that small deviations from mean field
are also visible for A ~ 1, and are due to high density corrections to the GP equation. The DMC
results with the 1D Hamiltonian (BR) follow exactly the LDA prediction showing that the deviations
seen in Figs. BTI-82 are due to finite size effects. In the cross-over region from the mean-field to the
1D LL regime, residual 3D effects are still present (see Fig. B9) and produce small deviations from
the LL equation of state.
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Figure 3.5: Energy per particle as a function of A. Dashed line: GP equation (B33), solid line: LL
equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.
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Figure 3.6: Mean square radius along z as a function of A. Dashed line: GP equation (B=3), solid
line: LL equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.

3.3.5 Radial size of the system

Finally, in Fig. B9, we show results for the mean square radius in the transverse direction. The
cross-over from 3D to 1D is clearly visible in the case of N = 100, for both the HS and SS potential,
and for the HS potential in the case of N = 5 and asp/a; = 1. For the system with N = 5 and
asp/a; = 0.2 we only see small deviations from 4/(r?) = a, for the largest values of X\. In the
asp/a; = 0.04, as well as in the agp/a; = 1 case with the SS potential, the transverse density
profile is well described by the harmonic oscillator wave function and we find \/(r?) ~ a, over the
whole range of values of \. It is worth noticing that for the N = 5 system with SS potential, the
largest deviations from +/(r?) = a, are achieved for azp/a; = 0.2, corresponding to a transverse
confinement a; = R where R is the range of the SS potential.
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Figure 3.7: Energy per particle as a function of A. Dashed line: GP equation (B33), solid line: LL
equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.
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Figure 3.8: Mean square radius along z as a function of A. Dashed line: GP equation (B=3), solid
line: LL equation of states in LDA, dotted line: TG gas, dot-dashed line: non-interacting gas.

3.4 Conclusions

In this chapter we present exact Quantum Monte Carlo results of the ground-state energy and struc-
ture of a Bose gas confined in highly anisotropic harmonic traps. Starting from a 3D Hamiltonian,
where interparticle interactions are model by a hard-sphere or a soft-sphere potential, we show that
the system exhibits striking features due to particle correlations. By reducing the anisotropy param-
eter A\, while the number of particles N and the ratio azp/a, of scattering to transverse oscillator
length are kept fixed, the system crosses from a regime where mean-field theory applies to a regime
which is well described by the 1D Lieb-Liniger equation of state in local density approximation. In
the cross-over region both theories fail and one must resort to exact methods to account properly
for both finite size effects and residual 3D effects. For very small values of A we find clear evidence,
both in the energy per particle and in the longitudinal size of the cloud, of the fermionization of the
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Figure 3.9: Mean square radius in the radial direction as a function of A. Solid symbols: HS
potential; open symbols: SS potential. Down triangles: N = 100 and asp/a; = 0.2; circles: N =5
and agp/a; = 1; squares: N =5 and azp/a; = 0.2; up triangles: N =5 and agp/a; = 0.04. Error
bars are smaller than the size of the symbols.

system in the Tonks-Girardeau regime.



Chapter 4

Quasi 1D Bose gases with large scattering
length

4.1 Introduction

Quasi-1D Bose gases have been realized in highly-elongated traps by tightly confining the transverse
motion of the atoms to their zero point oscillations [GVLF01, SKCT01 GBMT01]. As compared
to the 3D case, the role of quantum fluctuations is enhanced in 1D and these systems are pre-
dicted to exhibit peculiar properties, which cannot be described using traditional mean-field theo-
ries, but require more advanced many-body approaches. Particularly intriguing is the strong coupling
regime, where, due to repulsion between particles, the quasi-one dimensional Bose gas behaves as
if it consisted of fictitious spinless fermions (Tonks-Girardeau gas[Ton36, Gir60, OIs98, PSWOOQ]).
This regime has not been achieved yet, but is one of the main focus areas of present experi-

mental investigations in this field [MSKEO3, RT03]. An interesting possibility to approach the

s-wave scattering length asp, and hence the strength of atom-atom interactions, to essentially any
value including zero and #4oo.

Degenerate quantum gases near a Feshbach resonance have recently received a great deal of
interest both experimentally and theoretically. At resonance (|asp| — o00) the 3D scattering cross-
section o is fixed by the unitary condition, o = 47/k* where k is the relative wave vector of the
two atoms. In this regime it is predicted that, if the effective range R of the atom-atom interaction
potential is much smaller than the average interparticle distance, the behavior of the gas is universal,
i.e., independent of the details of the interatomic potential and independent of the actual value of
asp [Hei0l, CHMT02]. This is known as the unitary regime [HMO4]. In the case of 3D Bose gases,
this unitary regime can most likely not be realized in experiments since three-body recombination is
expected to set in when aszp becomes comparable to the average interparticle distance. Three-body
recombination leads to cluster formation and hence makes the gas-like state unstable. The situation
is different for Fermi gases, for which the unitary regime has already been reached experimentally
[OHGT02, BCKT03]. In this case, the Fermi pressure stabilizes the system even for large |asp].

In quasi-one dimensional geometries a new length scale becomes relevant, namely, the oscillator
length a; = /h/(mw,) of the tightly confined transverse motion, where m is the mass of the
atoms and w, is the angular frequency of the harmonic trapping potential. For |agp| > a,, the
gas is expected to exhibit a universal behavior if the effective range R of the atom-atom interaction
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potential is much smaller than a, and the mean interparticle distance is much larger than a . It
has been predicted that three-body recombination processes are suppressed for strongly interacting
1D Bose gases (see Eq. B12). These studies raise the question whether the unitary regime can be
reached in Bose gases confined in highly-elongated traps, that is, whether the quasi-one dimensional
bosonic gas-like state is stable against cluster formation as azp — 4o00.

This chapter is devoted to the investigation of the properties of a quasi-one dimensional Bose
gas at zero temperature over a wide range of values of the 3D scattering length azp using Quantum
Monte Carlo techniques (see Chapter #). We find that the system 1) is well described by a 1D model
Hamiltonian with contact interactions and renormalized coupling constant [OIs98] for any value of
asp, 2) reaches the regime of a TG gas for a critical positive value of the 3D scattering length asp,
3) enters a unitary regime for large values of |agp|, that is, for |agp| — oo, where the properties of
the quasi-one dimensional Bose gas become independent of the actual value of asp and are similar to
those of a 1D gas of hard-rods and 4) becomes unstable against cluster formation for a critical value
of the 1D gas parameter, or equivalently, for a critical negative value of the 3D scattering length asp.

The structure of this Chapter is as follows. Section BE=2 discusses the energetics of two bosons
in quasi-one dimensional harmonic traps. to a 1D model Hamiltonian with contact interactions and
renormalized coupling constant [OIs9R]. The eigenenergies of the system are calculated by exact
diagonalization of both the 3D and the 1D Hamiltonian. We use these results for two particles to
benchmark our quantum MC calculations presented in Sec. 4. Section B3 discusses the relation
between the 3D and the 1D Hamiltonian for N bosons under quasi-one dimensional confinement.
Section B presents our MC results for N = 2 and N = 10 atoms in highly-elongated harmonic traps
over a wide range of values of the 3D scattering length azp. A comparison of the energetics of the
lowest-lying gas-like state for the 3D and the 1D Hamiltonian is carried out. In the N = 2 case, we
additionally compare with the essentially exact results presented in Sec. B2. In the N = 10 case,
we additionally compare with the energy of the lowest-lying gas-like state of the 1D Hamiltonian
calculated using the local density approximation (LDA). Section B3 discusses the stability of the
lowest-lying gas-like state against cluster formation when a3p is negative using the variational Monte
Carlo (VMC) method. We provide a quantitative estimate of the criticality condition. Finally,
Sec. B8 draws our conclusions.

4.2 'Two Bosons under quasi-one-dimensional confinement

Consider two interacting mass m bosons with position vectors 7} and 75, where 7; = (x;,¥;, 2;), in
a waveguide with harmonic confinement in the radial direction. If we introduce the center of mass
coordinate R and the relative coordinate 7 = 7% — 71, the problem separates. Since the solution to the
center of mass Hamiltonian is given readily, we only consider the internal Hamiltonian HY%, which
can be conveniently written in terms of cylindrical coordinates 7= (p, ¢, 2),
Frint h? A+ V. 1 22 4.1
3= Ty, + Vine (7) + Pland (4.1)

where p denotes the reduced two-body mass, = m/2, and Vj,;(7) denotes the full 3D atom-atom
interaction potential.

Considering a regularized zero-range pseudo-potential V() = 2rh*asp/ud(7)2r, where asp
denotes the 3D scattering length, Olshanii [OIs98] derives an effective 1D Hamiltonian,

int __ h2 d2

D= T e + g1p6(2) + hwy, (4.2)
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and renormalized coupling constant ¢,p,

2526L3D
gip =

asp
1—1|¢(1/2 , 4.3
¢(1/2)] V. (4.3)
which reproduce the low energy scattering solutions of the full 3D Hamiltonian, Eq. B0. Here, ((-)
denotes the Riemann zeta function, ((1/2) = —1.4604. Alternatively, g;p can be expressed through
the effective 1D scattering length a;p [O1s98],

2
ma’

2h?

malD’

(4.4)

gip = —

where

o= —a, (;; 3 IC(\1//52)|> (4.5)

Olshanii’s result shows that the waveguide gives rise to an effective interaction, parameterized by
the coupling constant g;p, which can be tuned to any strength by changing the ratio between the
3D scattering length azp and the transverse oscillator length a .

The renormalized coupling constant, Eq. EZ3, can be compared with the unrenormalized coupling
constant g9, (CI24),

2h2a3D
91p =

ma? (4.6)

Figure B shows the unrenormalized coupling constant ¢?;, [dashed line, Eq. EG| together with
the renormalized coupling constant [solid line, Eq. B=3]. For |asp| < a,, the renormalized coupling
constant g, p is nearly identical to the unrenormalized coupling constant ¢¥,. For large |asp|, however,
the confinement induced renormalization becomes important, and the effective 1D coupling constant
g1p, Eq. B3, has to be used. At the critical value a5, = 0.9684a, (indicated by a vertical arrow
in Fig. E), g1p diverges. For agp — £00, gip reaches an asymptotic value, g1p = —1.9368a hw
(indicated by a horizontal arrow in Fig. B). Finally, g;p is negative for all negative 3D scattering
lengths. The inset of Fig. B shows the effective 1D scattering length a,p, Eq. B3, as a function
of agp. For small positive asp, a;p is negative and it changes sign at asp = a§, (a1p = 0 for
asp = a§p). Moreover, a;p reaches, just as g;p, an asymptotic value for |asp| — 00, a;p = 1.0326a
(indicated by a horizontal arrow in the inset of Fig. E). The renormalized 1D scattering length a;p
is positive for negative asp, and approaches +oo as azp — —0. Figure B suggests that tuning the
3D scattering length asp to large values allows a universal quasi-one dimensional regime, where ¢,p
and a1p are independent of asp, to be entered.

The effective coupling constant g;p, Eq. B3, has been derived for a wave guide geometry, that is,
with no axial confinement. However, it also describes the scattering between two bosons confined to
other quasi-one dimensional geometries. Consider, e.g., a Bose gas under harmonic confinement. If
the confinement in the axial direction is weak compared to that of the radial direction, the scattering
properties of each atom pair are expected to be described accurately by the effective coupling constant
g1p and the effective scattering length aqp.

The internal motion of two bosons under highly-elongated confinement can be described by the
following 3D Hamiltonian

h2
2

rint

L1
it — A + Vi (F) + H (W2 p? +w?2?), (4.7)
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Figure 4.1: One-dimensional coupling constants g;p [Eq. B3, solid line] and ¢, [Eq. B8, dashed
line] as a function of the 3D scattering length asp/a, . The vertical arrow indicates the value of asp
for which g;p diverges, a5, = 0.9684a, . The horizontal arrow indicates the asymptotic value of ¢;p
as |asp| = 00, g1p = —1.9368a, Aiw, . Inset: One-dimensional scattering length aip, Eq. B3, as a
function of asgp/a,. The vertical arrow indicates the value of azp for which a;p goes through zero,
a5p = 0.9684a, . The horizontal arrow indicates the asymptotic value of a;p as |agp| — o0, a1p =
1.0326a . The angular frequency w, determines the frequency v, w, = 27w v, (also, hiw, = hv)).

where w, denotes the angular frequency in the longitudinal direction, w, = Aw; (A denotes the
aspect ratio, A < 1). The eigenenergies Ei% and eigenfunctions %% of this Hamiltonian satisfy the
Schrodinger equation,

H3psp (ps 2) = Espisp(p, 2). (4.8)
The corresponding 1D Hamiltonian reads
in h? d? 1
= 2 2 + g1pd(2) + §uw§z2 + hw (4.9)

The 1D eigenenergies Ei% of the stationary Schrodinger equation,
Hipvip(z) = Efpip (2), (4.10)

can be determined semi-analytically by solving the transcendental equation [BEKWYS],

. +1)
= 2\/_— tan(mx.) hw, a, (4.11)
I'(x. +1/2)
self consistently for y, (for a given g;p). In the above equation, y, is an effective (possibly non-
integer) quantum number, which determines the energy E,,
E, 1

S 4.12
2hw, 4 (4.12)

Xz =
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Figure 4.2: Three-dimensional s-wave scattering length azp as a function of the well depth Vj for
the short-range model potential Vo Eq. BI4. Each time the 3D scattering length diverges a new
two-body s-wave bound state is created. Inset: Enlargement of the well depth region used in our
calculations.

The energy E., in turn, determines the internal 1D eigenenergies Ei%

Bt = \E, + hw, . (4.13)

In Eq. B, a, denotes the characteristic oscillator length in the axial direction, a, = v/h/(mw.).

To compare the eigenenergies Ei% and Ei% we use, for the 3D atom-atom interaction potential
V(r), a short-range (SR) modified Péschl-Teller potential (Z97) V5E(r) that can support two-body
bound states,

Vo

V) =~ cosh?(r/R)

(4.14)

In the above equation, V{ denotes the well depth, and R the range of the potential. In our
calculations, R is fixed at a value much smaller than the transverse oscillator length, R = 0.1a,. To
simulate the behavior of azp near a field-dependent Feshbach resonance, we vary the well depth Vg,
and consequently, the scattering length azp. It has been shown that such a model describes many
atom-atom scattering properties near a Feshbach resonance properly [TWNLIOO]. Figure B2 shows
the dependence of the 3D scattering length asp on V. Importantly, asp diverges for particular values
of the well depth Vj. At each of these divergencies, a new two-body s-wave bound state is created.
The inset of Fig. B2 shows the range of well depths V used in our calculations.

To benchmark our MC calculations (see Chapter B and Sec. B4), we solve the 3D Schrédinger
equation, Eq. ER, with A = 0.01 for various well depths V| using a two-dimensional B-spline basis
in p and z. Figure E23 shows the resulting 3D eigenenergies F4% (diamonds) as a function of the 3D
scattering length aszp. We distinguish between two sets of states:
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1) States with Ei" > hw, are referred to as gas-like states; their behavior is, to a good approx-
imation, characterized by the 3D scattering length asp, and is hence independent of the detailed
shape of the atom-atom potential. The energies of the gas-like states are shown in Fig. B=3(a).

2) States with E{ < hw, are referred to as molecular-like bound states; their behavior depends
on the detailed shape of the atom-atom potential. The energies of these bound states are shown in
Fig. B3(b). The well depth V; of the short-range interaction potential V5% is chosen such that V*F
supports — in the absence of the confining potential — no s-wave bound state for azp < 0, and
one s-wave bound state for azp > 0. Figure B=3(b) shows that the bound state remains bound for
lasp| — oo and for negative asp if tight radial confinement is present. In addition, a dashed line
shows the 3D binding energy, —h?/(ma3p), which accurately describes the highest-lying molecular
bound state in the absence of any external confinement if a3p is much larger than the range R of the
potential V5.

The B-spline basis calculations yield not only the internal 3D eigenenergies Ei%. but also the
corresponding wave functions 5%, The nodal surface of the lowest-lying gas-like state, which is to a
good approximation an ellipse in the pz-plane, is a crucial ingredient of our many-body calculations.
Section B4 discuss in detail how this nodal surface is used to parametrize our trial wave function
entering the MC calculations.

To compare the energy spectrum for N = 2 of the effective 1D Hamiltonian with that of the
3D Hamiltonian, Fig. B3 additionally shows the 1D eigenenergies Ei? (solid lines) obtained by
solving the Schrodinger equation for Hi%| Eq. B9, semi-analytically [using the renormalized coupling
constant ¢g;p, Eq. B3]. Figure B3(a) demonstrates excellent agreement between the 3D and the 1D
internal energies for all states with gas-like character. For positive asp, the effective 1D Hamiltonian
fails to reproduce the energy spectrum of the molecular-like bound states of the 3D Hamiltonian
accurately [see Fig. B3(b), and also [BMO03, BTI03]|.

Our main focus is in the lowest-lying energy level with gas-like character. This energy branch
is shown in Fig. B3(c) on an enlarged scale. A horizontal dashed line shows the lowest internal 3D
eigenenergy for two non-interacting spin-polarized fermions (where the anti-symmetry of the wave
function enters in the z coordinate). Our numerical calculations confirm [BMOU3] that for asp = a§),
(g1p — 00) the two boson system behaves as if it consisted of two non-interacting spin-polarized
fermions (TG gas). The energy E4% is larger than that of two non-interacting fermions for azp > a$p,,
and approaches the first excited state energy of two non-interacting bosons for agp — —0 [indicated
by a dotted line in Fig. B=3(a)].

For positive gp, the 1D Schrodinger equation, Eq. BE10, does not support molecular-like bound
states. Consequently, the wave function of the lowest-lying gas-like state is positive definite every-
where. For negative g,p, however, one molecular-like two-body bound state exists. If a1p < a,
the bound-state wave function is approximately given by the eigenstate ¥ of the 1D Hamiltonian
without confinement, Eq. B2,

Q1D

1h(2) = exp (—|—Z|> : (4.15)

with eigenenergy Eint
h2

D)
aip

BNt = — + hw . (4.16)

For the highly-elongated trap with A = 0.01 shown in Fig. B3(b) and positive a;p the above
binding energy nearly coincides with the exact eigenenergy of the molecular-like bound state obtained
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Figure 4.3: Internal eigenenergies E™ as a function of the 3D scattering length asp/a, for two bosons
under highly-elongated confinement with A = 0.01. (a) 3D s-wave eigenenergies Fi% (diamonds) of
gas-like states obtained using the short-range model potential V°F, Eq. B4, in a B-spline basis set
calculation together with internal 1D eigenenergies Ei% (solid lines). Excellent agreement between
the 3D and 1D energies is found. Horizontal dotted lines show the lowest internal eigenenergies for
two non-interacting spin-polarized bosons, while horizontal dashed lines show those for two non-
interacting spin-polarized fermions (indicated respectively by “B” and “F” on the right hand side).
(b) Binding energy of molecular-like bound states. In addition to the 3D and 1D energies [diamonds
and solid lines, respectively; see (a)], a dashed line shows the 3D binding energy —h?/(ma3p). (c)
Enlargement of the lowest-lying gas-like state. In addition to the 3D and 1D energies shown in
(a), asterisks show the 3D energies for the interaction potential V% calculated using the FN-MC
technique, and squares the 1D energies for the contact interaction potential calculated using the FN-
MC technique. The statistical uncertainty of the FN-MC energies is smaller than the symbol size.
Good agreement between the FN-MC energies (asterisks and squares) and the energies calculated by
alternative means (diamonds and solid lines) is found.
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from the solution of the transcendental equation (EI) (solid line). The two-body binding energy,
Eq. B8, is largest for a;p — 40 (g1p — —0o0); in this case, the molecular-like bound state wave
function is tightly localized around z = 0, where z = 25 — 2z;. Consider a system with a;p < a,.
For negative gip (positive a;p), the nodes along the relative coordinate z of the lowest-lying gas-like
wave function (in this case, the first excited state) are then approximately given by +a;p. Thus,
imposing the boundary condition i = 0 at |z| = a;p and restricting the configuration space to
z > ayp allows one to obtain an approximation to the eigenenergy of the first excited eigen state.
Furthermore, imposing the boundary condition ¢ = 0 at z = a;p is identical to solving the 1D

Schrodinger equation for a hard-rod interaction potential V() (I—79),

HR oo for z<ap

Vit(e) = { 0 for z>ap. (4.17)

For N = 2, asterisks in Fig. B3(c) show the fixed-node diffusion Monte Carlo (FN-MC) results

obtained using the above fictitious hard-rod potential (see Sec. B42). Good agreement is found

with the exact 1D eigenenergies obtained from Eqs. BI04 TA. For N > 2 bosons, our 1D FN-MC

algorithm and our usage of the hard-rod equation of state both take advantage of a reduction of
configuration space similar to that discussed here for two bosons (see Sec. B3 and Chapter B).

4.3 N bosons under quasi-one-dimensional confinement

For tightly-confined trapped gases the 1D regime is reached if the transverse motion of the atoms is
frozen, with all the particles occupying the ground state of the transverse harmonic oscillator. At
zero temperature, this condition requires that the energy per particle is dominated by the trapping
potential, E/N = hw, + ¢, where the excess energy € is much smaller than the separation between
levels in the transverse direction, € < Aw,. In the following we consider situations where the Bose
gas is in the 1D regime for any value of the 3D scattering length asp. For a fixed trap anisotropy
parameter A and a fixed number of particles N the above requirement is satisfied if N\ < 1. For
A =0.01 and N = 10 (as considered in Sec. B2) this condition is fulfilled.

To compare the 3D and 1D energetics of a Bose gas, we consider the 3D and 1D Hamiltonian
describing N spin-polarized bosons,

. B2 1
fap =3 {—%Ai i+ wng)] 3 Vi), (4.18)
i=1 i<j
and
i N 1, al

i=1 i<j

respectively. The corresponding eigenenergies and eigenfunctions are given by solving the Schrodinger
equations,

Hspibsp(Fr, ..., Pn) = BEspthsp(FiL, ..., Py (4.20)

and

ﬁw@/}w(zl, s 2N) = Eiptrp(z, ..., 2n), (4.21)
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respectively. In contrast to Sec. B2, here we do not separate out the center of mass motion since
the MC calculations used to solve the 3D and 1D many-body Schrédinger equations can be most
conveniently implemented in Cartesian coordinate space (see Sec. ZZ32). In the following, we refer to
eigenstates of the confined Bose gas with energy greater than Nhw, as gas-like states, and to those
with energy smaller than Nhw, as cluster-like bound states.

Section E-471 compares the energetics of the lowest-lying gas-like state of the 3D Schrodinger
equation, Eq. B220, obtained using the short-range potential V%, Eq. B4, with that obtained using
the hard-sphere potential V¥ Eq. T248. For V9 the s-wave scattering length asp coincides with
the range of the potential (see Sec. [C3232). For V% in contrast, R determines the range of the
potential, while the scattering length asp is determined by R and Vj. For asp < a,, both potentials
give nearly identical results for the energetics of the lowest-lying gas-like state, which depend to a
good approximation only on the value of azp. For asp 2 a,, instead, deviations due to the different
effective ranges become visible and only V*°F yields results, which do not depend on the short-range
details of the potential and which are compatible with a 1D contact potential.

Section B4 also discusses the energetics of the 1D Hamiltonian, Eq. BT9. For small |gip|, the
energetics of the many-body 1D Hamiltonian are described well by a 1D mean-field equation with
non-linearity. For negative ¢,p, the mean-field framework describes, for example, bright solitons
[CCRO0a, KSUO3], which have been observed experimentally [SPTH02, KSET02]. For large |g1p|, in
contrast, the system is highly-correlated, and any mean-field treatment will fail. Instead, a many-
body description that incorporates higher order correlations has to be used. In particular, the limit
|g1p| — oo corresponds to the strongly-interacting TG regime.

For infinitely strong particle interactions (|g1p| — 00), Girardeau shows [Gir60], using the equiva-
lence between the 1D d-function potential and a “1D hard-point potential”, that the energy spectrum
of the 1D Bose gas coincides with that of N non-interacting spin-polarized fermions. The lowest
eigenenergy per particle of the trapped 1D Bose gas, Eq. E221, is, in the TG limit, given by”

ETS AN
TD = (T + 1) hw | (4.22)

The corresponding gas density is given by the sum of squares of single-particle wave functions
N-1

W) = = > S0z exp {—(2/0.)?) (4.23)

with the normalization f nTS(z)dz = N. In Eq. B23, the H;, denote Hermite polynomials, and 2
denotes the distance measured from the center of the trap For large numbers of atoms, the density

15(z) = VN (1 - )1/2 . (4.24)

n
b Ta, 2Na?

The above result cannot reproduce the oscillatory behavior of the exact density, Eq. E223, but it
does describe the overall behavior properly (see Sec. E3).
To characterize the inhomogeneous 1D Bose gas further, we consider the many-body Hamiltonian
of the homogeneous 1D Bose gas,
N

om hQ 82
Hh :Z Qma 2—|—91DZ5 Zl] +N7:l/.UL (425)

=1 1<J

1See, also, footnote on p. B3
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By introducing the energy shift Nhaw, , our classification of gas-like states and cluster-like bound
states introduced after Eq. E20 remains valid. For positive g;p, H'9™ corresponds to the Lieb-
Liniger (LL) Hamiltonian. The gas-like states of the LL Hamiltonian, including its thermodynamic
properties, have been studied in detail [LL63, Lie63, [YY6Y]. The energy per particle of the lowest-
lying gas-like state, the ground state of the system, is given by

Eip(mp) _ W2

N = %6(7)71%137 (4.26)

where nip denotes the density of the homogeneous system, and e(«y) a function of the dimensionless
parameter v = 2/(niplaipl|).

We use the known properties of the LL. Hamiltonian to determine properties of the corresponding
inhomogeneous system, Eq. B19, within the LDA. This approximation provides a correct description
of the trapped gas if the size of the atomic cloud is much larger than the characteristic length scale a,
of the confinement in the longitudinal direction [DLOOT]. Specifically, consider the local equilibrium
condition,

1
1(N) = hwi + tocal[n1p(2)] + §mw§z2, (4.27)

where f115cq1(n1p) denotes the chemical potential of the homogeneous system with density nyp,

9 [mpElf(nip)/N]
onip '

Hiocal(N1D) = (4.28)
The chemical potential u(N), Eq. B=Z0, can be calculated using Eq. together with the normal-
ization of the density, [*° nip(z)dz = N. Integrating the chemical potential z(N) then determines
the energy of the lowest-lying gas-like state of the inhomogeneous N-particle system within the LDA.
The LDA treatment is computationally less demanding than solving the many-body Schrodinger
equation, Eq. 21, using MC techniques. By comparing with our full 1D many-body results we
establish the accuracy of the LDA (see Sec. B=271).
For negative g;p, the Hamiltonian given in Eq. BZ23 supports cluster-like bound states. The
ground state energy and eigenfunction of the system are [Mc(G64)
By

N T o (N? = 1) + hw,, (4.29)
1D

and

N
hom( o) = [Tex {M} 4.30
1 a1 2) = [ { T (430

1<j

respectively. The eigenstate given by Eq. BZ30 depends only on the relative coordinates z;;, that is,
it is independent of the center of mass of the system. Adding a confinement potential [see Eq. 1]
with w, such that a, > a;p leaves the eigenenergy E™ of this cluster-like bound state to a good
approximation unchanged, while the corresponding wave function becomes localized at the center of
the trap. This state describes a bright soliton, whose energy can also be determined within a mean-
field framework [KSUD3]. An excited state of the many-body 1D Hamiltonian with confinement
corresponds, e.g., to a state, where N —1 particles form a cluster-like bound state, i.e., a soliton with
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N — 1 particles, and where one particle approximately occupies the lowest harmonic oscillator state,
i.e., has gas-like character. Similarly, molecular-like bound states can form with fewer particles.

The above discussion implies that the lowest-lying gas-like state of the 1D Hamiltonian with
confinement, Eq. I-T9 with negative g;p, corresponds to a highly-excited state. For dilute 1D systems
with negative g;p, the nodal surface of this excited state can be well approximated by the following
nodal surface: ¢;p = 0 for z;; = aip, where 4,57 = 1,...,N and ¢ < j. As in the two-body case, the
many-body energy can then be calculated approximately by restricting the configuration space to
regions where the wave function is positive. This corresponds to treating a gas of hard-rods of size
aip. In the low density limit, we expect that the lowest-lying gas-like state of the 1D many-body
Hamiltonian with g;p < 0 is well described by a system of hard-rods of size a;p.

In addition to treating the full 1D many-body Hamiltonian, we treat the inhomogeneous system
with negative g;p within the LDA. The equation of state of the uniform hard-rod gas with density
nip is given by (CIO3) [Gir6U]:

El(n,p) B w2h2n?,

= hw . 4.31
N 6m (1 —nipaip)? + ( )

We use this energy in the LDA treatment (see Egs. through with FEL replaced by
FHR). The hard-rod equation of state treated within the LDA provides a good description when g;p
is negative, but |g;p| not too small (see Secs. B4 and B3). To gain more insight, we determine the
expansion for inhomogeneous systems with N\ < 1 using the equation of state for the homogeneous
hard-rod gas,

Eip N 128v/2 aip
= —hw, =hw,— |1 VNI + ] . 4.32
N + 72 ( * 4572 a; + ) (432)

The first term corresponds to the energy per particle in the TG regime (see Eq. B22), the
other terms can be considered as small corrections to the TG energy. In the unitary limit, that
is, for a;p/a; = 1.0326, expression (E=32) becomes independent of asp, and depends only on NA.
Similarly, the linear density in the center of the cloud, z = 0, is to lowest order given by the TG
result, n75(0) = V2N A/(ra,) (see Eq. E24). Section B shows that the TG density provides a good
description of inhomogeneous 1D Bose gases over a fairly large range of negative g1p.

4.4 Energetics of quasi-one-dimensional Bose gases

Table B summarizes the techniques used to solve the 1D and 3D Hamiltonian, respectively. This
table is meant to guide the reader through our result sections. Section B2472 discusses our MC energies
for two-particle systems, while Sec. B4 discusses the energetics for larger systems, calculated within
various frameworks. Finally, Sec. B2 discusses the stability of quasi-one dimensional Bose gases.

4.4.1 Two-body system

Section B2 discusses the calculation of the energy spectrum related to the internal motion of two
bosons under highly-elongated confinement, Eq. E74, using a B-spline basis, and the eigenspectrum
related to the internal motion of two bosons under 1D confinement, Eq. B9, using Eqs. B0 through
(E13). We now use these essentially exact eigenenergies to benchmark our FN-MC calculations.
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] Hamiltonian \ interaction \ technique \ Section ‘

Hsp VHS DMC a2

H;p VSR FN-MC o )
H.p gip > 0 DMC 20, B2
Hip gip > 0 LDA, LL i)

Hip gip <0 FN-MC I
Hip gip >0 LDA, hard-rod | 22

Hip gip <0 VMC 3|

Table 4.1: Guide that summarizes the techniques used to solve the 3D and 1D Hamiltonian, Eqs. 218
and BT9, respectively. Column 2 specifies the atom-atom interactions of the many-body Hamiltonian,
column 3 lists the techniques used to solve the corresponding many-body Schrodinger equation, and
column 4 lists the sections that discuss the results obtained using this approach.

Toward this end, we solve the 3D Schrodinger equation, Eq. BI8, and the 1D Schrodinger equation,
Eq. B19, for various interaction strengths for N = 2 and A = 0.01 using FN-MC techniques. The
resulting MC energies E3p and Ejp include the center of mass energy of (1 + A/2)Aw, . To compare
with the internal eigenenergies discussed in Sec. B2, we subtract the center of mass energy from the
FN-MC energies.

For N = 2, the lowest-lying gas-like state of the 3D Hamiltonian for the short-range potential
V9 is the first excited eigenstate. Consequently, we solve the 3D Schrodinger equation by the FN-
MC technique using the trial wave function ¥ given by Eqs. 2234 and 2Z91. Figure 4 shows the
elliptical nodal surface of the trial wave function 17 (solid lines) together with the essentially exact
nodal surface calculated using a B-spline basis set (symbols; see also Sec. B2) for A = 0.01 and three
different scattering lengths, asp/a; = 1,6, and —4. Notably, the semi-axes a along the p coordinate
is larger than that along the z coordinate (a/b > 1), “opposing” the shape of the confining potential,
for which the characteristic length along the p coordinate is smaller than that along the z coordinate
(ay/a, < 1). Figure B4 indicates good agreement between the essentially exact nodal surface and
the parameterization of the nodal surface by an ellipse for asp/a; = 1 and 6; some discrepancies
become apparent for negative aszp. Since the FN-MC method results in the exact energy if the nodal
surface of ¥ coincides with the nodal surface of the exact eigenfunction, comparing the FN-MC
energies for two particles with those obtained from a B-spline basis set calculation provides a direct
measure of the quality of the nodal surface of ¥r. Figure B=3(c) compares the internal 3D energy of
the lowest-lying gas-like state calculated using a B-spline basis (diamonds, see Sec. B2) with that
calculated using the FN-MC technique (asterisks). The agreement between these two sets of energies
is — within the statistical uncertainty — excellent for all scattering lengths asp considered. We
conclude that our parameterization of the two-body nodal surface, Eq. X1, is accurate over the
whole range of interaction strengths asp considered.

We expect that our parameterization of the two-body nodal surface is to a good approximation
independent of the confining potential in z (for small enough A). In fact, we expect our nodal surface
to closely resemble that of the scattering wave function at low scattering energy of the 3D wave
guide Hamiltonian given by Eq. B To quantify this statement, Fig. B3 shows the semi-axes a
and b (pluses and asterisks, respectively) obtained by fitting an ellipse, see Eq. 2291, to the nodal
surface obtained by solving the Schrodinger equation for the two-body Hamiltonian, Eq. B74, using
a B-spline basis for various aspect ratios A = 0.001, ..., 1, and fixed scattering length, asp = 2a,
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P [a]

Figure 4.4: Nodal surface of the trial wave function ¢ (solid lines, Eq. 2701) together with the
essentially exact nodal surface calculated using a B-spline basis set (symbols) for A = 0.01, N = 2,
and three different scattering lengths, asp/a,; = 1 (pluses), asp/a, = 6 (asterisks), and asp/a; = —4
(diamonds). The nodal surface is shown as a function of the internal coordinates z and p. Good
agreement between the elliptical nodal surface (solid lines) and the essentially exact nodal surface
(symbols) is visible for agp/a; = 1 and 6. Small deviations are visible for asp/a, = —4.
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Figure 4.5: Semi-axes a (pluses) and b (asterisks) obtained by fitting an ellipse (see Eq. EZ9I) to
the essentially exact nodal surface for two bosons under cylindrical confinement, calculated using a
B-spline basis set as a function of the anisotropy parameter A, for azp/a; = 2. Dotted lines are
shown to guide the eye. For A < 0.01, the nodal surface is nearly independent of the anisotropy
parameter \.

(similar results are found for other scattering lengths). Indeed, the nodal surface for a given asp/a
is nearly independent of the aspect ratio A for A < 0.01. These findings for two particles imply that
the parameterization of the nodal surface of )7 used in the FN-MC many-body calculations should
be good as long as the density along z is small.

Next, consider the 1D Hamiltonian, Eq. B9, for N = 2. For positive g1p, the lowest-lying gas-
like state is the ground state of the two-body system and we hence use the DMC technique with ¢p
given by Eqgs. and 263; for g;p < 0, the lowest-lying gas-like state is the first excited state, and
we instead use the FN-MC technique with ¢ given by Egs. and Z64. Figure shows the 1D
energies of the lowest-lying gas-like state calculated using Eqs. 11 through B7T3 (solid line), together
with those calculated by the FN-MC technique (squares). We find excellent agreement between these
two sets of 1D energies.

The comparison for two bosons between the FN-MC energies and the energies calculated by
alternative means serves as a stringent test of our MC codes, since these codes are implemented such
that the number of particles enters simply as a parameter.

4.4.2 N-body system

This section presents our many-body study, which investigates the properties of quasi-one dimensional
Bose gases over a wide range of scattering lengths asp. We focus specifically on three distinct regimes:
1) 0 < agp < a§p (gip is positive), 2) |asp| — oo (¢1p and a;p are independent of azp; unitary
regime); and iii) asp — —0 (a1p is large and positive; onset of instability). We discuss the energetics
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of quasi-one dimensional Bose gases for N = 10. Our results presented here support our earlier
conclusions, which are based on a study conducted for a smaller system, i.e., for N = 5 [ABGG04h].

For small A (A = 0.01), the radial angular frequency w,; dominates the eigenenergies of the 3D and
of the 1D Schrodinger equation. The shift of the eigenenergy of the lowest-lying gas-like state as a
function of the interaction strength is, however, set by the axial angular frequency w,. To emphasize
the dependence of the eigenenergies of the lowest-lying gas-like state on w,, we report the energy per
particle subtracting the constant offset fuw, , that is, we report the quantity F/N — hw, .

Consider the lowest-lying gas-like state of the 3D Schrodinger equation. Figure B8 shows the 3D
energy per particle, F3p/N — hw, as a function of agp for N = 10 under quasi-one dimensional
confinement, A\ = 0.01, for the hard-sphere two-body potential V¥ (diamonds) and the short-range
potential V5 (asterisks). The energies for V5 are calculated using the DMC method [with )
given by Eqs. 2237 and PZ90], while those for VF are calculated using the FN-MC method [with
Yr given by Eqs. E237 and 291]. For small asp/a, , the energies for these two two-body potentials
agree within the statistical uncertainty. For aszp 2 a,, however, clear discrepancies are visible. The
DMC energies for V5% cross the TG energy per particle (indicated by a dashed horizontal line),
E/N — hw, = hw; AN/2, very close to the value a$, = 0.9684a, (indicated by a vertical arrow in
Fig. E8(b)), while the energies for V¥ cross the TG energy per particle at a somewhat smaller value
of asp.

For asp > a$p, the energy for the short-range potential V% of the lowest-lying gas-like state
increases slowly with increasing asp, and becomes approximately constant for large values of |asp|.
The limit |agp| — oo corresponds to the unitary regime (see below). Notably, the 3D energy behaves
smoothly as asp diverges. The 3D energy slowly increases further for increasing negative asp, and
changes more rapidly as asp — —0. The |agp| — oo regime and the azp — —0 regime are discussed
in more detail below.

To compare our results obtained for the 3D Hamiltonian, Hsp, with those for the 1D Hamiltonian,
H,p, we also solve the Schrodinger equation for Hyp, Eq. B9, for the lowest-lying gas-like state. For
positive coupling constants, g;p > 0, the lowest-lying gas-like state is the many-body ground state,
and we hence use the DMC method [with ¢ given by Egs. and E64]. For ¢;p < 0, however,
the 1D Hamiltonian supports cluster-like bound states. In this case, the lowest-lying gas-like state
corresponds to an excited many-body state, and we hence solve the 1D Schrodinger equation by the
FN-MC method [with ¢r given by Egs. and 260

Figure B8 shows the resulting 1D energies per particle, Fip/N — hw,, for the renormalized
coupling constant g;p [squares, Eq. B3], and the unrenormalized coupling constant ¢%,, [pluses,
Eq. B8], respectively. The 1D energies calculated using the two different coupling constants agree
well for small azp, while clear discrepancies become apparent for asp 2 a$p. In fact, the 1D
energies calculated using the unrenormalized coupling constant ¢, approach the TG energy (dashed
horizontal line) asymptotically for asp — oo, but do not become larger than the TG energy. The 1D
energies calculated using the renormalized 1D coupling constant g;p agree well with the 3D energies
calculated using the short-range potential V5% (asterisks) up to very large values of the 3D scattering
length asp. In contrast, the 1D energies deviate clearly from the 3D energies calculated using the
hard-sphere potential V% (diamonds) at large asp.

The 1D energies calculated using the renormalized coupling constant agree with the 3D energies
calculated using the short-range potential V5% also for |azp| — oo, that is, in the unitary regime,
and for negative agp. Small deviations between the 1D energies calculated using the renormalized
1D coupling constant ¢;p and the 3D energies calculated using the short-range potential V5% are
visible; we attribute these to the finite range of V5%, The deviations should decrease with decreasing
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Figure 4.6: Three-dimensional FN-MC energy per particle, F3p/N — hw,, calculated using V79
(diamonds) and V5% (asterisks), respectively, together with 1D FN-MC energy per particle, E1p/N —
fiw, , calculated using g,p [squares, Eq. B3] and ¢%,, [pluses, Eq. B, respectively, as a function of
asp [(a) linear scale; (b) logarithmic scale] for N = 10 and A = 0.01. The statistical uncertainty
of the FN-MC energies is smaller than the symbol size. Dotted and solid lines show the 1D energy
per particle calculated within the LDA for ¢{,, Eq. EA [using the LL equation of state] and for g;p,
Eq. [using the LL equation of state for g;p > 0, and the hard-rod equation of state for g;p < 0],
respectively. A dotted horizontal line indicates the energy per particle of a non-interacting Bose gas,
and a dashed horizontal line indicates the TG energy per particle. A vertical arrow the position
where ¢,p, Eq. B3, diverges.
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range R of the short-range potential V5%, On the other hand, R determines to first order the energy-
dependence of the scattering length aszp. Thus, usage of an energy-dependent coupling constant g;p
should also reduce the deviations between the 1D energies and the 3D energies calculated using the
short-range potential V5% [GBI4]. Such an approach is, however, beyond the scope of this paper.

We conclude that the renormalization of the effective 1D coupling constant g;p and of the 1D
scattering length a;p are crucial to reproduce the results of the 3D Hamiltonian Hzp when azp 2 a
and when a3p is negative.

In addition to treating the 1D many-body Hamiltonian using the FN-MC technique, we solve the
1D Schrodinger equation using the LL equation of state (¢g1p > 0) and the hard-rod equation of state
(91p < 0) within the LDA (see Sec. B23). These treatments are expected to be good when the size of
the cloud is much larger than the harmonic oscillator length a,, where a, = \/h/mw,, that is, when
azp is large and positive or when asp is negative.

Dotted lines in Fig. B8 show the 1D energy per particle calculated within the LDA for ¢9,
(using the LL equation of state), while solid lines show the 1D energy per particle calculated within
the LDA for ¢1p, Eq. B3 (using the LL equation of state for g;p > 0, and the hard-rod equation
of state for ¢g;p < 0). Remarkably, the LDA energies nearly coincide with the 1D many-body
DMC energies calculated using the unrenormalized coupling constant (pluses) and the renormalized
coupling constant (squares), respectively. Finite-size effects play a minor role only for azp < a.
Our calculations thus establish that a simple treatment, i.e., a hard-rod equation of state treated
within the LDA, describes inhomogeneous quasi-one dimensional Bose gases with negative coupling
constant g;p well over a wide range of 3D scattering lengths asp.

For azp — —0, that is, for large a,p, the hard-rod equation of state treated within the LDA,
cannot properly describe trapped quasi-one dimensional Bose gases, which are expected to become
unstable against formation of cluster-like many-body bound states for a;p ~ 1/n;p. Thus, Sec. B3
investigates the regime with negative azp in more detail within a many-body framework.

4.5 Stability of quasi-one-dimensional Bose gases

This section discusses the stability of inhomogeneous quasi-one dimensional Bose gases with negative
g1p, that is, with agp > a§, and asp < 0, against cluster formation. Section B4 shows that the
FN-MC results for the 1D Hamiltonian, Eq. (ET9), are in very good agreement with the FN-MC
results for the 3D Hamiltonian. Hence, we carry our analysis out within the 1D model Hamiltonian,
Eq. E19; we believe that our final conclusions also hold for the 3D Hamiltonian, Eq. EI8. For the
inhomogeneous 1D Hamiltonian H;p, Eq. BT9, the lowest-lying gas-like state is a highly-excited
state (see Sec. B3). We now address the question whether this state is stable quantitatively using
the VMC method.

We solve the 1D many-body Schrodinger equation for the Hamiltonian H,p, Eq. E19, by the
VMC method using the trial wave function 7 given by Egs. and Z63. This many-body wave
function has the same nodal constraint as a system of N hard-rods of size a,p. However, contrary to
hard-rods, for interparticle distances smaller than a;p the amplitude of the wave function increases as
|z| decreases. This effect arises from the attractive nature of the 1D effective potential and gives rise
in the many-body framework to the formation of cluster-like bound states as the average interparticle
distance is reduced below a certain critical value.

Figure B77 shows the resulting VMC energy per particle, F1p/N — hw,, for N =5 and A = 0.01
as a function of the Gaussian width «, for four different values of a1p. For a;p/a; = 1.0326 and 2,
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Figure 4.7: VMC energy per particle, E1p/N — hw,, as a function of the variational parameter a,
for N =5, A =0.01 and a;p/a; = 1.0326 (pluses), 2 (asterisks), 3 (diamonds) and 4 (triangles). An
energy barrier is present for a;p/a; = 1.0326 and 2, but not for a;p/a, = 4.

Fig. B0 shows a local minimum at . ,,, =~ a,. The minimum VMC energy nearly coincides with
the FN-MC energy (see also Fig. BR), which suggests that our variational wave function provides
a highly accurate description of the quasi-one dimensional many-body system. The energy barrier
at o, =~ 0.2a, decreases with increasing a;p, and disappears for a;p/a, =~ 3. We interpret this
vanishing of the energy barrier as an indication of instability [BEGY8]. For small a;p, the energy
barrier separates the lowest-lying gas-like state from cluster-like bound states. Hence, the gas-like
state is stable against cluster formation. For larger a;p, this energy barrier disappears and the
gas-like state becomes unstable against cluster formation.

We stress that our stability analysis should not be confused with that carried out for attrac-
tive inhomogeneous 3D systems at the level of mean-field Gross-Pitaevskii theory [BPY6]. In fact,
a mean-field type analysis of inhomogeneous 1D Bose gases does not predict stability of gas-like
states [CKROT]. In our analysis, the emergence of local energy minima in configuration space is
due to the structure of the two-body correlation factor fo(z) entering the VMC trial wave func-
tion ¥, Egs. and 2Z63. It is a many-body effect that cannot be described within a mean-field
Gross-Pitaevskii framework.

To additionally investigate the dependence of stability on the number of particles, Fig. B8 shows
the VMC energy for A = 0.01 as a function of the variational parameter «, for different values of N,
N = 5,10 and 20. The scattering length a;p is fixed at the value corresponding to the unitary regime,
a1p = 1.0326a, . Figure B8 shows that the height of the energy barrier decreases for increasing N.
Figures B74 and B8 suggest that the stability of 1D Bose gases depends on a;p and N. To extract
a functional dependence, we additionally perform variational calculations for larger N and different
values of A and a;p. We find that the onset of instability of the lowest-lying gas-like state can be
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Figure 4.8: VMC energy per particle, E1p/N —hw,, as a function of the variational parameter «, for
aip/ay = 1.0326 (corresponding to the unitary regime), A = 0.01, and N = 5 (pluses), 10 (asterisks),
and 20 (diamonds). (The N =5 data are also shown in Fig. B72.) The height of the energy barrier
decreases with increasing N. Horizontal solid lines show the corresponding energies for N = 5, 10
and 20 obtained using the FN-MC technique, which are in excellent agreement with the VMC energy
obtained for o, = o min.

described by the following criticality condition

NABL (.78, (4.33)
ayi
or, equivalently, by v Naip /a, ~ 0.78. Our 1D many-body calculations thus suggest that the lowest-
lying gas-like state is stable if \/N_)\alD/aL < 0.78, and that it is unstable if \/N_)\alp/cu > 0.78.
The stability condition, Eq. (E=33), implies that reducing the anisotropy parameter A should allow
stabilization of relatively large quasi-one dimensional Bose gases.

To express the stability condition, Eq. B33, in terms of the 1D gas parameter nipa;p, where
n1p denotes the linear density at the trap center, we approximate the density for negative g;p by
the TG density, Eq. B224. Figure B9 compares the TG density with that obtained from the VMC
calculations for N = 5,10 and 20 and values of a;p/a, close to the criticality condition, Eq. B=33.
The density at the center of the trap is described by the TG density to within 10 %. Since the TG
density at the trap center is given by V2N /(wa.) (see Eq. B24), the stability condition, Eq. EZ33,

expressed in terms of the 1D gas parameter reads nipaip < 0.35.

4.6 Conclusions

This paper presents a thorough study of the properties of inhomogeneous, harmonically-confined
quasi-one dimensional Bose gases as a function of the 3D scattering length azp. The behavior of
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Figure 4.9: TG density [Eq. B2, dashed lines| as a function of z together with VMC density
(solid lines), obtained by solving the 1D many-body Schrédinger equation, Eq. B221, for N = 5 and
aip/ay = 3.6, for N =10 and a;p/a, = 2.6, and for N =20 and a;p/a; = 1.8. The TG density at
the center of the trap, z = 0, deviates from the VMC density at the center of the trap by less than
10 %.

confined Bose gases strongly depends on the ratio of the harmonic oscillator length in the tight
transverse direction, a, to the interaction range R and to the average interparticle distance 1/n'/3,

where n denotes the 3D central density.

Quasi-1D bosonic gases have been realized experimentally in highly-elongated harmonic traps.
The strength of atom-atom interactions can be varied over a wide range by tuning the value of the
3D s-wave scattering length a3p through application of an external magnetic field in the proximity
of a Feshbach resonance. For R < a, the scattering length asp determines to a good approximation
the effective 1D scattering length a,p and the effective 1D coupling constant ¢,p, which can be, just
as the 3D coupling constant, tuned to essentially any value including zero and oo. By exploiting
Feshbach resonance techniques, one should be able to achieve strongly-correlated quasi-one dimen-
sional systems. The strong coupling regime is achieved for 1/ n'/3 > a, it includes the TG gas,
where a system of interacting bosons behaves as if it consisted of non-interacting spinless fermions,
and the so-called unitary regime, where the properties of the gas become independent of the actual
value of asp. In the unitary regime, the gas is dilute, that is, nR® < 1, and at the same time
strongly-correlated, that is, n|azp|® > 1.

The present analysis is carried out within various theoretical frameworks. We obtain the 3D en-
ergetics of the lowest-lying gas-like state of the system using a microscopic FN-MC approach, which
accounts for all degrees of freedom explicitly. The resulting energetics are then used to benchmark our
1D calculations. Full microscopic 1D calculations for contact interactions with renormalized coupling
constant g;p result in energies that are in excellent agreement with the full 3D energies. This agree-
ment implies that a properly chosen many-body 1D Hamiltonian describes quasi-one dimensional
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Bose gases well.

We also consider the LL and the hard-rod equation of state of a 1D system treated within the
LDA. These approaches provide a good description of the energy of the lowest-lying gas-like state
for as few as five or ten particles. Finite size effects are to a good approximation negligible. Our
detailed microscopic studies suggest that these LDA treatments provide a good description of quasi-
one dimensional Bose gases. In particular, we suggest a simple treatment of 1D systems with negative
g1p using the hard-rod equation of state.

Finally, we address the question of whether the lowest-lying gas-like state of inhomogeneous
quasi-one dimensional Bose gases is actually stable. We find, utilizing a variational 1D many-body
framework, that the lowest-lying gas-like state is stable for negative coupling constants, up to a
minimum critical value of |g;p|. Our numerical results suggest that the stability condition can be
expressed as nipa;p =~ 0.35. Since our conclusions are derived from variational 1D calculations, more
thorough microscopic calculations are needed to confirm our findings. We believe, however, that our
findings will hold even in a 3D framework or when three-body recombination effects are included
explicitly.

While our study was performed for inhomogeneous quasi-one dimensional Bose gases, many find-
ings also apply to homogeneous quasi-one dimensional Bose gases. Furthermore, the Fermi-Bose
mapping [Gir6l, GB04, CS99, GOO3], which allows one to map an interacting 1D gas of spin-polarized
fermions to an interacting 1D gas of spin-polarized bosons, suggests that many of the results pre-
sented here for quasi-one dimensional Bose gases may directly apply to quasi-one dimensional Fermi
gases.
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Chapter 5

Ground state properties of a
one-dimensional Bose gas

5.1 Introduction

Recent progress achieved in techniques of confining Bose condensates has lead to experimental realiza-
tions of quasi-one dimensional systems|GVLF01 SKC*01, DHR*01, RGTT03, MSKEQN3, TOHT04].
The 1D regime is reached in highly anisotropic traps, where the axial motion of the atoms is weakly
confined while the radial motion is frozen to zero point oscillations by the tight transverse con-
finement. Another possible realization of a quasi one-dimensional system could be a cold gas on
a chip. The possibility of an experimental observation revived interest in analytical description
of the properties of a one-dimensional bose gas. To first approximation one parameter, the one-
dimensional scattering length a;p, is sufficient to describe the interatomic potential, which in this case
can be modeled by repulsive d-function pseudopotential. Many properties of this integrable model
like the ground state energy[[LL63], excitation spectrum|[Lie63], thermodynamic functions at finite
temperature[YYGY] were obtained exactly already in 60-ies using the Bethe ansatz method. Gaudin
in his book [Gan&3] devoted to this powerful method writes that so far almost nothing is known about
the correlation functions, apart from the case of impenetrable bosons [Len64, NVT79, IMMSRK(]. Lately
active work was carried out in this direction, there are recent calculations of short-range expansion of
the one-body density matrix[OD0O3], the value at zero of the two-body correlation function[GS03H].
Still there are no exact calculations of the correlation functions present in the literature.

We use Diffusion Monte Carlo method (Sec. E23), which is exact apart from the statistical uncer-
tainty, in order to address the problem of J-interacting bosons in the ground state of a homogeneous
system. We argue that the trial wave function we propose provides a very good description of the
ground state wave function. As a benchmark test for our DMC calculation we recover the equation of
state which is known exactly[LL63]. For the first time we find complete description of the one-body
density matrix and pair distribution function. We show that our results are in agreement with known
analytical predictions. We calculate momentum distribution and static structure factor which are
accessible in an experiment. We calculate exactly the value of three-body correlation function which
is very important quantity as it governs rates of inelastic processes. Also we address effects of the
external confinement.

We present study of the correlation functions of a homogeneous system. We find the one-body
density matrix at all densities. We calculate the pair-distribution function. Fourier transform relate
those quantities to the momentum distribution and the static structure factor, which are accessible
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expirementaly. We calculate a momentum distribution in a trapped system. We expand our pre-
diction on homogeneous three-body correlation function, relevant for the estimation of three-body
collision rate, pair-distribution function and static structure factor in traps. We discuss in details
known analytical limits and propose a precise expression for the decay coefficient of the one-body
density matrix. We provide relevant details of our Monte Carlo study. In particular it is argued that
the trial wave function we construct provides good description and variational energy is only slightly
higher than the exact one.

The structure of this chapter is as follows. In section b= we discuss a model used to describe
a cold one-dimensional gas and make a summary of known analytical expressions for correlation
functions. Section b33 is devoted to a brief description of the Monte Carlo scheme used for numerical
solution of the Schrodinger equation and investigation of a finite size errors that is relevant for infinite
system simulation. The trial wave function used for the importance sampling is discussed in detail.
We present the result for a homogeneous system in section b4. One-body density matrix, pair
distribution function and three-body correlation function are calculated and compared to known
exact results and analytical expansions. The information about the momentum distribution and
static structure factor is extracted by means of the Fourier transformation. In section b3 we discuss
effects of the external trapping. Modifications to the construction of the trial wave function are
discussed. The results for the pair distribution function and momentum distribution are presented.
Finally, in Section b8 we draw our conclusions.

5.2 Lieb-Liniger Hamiltonian

A cold bosonic gas confined in a waveguide or in a very elongated trap can be described in terms of a
one-dimensional model if the energy of the motion in the long longitudinal direction is insufficient to
excite the levels of transverse confinement. Further, if the range of interparticle interaction potential
is much smaller than the characteristic length of the external confinement, one parameter is sufficient
to describe the interaction potential, namely the one-dimensional s-wave scattering length. In this
case the particle-particle interactions can be safely modeled by a d-pseudopotential. Such a system
is described by the homogeneous Lieb-Liniger Hamiltonian

Hyp=—— Z +91D 25 — %), (5.1)

1<J

where the positive one-dimensional coupling constant is related to the one-dimensional s-wave scat-
tering length g;p = —2h?/ma;p (IBY) with m being mass of an atom. In the presence of tight
harmonic transverse confinement (we denote the oscillator length as a,, the one-dimensional scat-
tering length a;p was shown [OIs98] to experience a resonant behavior in terms of asp due to virtual
excitations of transverse oscillator levels

ap = —ay (a—L . 1.0326) (5.2)
asp
By tuning the aszp by Feshbach resonance value of a;p can by widely varied. Without using the
Feshbach resonance one typically has a3p < a; condition fulfilled. In this situation the relation (5=2)
simplifies a;p = —a? /asp (compare with the mean-field result (ICTZ3)).
All properties in this model depend only on one parameter, the dimensionless density nipaip.
On the contrary to 3D case, where at low density the gas is weakly interacting, in 1D system small
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values of the gas parameter n;pa;p mean strongly correlated system. This peculiarity of 1D system
can be easily seen by comparing the characteristic kinetic energy h?n??/2m, with D being number
of dimensions, to the mean-field interaction energy gn. The equation of state of this model first was
obtained Lieb and Liniger [LL63] by using the Bethe ansatz formulation. The energy of the system
is conveniently expressed as

E h2n?
N = e(n1D|CL1D|) QT;D,

(5.3)

where the function e(nip|a;p|) is obtained by solving a system of LL integral equations. In the
mean-field regime n,pa;p > 1 the energy per particle is linear in the density E“" /N = gpnip/2,
although in the strongly correlated regime the dependence is quadratic (III2): ETY/N = 72n?, /6m.
Still an explicit general expression of the energy for an arbitrary value of nypa;p is not known. The
dependence of the energy on the density resulting from numerical solution of the LL integral equations
is plotted in Fig. B. On the same figure we present the energy obtained by a different method of
solving the Schrédinger equation, the Diffusion Monte Carlo method (see section b33). Results of
both methods are in perfect coincidence.

E/N

GP

n|a1D|

Figure 5.1: Energy per particle: Bethe ansatz solution (solid line), DMC (circles), GP limit (dashed
line), TG limit (dotted line). Energies are in units of h?/(ma?p).

The chemical potential is defined as the derivative of the total energy with respect to the number
of particles 4 = OE/ON. The healing length ¢ = h/(v/2mec) is related to the speed of sound ¢, which
in turn can be extracted from the chemical potential mc? = nip analD L.

These quantities can be obtained in an explicit way in the regime of strong interactions nipa;p <
1. In this limit the energy of incident particle is not sufficient to tunnel through the particle-particle
interaction potential. Two particle can never be at the same point in space, which together with
spatial peculiarity of 1D system acts as an effective Fermi exclusion principle. Indeed, in this limit
the system of bosons acquires many fermi-like properties. There exist a direct mapping of the
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wave function of strongly interacting bosons onto a wave function of noninteracting fermions due to
Girardeau [Gir6l]. We will refer to this limit as the Tonks-Girardeau limit. The speed of sound in
this gas is related to the fermi momentum of the one-component fermi system at the same density
¢ = pr/m = mniph/m. The chemical potential equals to the fermi energy (CII) p = 72ni,/2m
(see nipa;p < 1 limit in the Fig. B).

Further, due to this mapping one knows the pair distribution function, which exhibits Friedel-like
oscillations

sin® Ty pz
i 5.4
92(2) (WnlDZ)z ( )
The static structure factor of the TG gas is given by
— |k|/(27Tn1D); |k| < 27Tn1D
o= { 1, k| > 2mnap (5.5)

The one-body density matrix g;(z) was calculated in terms of series expansion at small and large
distances [Len64, V179, IMMSS0]. Its slow long-range decay

Jme2 /3 A6
G(z) = ————,
\zn

leads to an infrared divergence in the momentum distribution n(k) o< 1/+/]k].

Beyond the TG regime full expressions of the correlation functions are not known. The long-
range asymptotics (i.e. distances much larger than the healing length £) can be obtained from the
hydrodynamic theory of the low-energy phonon-like excitations [RC67, Sch77, Hal81 KBI93]. One
finds following power-law decay (ICT99)

nlD\a1D| <K 1 (56)

g1(2) = Cosymr (5.7)

~ |znip|®’

where o« = me/(2nhnip) and coefficient Cygympe is given by formula (BTH). In the TG regime
¢ = whnyp/m and thus o = 1/2 as anticipated above. In the opposite GP regime (niplaip| > 1),
the result is o = 1/(m+/2n1plaipg|) which decreases as niplaip| increases. That means that in the
Lieb-Liniger theory o« < 1/2. Instead in the super-Tonks regime one deals with special situation
a > 1/2. In the mean-field limit the relation of the coefficient of proportionality in Eq. B2 to «
was established by Popov [Pop80] Of course power-law decay of the non-diagonal element of the
one-body density matrix (60,671) does not support long-range order and excludes the existence of
Bose-Einstein condensation in one dimension even at zero temperature [Sch63]. The behavior of the
momentum distribution for |k| < 1/¢ follows immediately from (577)

e VA (3 - 9)
r(3)

Furthermore, the hydrodynamic theory allows one to calculate the static structure factor in the
long-wavelength regime |k| < 1/£. One finds the well-known Feynman result [Fey54]

27111)

n(k) = Casympt L

(5.8)

_ Dlk|

© 2me

S(k) (5.9)
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Recently, the short range behavior of the one-, two-, and three-body correlation functions has
also been described. The value at z = 0 of the pair correlation function at arbitrary density can be
obtained from the equation of state through the Hellmann-Feynman theorem [GS03H]:

2
Niplaip
92(0) = _ {olap])” |2 ) ¢, (5.10)
where the derivative of e is taken with the respect to the gas parameter nipla;p|.
This quantity vanishes in the TG regime and approaches unity in the GP regime. The “excluded

volume” correction (IIA) allows one to specify its behavior close to the TG region:

2,2 2
Tniplaip
g2<0) = %, nlplalpl <1 (5.11)

The z = 0 value of the three-body correlation function was obtained in a perturbative manner in
the regions of strong and weak interactions [GSO3H]. Similarly to g»(0), it quickly decays in the TG

limit

6
™ma
93(0) = %7 nipaip < 1, (5.12)
and goes to a constant value in the GP regime:
62
g3=1- v2 nmpaip > 1. (5.13)

m/naip

Furthermore, recently the first few terms of the short-range series expansion of the one-body
correlation function have been calculated in [ODO3]

1 e’
gi(z)=1- 5(6 + e'n1D|a1D|)|n1Dz\2 + €|n1Dz|3 (5.14)

This expansion is applicable for distances [n1pz| < 1 and arbitrary densities.

5.3 Quantum Monte Carlo Method

We use Diffusion Monte Carlo (DMC) technique in order to obtain the ground state properties of
the system. A good choice of the trial wave-function is crucial for the efficiency of the calculation.
In order to prove that our trial wave-function is indeed very close to the true ground state wave
function we perform calculation of the variational energy Ey ;¢ which provides an upper-bound to
the ground state energy (see Table Bl). We find that the variational energy is at maximum 2%
higher than the energy of the DMC calculation, which coincides with the exact solution based on
the use of the Bethe ansatz (see, also, Fig. B).

In a homogeneous system we use the Bijl-Jastrow construction (E231) of the trial wave function.
The construction of the the two-body term f5(z) is described in Sec. Z5241. The |z| < R part
corresponds to the exact solution of the two-body problem and provides a correct description of short-
range correlations. Long-range correlations arising from phonon excitations are instead accounted
for by the functional dependence of f(z) for z > Z [RCG7]. The value of the matching point R is a
variational parameter which we optimize using the variational Monte Carlo (VMC). The TG wave
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nNipAaip ELL/N EVMC/N
1073 1.6408 107° 1.64(1) 1076
0.03 1.3949 103 1.3956(3) 1073

0.3 9.0595 10~2 | 9.089(3) 102
1 0.5252 0.535(3)
30 26.842 27.121(3)
10 981.15 081.72(6)

Table 5.1: Energy per particle for different values of the dimensionless density nipaip: exact result
E 1, obtained by solving Lieb-Liniger equations, variational result Ey ;¢ obtained by optimization
the trial wave function ZZ53. Variational energy gives the upper bound to the exact energy. DMC
calculation recovers the exact result Ep .

function (ZZ52) is obtained as a special case of our trial wave function (2253) for R = B = L/2 and
kL = .

The level of accuracy of the trial wave function is particularly important for the calculation
of the of gi(z). Instead, the pair distribution function g(z) is calculated using the method of
“pure” estimators, unbiased by the choice of the trial wave function [CB95]. Due to non local
property of the one-body density matrix, the function g;(z) can instead by obtained only through
the extrapolation technique. For an operator A, which does not commute with the Hamiltonian,
the output of the DMC method is a “mixed” estimator (Uo|Al¢7). Combined together with the
variational estimator (1hp|A[7) obtained from the VMC calculation it can be used for extrapolation
to the “pure” estimator by the rule (Ug|A|To) = 2 (Vo Althr) — (7| Alibr). Of course, this procedure
is very accurate only if ¢»r ~ Wy, We find that DMC and VMC give results for g;(z) which are very
close and we believe that the extrapolation technique is in this case exact.

We consider N particles in a box of size L with periodic boundary conditions. In the construction
of the trial wave function we have ensured that the two-body term f5 is uncorrelated at the boundaries
fo(£L/2) = 1. In order to estimate properties of an infinite system we we increase number of
particles and study convergence in the quantities of interest. The dependence on the number of
particles (finite size effects) are more pronounced at the large density where the correlations extend
up to large distances. Out of the quantities we measured, the one-body density matrix is the most
sensitive to finite size corrections. As an example in Fig. B2 we show ¢1(z) at density nipai;p = 30
for 50, 100, 200 and 500 particles and make comparison it with the asymptotic 2 — oo behavior. We
find largest finite size effects near the maximal distance L/2 for which the one-body density matrix
can be calculated. Also we see a dependence of the slope on the number of particles. Already for 500
particles we find the correct slope of the one-body density matrix. For the smaller densities, where
finite size effects are smaller, it is sufficient to have N = 500.

5.4 Homogeneous system

We calculated the pair distribution matrix for a number of densities ranging from very small value of
the gas parameter nipa;p < 1 (TG regime) up large densities nypa;p > 1 (GP regime). The results
are presented in the Fig. bZ3. In the GP regime the correlations between particles are very weak
and g¢o(z) arrives very quickly at the bulk value. Decreasing the |a;p| (thus making the coupling
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Figure 5.2: Example of the finite size effects in the calculation of the one-body density matrix at
Tipaip = 30.

constant g;p larger) we enhance beyond-mean field effects and enforce correlations. For the smallest
considered value of the gas parameter nipa;p = 1072 we see oscillations in the pair distribution
function, which, in this sense becomes more similar to the one of a liquid, rather than of a gas. At
the same density we compare the pair distribution function with the one of the TG gas and find no
visible difference.

On the same Figure we plot predictions for the value of the pair distribution function at zero and
find perfect agreement with the analytical prediction. In the TG regime particles never meet each
other and consequently ¢2(0) = 0. Making the interaction between the particles weaker we find finite
probability of two particles coming close to each other according to the Eq. BI0. As we go further
into the direction of the GP the interaction potential becomes more transparent and we approach
the ideal gas limit go(0) = 1.

In the Fig. B4 we present the static structure factor obtained from go(z) according to relation
(=30). At the smallest density n;pla;p| = 1072 our points lie exactly on the top of the S(k) of the TG
gas (Eq. B3). For all densities the small-momenta part of the structure factor comes from generation
of a phonon. We compare DMC results with the Feynman prediction (Eq. B). We see that in the
strongly correlated regime phononic description works well even to values of the momenta of the
order of inverse density n;5, although in the MF regime the healing length becomes significantly
larger than the mean interparticle distance leading to earlier deviations.

We calculate the value at zero of the three-body correlation function (I22) over a large range of
densities. At large density nip|a;p| = 10* the probability of three-body collisions is high. Making
the density smaller we find decrease in the value of g3(0). Close to the MF limit the result of
the Bogoliubov theory (Eq. B13) provides fairly good description of g3(0) (see. Fig. B3). Further
decrease in the density leads to fast decay of three-body collision rate and it becomes vanishing at
values of the gas parameter smaller than one. In order to resolve the law of the decay we plot same
data on the log-log scale (Fig. bB) and show that the decay goes with the forth power of the gas
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Figure 5.3: Pair distribution function function for different values of the gas parameter. In ascending
order of the value at zero miplaip| = 1072,0.3,1,30,103. Arrows indicate the value of go(0) as
obtained from FEq. bT0.
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Figure 5.4: Static structure factor for the same values of niplaip| as in Fig. (solid lines). The
dashed lines are the corresponding long-wavelength asymptotics from Eq. 9.

parameter in agreement with Eq. BT2. Numerical estimation of ¢g3(0) at smaller densities becomes
very difficult due to very small value of the measured quantity itself. It is interesting to note that
g5(0) follows closely to g3(0).
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We compare the result of an experiment done in NIST [TOHT04] with the theoretical prediction
of the Lieb-Liniger model, see Figs. EAh®A. In this experiment the three body recombination rate
was measured and the value of g3(0) was extracted. We find an agreement between experiment and
theory. The result of DMC calculation is slightly closer to the experimental data point than the
estimation g3(0), although the error bars of the experimental measurement cover both values.

1'0 LA | LAY | T LAY | LAY | MR |
9,(0) 1
0,8 i
0,6 - i
0,4 -
; DMC
L e Bogoliubov 1
02 — (9,0
; ¢ NIST
010 T T""'# LR | T LR | LLELELRLLL | T
0,01 0,1 1 10 100 1000 10000
nla,l

Figure 5.5: Value at zero of the three-body correlation function g3(0) (squares), Bogoliubov limit
Eq. B3 (dashed line), g5(0) Eq. B0 (solid line), experimental result of [TOHT04] (diamond).

We calculated the spatial dependence of the one-body density matrix for different densities. At
small distances we compare the function with the short range expansion (514) and find an agreement
for zn1p < 1 (see Fig. b74). For distances larger than the healing length we expect the hydrodynamic
theory to provide a correct description. Indeed, we see that the long-range decay has a power-law
form in agreement with the prediction Eq. 570 (see Fig. B8). We fix the coefficient of proportionally
in Eq. b7 by fitting the data. By doing it we conclude complete description of the one-body density
matrix starting from small distances up to large ones. The deviations on Fig. bR from power law-
decay are at largest distances (z ~ L/2) are due to finite size effects.

We derive a highly accurate expression for the coefficient Cf gy from a hydrodynamic approach
considering weak interactions and low density fluctuations. In terms of Euler’s constant v = 0.577
we have ([CT99):

et~

Cosympt = ( )a 1+ «) (5.15)

8ra

Although this constant is formally derived in the limit @ < 1 (i.e. limit of weak interaction
nipaip > 1) it provides a very good description in the whole range of densities. Indeed, the
coefficient defined by fitting ¢g; as shown in Fig. B8 is always in agreement with prediction (hT3)
within the uncertainty errorbars we get from our DMC calculation. Further, in the most strongly
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Figure 5.6: Value at zero of the three-body correlation function, log-log scale, g3(0) (squares), TG
limit Eq. 512 (dashed line), Bogoliubov limit Eq. (short-dashed line), g5(0) Eq. 510 (solid line),
experimental result of [TOHT(04] (diamond).

interacting TG regime we compare (513) with the exact result provided by formula (58) and find
only 0.3% difference. A different expression was obtained by Popov [Pop80] (and later recovered in

- 2-4\ & . .. .
(MC02]) C’i‘;ﬂﬁt = (%ﬂ;) . Both expressions coincide for small values of a, but Popov’s coefficient

lead up to larger 10% maximal error, as it was pointed out in [Caz04]. The comparison of different
coefficients is presented in Table B=2.

We obtain the momentum distribution from the Fourier transform (see Eq. Z28) of the one-body
density matrix at short distances and the fit power-law decay at large distances. In an infinite
homogeneous system the momentum distribution has an infrared divergence (Eq. BR). In order to
present the momentum distribution in the most efficient way we plot in Fig. b9 a combination kn(k),
where this divergence is absent. We notice that the infrared asymptotic behavior is recovered for
values of k considerably smaller than the inverse healing length 1/¢£. At large k£ the numerical noise
of our results is too large to extract evidences of 1/k* behavior predicted in [ODU3].

5.5 Trapped system

Now let us consider effects of the external trap. We consider the trapping potential to be a harmonic
oscillator. The effective one-dimensional Hamiltonian is then given by
9% mw?

Hggp:__ 527 LD DL B CEEh] (5.16)
1<j

where the effective coupling constant depends both on the value of the 3D s-wave scattering length and
the oscillator length of the transverse confinement a; = /h/mw, through relation g;p = 2h%a/ mai
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nNipaip C‘g%cpt Cig(;]irol;t Casympt
1000 1.02 1.0226 | 1.0226
30 1.06 1.0588 | 1.0579
1 0.951 0.9646 | 0.9480
0.3 0.760 0.8145 | 0.7814

0.001 0.530 0.5746 | 0.5227

Table 5.2: Coefficient of the long-range decay of the one-body density matrix defined as in (6-7). First
column is the one-dimensional gas parameter, second column is the fitting coefficient extracted from
Eq. B, third column is Popov’s prediction, fourth column is formula BT3. Density nipa;p = 0.001
is deeply in the TG regime and here one can apply Eq. B8 leading to CT¢ 0.5214

asympt =

Figure 5.7: Short range behavior of the one-body density matrix for different values of the gas
parameter niplaip| = 1073,0.3,1,30,10% (the lowest curve corresponds to niplaip| = 1073, the
uppermost to nyplaip| = 102, g1(z) (solid lines), series expansion at zero (eq. b14) (dashed lines).

(T24). The relevant parameters are: the ratio agp/a,, the anisotropy parameter A = w,/w; and
the number of particles N.

In the construction of the trial wave function used in our DMC calculation we introduce one-body
Jastrow term fi(z;) in addition to the two-body terms f(z2;;) already contained in homogeneous trial
wave function (Z258). Taking into account the harmonic nature of the external potential we choose
the one-body term in the Gaussian form f;(z) = exp(—a,2?%) with a, being the variational parameter.
The correlations at distances much larger than the longitudinal oscillator length a, = \/h/mw, are
dominated by the oscillator confinement and two-body correlations become irrelevant.

We consider the following configurations: asp/a; = 0.2, A = 1073 and number of particles
N = 5,20,100. In Sec. B we have proven that in these conditions the ground-state energy and
structure of the cloud is correctly described by the Lieb-Liniger equation of state in local density
approximation.

In Fig. B0 we plot the pair distribution function (E148) for 5, 20 and 100 particles. The short-
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Figure 5.8: Large range behavior of the one-body density matrix (solid lines), fits to the long-
wavelength asymptotics from eq. b4 (dashed lines). Values of the density are same as in Fig. bR.
The arrows indicate the value of {n: the leftmost corresponds to niplaip| = 1073, the rightmost to
niplaip| = 103
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Figure 5.9: Momentum distribution for the same values of nipla;p| as in Fig. B (solid lines). The
dashed lines correspond to the infrared behavior of Eq. B8. The arrows indicate the value of 1/{np:
the rightmost corresponds to niplai;p| = 1073, the leftmost to niplaip| = 10.
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range dependence is dominated by two-body interactions. We do not find oscillations which means
that strong shell structure is absent. At large distances the external trapping suppresses density.
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Figure 5.10: Pair distribution of a trapped system for 5, 20, 100 particles and azp/a; = 0.2, A = 1073.

We refer to general definition of the static structure factor in terms of the momentum distribution

S(k) = - ({nosm) — () ) (517

On the contrary uniform case, the last term is no longer vanishing for k& # 0Oin a trap. In Fig. b1
we present the static structure factor obtained for the same set of parameters. We are interested
in evidences of the linear behavior characteristic for the phonon propagation. We discover that
Feynman formula (A9) with the speed of sound taken at the center of the trap provides relatively
good description also for the trapped systems. Of course, the very low momenta part is different due
to the finite size effects.

For the smallest number of particles considered (N = 5), the density is always small nypa;p < 0.18
and we can derive an explicit expression for the S(k) exploiting knowledge of the static structure
factor in the limit of small density (bH) as explained in Sec. IG4. The resulting expression is given
by formula (CIhd). an be calculated. We find that thr linear behavior at small k£ matches the
asymptotic constant in a smoother way than it happens in a homogeneous system (see TG static
structure factor in Fig. b4).

In Fig. B2 we show the results for the momentum distribution n(k). On the contrary to homo-
geneous case, n(k) in a finite system always remain finite due to natural limitations on the minimal
possible value of wave vector k., ~ 1/R,, where R, is the size of the cloud in the axial direction.
We are looking for traces of the divergent behavior at small momenta similar to (5R). In the case
of N =5 and N = 20 the rounding off of n(k) at k ~ k,,;, washes out completely the divergent
behavior. For the largest system with N = 100 we find some evidence of the infrared behavior (see
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Figure 5.11: Static structure factor of a trapped system for aszp/a; = 0.2,A = 1072 and 5, 20,
100 particles (solid lines from up to down). The dashed lines show linear behavior residual of the
phononic part of S(k) in a homogeneous system and given by formula (579). We use the density in
the center of the trap to estimate the sound velocity. The dash-dotted line for 5 particles is obtained
within the local density approximation for the TG-equation of state and is given by Eq. ITh4.

inset in Fig. bB12) in the region of wave vectors 1/R, < k < 1/£. The healing length is estimated
by the density in the center of the trap ngla;p| ~ 1.1. We also plot a power law function with
the exponent o >~ 0.19 which corresponds to the value in a homogeneous system with same density
and the coefficient of proportionality obtained by best fit. In order to see a cleaner signature of the
infrared behavior one should consider much larger systems.

5.6 Conclusions

This paper presents a thorough study of correlation properties of a one-dimensional gas of bosons at
zero temperature. In a homogeneous system the behavior is fixed by the product of linear density
n1p and one-dimensional scattering length a;p. In the strongly interacting regime nipa;p < 1 the
bosonic system behaves effectively as a system of non interacting fermions. In this limit the energy,
pair distribution function go(z), static structure factor Sy are known explicitly and are same as the
ones of the corresponding fermionic system. For arbitrary value of the gas parameter no complete
description was known so far. Switching on an external harmonic potential leads to modification in
properties as new length, the oscillator length a, is introduced.

Quasi one-dimensional systems have been already realized in a number of experiments with elon-
gated traps. Many new experiments with condensates in a same geometry, in a waveguide or on a
chip are expected to appear. The characteristic parameter nypa;p can be varied by changing num-
ber of atoms in the condensate, trapping frequencies or by adjusting the scattering length using the
Feshbach resonance. Momentum distribution is accessible from ballistic expansion and static factor
can be measured by the Bragg scattering.
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Figure 5.12: Momentum distribution of a trapped system. Inset: momentum distribution for N = 100
(solid line) on a log-log scale. The dashed line is a fit to 1/k'~® with @ = 0.19. The momentum

distribution is in units of a, = \/h/(mw,).

We find for the first time full description of the correlation functions in a wide range of the
characteristic parameter nipa;p starting from Tonks-Girardeau regime and up to Gross-Pitaevskii
regime. We benchmark our Diffusion Monte Carlo calculations by recovering the ground state energy
known from solution of the Lieb-Liniger integral equations. We completely recover all properties
of the Tonks-Girardeau gas and known asymptotic behavior of the momentum distribution and
correlation functions. We obtain the one-body density matrix g;(z) and pair distribution function
g2(2) for all densities. In particular we have the description of the most nontrivial regime nipa;p ~ 1
which is relevant for current experiments.

We study the dependence of the value at zero of the three-body correlation function g3(0) on the
density nypaip. This function is of a great interest as it governs the three-body recombination rate,
which leads to loss of the atoms out of the condensate. The data of an experimental measurement
of g3(0) is available [TOHT04] and is compared with the predictions of the Lieb-Liniger theory. An
agreement, between theory and experiment is found.

By the means of Fourier transform we extract the momentum distribution n(k) and static struc-
ture factor S(k). Low momentum part is described by phonon hydrodynamic theory which is expected
to be applicable at distances |z| larger than the healing length £. We judge that n(k) shows phononic
power-law divergence for values of k considerably smaller than 1/¢.

Finally we discuss how the presence of a harmonic trapping modifies the correlation functions.
We plot the pair distribution function in typical experimental configurations. We discuss possibility
of finding in n(k) traces of divergent behavior, which is characteristic for a one-dimensional infinite
system, in a trapped system.
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Chapter 6

Beyond Tonks-Girardeau: super-Tonks
gas

6.1 Introduction

The study of quasi-1D Bose gases in the quantum-degenerate regime has become a very active area
of research. The role of correlations and of quantum fluctuations is greatly enhanced by the reduced
dimensionality and 1D quantum gases constitute well suited systems to study beyond mean-field
effects [PSW0O0]. Among these, particularly intriguing is the fermionization of a 1D Bose gas in
the strongly repulsive Tonks-Girardeau (TG) regime, where the system behaves as if it consisted
of noninteracting spinless fermions [Gir60]. The Bose-Fermi mapping of the TG gas is a peculiar
aspect of the universal low-energy properties which are exhibited by bosonic and fermionic gapless
1D quantum systems and are described by the Luttinger liquid model [Voi95]. The concept of
Luttinger liquid plays a central role in condensed matter physics and the prospect of a clean testing
for its physical implications using ultracold gases confined in highly elongated traps is fascinating
[MLEJS, REZZ(34].

Bosonic gases in 1D configurations have been realized experimentally. Complete freezing of the
transverse degrees of freedom and fully 1D kinematics has been reached for systems prepared in a
deep 2D optical lattice [MSKEQ3, TOHT04]. The strongly interacting regime has been achieved by
adding a longitudinal periodic potential and the transition from a 1D superfluid to a Mott insulator
has been observed [SMST04]. A different technique to increase the strength of the interactions, which
is largely employed in both bosonic and fermionic 3D systems [[AST98 OHGT02] but has not yet
been applied to 1D configurations, consists in the use of a Feshbach resonance. With this method
one can tune the effective 1D coupling constant g;p to essentially any value, including 4oco, by
exploiting a confinement induced resonance [OIs98, BMOO3]. For large and positive values of gip the
system is a TG gas of point-like impenetrable bosons. On the contrary, if ¢g;p is large and negative,
we will show that a new gas-like regime is entered (super-Tonks) where the hard-core repulsion
between particles becomes of finite range and correlations are stronger than in the TG regime. In
this Chapter we investigate using Variational Monte Carlo techniques (Sec. Z2) the equation of state
and the correlation functions of a homogeneous 1D Bose gas in the super-Tonks regime. We find that
the particle-particle correlations decay faster than in the TG gas and that the static structure factor
exhibits a pronounced peak. The momentum distribution and the structure factor of the gas are
directly accessible in experiments by using, respectively, time-of-flight techniques and two-photon
Bragg spectroscopy [SMST04]. The study of collective modes also provides a useful experimental
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technique to investigate the role of interactions and beyond mean-field effects [MSKEQO3]. Within a
local density approximation (LDA) for systems in harmonic traps we calculate the frequency of the
lowest compressional mode as a function of the interaction strength in the crossover from the TG
gas to the super-Tonks regime.

6.2 The model and method

We consider a 1D system of N spinless bosons described by the following contact-interaction Hamil-
tonian

i
H:—%Z@—FQU)Zd(ZU) R (61)
i=1 L i<j
where m is the mass of the particles, z;; = z; — z; denotes the interparticle distance between particle
¢ and 7 and g¢;p is the coupling constant which we take large and negative. The study of the
scattering problem of two particles in tight waveguides yields the a relation of the effective 1D
coupling constant g;p in terms of the 3D s-wave scattering length asp [OIs98]. The relation is given
by the formula (84), where a; = /A/mw, is the characteristic length of the transverse harmonic
confinement producing the waveguide. The confinement induced resonance is located at the critical
value a§,, and corresponds to the abrupt change of gip from large positive values (asp S a§p) to

large negative values (asp 2 a$p). The renormalization (B4) of the effective 1D coupling constant
has been recently confirmed in a many-body calculation of Bose gases in highly elongated harmonic
traps using quantum Monte Carlo techniques [ABGG04h, ABGGO4a].

For positive ¢;p, the Hamiltonian (6) corresponds to the Lieb-Liniger (LL) model (5). The
ground state and excited states of the LL Hamiltonian have been studied in detail [LL63, [ie63]

and, in particular, the TG regime corresponds to the limit g;p = +o00. The ground state of the

state with energy E/N = —mgi,(N? — 1)/24Rh%. The lowest-lying gas-like state of the Hamiltonian
(B0) with g;p < 0 corresponds to a highly-excited state that is stable if the gas parameter na;p < 1,
where n is the density and a;p is the 1D effective scattering length defined in Eq. (84). This state
can be realized in tight waveguides by crossing adiabatically the confinement induced resonance. The
stability of the gas-like state can be understood from a simple estimate of the energy per particle.
For a contact potential the interaction energy is given by (IZZ0) E;,;/N = g1png2(0)/2, where the
92(0) = (Ut (2) W (2)W(2)T(2))/n2, is the value at zero of the two-body correlation function (IT2) and
\ifT, U are the creation and annihilation particle operators (I0). In the limit g;p — —o0 one can use
for the correlation function the result in the TG regime (51)[(GS03E], which does not depend on the
sign of g1 p. In the same limit the kinetic energy can be estimated by (CI02): Ej,, /N ~ 72h*n?/(6m),
corresponding to the energy per particle of a TG gas. For the total energy E = Ey;, + F;,; one finds
the result (CH) E/N ~ w2h*n?/(6m) — n°k*n3a;p/(3m), holding for na;p < 1. For na;p < 0.25
this equation of state yields a positive compressibility mc?> = ndu/0n, where u = dE/dN is the
chemical potential and ¢ is the speed of sound, corresponding to a stable gas-like phase. We will
show that a more precise estimate gives that the gas-like state is stable against cluster formation for
naip S 0.35.

The analysis of the gas-like equation of state is carried out using the VMC technique. The trial
wave function employed in the calculation is of the form (E63). For g1p < 0 (a1p > 0) the wave
function f(z) changes sign at a nodal point which, for R,, > aip, is located at |z| = a;p. In
the attractive case the wave function has a node which means that the variational calculation can
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be easily done, while without additional modifications the DMC can not be done. The variational
energy is calculated through the expectation value of the Hamiltonian (B) on the trial wave function
(Z13). In the calculations we have used N = 100 particles with periodic boundary conditions and
because of the negligible dependence of the variational energy on the parameter R, we have used in
all simulations the value R, = L/2, where L is the size of the simulation box. Calculations carried
out with larger values of N have shown negligible finite size effects.

6.3 Energy

MC
Fit

0.6
na,,

Figure 6.1: Energy per particle and compressibility as a function of the gas parameter na;p. Solid
symbols and thick solid line: VMC results and polynomial best fit; thick dashed line: HR equation
of state [Eq. (I03)]. Thin solid and dashed line: compressibility from the best fit to the variational
equation of state and from the HR equation of state respectively.

The results for the variational energy as a function of the gas parameter na;p are shown in
Fig. B0 with solid symbols. For small values of the gas parameter our variational results agree very
well with the equation of state of a gas of hard-rods (HR) of size a;p (thick dashed line). The HR
energy per particle can be calculated exactly from the energy of a TG gas by accounting for the
excluded volume (II03) [GirG0].

For larger values of na;p, the variational energy increases with the gas parameter more slowly
than in the HR case and deviations are clearly visible. By fitting a polynomial function to our
variational results we obtain the best fit shown in Fig. B as a thick solid line. The compressibility
obtained from the best fit is shown in Fig. 6 as a thin solid line and compared with mc? of a HR gas
(thin dashed line). As a function of the gas parameter the compressibility shows a maximum and then
drops abruptly to zero. The vanishing of the compressibility implies that the system is mechanically
unstable against cluster formation. Our variational estimate yields na;p =~ 0.35 for the critical value
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of the density where the instability appears. This value coincides with the critical density for collapse
calculated in the center of the trap for harmonically confined systems [ABGGO4a, ABGGO4H]. It
is worth noticing that the VMC estimate of the energy of the system can be extended beyond the
instability point, as shown in Fig. G. This is possible since the finite size of the simulation box
hinders the long-range density fluctuations that would break the homogeneity of the gas. This feature
is analogous to the one observed in the quantum Monte-Carlo characterization of the spinodal point
in liquid “He [BCNU4].

As shown in Fig. 6, the HR model describes accurately the equation of state for small values
of the gas parameter. A similar accuracy is therefore expected for the correlation functions of the
system. The correlation functions of a HR gas of size a;p can be calculated from the exact wave
function [Nagd0] (2542). We calculate the static structure factor S(k) (2137) and the one-body
density matrix g¢;(z) (Z139)

6.4 One-body density matrix and static structure factor

: : : , :
0 2 4 6 8 10
k/n1D

Figure 6.2: Static structure factor S(k) for a gas of HR at different values of the gas parameter na;p
(symbols) and for a TG gas (dashed line).

Contrarily to the TG case, it is not possible to obtain analytical expressions for g;(z) and S(k)
in the HR problem. We have calculated them using configurations generated by a Monte Carlo
simulation according to the exact probability distribution function |1z z|%. The results for the static
structure factor are shown in Fig. B2. Compared to S(k) in the TG regime, a clear peak is visible for
values of k of the order of twice the Fermi wave vector kr = mn and the peak is more pronounced as
nayp increases. The change of slope for small values of k reflects the increase of the speed of sound
¢ with na;p. The long-range behavior of g;(z) can be obtained from the hydrodynamic theory of
low-energy excitations [RC67, Sch77, Hal8T]. For |z| > &, where € = h/(v/2mec) is the healing length
of the system, one finds the following power-law decay (IT99):

g1(z) oc 1/]2[%, (6.2)
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where the exponent « is given by a = me/(2nhn). For a TG gas mc = whn, and thus arg = 1/2.
For a HR gas one finds a = arg/(1 — najp)? and thus a > arg. This behavior at long range
is clearly shown in Fig. 623 where we compare g;(z) of a gas of HR with na;p = 0.1, 0.2 and 0.3
to the result of a TG gas [IMMSR0O]. The long-range power-law decay of g;(z) is reflected in the
infrared divergence of the momentum distribution n(k) oc 1/|k|'~* holding for |k| < 1/£. A gas of
HR exhibits a weaker infrared divergence compared to a TG gas. The correlation functions of a HR
gas at na;p = 0.1, 0.2 should accurately describe the physical situation of a Bose gas with large and
negative g;p. For na;p = 0.3 we expect already some deviations from the HR model, as it is evident
from the equation of state in Fig. 6, which should broaden the peak in S(k) and decrease the slope
of the power-law decay in g;(z) at large distances. The analysis of correlation functions clearly shows
that the super-Tonks regime corresponds to a Luttinger liquid where short range correlations are
significantly stronger than in the TG gas.

0.1

0.01

Figure 6.3: One-body density matrix ¢;(z) for a gas of HR at different values of the gas parameter
naip (solid lines) and for a TG gas (dashed line). Higher values of density correspond to a faster
decay of g1(z).

6.5 Collective modes

Another possible experimental signature of the super-Tonks regime can be provided by the study
of collective modes. To this aim, we calculate the frequency of the lowest compressional mode of a
system of N particles in a harmonic potential V.., = S°N  mw?22/2. We make use of LDA (Sec. [CB)

which allows us to calculate the chemical potential of the inhomogeneous system i and the density
profile n(z) from the local equilibrium equation g = pu[n(z)] + mw?2?/2, and the normalization
condition N = LRR n(z)dz, where R = \/2fi/(mw?) is the size of cloud. For densities n smaller than
the critical density for cluster formation, u[n] is the equation of state of the homogeneous system
derived from the fit to the VMC energies (Fig. 6). From the knowledge of the density profile n(z)
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one can obtain the mean square radius of the cloud (2%) = [ 15 n(z)z%dz/N and thus, making use of
the result [MSD?|
2_ _9 (#*) 6.3

YT TR Jdw? (63)
one can calculate the frequency w of the lowest breathing mode. Within LDA, the result will depend
only on the dimensionless parameter Na?,/a?, where a, = /h/muw., is the harmonic oscillator length.
For g1p > 0, i.e. in the case of the LL. Hamiltonian, the frequency of the lowest compressional mode
increases from w = v/3w, in the weak-coupling mean-field regime (Na?,/a? > 1) to w = 2w, in the
strong-coupling TG regime (Na?,/a? < 1). The results for w in the super-Tonks regime are shown
in Fig. 64 as a function of the coupling strength. In the regime Na?,/a? < 1, where the HR model
is appropriate, we can calculate analytically the first correction to the frequency of a TG gas (refer
to Table I0). One finds the result w = 2w, [l + (16v/2/157%)(Na2,/a?)*/? + ..]. Fig. 64 shows
that this expansion accurately describes the frequency of the breathing mode when Na?,/a? < 1,
for larger values of the coupling strength the frequency reaches a maximum and drops to zero at
Na?p/a? ~ 0.6. The observation of a breathing mode with a frequency larger than 2w, would be a
clear signature of the super-Tonks regime.

46 LBLELRALLL] LELELELLLLL | LR | LELELELLLLL B ML | T rrrrT

4.4 HR (expansion) —a 7

4.2 super-Tonks T

g 4.0 I (9,,<0)
%3 3.8
3.6

3.4+

LL -

35 i (9,,>0)

30 I Ll L1 anul Ll L1 anul Ll L1 anul ETEETIT
1E-5 1E-4 1E-3 0.01 0.1 1 10 100

2 2
Nam/aZ

Figure 6.4: Square of the lowest breathing mode frequency, w?, as a function of the coupling strength
Na?p,/a? for the LL Hamiltonian (g1p > 0) and in the super-Tonks regime (g;p < 0). The dashed
line is obtained from the HR expansion (see Table [T).

6.6 Conclusions

In conclusion we have pointed out the existence of a strongly correlated regime in quasi-1D Bose gases
beyond the Tonks-Giradeau regime. This regime can be entered by exploiting a confinement induced
resonance of the effective 1D scattering amplitude. We calculate the equation of state of the gas in
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the super-Tonks regime using VMC and we estimate the critical density for the onset of instability
against cluster formation. The static structure factor and one-body density matrix are calculated
exactly within the hard-rod model, which provides the correct description of the system for small
values of the gas parameter. For harmonically trapped systems we provide explicit predictions for
the frequency of the lowest compressional mode.
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Chapter 7

Motion of a heavy impurity through a
Bose-Einstein condensate

7.1 Introduction

One of the most important peculiarities of Landau theory superfluidity is the existence of a finite
critical velocity. If a body moves in a superfluid at 7" = 0 with velocity V less then v., the motion
is dissipationless. At V' > v, a drag force arises because of the possibility of emission of elementary
excitations. However, both theoretical and experimental investigation in superfluid *He are difficult.
The critical velocity in *He is related to creation of rotons, for which one has no simple theoretical
description. Further, an important role is played by complicated processes involving vortex rings
production.

The situation in low-density weakly-interacting Bose-Einstein condensed (BEC) gases is simpler.
The Landau critical velocity in this case is due to Cherenkov emission of phonons which can be
described by mean-field theory. Due to the presence in the theory of an intrinsic length parameter,
the correlation length &, the friction force for a small body does not depend on its structure. Vortex
rings in the BEC cannot have radius less then & (see, e.g., [IR82]) and it is reasonable to believe
that probability of their creation by a small body is small. Thus quantitative investigation of critical
velocities in BEC are very interesting and can be used to probe the superfluidity of a quantum gas.

Recently existence of the critical velocity in a Bose-Einstein Condensed gas was confirmed in a
few experiments. At MIT a trapped condensate was stirred by a blue detuned laser beam [RKO¥99]
and the energy of dissipation was measured. The critical velocity was found to be smaller than the
speed of sound due to emission of vortices. The diameter of the laser spot in this experiment was of
a macroscopic size and was large compared to the healing length. An improved technique allowed
measurement of the drag force acting on the condensate in a subsequent experiment [ORVF00].

The analytical study of flow of the condensate over an impurity is highly nontrivial due to the
intrinsic nonlinearity of the problem arising from the interaction of the particles in the condensate. In
one dimension the dissipation could occur at velocities smaller than predicted by Landau’s approach
due to emission of solitons [Hak97]. The dependence of the critical velocity on the type of the
potential was studied both by using a perturbative approach and numerical integration in [LPOT,
Pav(2]. The effective two dimensional problem was considered in [KMO0O]. In this work generation of
excitations in the oscillating condensate in a time dependent parabolic trap in the presence of a static
impurity was studied analytically. A three-dimensional flow of a condensate around an obstacle was
calculated numerically by integration of the Gross-Pitaevskii (GP) equation and emission of vortices
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was observed [FPR92, WNA9Y].

There are different definitions of the superfluidity. It is possible to make following experiment.
Move a small body through the system. According to Landau if there is no normal part (we consider
zero temperature or small enough) no dissipation will happen if the speed is smaller than the speed of
sound. Our goal is to calculate effect of such a probe, a small impurity moving through a condensate
which is described by the Gross-Pitaevskii equation.

We want to find an answer to a question which is rather complicated. From one side we know
from usual considerations in the mean field regime that the system is superfluid. From the other
side we know that in the Tonks-Girardeau regime the system is mapped on the fermions, which are,
definitely, not superfluid. Indeed what we find is that the situation is somewhere between.

7.2 Three-dimensional system

Let us consider an impurity moving through a three-dimensional condensate at " = 0. One of the
possible realizations of this model could be scattering of heavy neutral molecules by the condensate.

7.2.1 Perturbed solution

We start from the three-dimensional energy functional (ITI0) of a homogeneous weakly-interacting

Bose gas in the presence of a é-function perturbation (an impurity) moving with a constant velocity
A\

77,2
B = [ (JoAT0P + u—aidte = V)P + ) 1)

where 1 is the condensate wave function, p is the chemical potential, m mass of a particle in the
condensate, g = 4nh*a/m and g; = 2wh?b/m are particle-particle and particle-impurity coupling
constants, with a and b being the respective scattering lengths?. We will assume that the interaction
with impurity is small and we will use perturbation theory. By splitting the wave function into a
sum of the unperturbed solution and a small correction ¥ (r,t) = ¢o + d9(r,t) and linearizing the
time-dependent GP equation with respect to 10, we obtain an equation describing the time evolution

of o

2

h
it = (=g = e 2l ) 80+ glonl? 0" + gub(r - Voo (72)

2m

In a homogeneous system ¢q is a constant fixed by the particle density ¢g = \/n and p = gn =
mc?.
The perturbation follows the moving impurity, i.e. d7 is a function of (r — Vt), so the coordinate

derivative is related to the time derivative
d8(r — V) /ot = =VVy(r — Vi) (7.3)

We shall work in the frame moving with the impurity r' = r — V¢ and the subscript over r will
be dropped.

LConsidering a homogenious condensate, we assume that its size is large enough, particularly that the gas is the
Thomas-Fermi conditions. Then results for a homogenious gas will be approximately valid for a gas in a trap.
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Eq. (I2) for a perturbation in a homogeneous system can be conveniently solved in momen-
tum space. In order to do this we introduce the Fourier transform of the wave function ¢y =
[e=®r5(r) dPr. Eq. (22) becomes

(<hk -V + BE ) b+ g (003" + 960 = 0
povic+ (B V4 B2 4 ) (00" + g 60 = 0
Here the second equation is obtained by doing the substitution k — —k and and complex conjugation.

We also use property of the Fourier transformation §(1)*)x = d(¢_x)*. The system of linear equations
() can be easily solved

(7.4)

hk -V 4+ E
5¢k = gz¢0 (hk V) ﬁ2k2 (h2k2 + 2#) (75>
7.2.2 'Total energy
For a fixed value of the chemical potential y the energy E' = E — uN reaches minimum on the

ground state function ¢¢. From this it follows that E’ does not have terms linear in ¢y and i)y,
and

E'= EO 4+ E® + g,(¢560(0) + ¢o6¢"(0)) (7.6)

Here B = Ngn/2 + g;¢? is the energy of the system in absence of the perturbation plus the mean-
field shift in the energy due to the impurity. The next term comes from the linear expansion of the
energy [ |1(r)[>g:0(r)dr. The term E® being quadratic in §¢y and ¢y satisfies the Euler identity:

SE@ SE®
(2 — = ) — —
28 = [ [306e) 55y + 00 O gy & )
which using the variational equation
L 06(0) SE®)
ih o 800 + gipo0(r) (7.8)
can be rewritten as
00 00 i s «
g =5 [ w5 - 2| ar - S+ wvwro) 19

To start with, let us Fourier transform the first term. Exchanging time derivatives with gradients
by the rule ([=3) one obtains

E<2>:/hk V|6t |2( ) 9@¢°<5¢+5¢) (7.10)

In the energy calculation we assume that the velocity V' is small and will make an expansion in
powers of V up to quadratic terms. It means that in the calculation of |§y[|* the term (AkV)? in
the denominator of () can be neglected and |d1y|* is written as

ool [(52) + 258 v

[0 (5 o))

2m 2m

|6 |? = +O(VY (7.11)
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The energy does not have terms linear in V, because all terms independent of V in ([T are even
in k, so once multiplied by k and integrated over momentum space they provide zero contribution
to the energy. The only term that is left is the following

9 9 9 (th)2 dk
E® = 2¢.2|¢y| ETERp 2 (27)? (7.12)
e (5 +2p)

For the calculation of 61 (0) in (@) and () one should consider §yy taking into account that
hkV < p and then integrate it over the momentum space

50 9i <7ikV + %) b0 [1 (HkV)? -1
k. = 212 /252 — 7212 /252 ~
) || () .
2 (122 5 (7.13)
~ 29i%0 — 2 + 212 gi%o
G (o +2u) [ (22 1 2u)] o+ 20

The integral of the second term over momentum space is equal to zero.

The third term suffers from large-k divergency and one should renormalize the scattering ampli-
tude. It is sufficient to express the coupling constant in the 2"? term of eq. (ZI0) in terms of the
scattering amplitude b using the second order Born approximation:

o h2b 2 h2b 22\ T Bk
; = 1 14
g m ( N ( 2m ) (27r)3> (7.14)

Now the third term in (I0) is converging and can be calculated

24 B3k b\> K2
giQn/w o = 8my/7(na®)3/? <—> — (7.15)

2m ( 2m + 2'“) (27T)3 a ma?

The energy shift quadratic in velocity V is defined by the following integral

2
9i(o0%(0) + ¢odv™(0)) = g;°n % <%+2u)2(2ﬂ)3 (7.16)

Here we make use of relation ¢y = y/n. In a three-dimensional case the term (kV)2dk in the integral
(CI8) can be replaced by 1/3 k*V?4rk?dk due to the equivalence of different directions.

o8 == B2 \5/2 / h?kﬂ - 2 (7.17)
672 (4,)"" 4 (G +29m)
This integral can be easily calculated if one recall the integral identity f (xzxi‘i”;)g = _Q(ij_ag)Q +

% arctan Z. Finally, by collecting everything together and considering N, impurities with a con-
centration given by x = Njn,/N we obtain the energy per particle

E b b\ | B 2 b\* mv?
— = {27ma3 <1 + x—> + 87%%(na®)* <—> } — + %(na:”)lﬁx (—) m;/ (7.18)
a

N a ma? a
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If we set V = 0 we recover Bogoliubov’s corrections to the energy in the presence of quenched
impurities [HM92, ABCGOZ]. Note that even if the “mean-field” energy obtained from the GP
equation in the absence of impurities (Y = 0) leaves out terms of the order of (na®)*2, the equations
we obtain in the presence of impurities in a perturbative manner still correctly describe the effect of
the disorder up to the terms of the order of (na®)%/2.

7.2.3 Effective mass and normal fraction

If V' # 0 a quadratic term in the impurity contribution to the energy is present. It can be denoted
as xm*V?/2 with
9 2
m* = f( )1/2< ) m (7.19)
a

being the induced mass, i. e. the mass of particles dragged by an impurity [Ast0T]. Applicabil-
ity of the perturbation theory demands m* to be small compared to m. This gives the condition
(na®)'/? (2)2 < 1. At zero temperature the interaction between particles does not lead to depletion
of the superfluid density and the suppression of the superfluidity comes only from the interaction of
particles with impurities. Thus (19) defines the normal density

P M 2VT Ly (9)2 (7.20)

p m 3

This result is in agreement with the one obtained by the means of Bogoliubov transformation
starting from the Hamiltonian written in the second-quantized form in the presence of disorder[HNY92,
ABCGO2]. The normal density of a superfluid is an observable quantity. It was evaluated in hquld
“He by measuring of the moment of inertia of a rotating liquid or by measuring of the second sound
velocity. Both methods can be, in principle, developed for BEC gases.

7.2.4 Drag force and energy dissipation

The force with which the impurity acts on the system is

—/Iw(r) [ V(9:8 (x) d*r = gi(V](r)*)r=o (7.21)

Expanding the wave function into the sum of ¢y and 60 and neglecting terms of order §1)? we
obtain

F:gmo/ik[&/}k (09 _x)"]

&Pk 2 (gipo)? ik (h2k2/2m) Pk
_ / ( (7.22)

(2)3 Rk -V 4i0)2 — BB (BE 4 o)) (27)

where we added an infinitesimal positive imaginary part +:0 to the frequency k - Vaccording to the
usual Landau causality rule. The drag force is obviously directed along to the velocity V. The
integration (ZZ2) can be done by using the formula —— = P21 — ird(x). Due to the integration
between symmetric limits, only the imaginary part Contrlbutes to the integral and the final value is
real.

. th.Q . 3
o ) 2 Zk%(_”‘-) h2k2 [ h2k2 h2k2 n2k2 d’k
F = 2(gi¢v) / N [5<th \/ (B2 2u) )+ ( v 15 (1502 1 0p) 5 (729
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It is convenient to do the integration in spherical coordinates with 9 being angle between k and
V. There is no dependence on the angle ¢ and it can be immediately integrated out

oo T oo 1
/f(k) Pk = // f(k,9)2mk*sin 9 dkdd = //f(k,cos ¥) 27k?dkd(cos V) (7.24)
00 0 -1
The d-function can be further developed

w2 (k2 | 1 (R R
KV + o) | = —— + 2 2
‘5<h v \/2m (zm * ”)) T (Cow th\/2m (2m * “)) (7.25)

The poles in the integration over cosv appear if the square root in the denominator is smaller
than one, which leads to the restriction on the values of momentum which contribute

k| < kmax = 2m(V? — AY2 /R (7.26)

Thus the energy dissipation takes place only if the impurity moves with a speed larger than the
speed of sound.

Let us calculate the projection Fy of the force F to the direction Vof the movement of the
perturbation. It means that we have to multiply formula (ZZ3) on V/V

2m(V2—c?)
h2k? 2 2
oy 1 2 ; 1
FV — (gi¢0)2 2/ om mk=dk _ (gz¢0) m_ (2m(V2 . 62))2
0

RV hEV (27m)3 2nh*V?2 2

Now we can use that square of the unperturbed wave function gives the density ¢ = n and the
coupling constant can be expressed as

2 2
g = (7.27)

m

which can be obtained from the formula (IC88) recalling that the reduced mass is u = m for the
scattering on a quenched impurity.

Finally, we obtain following expression for the projection of the force
Fy = 4mb®mV?3(1 — 2 /V?)? (7.28)

The energy dissipation, E = —F,/V, can be evaluated by measuring the heating of the gas.

For large V the force is proportional to V2. The energy dissipation per unit time can then be
presented as E = —vF with the damping rate v ~ nb?V.

Note in conclusion that our perturbative calculations can not describe processes involving dissi-
pation of energy due to creation of quantized vortex rings. Such a creation is possible at V' < ¢ but
has a small probability for low velocity and for a weak point-like impurity.
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7.3 Low dimensional systems

In this type of experiment the role of the impurity can also be played by a laser beam with small
enough size and intensity. The Fourier components of the perturbed wave function d¢y are given by
the formula ([33), which is derived in an arbitrary number of dimensions. The only difference is in
the substitution of d*k/(27)? with d”k/(27)P in the integrals:

Ry — 29066 / Vs dk (7.29)
Vo) (kv - B2 (W +2me?) (2m)P '

In the expression for the energy (ZI3), the term quadratic in velocity is of a great interest, as the
coefficient in front of V2/2 has physical meaning of an effective mass. We develop further this term:

AE = g9} (7.30)

(HkV)? APk g2d3(2m)*V? / 1 Pk
B (2 g ) 2 (2m)D DhA (k2 + (2mc/h)?)2 (2m)P’

2m

where we used symmetry properties [ f(k)(kV)*dPk = & [ f(k)(kV)*d"k.

7.3.1 Two-dimensional system

There are different possible geometries of the experiment. One can create a two-dimensional per-
turbation in the three-dimensional condensate. Such a two-dimensional impurity can be created,
analogously to the MIT experiment [RKOT99, ORVT0(], by a thin laser beam. Such a beam creates
a cylindrical hole in the condensate, which is stirred by moving the position of the laser beam. An-
other possibility is to fix the position of the laser beam along the long axis of an elongated condensate,
so that the dissipation can be studied by shaking the trap and exciting the breathing modes. The
problem is to create a beam with a diameter which is small with compared to the correlation length.
The theory can be easily generalized for beams of finite diameter. The intensity of the beam can be
tuned to satisfy the condition of a weak perturbation.

The more interesting possibility is the investigation of true two-dimensional condensates, which
can be created in plane optical traps, produced by a standing light wave. If the light intensity is
large enough, tunneling between planes is small and the condensates behave as independent two
dimensional systems. The impurity can again be created by a laser beam perpendicular to the
condensate plane. Another possibility is to use impurity atoms, which can be drive by a laser beam,
with a frequency close to the atomic resonance of the impurity.

We expand the two dimensional differential d?k by its representation in the polar coordinates
d’k = kdkdd = —\/1:(1/@ dcos . The 3D integrate rule ("24) should be substituted by

/ dk/ dk, f (k. ky) _2/ dk/ dcosq9<kf1’izzzs9g> (7.31)

7.3.1.1 Dragg force

Now the projection of the force F onto the direction of motion V is given by the integral ([Z29)

oo 1
2D 429224253 // chosﬁf K2 k dk dcosv (7.32)
Vi V hkV cos1)? hzkz (ﬁzkz +2me?) V1 —cos?d  (2m)? B .

0
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i9:2 0% 1 N 1 k2 dk dcos ¥

ool
AmmV2 0/_[ cos U+ \/(% + 2m02) /2mV?  cost — \/(hﬁf + 2m02) /2mV2 V1 —cos?¥

2

In the following we will introduce a two-dimensional density nop = N/L?. The square of the
unperturbed homogeneous solution equals to it ¢2 = nyp. The integral (Z=32) is different from zero
only if integrand has poles, which means that the velocity V' must be larger than the speed of sound
c. Only momenta smaller than k.. (see eq.(28)) contribute to the integral

kmaa: k

2D ’igz'anp 2mik? dk giznzp e 2omVk? dk
FV - _47r2mV2 212 - 2mmV?2 am2(V2—c2 (733>
b1 (B2 4 ame2) j2mv2 Ve
We recall simple integral equality fo% \/]fz—dfkkz = %%2 and finally have
2
o= 92D (2 o2y (7.34)

RV
In a quasi two-dimensional system, i.e. when the gas is confined in the z-direction by the harmonic
potential mw?2%/2, the two-dimensional coupling constant equals (see [CI22)

oD — h?b

ma,

where a, = \/h/mw, is the oscillator length and b is the three-dimensional scattering length. We
consider here only the mean-field 2D situation. See [PS03],§17 and [PGS04] for a more detail dis-
cussion.

Notice again that our calculations do not take into account creation of vortex pairs which is
possible at V' < c.

7.3.1.2 Effective mass
The energy depending on the velocity contribution is given by an integral (Z30), which can be easily

calculated

_ gi*nap(2m 1 kdk  gi*nopm V?

3v2 [e’¢)
AE?*P (V) = ) / = — 7.36
V) 2R4 o (K24 (2mc/h)?)? (2m)?  Am?h2c? 2 (7.36)
From this result we infer the effective mass
m* = gi*nagpm/ (47*h*c?) (7.37)

7.3.2 One-dimensional system. Mean-field theory
7.3.2.1 Dragg force

In one dimension the integration is straightforward. From (ZZ29) we find

' 2 1 1
po— / ( + ) dk 7.38
h? k+2myV2—c2/h  k—=2myV2—c2/h (7.38)

—00
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The integration over k gives 27 if V' > ¢ and zero otherwise. So, the force is

2
_ 2gi"nipm

1D
F 2 ,

(7.39)
where n;p = N/L is the linear density. In a quasi one dimensional system (i.e. a very elongated
trap or a waveguide) there are no excitations in the radial harmonic confinement and the coupling
constant is obtained from ([C69) keeping in mind that the reduced mass equals to the mass of an
incident particle 4 = m for the scattering on a heavy impurity

h2

mle

9i = — (7.40)

For the non-resonance scattering b;p = —ai/b, where a; = \/h/mw,. The expression of the
force in terms of the scattering length reads as

F'P = 2n,ph? /mb?, (7.41)

An interesting peculiarity is that the result does not depend on the velocity V' (where, of course,
the velocity must be larger than the speed of sound). This phenomenon comes from particular prop-
erties of a d-potential, namely that the Fourier transform of this potential is a constant. Numerical
solutions by Pavloff[Pav(2] for finite-range potentials in 1D show no friction for V' < ¢, maximal
friction for V' > ¢ and smaller friction for V' > ¢, although the constant result (Z1) was found for
the d-potential.

In a 1D system energy dissipation is possible at V' < ¢ due to creation of the “gray solitons” first
considered in [Tsu71]. Non-linear calculations [Hak97] show that the critical velocity for this process
decreases with increasing coupling constant g;.

This theory can be checked in an experiment in a three-dimensional condensate. The impurity
can be presented by a moving light sheet.

7.3.2.2 Effective mass

The energy term (Z=30), which depends on the velocity V can be trivially calculated by using of the

integral equality [ (902—7-#)2 = - arctan £ + The result of the integration is AEP(V) =

x
2a3 2a2(z2+a?)"

g:>nV?

o and the effective mass is given by

m* = g:*nip/2hc>. (7.42)

It can be expressed in terms of the particle-particle a and particle-impurity b scatering lengths
* 1 a)2
m- = V32nipa (3) m

7.3.2.3 Density profile

The wave function of the perturbation, 01, was obtained in the momentum representation and is
given by expression (IZ3). The spatial dependence, d1)(x), is related to 1, by means of the Fourier
transformation. We will find the density profile n(z) = |[¢(x)|>. Within the same level of accuracy,
as in the calculations above, n(x) is given by

n(z) ~ ¢ + do(0¢(x) + 0¥ (2)) (7.43)
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In terms of Fourier components one has di(z) = [ e** g1, 4=

dk

n(z) =mno+ ¢o / R (Sapy, + (5@[)_;9)*)% (7.44)

where we used property of the Fourier transform (0¢*), = (0¢_j)*. Together with (Z3) and ([20)
we obtain a simple expression
4 e dk
M=\ LT | ey e o

—00

(7.45)

There are two cases to be considered separately:

1) The impurity moves with velocity smaller than the speed of sound. We introduce the notation
»x =2mn/c? — V2/h > 0 and note that the integral has form of the inverse Fourier transform
of the Yukawa potential:

et gk exp{—s|z|}
[ wren = (40

Thus, the density perturbation has a form of a bump and decays exponentially fast:

n(z) = no <1 + 26_”|) (7.47)

%le

For a repulsive interaction with the impurity the scattering length is negative b;p < 0 and the
density is suppressed by the presence of the impurity. Instead an attractive interaction byp > 0
leads to an increase in the density.

2) The impurity moves with velocity larger than the speed of sound. In this case we introduce s
in the following way s = 2m+/V?2 — ¢2/h > 0. There are poles appearing in the function in the
integral. We use Landau casuality rule £ — &k + 70 in order to modify the integration contour.

In this case for x > 0 the pole is absent and the integral vanishes. This means that there is no
perturbation in front of the impurity (impurity moves to the right).

Instead for x < 0 the pole is present and the integral is different from zero.

i ek dk  sin sex

so the density profile behind the perturbation is oscillating and corresponds to the wake gen-
erated by the moving impurity

4 .
n(z) = { No (1 + 55, sin %x) z <0 (7.49)
o x>0

The condition of the applicability of the perturbation theory demands the perturbation |n(z)—ny|
be small compared to the unperturbed solution ng. This condition is satisfied if the velocity of the
impurity V is not to close to the speed of sound c.
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7.3.3 One-dimensional system. Bethe-ansatz theory

We saw in the previous subsection that for a weakly interacting impurity the drag force appears
only when the impurity velocity V' is larger than the Landau critical velocity, which is equal to the
velocity of sound c. The situation is, however, different in the Bethe-ansatz Lieb-Liniger theory of
a 1D Bose gas [LL63]. According to this theory excitations in the system actually have a fermionic
nature. Even a low frequency perturbation can create a particle-hole pair with a total momentum
near 2pp = 2hkr = h2wn,p. To calculate the drag force for this case we will use the dynamic form
factor of the system o (w, k) (we follow notation of [LP80], §87). The dissipated energy at 7' = 0 can
be calculated as .

B / % d?ww%a (w0, B) |U (w0, k)2, (7.50)

—o0 0

where U(w, k) = 27g;6(w—FkV') is the Fourier transform of the impurity potentialU (¢, z) = ¢;0(2—Vt).
One has |U (w, k)|* = 27g;2t0(w — kV), where ¢ is ”time of observation”. Thus the energy dissipation
per unit of time is

. . oodk
E=—Fv=_J9Mpl ”“’V / 5k (KV.E). (7.51)
0

™

where Fy is the drag force. We will try to estimate the velocity dependence of Fy, .
For low frequency dissipation the important values of k are near 2kr. According to [NLCCY4|

o (w,2kp) ~ w2 w0, (7.52)
where 1 = % = % > 2 is the characteristic parameter of a 1D Bose gas. In the mean-field
limit when n,p — oo the parameter 7 — oo. In the opposite case of a small density bosons behave as
impenetrable particles (Tonks-Girardeau limit [Gir60]) and the dynamic form-factor coincides with
the one of an ideal Fermi gas. In this limit n = 2.

In the general case one can calculate o (w, k) at small w and k =~ 2kp generalizing the method of
Haldane [Hal&T] for the case of time-dependent correlation functions. Calculations give

o (w, k) = 1D¢ (ﬂ)nf (#) w >0,k >0, (7.53)

w? \ mc?

where k = 2kp + Ak and the function f(x) is

fla)=A(@m) (1—a?)"*" (7.54)

in the interval |z| < 1 and is equal to zero at |z| > 1 (see also [KBI93]). The constant A (n) can be
calculated in two limiting cases: A (n = 2) = m/4 (see [PSU3] §17.3) and A (n) ~ 472/ [(8C)"T? (2)],
where C' = 1.78... is the Euler ’s constant (see Eq. [CI88), for n > 1.

Substituting (753) into (Z21) we finally find velocity dependence of the drag force:

F(%) giQH%D V"
Fy = 2\/_F(y;_1)z4(n) v (n?) (7.55)

Equation ([53) is valid for the condition V < ¢
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Thus in the Tonks-Girardeau strong-interaction limit Fy, ~ V and Bose gas behaves, from the
point of view of friction, as a normal system, where the drag force is proportional to the velocity.
On the contrary, in the mean-field limit the force is very small and the behavior of the system is
analogous to a 3D superfluid. However, even in this limit the presence of the small force makes a
great difference. Let us imagine that our system is twisted into a ring, and that the impurity rotates
around the ring with a small angular velocity. If the system is superfluid in the usual sense of the
word, the superfluid part must stay at rest. Presence of the drag force means that equilibrium will
be reached only when the gas as a whole rotates with the same angular velocity. From this point
of view the superfluid part of the 1D Bose gas is equal to zero even at T = 0. Notice that in an
earlier paper [Son71] the author concluded that ps = p at T = 0 for arbitrary n. We believe that this
difference results from different definitions of ps; and reflects the non-standard nature of the system.

Equation ([C53) is equivalent to a result which was obtained by a different method in [BGBOT],
with a model consisting of an impurity considered as a Josephson junction. Notice that the process of
dissipation, which in the language of fermionic excitations can be described as creation of a particle-
hole pair, corresponds in the mean-field limit to creation of a phonon and a small-energy soliton. It
seems that such a process cannot be described in the mean-field approach in the linear approximation.

Experimental confirmation of these quite non-trivial predictions demands a true one-dimensional
condensate, where non mean-field effects can be sufficiently large. Such condensates have been
investigated for the first time in experiments [SKCT01, GVLF01]. In experiments [GVLT01, SMST04]
condensates have been created in the form of elongated independent "needles” in optical traps,
consisting of two perpendicular standing laser waves. The role of an impurity in this case must be
played by a light sheet, perpendicular to the axis of condensates and moving along them.

Notice also, that application of the additional light waves in this experiments of this type allows
one to create a harmonic perturbation of the form

Ul(t, z) = Uy cos (wt — kz), k =2kp + Ak (7.56)

with small w and Ak. Such potential with was used in [GVLF01, SMST04] for experiments with 1D
condensate in a periodic lattice. However, for a small amplitude U, measurement of the dissipation
energy () gives, according to (Z20), the dynamic form-factor S (w, k) directly.

7.4 Conclusions

We have studied motion of an impurity through the condensate at zero temperature by considering
the perturbation of a stationary solution of the GP equation. We calculated the induced mass
which contributes to the mass of normal component. We find that the motion at small velocities
is dissipationless in one-, two-, and three- dimensional systems, although movement with velocities
larger than the speed of sound leads to a non-zero drag force due to Cherenkov radiation of phonons.
The expressions for the drag force are calculated. We used results for the dynamic form factor of
exact Lieb-Liniger theory to investigate the velocity dependence of the drag force in a 1D system.
The form factor was calculated with the help of the Haldane method of calculations of correlation
functions. The drag force exists at an arbitrarily small velocity of motion, but is very small in the
mean-field limit. The dynamic form-factor can be also directly measured by applying a harmonic
time-dependent perturbation on one-dimensional condensates [GVLT01, SMST04).



Chapter 8

Interacting fermions in highly elongated
harmonic traps

8.1 Introduction

The study of cold quasi one dimensional atomic quantum gases presents a very active area of research.
So far, most of the experimental [GVLF01, SKCT01, GBRM*01, TOHT04, MSKFED3] and theoretical
[O1s98, PSWOU, DLOOT, MS02, GWT0T] investigations have been devoted to quasi-one dimensional
Bose gases and, in particular, to the strongly-interacting Tonks-Girardeau gas, which can be mapped
to a gas of non-interacting fermions [Gir60, OIs98, RTO3]. Quasi-1D two-component atomic Fermi
gases have not been realized experimentally yet; however, their realization in highly-elongated, needle-
shaped traps is within reach of present-day techniques. The behavior of quasi one dimensional two-
component Fermi gases can, if the confinement is chosen properly, be characterized to a very good
approximation by an effective 1D coupling constant, ¢g;p, which encapsulates the interspecies atom-
atom interaction strength. This coupling constant can be tuned to essentially any value, including
zero and oo, by varying the 3d s-wave scattering length asg through application of an external
magnetic field in the proximity of a Feshbach resonance.

The role of interactions in quasi one dimensional atomic Fermi gases has been studied mainly in
REZ703h] investigate the properties of a two-component Fermi gas with repulsive interspecies in-
teractions confined in highly-elongated harmonic traps. In the limit of weak and strong coupling
these authors relate the parameters of the Luttinger Hamiltonian, which describe the low-energy
properties of the gas, to the microscopic parameters of the system. The prospect of realizing Lut-
tinger liquids with cold fermionic atoms is fascinating since it would allow detailed investigations of
strongly correlated many-body systems, which play a central role in condensed matter physics”, to
be conducted.

In homogeneous 1D Fermi gases with attractive interactions, sound waves propagate with a well
defined velocity, while spin waves exhibit a gap [KO75]. Furthermore, in the strong-coupling regime,
the ground state is comprised of bosonic molecules (consisting of two fermions with different spin),
whose spatial size is much smaller than the average intermolecular distance [KO75]. Consequently,
BCS-type equations have been discussed for effectively attractive 1D interactions [CEETO1]. The
quasi one dimensional molecular Bose gas discussed here (see also Ref. [Tok04, FRZ04]) has similar-

1See, e.g., [Voius]
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ities with the formation of a molecular Bose-Einstein condensate (BEC) from a 3d Fermi sea close
to a magnetic atom-atom Feshbach resonance [GRJ03, ZSST03].

This Chapter investigates the properties of inhomogeneous quasi one dimensional two-component
Fermi gases under harmonic confinement with attractive and repulsive interspecies interactions. Our
study is based on the exact equation of state of a homogeneous 1D system of fermions with zero-
range attractive [Gan67, KO73] and repulsive [Yan67] interactions treated within the local density
approximation (Sec. [@). We calculate the energy per particle, the size of the cloud, and the
frequency of the lowest compressional mode as a function of the effective 1D coupling constant,
including infinitely strong attractive and repulsive interactions. Our predictions for the size of the
cloud and for the breathing mode frequency have immediate implications for experimental studies. It
has been shown recently for quasi one dimensional Bose gases [MSKED3| that precise measurements
of collective mode frequencies can provide evidence for beyond mean-field effects. For attractive
interactions we discuss the cross-over from the weak- to the strong-coupling regime and point out
the possibility of forming a mechanically stable molecular Tonks-Girardeau gas.

8.2 Model

Consider a two-component atomic Fermi gas confined in a highly-elongated trap. The fermionic
atoms are assumed to belong to the same atomic species, that is, to have the same mass m, but to be
trapped in different hyperfine states o, where o represents a generalized spin or angular momentum,
o =7 or |. The trapping potential is assumed to be harmonic and axially symmetric,
alg]
Virap = Z ™M (wﬁp? + wzzf) (8.1)
i=1
Here, p; = \/2? + y? and z; denote, respectively, the radial and longitudinal coordinate of the ith
atom; w, and w, denote, respectively, the angular frequency in the radial and longitudinal direction;
and NN denotes the total number of atoms. We require the anisotropy parameter A\, A\ = w,/w,, to be
so small that the transverse motion is “frozen” to zero point oscillations. At zero temperature this
implies that the Fermi energy associated with the longitudinal motion of the atoms in the absence of
interactions, ez = Nhw,/2, is much smaller than the separation between the levels in the transverse
direction, e < fw,. This condition is fulfilled if A < 1/N. The outlined scenario can be realized
experimentally with present-day technology using optical traps.
If the Fermi gas is kinematically in 1D, it can be described by an effective 1D Hamiltonian with
contact interactions,

N
1
H = Nhw, + H{p, + ) Emwgz?, (8.2)
=1
where .
R L 92 LR
0 __ .
HlD——%;a—Z?+g1D;;5(ZZ Z]) (83)

and N = N; + N;. This effective Hamiltonian accounts for the interspecies atom-atom interactions,
which are parameterized by the 3d s-wave scattering length as4, through the effective 1D coupling
constant g;p [OIs9R, BMOO3],

2h2a3d 1

2 _ )
ma? 1 — Aaza/a,

9ip = (8.4)



8.3. HOMOGENEQOUS SYSTEM 145

—
g [
© )
— |
afr T
i .'
Sl ! 1
= /
’
S b 1d R4 B
Q | e e ="
o [~ | Le====-- —
0 -
!
2k ! 9, i
| /’-’———
4 1 1 1 I 1 1

Figure 8.1: Effective 1D coupling constant gip [solid line, Eq. B4, together with effective 1D scat-
tering length a;p [dashed line, Eq. BH] as a function of asy.

but neglects the typically much weaker p-wave interactions. In Eq. B4, a, = \/h/mw, is the char-
acteristic oscillator length in the transverse direction and A = |((1/2)|/v/2 ~ 1.0326. Alternatively,

gip can be expressed through the effective 1D scattering length aip, g1p = —2h?/(maip), where
aip = —a, (ﬁ - A) (8.5)
a3q

Figure BT shows ¢g,p and a;p as a

function of the 3d s-wave scattering length asy, which can be varied continuously by application
of an external field. The effective 1D interaction is repulsive, g1p > 0, for 0 < azqy < a§; (a5, =
0.9684a,), and attractive, g1p < 0, for agq > a§; and for asy < 0. By varying asq, it is possible to
go adiabatically from the weakly-interacting regime (g;p ~ 0) to the strongly-interacting repulsive
regime (g1p — +00 or asg S a$y), as well as from the weakly-interacting regime to the strongly-
interacting attractive regime (g1p — —00 or asq 2 agd)”

For two fermions with different spin the Hamiltonian HY,,, Eq. B33, supports one bound state with
binding energy €pouna = —h*/(ma?p) and spatial extent ~ a;p for g;p < 0, and no bound state for
g1p > 0, that is, the molecular state becomes exceedingly weakly-bound and spatially-delocalized as
gip — 07 [OIs98, BMOO3]. In the following we investigate the properties of a gas with N fermions,
Ny = Ny, for both effectively attractive and repulsive 1D interactions with and without longitudinal
confinement.

8.3 Homogeneous system

Consider the Hamiltonian HY,, Eq. B3, which describes a homogeneous 1D two-component Fermi
gas. The ground state energy FEj,, of H{p has been calculated exactly using Bethe’s ansatz for
attractive [Gan67] and repulsive [Yan67] interactions, and can be expressed in terms of the linear
number density n;p = N/L, where L is the size of the system,

Ehom hQTL%D

2Note that Eqs. [EI-E3 are valid only if the condition |aip| > a3n?,, is satisfied [OIsUg].
p'“1D
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Figure 8.2: Ejon /N (solid line), pinom (dashed line) and ¢ (inset) for a homogeneous two-component
1D Fermi gas as a function of « (horizontal arrows indicate the asymptotic values of Epom /N, fihom
and ¢, respectively).

The dimensionless parameter v is proportional to the coupling constant gip, v = mgip/(h*nip),
while its absolute value is inversely proportional to the 1D gas parameter niplaipl, |v| = 2/n1plaip|.
The function e() is obtained by solving a set of integral equations®, which is similar to that derived
by Lieb and Liniger [LL63] for 1D bosons with repulsive contact interactions. To obtain the energy
per particle, Eq. B8, we solve these integral equations for v < 0 [Gau67] and for v > 0 [Yan67].

Figure B2 shows the energy per particle, Ej,,, /N (solid line), the chemical potential pipom, fhom =
dEhom/dN (dashed line), and the velocity of sound ¢ (inset), which is obtained from the inverse
compressibility mc? = nypOunom/Onip, as a function of the interaction strength . In the weak
coupling limit, || < 1, fthom is given by

o T Iy iy
om 4  2m 2m

- (8.7)

where the first term on the right hand side is the energy of an ideal two-component atomic Fermi
gas, and the second term is the mean-field energy, which accounts for interactions. The chemical
potential increases with increasing 7, and reaches an asymptotic value for v — oo (indicated by a
horizontal arrow in Fig. B2),

, h2nip B 16721n(2) A?n?, L

2m 3y 2m

MHhom = T (88)
The first term on the right hand side coincides with the chemical potential of a one-component
ideal 1D Fermi gas with N atoms, the second term has been calculated in [REZZ033]. Interestingly,
for v > 1, the strong atom-atom repulsion between atoms with different spin plays the role of an
effective Pauli principle [REZ703a, REZZ03H].

For attractive interactions and large enough |y| the energy per particle is negative (see Fig. B2),
reflecting the existence of a molecular Bose gas, which consists of N/2 diatomic molecules with
binding energy €pounqd- Each molecule is comprised of two atoms with different spin. In the limit

3Details on the numerical solution of the integral equations and a table for the function e(vy) can be downloaded
from http://www.science.unitn.it/~astra/1Dfermions/.
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Figure 8.3: Energy per particle, E/N — hw, (solid lines), and size of the cloud, R (dashed lines), for
an inhomogeneous two component 1D Fermi gas as a function of Na?,/a? for repulsive (g;p > 0)
and attractive (g;p < 0) interactions.

v — —o0, the chemical potential becomes

2 2 32,2 2 52,2
I m hnip  m Ry,

_2ma%D+E 2m 12y 2m

Hhom = (89>

The first term is simply €pouna/2, one half of the binding energy of the 1D molecule, while the second
term is equal to half of the chemical potential of a bosonic Tonks-Girardeau gas with density nqp/2,
consisting of N/2 molecules with mass 2m®. Importantly, the compressibility remains positive for
v — —oo [a horizontal arrow in the inset of Fig. B2 indicates the asymptotic value of ¢, ¢ =
whnip/(4m)], which implies that two-component 1D Fermi gases are mechanically stable even in the
strongly-attractive regime. In contrast, the ground state of 1D Bose gases with ¢;p < 0 has negative
compressibility [McG64] and is hence mechanically unstable.

8.4 Trapped system

Using the solutions for the homogeneous two-component 1D Fermi gas, we now describe the inhomo-
geneous gas, Eq. B2, within the LDA [DLO0OT, MS02, REZZ03a]. This approximation is applicable if
the size R of the cloud is much larger than the harmonic oscillator length a, in the longitudinal direc-
tion, a, = \/h/mw,, implying er > hw, and N > 1. The chemical potential p of the inhomogeneous
system can be determined from the local equilibrium condition,

1
p= thom|n1p(2)] + imwiz), (8.10)
and the normalization condition N = f_RR n1p(z)dz, where z is measured from the center of the trap,

R = /21 /(mw?), and ¢/ = p for ¢1p > 0 and ' = p + |€pounal/2 for g1p < 0. The normalization
condition can be reexpressed in terms of the dimensionless chemical potential ji and the dimensionless

4The coefficient and sign of the third term on the right hand side of Eq. B9 differ from Eq. A7 in Ref. [CEEFQ1).
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density nyp [ii = p'/(h*/2ma?p) and nyp = |aip|nipl,

N“%—QD = /“ (A=), (8.11)
a; 0 \/E

This expression emphasizes that the coupling strength is determined by Na?,/a?; Naip/a? > 1
corresponds to the weak coupling and Na?,/a? < 1 to the strong coupling regime, irrespective of
whether the interactions are attractive or repulsive [MS02].

Figure B3 shows the energy per particle E//N and the size R of the cloud as a function of the
coupling strength Na?,/a? for positive and negative g;p calculated within the LDA for an inhomo-
geneous two-component 1D Fermi gas. Compared to the non-interacting gas, for which R = v/Na.,
R increases for repulsive interactions and decreases for attractive interactions. For Nai,/a? < 1, R
reaches the asymptotic value v2Na, for the strongly repulsive regime, g;p — +00, and the value
V' N/2a, for the strongly attractive regime, g;p — —oo. The shrinking of the cloud for attractive
interactions reflects the formation of tightly bound molecules. In the limit g;p — —oo, the energy
per particle approaches €pouna/2 + Nhw,/8 + hw,, indicating the formation of a molecular bosonic
Tonks-Girardeau gas, consisting of N/2 molecules. The size of the cloud shrinks from R = Vv2Na, in
the strongly repulsive regime (Na?,/a? < 1 and g;p > 0) to R = /N /2a, in the strongly attractive
regime (Na?,/a?> < 1 and g;p < 0). We also notice that, similarly to the homogeneous case, for
large attractive interactions the energy per particle approaches the molecular binding energy €pound-

Using a sum rule approach, the frequency w of the lowest compressional (breathing) mode of
harmonically trapped 1D gases can be calculated from the mean-square size of the cloud (z?) [MS0O2],

2 (%)

In the weak and strong coupling regime (Na3, /a2 > 1 and < 1, respectively), (2?) has the same
dependence on w, as the ideal 1D Fermi gas. Consequently, w is in these limits given by 2w.,
irrespective of whether the interaction is repulsive or attractive. Solid lines in Fig. B3 show w?,
determined numerically from Eq. BT2, as a function of the interaction strength Na?p,/a?. A non-
trivial behavior of w? as a function of Na2p,/a? is visible. To gain further insight, we calculate the
first correction dw to the breathing mode frequency w [w = 2w,(1 4+ dw/w, + ---)] analytically for
weak repulsive and attractive interactions, as well as for strong repulsive and attractive interactions.
For the weak coupling regime, we find dw/w, = +(4/372)/(Na2,/a%)*/?, where the minus sign
applies to repulsive interactions and the plus sign to attractive interactions. For the strong coupling
regime, we find dw/w, = —[16v/21n(2)/157%|(Na?,/a?)'/? for repulsive interactions and dw/w, =
(8v/2/1572)(Na?p, /a?)'/? for attractive interactions (see Table 1.1).Dashed lines in Fig. B2 show the
resulting analytic expansions for w?, which describe the lowest breathing mode frequency quite well
over a fairly large range of interaction strengths but break down for Na?,/a? ~ 1.

8.5 Conclusions

In conclusion, we have investigated the cross-over from weak to strong coupling of quasi one dimen-
sional harmonically trapped two-component Fermi gases with both repulsive and attractive effective
interactions. The frequency of the lowest breathing mode, which can provide an experimental signa-
ture of the cross-over, is calculated. We predict the existence of a stable molecular Tonks-Girardeau
gas in the strongly attractive regime.
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Figure 8.4: Square of the lowest breathing mode frequency, w?, as a function of the coupling strength
Na?,,/a? for an inhomogeneous two-component 1D Fermi gas with repulsive (g1p > 0) and attractive
(g1p < 0) interactions determined numerically from Eq. BT2 (solid lines). Dashed lines show analytic
expansions.
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Chapter 9

BEC-BCS crossover

9.1 Introduction

Recent experiments on two-component ultracold atomic Fermi gases near a Feshbach resonance have
opened the possibility of investigating the crossover from a Bose-Einstein condensate (BEC) to a
Bardeen-Cooper-Schrieffer (BCS) superfluid. In these systems the strength of the interaction can be
varied over a very wide range by magnetically tuning the two-body scattering amplitude. For positive
values of the s-wave scattering length a, atoms with different spins are observed to pair into bound
molecules which, at low enough temperature, form a Bose condensate [IBAT03, GRI03, ZSST03].
The molecular BEC state is adiabatically converted into an ultracold Fermi gas with a < 0 and
krla| < 1 [BART04a, BKCT04], where standard BCS theory is expected to apply. In the crossover
region the value of |a| can be orders of magnitude larger than the inverse Fermi wave vector k' and
one enters a new strongly-correlated regime known as unitary limit [OHGT02, BART04h BKCT04].
In dilute systems, for which the effective range of the interaction Ry is much smaller than the mean
interparticle distance, kpRy < 1, the unitary regime is believed to be universal [Hei(l, Brn04,
PCHKO4, DHO4]. In this regime, the only relevant energy scale should be given by the energy of the
noninteracting Fermi gas,

_ 3 Pk
LTI

The unitary regime presents a challenge for many-body theoretical approaches because there is
not any obvious small parameter to construct a well-posed theory. The first theoretical studies of the
BEC-BCS crossover at zero temperature are based on the mean-field BCS equations [Leg80, NSRRH,
ERAMA7]. More sophisticated approaches take into account the effects of fluctuations [PS00, PPS04],
or include explicitly the bosonic molecular field [HKCWOT, OGO3]. These theories provide a correct
description in the deep BCS regime, but are only qualitatively correct in the unitary limit and in the
BEC region. In particular, in the BEC regime the dimer-dimer scattering length has been calculated
exactly from the solution of the four-body problem, yielding a,, = 0.6a [PSS04]. Available results
for the equation of state in this regime do not describe correctly the repulsive molecule-molecule
interactions [HMV04].

Quantum Monte Carlo techniques are the best suited tools for treating strongly-correlated sys-
tems. These methods have already been applied to ultracold degenerate Fermi gases in a recent
work by Carlson et al. [CCPS03]. In this study the energy per particle of a dilute Fermi gas in the
unitary limit is calculated with the fixed-node Green’s function Monte Carlo method (FN-GFMC)

(9.1)
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have extended the FN-GFMC calculations to investigate the equation of state in the BCS and BEC
regimes. Their results in the BEC limit are compatible with a repulsive molecular gas, but the
equation of state has not been extracted with enough precision.

In the present Chapter, we report results for the equation of state of a Fermi gas in the BEC-
BCS crossover region using the fixed-node diffusion Monte Carlo method (FN-DMC). The interaction
strength is varied over a very broad range from —6 < —1/kpa < 6, including the unitary limit and
the deep BEC and BCS regimes. In the unitary and in the BCS limit we find agreement, respectively,
with the results of Ref. [CCPS03] and with the known perturbation expansion of a weakly attractive
Fermi gas [HY57, LY57]. In the BEC regime, we find a gas of molecules whose repulsive interactions
are well described by the dimer-dimer scattering length a,, = 0.6a. Results for the pair correlation
functions of parallel and antiparallel spins are reported in the various regimes. In the BEC regime we
find agreement with the pair correlation function of composite bosons calculated using the Bogoliubov
approximation.

9.2 Model

The homogeneous two-component Fermi gas is described by the Hamiltonian

PR ol ol o I SN (9.2)

where m denotes the mass of the particles, i, j, ... and 7, j’, ... label, respectively, spin-up and spin-
down particles and Ny = N| = N/2, N being the total number of atoms. We model the interspecies
interatomic interactions using an attractive square-well potential: V(r) = —Vj for r < Ry, and
V(r) = 0 otherwise. In order to ensure that the mean interparticle distance is much larger than the
range of the potential we use nR3 = 107, where n = k% /(37?) is the gas number density. By varying
the depth Vj of the potential one can change the value of the s-wave scattering length, which for this
potential is given by a = Ry[1 —tan(KyRy)/(KoRp)], where K2 = mVy/h*. We vary K, is the range:
0 < Ko <7/Ry. For KoRy < /2 the potential does not support a two-body bound state and a < 0.
For KoRy > 7/2, instead, the scattering length is positive, a > 0, and a molecular state appears whose
binding energy e, is determined by the trascendental equation +/|e;|m/h2Ry tan(K Ry) /(K Ry) = —1,
where K2 = K2 — |ey|m/h?. The value Ky = 7/(2R;) corresponds to the unitary limit where |a| = co
and ¢, = 0.

In the present study we resort to the Fixed Node Monte Carlo technique described in Sec. PZ4.
We make use of the following trial wave functions. A BCS wave function

Ypes(R) = A (¢(r11)p(raz)...0(rn,N,)) (9.3)

and a Jastrow-Slater (JS) wave function

¢J5(R) _ H@(Tiz") [Aneika.ri] [Aneika.ri’] , (94)

where A is the antisymmetrizer operator ensuring the correct antisymmetric properties under particle
exchange. In the JS wave function, Eq. (E4), the plane wave orbitals have wave vectors k, =
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27 ) L(Loud + Loy + Laz2), where L is the size of the periodic cubic box fixed by nL? = N, and ¢ are
integer numbers. The correlation functions ¢(r) and ¢(r) in Egs. (83)-(84) are constructed from
solutions of the two-body Schrodinger equation with the square-well potential V'(r). In particular,
in the region a > 0 we take for the function ¢(r) the bound-state solution ¢,s(r) with energy
€, and in the region a < 0 the unbound-state solution corresponding to zero scattering energy:
Ous(r) = (Ro — a) sin(Kor)/[rsin(KoRy)] for r < Ry and ¢,s(r) = 1 —a/r for r > Ry. In the unitary
limit, |a| — 00, gps(1) = Gus(r).

The JS wave function 1,5, Eq. (E4), is used only in the region of negative scattering length,
a < 0, with a Jastrow factor p(r) = ¢,,(r) for r < R. In order to reduce possible size effects due
to the long range tail of ¢,s(r), we have used ¢(r) = C; + Cyexp(—ar) for r > R, with R < L/2
a matching point. The coefficients C; and Cy are fixed by the continuity condition for ¢(r) and its
first derivative at 7 = R, whereas the parameter o > 0 is chosen in such a way that (1) goes rapidly
to a constant. Residual size effects have been finally determined carrying out calculations with an
increasing number of particles N = 14, 38, and 66. In the inset of Fig. B we show the dependence
of the energy per particle £/N on N in the unitary limit. Similar studies carried out in the BEC
and BCS regime show that the value N = 66 is optimal since finite-size corrections in the energy
are below the reported statistical error in the whole BEC-BCS crossover. We have also checked that
effects due to the finite range R, of the potential are negligible.
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Figure 9.1: Energy per particle in the BEC-BCS crossover. Solid symbols refer to results obtained
with the trial wave function ¥ gcg, open symbols refer to the ones obtained with ;5. The red dot-
dashed line is the expansion (€3) holding in the BCS region and the blue dotted line corresponds to
the binding energy €,/2. Inset: finite size effects in the unitary limit —1/kpa = 0.
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9.3 Results

The FN-DMC energies for N = 66 atoms and the potential V(r) with nRj = 107% are shown
in Fig. @1 and in Table 83 as a function of the interaction parameter —1/kpa. The numerical
simulations are carried out both with the BCS wave function, Eq. (83), and with the JS wave
function, Eq. (84). For —1/kra > 0.4 we find that ;¢ gives lower energies, whereas for smaller
values of —1/kpa, including the unitary limit and the BEC region, the function tgcg is preferable.
This behavior reflects the level of accuracy of the variational ansatz for the nodal structure of the
trial wave function. We believe that in the intersection region, —1/kra ~ 0.4, both wave functions
Yres and ;¢ give a poorer description of the exact nodal structure of the state, resulting in a
less accurate estimate of the energy. In the BCS region, —1/kra > 1, our results for £/N are in
agreement with the perturbation expansion of a weakly attractive Fermi gas” [HY57, LY57]

E 10 4(11 — 2log 2) )
Newo 1+ gﬁkpa + 512 (kpa)”+ ... (9.5)
| —1/kpa| E/N | /2 [E/N—e&/2]|

6 | -73.170(2) | -73.1804 | 0.010(2)
4| -30.336(2) | -30.3486 | 0.013(2

)

-2 7.071(2) | -7.1018 | 0.031(2)
-1 -1.649(3) | -1.7196 | 0.071(3)
0.4 | -0.087(6) | -0.2700 | 0.183(6)
0.2 | 0.223(1) | -0.0671 | 0.29(1)
0 0.42(1) 0 0.42(1)
0.2 0.62(3) 0 0.62(3)
0.4 0.72(3) 0 0.72(3)
1 0.79(2) 0 0.79(2)
2 0.87(1) 0 0.87(1)
4 0.92(1) 0 0.92(1)
6 0.94(1) 0 0.94(1)

Table 9.1: Energy per particle and binding energy in the BEC-BCS crossover (energies are in units
of € Fg).

In the unitary limit we find E/N = fepq, with € = 0.42(1). This result is compatible with the
findings of Refs. [CCPS03, CPCS04] obtained using a different trial wave function which includes
both Jastrow and BCS correlations. The value of the parameter f = & — 1 has been measured in
experiments with trapped Fermi gases [OHGT02, BART04H, BKCT04], but the precision is too low to
make stringent comparisons with theoretical predictions. In the region of positive scattering length
E/N decreases by decreasing kra. At approximately —1/kpa ~ —0.3, the energy becomes negative,
and by further decreasing kra it rapidly approaches the binding energy per particle ¢,/2 indicating
the formation of bound molecules [CPCS04]. The results with the binding energy subtracted from
E/N are shown in Fig. @2. In the BEC region, —1/kra < —1, we find that the FN-DMC energies

Note that for kp|a| < 1 the nonanalytic correction to the ground-state energy due to the superfluid gap is
exponentially small.
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agree with the equation of state of a repulsive gas of molecules

E/N —e/2 5 128 ,
= kra, |1+ kran, 24 . , 9.6
€FG 187 15\/6#3( i) (9:6)

where the first term corresponds to the mean-field energy of a gas of molecules of mass 2m and
density n/2 interacting with the positive molecule-molecule scattering length a,,, and the second
term corresponds to the first beyond mean-field correction [LHY57|. If for a,, we use the value
calculated by Petrov et al. [PSS04] a,, = 0.6a, we obtain the curves shown in Fig. B2. If, instead,
we use a,, as a fitting parameter to our FN-DMC results in the region —1/krpa < —1, we obtain the
value a,,/a = 0.62(1). From a best fit to the equation of state we calculate the chemical potential
pu = dE/dN and the inverse compressibility mc? = ndu/On, where c is the speed of sound. The
results in units of the Fermi energy pur = h?k%/2m and of the Fermi velocity vy = hkp/m are shown
in Fig. 3. A detailed knowledge of the equation of state of the homogeneous system is important
for the determination of the frequencies of collective modes in trapped systems [Str04], which have
been recently measured in the BEC-BCS crossover regime [KTT04, KHGF04, BART04al].
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Figure 9.2: Energy per particle in the BEC-BCS crossover with the binding energy subtracted from
E/N. Solid symbols: results with 1)gcs, open symbols: results with ;5. The red dot-dashed line
is as in Fig. @1 and the blue dashed line corresponds to the expansion (E8) holding in the BEC
regime. Inset: enlarged view of the BEC regime —1/krpa < —1. The solid blue line corresponds to
the mean-field energy [first term in the expansion (88)], the dashed blue line includes the beyond
mean-field correction Eq. I8).

In Fig. @4 we show the results for the pair correlation function of parallel, ggT(r), and antiparallel
spins, ¢gi*(r). For parallel spins, ggT(r) must vanish at short distances due to the Pauli principle.
In the BCS regime the effect of pairing is negligible and ggT(r) coincides with the prediction of a
noninteracting Fermi gas g3 (r) = 1 — 9/ (kpr)*[sin(kpr) /kpr — cos(kpr)]?. This result continues to
hold in the case —1/krpa = 0, where it is consistent with the picture of a gas in the unitary regime as a
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Figure 9.3: Chemical potential p (red solid line) and square of the speed of sound ¢? (blue long
dashed line) in the BEC-BCS crossover calculated from a best fit to the equation of state. The
blue short-dashed line and the blue dotted line correspond to ¢? calculated respectively from the
expansion (A3) and (FH).

noninteracting Fermi gas with effective mass m* = m/¢. In the BEC regime the static structure factor
S(k) of composite bosons can be estimated using the Bogoliubov result: S(k) = h*k*/[2Mw(k)],
where w(k) = (R*k*/4M? + gn,,h?k*/M)'/? is the Bogoliubov dispersion relation for particles with
mass M = 2m, density n,, = n/2 and coupling constant g = 4rwh%a,,/M. The pair distribution
function g»(r) of composite bosons, obtained through g(r) = 1+ 2/N >, [S(k) — 1]e™™7 using
the value a,, = 0.6a, is shown in Fig. 04 for —1/kra = —4 and compared with the FN-DMC
result. For large distances r > a,,, where Bogoliubov approximation is expected to hold, we find a
remarkable agreement. This result is consistent with the equation of state in the BEC regime and
shows that structural properties of the ground state of composite bosons are described correctly in our
approach. For antiparallel spins, ggi(r) exhibits a large peak at short distances due to the attractive
interaction. In the BEC regime the short range behavior is well described by the exponential decay
git(r) o exp(=2r+/|ey|m/h) /r? fixed by the molecular wave function ¢y (r). In the unitary regime
correlations extend over a considerably larger range compared to the tightly bound BEC regime.
In the BCS regime the range of ggi(r) is much larger than k' and is determined by the coherence
length & = h?kr/(mA), where A is the gap parameter. In this regime the wave function we use
does not account for pairing and is inadequate to investigate the behavior of gi*(r).

9.4 Conclusions
In conclusion, we have carried out a detailed study of the equation of state of a Fermi gas in the

BEC-BCS crossover using FN-DMC techniques. In the BCS regime and in the unitary limit our
results are in agreement with known perturbation expansions and with previous FN-GFMC cal-
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Figure 9.4: Pair correlation function of parallel, g}’ (r), and (inset) of antiparallel spins, gi*(r), for
—1/krpa = 0 (unitary limit), —1/kpa = —4 (BEC regime), —1/krpa = 4 (BCS regime) and for a
noninteracting Fermi gas (FG). The dot-dashed line corresponds to the pair correlation function of
a Bose gas with a,, = 0.6a and —1/kra = —4 calculated using the Bogoliubov approximation.

of a gas of composite bosons with repulsive effective interactions which are well described by the
molecule-molecule scattering length a,, = 0.6a recently calculated in Ref. [PSS04].
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Conclusions

This Dissertation presents results of a thorough study of ultracold bosonic and fermionic gases
in three-dimensional and quasi-one-dimensional systems. Although the analyses are carried out
within various theoretical frameworks (Gross-Pitaevskii, Bethe ansatz, local density approximation,
etc.) the main tool of the study is the Quantum Monte Carlo method in different modifications
(variational MC, diffusion MC, fixed-node MC). We benchmark our Monte Carlo calculations by
recovering known analytical results (perturbative theories in dilute limits, exactly solvable models,
etc.) and extend calculations to regimes, where the results are so far unknown. In particular we
calculate the equation of state and correlation functions for gases in various geometries and with
various interatomic interactions.

The main novel results can be summarized as follows.

We present exact Quantum Monte Carlo results of the ground-state energy and structure of a
Bose gas confined in highly anisotropic harmonic traps. Starting from a 3D Hamiltonian, where
interparticle interactions are modeled by a hard-sphere or a soft-sphere potentials, we show that the
system exhibits striking features due to particle correlations. By reducing the anisotropy parameter
A, while the number of particles N and the ratio a/a, of scattering to transverse oscillator length are
kept fixed, the system crosses from a regime where Gross-Pitaevskii mean-field theory applies to a
regime which is well described by the 1D Lieb-Liniger equation of state in local density approximation.
In the cross-over region both theories fail and one must resort to exact methods to account properly
for both finite size effects and residual 3D effects. For very small values of A we find clear evidence,
both in the energy per particle and in the longitudinal size of the cloud, of the fermionization of the
system in the Tonks-Girardeau regime.

We use different methods for studying the resonant scattering of a Bose gas in a highly elongated
trap, when the system enters a quasi one dimensional regime. We make a fully three dimensional
calculation of the lowest-lying gas-like state of the many body system using a microscopic Fixed-Node
Monte Carlo method. In order to prove the presence of the confined induced resonance predicted
by Olshanii in a many-body system we make a full microscopic one-dimensional calculation for
contact interactions with renormalized coupling constant g;p. The resulting energies are in excellent
agreement. This agreement proves that a properly chosen many-body 1D Hamiltonian describes well
3D Bose gases in the quasi-one dimensional regime. We consider the Lieb-Liniger and the hard-rod
equation of state of a 1D system treated within the local density approximation, which is expected
to be correct for large number of particles. Our detailed microscopic studies suggest that these
LDA treatments provide a good description of quasi-1D Bose gases. In particular, we suggest a
simple treatment of 1D systems with negative g;p using the hard-rod equation of state. We address
the question of stability of an inhomogeneous gas in this regime utilizing a variational many-body
framework. We find that the lowest-lying gas-like state is stable for negative coupling constants, up
to a minimum critical value of |g;p|. Our numerical results suggest that the stability condition can
be expressed as nipaip >~ 0.35.
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Properties of the Lieb-Liniger gas are investigated in details. We calculate for the first time
the behaviour of correlation functions in a wide range of the characteristic parameter na,p covering
Gross-Pitaevskii and Tonks-Girardeau regimes. We obtain the one-body density matrix g;(z) and
pair distribution function go(z) for all densities. In particular we investigate the nontrivial regime
naip =~ 1 which is relevant for current experiments. We study the dependence of the value at
zero of the three-body correlation function g3(0) on the gas parameter na;p and compare it with
experimental results obtained at NIST[TOHT04]. We find agreement between theory and experiment.
We extract the momentum distribution n(k) and static structure factor S(k) for all densities. We
discuss how the presence of a harmonic trapping modifies the properties of the system. Using the
Haldane approach for one-dimensional liquids we calculate the asymptotic behaviour of the one-
body density matrix, density-density correlation function, dynamic form factor. In particular a
direct comparison with the DMC calculation shows that the accuracy of the obtained coefficient of
the one-body density matrix decay is better than 0.3% in the whole range of densities.

We propose a novel technique of creating a metastable gas-like state of attractive bosons by
crossing a confinement induced resonance. Such a gas has correlations even stronger than in the
Tonks-Girardeau regime where the coupling constant is very large gp — co. We calculate the equa-
tion of state in this “super-Tonks” regime using the Variational Monte Carlo method and estimate
the critical density for the onset of instability against cluster formation. The static structure factor
and one-body density matrix are calculated exactly within the hard-rod model, which provides the
correct description of the system for small values of the gas parameter. For harmonically trapped
systems we provide explicit predictions for the frequency of the lowest compressional mode.

We have studied the motion of an impurity through the condensate at zero temperature by solving
the Gross-Pitaevskii equation in a perturbative way. We calculated the energy of a slow impurity.
We find that the V' = 0 energy agrees with Bogoliubov theory, the velocity contribution can be
written as m*V?/2, where the effective mass m* contributes to the mass of the normal component.
We find that the motion at small velocities is dissipationless in one-, two-, and three- dimensional
systems, although motion with velocities larger than the speed of sound leads to a non-zero drag
force due to Cherenkov radiation of phonons. The expressions for the drag force are calculated. We
used results for the dynamic form factor of the exact Lieb-Liniger theory to investigate the velocity
dependence of the drag force in a 1D system. The form factor is calculated with the help of the
Haldane method[Hal&T]. The drag force exists for arbitrarily small velocity of motion, but is very
small in the mean-field limit.

We considered a quasi-one-dimensional system of two component Fermi gas with contact potential
between fermions of different spins. We have investigated the cross-over from weak to strong coupling
of harmonically trapped gases with both repulsive and attractive effective interactions. The frequency
of the lowest breathing mode, which can provide an experimental signature of the cross-over, is
calculated. We predict the existence of a stable molecular Tonks-Girardeau gas in the strongly
attractive regime. We obtain description of trapped one- and three- dimensional gas in the local
density approximation for a perturbative equation of state. Obtained predictions for the frequencies
of the lowest breathing mode are compared with numerical solutions.

We have carried out a detailed study of the equation of state of a Fermi gas in the BEC-BCS
crossover using Fixed Node Monte Carlo techniques. In the BCS regime and in the unitary limit our
results are in agreement with known perturbation expansions and with previous Fixed Node Green
Function MC calculations [CCPS03, CPCS04]. In the BEC regime, in our many body calculation
we recover the equation of state of a gas of composite bosons with repulsive effective interactions
which are well described by the molecule-molecule scattering length a,, = 0.6a recently calculated in
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Ref. [PSS04].

The results obtained in this dissertation are relevant for present and future experiments. We make
direct comparison the three-body loss rate of a 1D Bose system measured in experiments[TOHT04]
finding good agreement. The equation of state obtained here for the BEC-BCS crossover in a two
component Fermi gase can be used to determine frequencies of collective modes, which have been
recently measured in experiments[ BART04a] KHGT04, KTT04]. It is important to note that the
methods of obtaining quasi-one-dimensional cigar-shaped systems have been developed considerably
in the last years and it is expected that many more experiments on low-dimensional systems will
appear soon. Another important point is that the strength of interactions can be tuned in a controlled
way through the application of an external magnetic field in the proximity of a Feshbach resonance.
Strengths of interaction in quasi-one-dimensional systems can be controlled by means of confinement
induced resonance. This allows to hope that many new properties of low-dimensional quantum
systems will be measured soon and compared to theoretical predictions.
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Appendix A

Bethe ansatz solutions

In this Section the integral equations of exactly solvable bosonic and fermionic one-dimensional
models are presented. The equations were derived by using Bethe ansatz method (see, for example,
book [Gang&3]).

A.1 Lieb-Liniger equations

A gas of repulsive bosons interacting via d-potential in one-dimensional system is described by the
Hamiltonian (B) with the relation between the coupling constant ¢;p and the scattering length a;p
given by (IBY). It was shown by Lieb and Liniger [LL63] that the ground state energy can be found

from the solution of the integral equation (see for example, [LLG3, DLOOT]):
1
1 20p(5)  dx

k) — — 22 Al
pk) 27r+/)\2+(k‘—%)227r (A1)

-1

Normalization of the function p(k) is related to the density n|a;pl:
2 A
" nfap| L 2
J k) d,

here we use parameter v which is often introduced for solving the Bethe equations and is inversely
proportional to the density.
The energy per particle E/N = n?e(n|a;p|)h*/2m is obtained from integral

e(nlaro) = 1 / K2 (k) di (A.3)

The procedure of solving the integral equations can be following:

1. Fix some value of A

2. Obtain p(k) from (A)

3. Obtain density n|aip| from (A=)
4. Obtain energy e(n|aip|) from (A=3)
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A.2 Attractive Fermi gas

The Hamiltonain of a two-component fermi gas reads as follows:

. h2n? 1 02 gipm N
H = m [_258250 + h2n ;5(217¢ — Zj,i) (A4)

In following we will express all energies in units of A?n?/2m and all distances in units of |a;p|.
Let us introduce notation v = —%2= > 0.
The integral equation for the equation of state is (see [KO7H] with notation v = u/2, p = 0/2):

o) = - / % = (A.5)

The normalization condition is written as
K
naip = / p(k) dk (A.6)
°K

Once the density p(k) is known, the energy can be written as

/ka ) dk — —2 (A.7)

A.3 Repulsive Fermi gas

This Hamiltonain can be solved for an arbitrary number of particles spin up Ny and spins down N.
The corresponding integral equations are (y = 42> > 0)[Yan67]:

B
2vo (3¢ P 4 »
0<k) = - f 2—:]@ 2{2 62l7r + f 2+Z€)kgy%)2 gﬂ'
B (A8)
dyo (s P
p<k) = 1+ f 2 +1(k )%)2 62lrr

The limit B — oo correspond to N| = N;. In this limit one can simplify further the system of
integral equations by introducing a Fourier transformation (see also discrete lattice model [Col74]):

o(z) = / e‘ikma(k:)% (A.9)

o(k) = / e* o (x) dr (A.10)



A.3. REPULSIVE FERMI GAS 175

By multiplying first equation from (A=) by e~ % /27 and integrating over k one obtains expression
for the o(z)™

Q
1 e dk
o(x) = — [ e plk)— A1l
(x) 2m%/ (k)5 (A1)

Setting z = 0 one immediately sees that number of spin-down particles is half of the total number
of particles [ o(k)dk =1 [ p(k) dk.

Inserting (A-T0) into second equation from (A=), taking into account formula (AT and carrying
out two integrations one obtains the integral equation involving only p(x)

Q
1 d»
k)= — K(k — — A2
k) = 5=+ [ Kk = 5)0(50) 57 (A12)
-Q
where the kernel is
K(€) 27 CosET (A.13)
14+er®
0
Ones this equation is solved the density and energy are given by
Q
naip = /p(k) dk, (A.14)
-Q
] Q
= K p(k) dk A.15
e L (A.15)
-Q
In the strongly interacting limit v — oo and the kernel can be simplified
[ cos Ex = ny 2 o= (1) 2In2
K() =2 dr =2 (-1)""'———— =~ = = A.16
© /Hew 2( ) (ny)? + & 'yzl n g (4.16)
0 n—= n—=
The energy per particle in units of [2 7?12] is given by
2,2 21n(2 3
g n(2)m°n (A7)

3 3

which equals to the energy of gas of N free fermions of the same spin.

oo
. . . . tikx . _c
! Tt is convenient to use following equality [ m% = ;L etie—glal
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It is possible to express the kernel in terms of S-function (see Gradstein-Ryzhik). Taking into

[e.e]
account the series representation f(z) = ) % one obtain following result from the (exact) sum
k=0

(o)
K== <6 (f) 8 (—§)> . (A18)

The S-function is defined using the digamma function 8(z) = § (¥(ZH) — U(2)). The digamma
function is defined as logarithmic derivative of the Gamma functlon U(z ) = 831 ['(2).
The kernel can be expanded at small and large values of the argument:

K(¢) = 71n2——§ +O(&Y), (A.19)

K(§) =22+ e o) (A.20)

A.4 Numerical solution

In the most general form the integral equations we have to solve is written as

/K xr — y)dy = g(x), (A.21)

where f(z) is so far unknown solution, K(z) is the kernel, Y defines the integration limit, g(x)
defines the normalization (in LL case it is constant). The function f(x) enters twice: once inside the
integral and second time outside, this can be remedied inserting the d-function:

[ 6 =)+ K@ =) dy = gl2), (222

Now we do discretization with spacing Az. The equation (A=) now can be expressed in the
matrix form:

(I+ K\)fAz =g, (A.23)

here I stands for a unity matrix and the diagonal matrix A is defined by the integration method.
Now the vector f is obtained by multiplication of the inverse matrix on g

- 1
= —(I+KMN'g, A.24
f= T+ KN)g (A24)
For a uniform grid very good precision is achieved using the Simpson method. The matrix A in
this case is defined as A = diag{%, %, %, %, %, - g, g, 3, é} The residual term of the integration is very
small and can be estimated as I,,, = max f*(z )(2A83§0 and the error in the energy (which is defined

by integrating the solution f(x) with the weight proportional to z?) is proportional to the spacing
Ax to the forth power.
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A.5 Expansions
Energy expansion, unit of energy h?/2ma?:
’ term \ Oth \ 1st \ 2nd 3rd ‘
2 2 2 2 1
Attractive gas: strong interaction —1 m T (naip) ™ (naip)
5 5 48 - 96 256
2
Attractive gas: weak interaction % —nlaip| —H(L;D/)
vie
2 2 21n(2 2 3
Repulsive gas: strong interaction T (n?c)le) — n( )Wg(naw)
2 2
Repulsive gas: weak interaction % nlaip|
Expansion of the chemical potential, unit of energy h?/2ma?p:
] term \ Oth \ st \ 2nd \ 3rd
7%(nap)? m(naip)? 572 (naip)*
Attr. : st int ti -1 _— —_— —_—
r. gas: strong interaction 2 2 T - 51 1 T
n naip _I_ 2 n naip
Attr. gas: weak interaction T (TLZU:)) —2|nayp| _ () 5 S
vie
872 In(2 3
Rep. gas: strong interaction | 7%(naip)? | — ™ In( 2))(”&1[))
2 2
Rep. gas: weak interaction T (TLZU:)) 2|na;p|
8 2
LL gas: strong interaction | 72(naip)? —%(naw)?’
] 2
HR gas (small density) 7% (naip)? %(nalp)?’
The frequency of the oscillations :’—z =4(1+ Aw)
’ limit ‘ Aw ‘
16v2V N
Attractive gas: strong interaction V2 VNawp
1572 a
8 N
Attractive gas: weak interaction ) vVNaip
3T a
. . . 32\/§ln 2 \/NalD
Repulsive gas: strong interaction —
1572 a
8 N
Repulsive gas: weak interaction - VNaip
3m? a
32v2VN
Lieb-Liniger gas: strong interaction | — V2 VNawp
15712 a
322 VN
Gas of Hard-Rods V2V Naip
1572 a

Speed of sound in units of m/mhn
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’ term ‘ Oth ‘ 1st ‘ 2nd ‘ 3rd ‘
, , , 1 naip 3(naip)? 3(naip)?
Attract st t t - N S Shbt
ractive gas: strong interaction ‘11 81 i Al : 98
Attractive gas: weak interaction | — — n(2/nap) -
2 7T27’LCL1D 7r4(na1D)2
Repulsive gas: strong interaction | 1 | —2In2naip
1 1
Repulsive gas: weak interaction | —
2 m2naip
Energy and chemical potential (LDA) in units of Nhw,
[Timit p | E/N |
: . . 32v2In2vNap |1 128v/2In2 v Nayp
Repulsive gas: strong interaction — - 1-
92 a, 2 4572 a,
1 16v2 VN 1 64 2V N
Attractive gas: strong interaction | — [ 1 + V2 @i — V2 b
4 92 a, 8 457r2 a,
. . . 1 V alD 1 32 vV alD
Repulsive: k interact - -
epulsive: weak interaction 5 ( —/ ) 1 ( 32
1 8 VN 1 32 VN
Attractive gas: weak interaction —({1—-— 4o - b
2 2 a, 4  3n2
Size of the condensate and mean 2? in units of a?
’ limit ‘ R? ‘ 22
32v/2In2 vV N N 64v2In2 VN
Repulsive gas: strong interaction | 2V | 1 — v2In aip —|1- V2ln 4o
972 a, 2 1572 a,
N 16vV2 VN N 32v/2VN
Attractive gas: strong interaction — |1+ V2 4D — |1+ V2 @b
2 972 a, 8 1572 a,
8 VN N 16 VN
Repulsive: weak interaction N1+ — @b — |14+ — @D
2 a, 4 372 a,
8 VN N 16 VN
Attractive gas: weak interaction N|1l-— 4D —|1-— 4D
72 a, 4 32 a,




Appendix B

Obtaining the momentum distribution
from gq(r)

The asymptotic behaviour of the one body density matrix of the Lieb gas is
p(x) = x—c;, x> 1 (B.1)
In order to calculate the momentum distribution one has to calculate the Fourier transform of it
n(k) =2 /OO cos kxp(z)dz (B.2)
0

This integral can be calculated numerically up to some cut-off distance L. Let us suppose, that
at distances larger than L the asymptotic behavior is valid (Bdl). Than one can calculate the “tail”
integral analytically® by a substitution t = e/ ?kx

[ coskz do [ emis(-a) P e 2(=I1(1 — o, ik L)
/—xa — Re / e 't = Re PR (B.3)
L ikL
Here the incomplete Gamma function is defined as
I'(a,L) = /e‘tt"‘_ldt (B.4)
L
If the if set L = 0 then the integral can be simplified?
o0 k 'l — 1—
/ ST 1y = (1 a)cosﬁ( a),k>0,0<a<l (B.5)
0 x® k=« 2

Let us derive an expansion of the incomplete Gamma function in terms of 1/(kL). For us it is
convenient to use following definition of the function

F(k,L,a) = / cos kz . (B.6)
xOé
L

'Compare with [GRR0] [;° z#~! cosadx = L[e=#"/2T (p,iL) + "™/ (pu, —iL)]
?See [GRRU] 3.761.7 [ a#~! cos(ax)dx = L0 cos Er,a>0,0< Rep <1

at
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Integrating it by parts two times we obtain®

oo

1) k
—sin kL + — cos k;L (a + / BT g (B.7)

1
o) = = ( o) pare

L

Here the last term has the same form as (B). And can be expanded in a similar way. Continu-
ation of this expansion leads to formula

K0 =Y (;Lli” (COS e jt(;z);ﬁl%— 2n) . paelat 1)(-;{;(;)!21— 2n — 1)) (B.8)

n=0

Another way to present it is

1 i Imi"e *L (o +n —1)!

k, K, B.9
Sk K a) =5 kL)"  (a—1) (B.9)
Let us write explicitly
Im Z-ne—ikL _ ( 1)mod(n+1 ,2) +1f (k’L) (BlO)
where mod operation is integer division and the function f, is defined as
sinz, n=0,2,4,..
fnl@) = { cosz, n=135,.. (B.11)

Looking at the structure of the expansion (BX) one finds out that the sum converges only is
kL > 1. The factorial dependence of the numerator on the order of the term n leads to divergence of
the entire sum. Let us find order of the term n., when the summation procedure should be stopped.
The condition is

J (a+1—n)!

G =" (B.12)

In order to proceed further we will take use of the Stirling formula
n! =+V2mnn"e™" (B.13)
Simple calculation gives
1

1 -1 =InkL -1 B.14
n(a + ner )+2(Oé+ncr—1) nk (B.14)

Now we assume that n is much larger than one, so we can neglect the second term. Finally we
obtain

ne = kL/e (B.15)

3In dimensionless units y = kL formulae (BH, BZ) look like f(k,L,a) = k' [ C‘;%dy and f(k,L,a) =
kL

kLa( sin kL + & cos kL)—a(a+1 Yk lf C‘fﬁ{ Y
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Another approach for the calculation of the integral is by modifying the integration contour. First
of all, let us expand the cosine into sum of complex exponents

/Oocosxdle/ooeizdx+l/°°ei"”da: (B.16)
I T 2 ), x© 2 )L e

Let us calculate the first integral in this sum.

1 e dy e Yell idy

, B.17
/ / (iy + L) (B.17)
s

where we introduced notation x = iy 4+ L, which is a complex variable = /y2 + L2e’*“% L 5o

I, = /ey<y2 + L2)7%6i(Lfaarctan ) Zdy _ (B18)
0
/ (> + L*) 2 [sin (a arctan% — L) + ¢ cos (a arctan% - L)] dy (B.19)
0

The second integral in (BI8) can be calculated by means of the substitution + = —iy + L =

3 Y
/y2 +L2€ zarctanL

w —iT i *ZL 7
e [ B [EEEEI [ s Cody = (820
T (iy — L
L 0 0

[e.9]

= /ey(y2 + 1% [sin (a arctan% — L) — CoS (04 arctan% - L)] dy (B.21)
0

The imaginary parts of the integrals (BTY, B=2) cancel each other and the result is real

/ cos ki dv dx / (y2 + (KL)*)" % sin (a arctan -2 — kL) dy (B.22)
L kL
0
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