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Co near the Berezinskii—Kosterlitz—Thouless temperature Tgir is 7/8. The dependence
of Cp on temperatures between 7" = 0 (at which Cy = 1) and Tpgr is studied in the
different models. An estimate for the (non-perturbative) parameter £ entering the equa-
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on the contrary, we show that the problem can be nicely simplified both for a single par-
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wavefunction corresponding to a change of the reference frame, from the laboratory frame
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INTRODUCTION

Out of all the interesting properties that a physical system exhibits on the quantum world
level, certainly the ordering properties of the particles constituting the apparatus is one of
the most fascinating. From the study of the ordering properties, one can really appreciate
the fermionic or bosonic quantum natures of the systems, which nowadays can be observed
in realistic experiments. Playing with the dimensionality of the underlying space where the
system lives, also the possibility to analyse "intermediate" statistics (anyonic statistics),
between the Bose—Einstein and Fermi—Dirac ones, triggers our minds.

Off-diagonal long-range order in the one-body density matrix of Bose particles signals
the appearance of Bose-Einstein condensation (BEC) in quantum systems. This relation is
established by the Penrose-Onsager criterion [7] which applies in all dimensions D and at
any temperature 7', irrespectively of the presence of confining potentials. For its versatility,
it constitutes a simple way to determine whether a quantum Bose gas exhibits condensa-
tion and coherence effects [8-10]. A major example of detection of ODLRO is provided
by the measurement of the momentum distribution n(k) in ultracold atom experiments,
with a clear peak around zero momentum forming at the BEC critical temperature [11].

For D < 2 the Mermin-Wagner theorem [12,13] ensures that, for translational invari-
ant systems with continuous symmetry such as interacting bosons or O(N) spin models
with N > 2, no long-range order can be found at finite temperature. Indeed, the theorem
forbids the occurrence of spontaneous symmetry breaking for T' > 0 in low dimensional
systems, where the symmetry of the Hamiltonian is always restored by the proliferation
of long—wavelength fluctuations, often called Goldstone modes. For a Bose gas the Gold-
stone modes are represented by the phonons, which in D = 2 destroy long-range order,
leaving low temperature superfluidity intact. In such a case, due to the persistence of
U(1) symmetry, the equilibrium finite-temperature average of the bosonic field operator
¥ vanishes, due to the lack of phase coherence [9]. It is worth noting that a similar effect
occurs in a wide range of systems, even if the Mermin-Wagner theorem does not strictly
apply, when the scaling dimension of the bosonic order parameter ¥ becomes zero [14-16].
A position space version of the Mermin-Wagner theorem, where a relation between the
size of a condensate and the coherence properties of the gas is established, is discussed
in [17].

A compact way to define off-diagonal long-range order (ODLRO) is to introduce the
one-body density matrix (1IBDM) [1§]

p(xy) = (Y (x)¥)) .

where the field operator ¥(x) destroys a particle at the point identified by the D-
dimensional vector x. The 1BDM, as an Hermitian matrix, satisfies the eigenvalue equa-
tion:

[ ey 6i(x) dy = N i),

with the eigenvalues \; being real. They denote the occupation number of the i-th natural
orbital eigenfunction ¢;, with >, \; = N, where N is the total number of particles. The
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occurrence of ODLRO (and therefore of BEC) is characterized by a linear scaling of the
largest eigenvalue Ao with respect to the total number of particles N in the system [7,19]:
Ao~ N.

For a translational invariant system, the indices i in Eq. (3.2) are wavevectors, which
are conventionally denoted by the vector k. Introducing the scaling formula:

Ao ~ NCG(T)

the Mermin-Wagner theorem implies that Co(7") < 1 for "> 0 and D < 2, so there is no
ODLRO at finite temperature. One can show as well that Co(T = 0) = 1 for D = 2 and
Co(T =0) < 1in D =1 (for the interacting case), see [20]. For a translational invariant
system, the absence of ODLRO, or equivalently of BEC, in D = 2 at finite temperature
amounts to the following behaviour of the 1IBDM at large distances:

(%)) 2225 ($(x) (¥(y)) = 0.

The existence and regimes for BEC, i.e. whether Cy = 1 or not, in various physical systems
has been the subject of a remarkable amount of work. It would be therefore desirable to
complete such analysis with a systematic study of when Cy is smaller than 1: In this
case there is no ODLRO/BEC but nevertheless the condition 0 < Cp < 1 implies that,
in translational invariant systems, the correlation function (‘i’T (x)¥(y)) has a power-law
decay. One may refer to this situation as quasi-long-range order. The relation between
the scaling behaviour of density matrices of any order (including the one-body density
matrix considered in the present work) and the types of order characterizing the physical
system were analysed in [21,22], where the so-called order indices were introduced and
studied both for certain fermionic and bosonic systems. Since the order index for the nth
order reduced density matrix is defined as: o™ = limy_ o0 In )\é") /In N, where )\(()") is
the largest eigenvalue of the nth order density matrix, then we can identify the order
index a(!) of the 1IBDM as the exponent Co(T') defined from the scaling of \g = )\61). The
concept of order indices can be extended to arbitrary matrices (see [23] for a discussion),
while the relation between order indices and entanglement production is presented in [24].

In the first Chapters of this Thesis, we will study ODLRO properties in terms of the
scaling with the particles number IV of the eigenvalues A\ of the 1BDM, both of the largest
eigenvalue \g and of the others A\j(. Let us stress that, for a system of interacting bosons,
the index Cy may also depend on the interaction strength and, moreover, one may expect
that increasing the repulsion among the bosons, Cy gets dampened with respect to the
weak interacting case.

In this work, we are going to characterize ODLRO, in translational invariant bosonic
systems interacting via short-range potential in 1-, 2- and 3-dimensions both at zero and
finite temperatures. Thanks to integrability properties, for the case of D = 1 we will
be able to obtain the scaling exponent and prefactor of \; for the Lieb—Liniger model
with generic anyonic statistics. For the case Kk = 0, i.e. Bose statistics, we will construct
an interpolation scheme which allows to evaluate the 1BDM for any interactions and
particles number. Later on, we will also focus on confining effects, .e. the effects that an
external trapping potential exhibits on the system, and for this particular case we will
deal with one—dimensional systems only, both with contact and long-range interactions
at zero temperature. We will also generalize the analysis of trapping effects to anyonic
statistics, where we will deal with the trapped Lieb—Liniger anyon gas at zero temperature.
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Obviously there is an interest also to characterize ODLRO and possible deviations from
it, in confined systems at finite temperatures (and possibly in more than one dimension),
but this goes beyond the scope of the present Thesis, even though future works on this
direction are in our mind. With “possible deviations” from ODLRO, we mean a study of
the behaviour of the index Ci(T), defined as:

A ~ NC(T)

where k # 0. The study of Cr.o(7") gives an insight about the possible quasi-fragmentation
of the system, i.e. how the particles occupy the other, & # 0, states. Notice that in
literature usually one refers to fragmentation when more than one eigenvalue of the IBDM
scales with V. So, one can refer to the case in which at least two Cy are larger than zero
(and at least one is smaller than 1) as a quasi-fragmentation.

The power-law behaviour of A\g determines the leading scaling of the largest eigenvalue
of the 1IBDM and, according to the Penrose-Onsager criterion, there is a BEC/ODLRO,
i.e. a macroscopic occupation of the lowest energy state, if Co(T') = 1. There will be
instead a mesoscopic condensate (i.e. quasi-long-range order), with a finite value for the
condensate fraction % for finite values of N, if 0 < Co(T') < 1. In this case the condensate
fraction of course vanishes for N — oo but, even though the system is not a true BEC, one
would observe nevertheless a clear peak in the momentum distribution in an experiment
with ultracold gases: The reason is that the number of particles which are typically used
in these apparatus are of order N ~ 102 — 10°, and therefore the condensate fraction
2 ~ NC](\),(T) could be very close to the unity for Co(7') close to 1. For Co(T") = 0 there will
be no order at all, and in these cases the system may behave like a Fermi gas where for all

the eigenvalues we have \; = 1, because of the Pauli principle. When Cy(7') = 0 it may
also happen that the scaling of the largest eigenvalue is logarithmic in N, still signaling
an absence of ODLRO.

Nonetheless, all of these concepts are introduced in a static formalism, where the system
is in an equilibrium situation. Interesting effects will arise when we consider dynamical
properties, studying the system under the action of an external time varying potential.
In this Thesis we will focus on the effects of a time—dependent gravitational potential,
linear in the position variable, both in one— and three-dimensional spaces. For D = 3
we will construct an exact solution of the time-dependent Schrédinger equation of a
quantum many—body system in free fall. While, for D = 1, the possible integrability
features of the system together with the Floquet formalism (when the time variation
of the linear potential is periodic), allows to make wonderful predictions for the many—
body wavefunction both at stroboscopic and intermediate times. Time—periodic driven
quantum systems have become recently the subject of an intense research activity. These
out of equilibrium systems give rise to interesting novel physical properties as, for instance,
dynamic localization effects [25], suppression of tunneling subjected to a strongly driven
optical lattice [26-32] (see [33] for more references), topological Floquet phases [34, 35],
time crystals [36-43], dynamics in driven systems [44-46] and Floquet prethermalization
[47,48]. All these concepts and phenomena can be collected together under the heading of
“Floquet engineering” [33,49], a very active field both from experimental and theoretical
points of view.

The name itself came from a famous paper by Floquet [50], who was interested in
the study of differential equations with coefficients given by time—periodic functions. The
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formalism he developed turns out to be very helpful in dealing with the Schrédinger
equation of a Quantum Mechanical system with a time—periodic Hamiltonian [51, 52].
Preparing the system in an initial state y (¢ = 0) and letting the periodic driving act on it,
the Floquet Hamiltonian H p is the operator that formally gives the state of the system
at multiples of the period T"

x(t =nT) = e "% HF y(t =0).

In other words, the Floquet Hamiltonian H i determines the stroboscopic evolution of the
system. It depends on the parameters of the original undriven Hamiltonian, H, and on
the time-dependent perturbation. A is a hermitian operator whose eigenvalues are the
so called quasi-energies £p. On the other hand, the evolution of the state x (¢ = 0) at
generic times ¢t € (0,7) is determined by the micro-motion operator Ur(t,0), defined by
the following decomposition of the time evolution operator of the system U (t,0):

U(t,0) = Up(t,0) e iwlr

Applying the micro-motion operator U r(t,0) on the eigenstates of the Floquet Hamilto-
nian and multiplying by a complex exponential containing the quasi-energies, one obtains
the Floquet states |p(t)). They form a complete and orthonormal set of functions and
therefore any solution of the original time—dependent Schrédinger equation can be written
as a superposition in terms of them

x(0) = [k Ak) [wr(t) |

where k is a momentum variable, related to the energy of the system (k < v/E), and the
A(k)’s are time—independent coefficients. Therefore finding Hpand Up (t,0) gives access
to the full quantum dynamics of the system.

Finding the Floquet Hamiltonian and the micro-motion operator for an interacting
many-body system in the presence of a time—dependent driving is in general a challenging
and highly interesting task, relevant for a variety of applications in the field of Floquet
engineering. Tuning the form and the parameters of the undriven system and of the
periodic perturbation, one aims at controlling the (desired) effective Hamiltonian of the
quantum dynamics of the system itself.

In general, even if the undriven model is integrable, when we subject it to a time—
periodic potential, we end up in a non-integrable Floquet Hamiltonian. We will address
the question whether it would be possible to have an integrable Floquet Hamiltonian
by perturbing an integrable 1D bosonic model with a time—periodic perturbation, and
we will find a positive answer. Namely, we will consider the integrable Hamiltonian that
describes a one—dimensional gas of bosons with contact interactions, i.e. the Lieb—Liniger
Hamiltonian [53], in the presence of a linear in space, time—periodic one-body potential
of the form:

Viz,t) = f(t)z,

with a driving function f(¢) with period T: f(t) = f(t+T). Despite the fact that
other exactly solvable time-dependent Hamiltonians can be constructed using different
approaches [54,55], the problem of finding an integrable Floquet Hamiltonian from an
undriven interacting one is in general a difficult task. It is also worth to underline that,
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in general, one of the difficulties in identifying integrable Floquet Hamiltonians is that
the integrability of these Hamiltonians is not at all guaranteed by the integrability of the
original time-independent undriven model (see, for instance, [56] where starting from the
original BCS model the corresponding BCS gap equation in the presence of a periodic
driving is derived and solved numerically). For the class of one-dimensional interacting
many-particles systems considered here, we show instead that it is not the case, as far as
the periodic driving is a linear function on the position variables.

In later Chapters we will first discuss the effects of the linear external potential on a sys-
tem with a general two-body interaction term, and then we will focus on the paradigmatic
and experimentally relevant case where the particles interact with contact interactions, i.e.
the Lieb—Liniger model. This model constitutes an ideal playground for integrable mod-
els in one—dimensional continuous space. It is indeed exactly solvable using Bethe ansatz
techniques [53,57-59], related to the non-relativistic limit of the Sinh-Gordon model [60]
and routinely used to describe (quasi-) one-dimensional bosonic gases realized in ultracold
atoms experiments (see the reviews [61-63]). These properties will guarantee the possi-
bility to build a generalized Gross—Pitaevskii equation which describes the dynamic and
static properties of the Lieb—Liniger gas at T' = 0, for which, in particular, we will be able
to construct dark soliton solutions and find the ground state density profiles in presence
of an external harmonic confinement.









ONE-DIMENSIONAL
HOMOGENEOUS GASES

Exactly solvable models constitute an ideal playground for a theoretical physicist. Refer-
ring to quantum systems, we say that a model is exactly solvable when a solution to the
corresponding Schrédinger equation can be provided. In the context of quantum many—
body systems, because of the interactions among particles, in general the Schrodinger
equation cannot be exactly solved, and one has to rely on approximation methods in or-
der to find the many—body wavefunction. Nevertheless, there exist a paradigmatic model
which can be treated exactly and for which, therefore, many physical properties were sub-
jects of interest: A one—dimensional gas of Dirac—delta interacting particles. We will refer
to it, in general, as the Lieb—Liniger model [53]. Even though in the original paper of Lieb
and Liniger, they were dealing with the case of particles having Bose statistic, in later
years it was proved that also contact interacting gases respecting other statistics can be
exactly solved [64,65]. The interest on this peculiar model stems also from the fact that it
can be proven that every homogeneous exactly solvable one—dimensional systems reduces
to the case of a Lieb—Liniger model [59]. On top of that, the Lieb—Liniger model is also
experimentally relevant, since it can describe dilute 1D gases confined on waveguides in
real world experiments.

Let us introduce the model, first focusing on the case of Bose statistics, and later we
will extend the study to quantum particles with a generalized statistics with contact
interactions. In this Chapter we will deal with the ground state 7' = 0 temperature
situation, leaving the discussion of temperature effects on the system for later.

1.1 THE LIEB—LINIGER MODEL

The Lieb—Liniger (LL) model [53] consists of a homogeneous one-dimensional system
of N bosons of mass m, interacting via a two-body repulsive é—potential in a ring of
circumference L. The wavefunctions ¥ g(z1,...,zxN) of this system are invariant under
permutations of any pair of its variables

V(o iz ) = (T, T, )
and satisfy the stationary Schrédinger equation:

Hpyp(z1,...,zn) = Evp(a,...,zN), (1.1)
with the Hamiltonian given by

2 92 niep
Hp=-——S
B 2m;8x?+

Zé(l‘z—iﬁj) (1.2)

m —
1<)



ONE—-DIMENSIONAL HOMOGENEOUS GASES

In second quantized formalism the non-relativistic field theory describing bosons interact-
ing via a delta-potential is defined by the Gross—Pitaevskii Hamiltonian [58]

L [79 oYt oY  hicp
Ho = [ a0 |12 OXIO¥
0

2m Ox Oz 2m ‘FT(x)‘YT(x)‘Y(x)‘I’(q;) ) (1.3)

where the complex Bose field ¥ (z, t) satisfies the canonical commutation relations
[¥(z,t), ¥ (2", 1)] = 6(z—2'), [¥(z,t),¥(2,t)]=0. (1.4)

The quantity ¢ > 0 can be determined in terms of the parameters of the three-dimensional
Bose gas in the quasi-one—dimensional limit, and it has dimension of an inverse of a length.

In particular, one can write [66]:

aa_ Qs

1-C—
ay

Ccp = 5 (15)

20

which is the definition of the one-dimensional scattering length, where a;, = v2h/mw,,
as is the three—dimensional scattering length and C' ~ 1.4603. Here w, refers to the
perpendicular trap frequency necessary in order to reduce the system to live in a one—
dimensional space, giving the shape of a cigar to the external trapping potential which
confines the system.

However, the effective coupling constant which characterizes many properties of the LL
model is given by the dimensionless quantity:

y=2=2 (1.6)

)

np

where ng = N /L is the density of the gas. Notice that the coupling constant  increases
when the particle density decreases, and this is a peculiarity of one—dimensional systems.
The weak interactions regime is reached in the limit v < 1: It can be successfully studied
in terms of the Bogoliubov approximation (obtained by linearizing the Gross—Pitaevskii
equation) which gives indeed an accurate estimate of the ground state energy of the
system [53]. The strong limit regime is reached instead for v > 1, and in particular
for v — oo one reaches the Tonks—Girardeau limit [67]. An interesting question is to
study the crossover between these two regimes, a topic recently approached also from an
experimental point of view [61].

From the theoretical point of view, there is no difficulty in ranging between strong
and weak interactions. Indeed, as well known, the model is exactly solvable by Bethe
ansatz technique [53,57, 58, 68] which provides the exact expression of the many—body
wavefunction:

vp(x1,...,2n) = N det[eikixm]j7m:17_..’N H (ki — kn —icpsgn(x; —xy,)], (1.7)

1<n<I<N

where A is the normalization constant [69], sgn(z) is the sign function and k; are the
pseudorapidities determined by the Bethe equations:

2 & kj — knm 2 N+1 _
kj+LZarctan<]0B> = L(”j—2>7 Vi=1,...,N, (1.8)

m=1

where periodic boundary conditions have been imposed:

wB(...,.iL‘j,...) = 'LbB(...,{I,‘j—FL,...), Vi=1,...,N. (19)



1.1 THE LIEB—LINIGER MODEL

At T = 0, we are only interested in the ground state of the system whose corresponding
wavefunction is obtained by choosing the integer numbers n;, in (1.8), equal to the indicies
Jj. In the thermodynamic limit, the values of the k;’s become dense and therefore described
by the density of pseudorapidities f(k). This function f(k) can be directly computed by
solving the linear integral equation:

1 1

Bp
—+ %/ Kp(h—N)F(A) dA, (1.10)

_BB

fk) =

where the LL kernel is defined as:

2cp

_ - - @
Kp(A—X) B+ (A=N)2’

In Eq. (1.10), Bp represents the upper limit for the pseudorapidities, a quantity which is
determined by the normalization condition of f(k) to the total number of particles per
unit length, which reads:

Bp
ng = /BB Fk) dk . (1.11)

In terms of the density of pseudorapidities, the ground state energy of the system is
expressed as:

B % oy a2 1.12
= /BBf() . (1.12)

We will call these set of three equations, the Lieb equations.
It is convenient to define a dimensionless ground state energy density function as:

_2mE _3

63(7)

Let us now study two limiting behaviors of these equations which will be useful for our
future analysis.

a) v — 0, i.e. the Bogoliubov weakly interacting regime. In this limit the energy of
the system can be calculated from perturbation theory: At the first order, using for
the many—body wavefunction the simple form for N particle belonging to the state
k =0, id.e v = 1/VLVN, one finds that

ep™(y) = .

b) v — oo, i.e. the Tonks—Girardeau limit. The solution of (1.11) in this case has the
simple expression:

1

:%7

(k)

and it follows that:
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For a generic fixed value of v, one can use the Lieb equations to find numerically the
function f(k) and then use it to find the single-particle energy function eg(y) once it is
imposed the normalization condition (1.11). One can then use these quantities to calculate
some other thermodynamic variables of interest, such as the sound velocity s associated to
the system. In fact, s? is determined by taking the derivative of the pressure with respect
to the density and then dividing by the mass of the particle. Since, in turn we have [70]:

— 23 _ —h2 3 g,
p=-(50), = b lesn - Jes0)] (1.14)
then
2 71,2 2 ,YQ
s = —3np [363(’)’) —2vyep(7)+ 26%(’7)] . (1.15)

Similarly we can evaluate the chemical potential: It is defined as the derivative of the
energy with respect to N with fixed L and hence it can be written as [70]:

2
po= %n% [263(7) - geb(v)} : (1.16)
A dimensionless parameter which will be useful in subsequent Sections, is the so called
Luttinger parameter K, a quantity introduced in the bosonization formalism valid for
one—dimensional quantum systems [71,72]. It must be stressed that, in general, the deter-
mination of this parameter is quite difficult but fortunately this is not the case for the
LL model: In this case one can use the results coming from the thermodynamic studies
[cfr (1.15)] and the Galilean invariance of the system, in order to obtain the Luttinger
parameter which reads:

K = (1.17)
S

where vg is the Fermi velocity which, in our notation, is given by vgp = hwng/m. There-
fore, solving the Lieb equations one has access both to the sound velocity and the Luttinger
parameter for any values of the coupling constant ~y (see, for instance, [63]). Let us present
here the weak and strong coupling limit of both the sound velocity and the Luttinger pa-
rameter: Using the weak interaction result for the ground state energy density in Eq.
(1.15), in the Bogoliubov limit the sound velocity is given by:

h
SBog = EHB\/’V’

which means that for v — 0

T
KBog ~ — . (1.18)

Val
In the Tonks-Girardeau (TG) limit we have instead:

hrng

STG — = vF,
as expected, and this implies that for v — oo the Luttinger parameter simly reads:

Krg=1. (1.19)



1.2 LOVE’S INTEGRAL EQUATION

In summary, the Luttinger parameter for a homogeneous system of §—repulsive bosons
ranges from oo (for v — 0) to 1 (for v — o00).

For generic interactions, in order to determine all these interesting quantities, ideally
one should numerically solve the Lieb equations, as we already said. This is sometime a
very long procedure, especially when one needs immediately functions like ep(y) for a
certain value of ~, as it happens in order to evaluate the liquid sound velocity, pressure,
chemical potential, Luttinger parameter, etc. With the aim of obtaining an expression for
the ground state energy density valid in all regimes of interactions, we now discuss how we
deal with this problem, first recognizing that Eq. (1.10) is a notorious type of Fredholm
integral equation: The Love’s integral equation [73] describing the electrostatic problem
of a condenser with parallel, circular, coaxial disks.

1.2 LOVE’S INTEGRAL EQUATION

When E. R. Love first studied the problem of describing the electrostatic field produced
by a condenser consisting of two parallel circular plates [73], he surely couldn’t realize how
wide would have been the applicability in physical problems of his integral equation. In
the classical original problem of a condenser with parallel, circular, coaxial disks, studied
by Love, he was able to write an equation to describe the electrostatic potential which
reads:

’ Vo (! 1 1
IS = d, .
Vip&.€) W/_1{%2“&%)21Wﬂglﬂtv}m) ! (1.20)

written in terms of dimensionless coordinates, and normalized to the radius of the plates

(assumed to be equal). Here p is the radial distance, £ and &’ are the axial distances from
the two plates, while Vj is the magnitude of the potential in each plate. Finally, f(¢) is
the solution to the Fredholm integral equation:

1 /1 K
f(m)iw/llwf(t)dtzl, l<z<l, (1.21)
where « is the spacing parameter. The upper sign in Eqs. (1.20) and (1.21) refers to the
case of equally charged plates, while the lower one refers to the case of oppositely charged
disks. In what follows, we will refer, for convenience, to the 'Love’s equation of the first
(second) kind’ for Eq. (1.21) obtained by the lower (upper) sign.

As we will see in more detail in the following Sections, Egs. (1.21), known as the Love’s
integral equations, have the same form of the equations which describe the densities of
pseudorapidities in one—dimensional models. In particular, for the LL model the equation
for the densities has the same form as the Love’s equation of the first kind. This fascinating
parallelism is of a great interest since if one finds the solution of the Love’s equation, then
one is also able to extract other important physical properties of the system, and we will
discuss some applications.

Another interesting one—dimensional system which is exactly solvable, and whose den-
sity of pseudorapidities satisfies a Love’s integral equation of the second kind, is the
Gaudin—Yang (GY) model, which describes 1D spin Fermi gases with Dirac—delta attrac-
tive interactions [74]. We will discuss the GY model and its integral equations later, in
more detail.

11
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Let us now come back to the electrostatic problem, and let us discuss it in more details.
A condenser with parallel, circular, coaxial disks with equal radii but different potentials
Vi and Va, has its electrostatic potential described by two different weight functions f;(¢),
for j =1 and 2, for the two plates. In particular one has [75]:

1t K 2
— ——= fo(t)dt = =V 1.22
fl(x)+7T/1l€2—|—(.’L‘—t)2f2(> T 1, ( )
for one plate with charge Qy = [, fi(t)dt, while:

fa(z) + ! /1 %fl(t)dt = %‘/2 (1.23)

) k24 (x—t

for the other plate with charge Qo = fol fo(t)dt. Writing: Vo = ZVj, assuming Z > 0,
from the above two equations one can write a single Fredholm integral equation for the

weight function f(z) = flLQfQ, which reads
_ 1 ! K - 2/14+2Z2
— — = ft)dt=— | —— . 1.24
f<$)+7r/_1/<2+($—t)2f() W( 2 >V1 (1.24)
If we instead write: Vo = —ZV;, with Z > 0, taking: f(z) = %, we have:
~ 1 /1 K ~ 2 /14+2Z2
- — ——f)dt=—| —— | V1. 1.25
f(x) 7r/_1/i2+(a?—t)2f() 71'( 2 ) ! ( )

Therefore if one is interested in finding the weight function solution of a condenser with
two plates with charges equal (opposite) in sign but different in intensity, then one simply
has to compute the f(z) function from Eq. (1.21) with the plus (minus) sign and then,
after normalizing with 2V} /7, multiply the weight function by 2/(Z + 1) to get the
solution f(z) [f(x)]. Finally notice that from Eq. (1.24) if we take Z = 1 one gets back
Eq. (1.21) with the plus sign [once f(z) has been normalized with 2V; /7], while from
taking Z = 1 from (1.25) we obtain the same equation in (1.21) with the minus sign
(again after normalizing the weight function with the constant potential), as it should.
From the knowledge of the weight function, one can also determine the capacitance of the
parallel plate capacitor as:

021/1 F(t) dt.

TJ1

While the Love’s equation of the first (second) kind is the same equation which describes
the density of pseudorapidities of the LL (GY) model as we are going to see in detail,
another interesting case is the one in which V; = V and V5 = 0. In that case, indeed, Eqgs.
(1.22) and (1.23) describe the densities of pseudorapidities of one-dimensional Bose-Fermi
mixture [76]. The Love’s equation of the second kind is also found to describe the density
of pseudorapidities and the dressed charge function of a Lieb—Liniger gas of anyons [77],
where the distance among plates is replaced by the renormalized coupling constant which
encloses information about the statistic properties of the particles; in a later Section we
will study the effects of anyonic statistic in more detail. Now that we know something
more about the broad applicability of Love’s integral equations, let us come back to one—
dimensional exactly solvable physical systems whose wavefunction depends on the solution
of Love’s equation. We will now discuss how to deal and solve the integral equations for
these systems, and in particular for the GY and LL models.



1.2 LOVE’S INTEGRAL EQUATION

1.2.1 LOVE’S EQUATION OF THE FIRST AND SECOND KIND

While the Lieb—Liniger model has been already presented, we now briefly introduce the
Gaudin—Yang model and then we set some notations. The Gaudin—Yang model describes
a 1D fermionic gas of two spin-components with attractive interactions. In the second
quantization formalism, the Hamiltonian reads [74]:

L 12 (oYl ow, OYlow n2e
Hp = St 171 Pyt ()9 (2)¥, (2)F 1.2
F /0 dw LmF (333 or | or ox | T 2mp HeyEa(@)Er(@) T, () (1.26)

where mp is the mass of the fermions, cp is the coupling and ¥ (z) and ¥4 (x) are the
fermionic matter-field for the two spin-components. In this case the matter-fields of the
systems obey to the constraint:

/0 ’ [¥1(2)¥,(2) + ¥} (2)¥4(2)] dz = Np, (1.27)

where Ng is the total number of fermions. We note that the contact interaction here is
possible thanks to the presence of two spin-components. As we did for the bosonic system,
it is convenient to define a dimensionless interaction parameter, which we denote by vp,
and reads:

= (1.28)
where np = Np/L is the total particle density for the fermionic model. From now on,
we will drop the subscripts B and F' if the equations are valid for both the LL and GY
models.

For these two models, the Bethe ansatz technique allows to find an exact expression for

the many-body wavefunction which reads [58, 78]:

w(xl, e ,.%'N) = Z [P, Q] ei(kP1$Q1+'"+kPN$QN) ,
P
where P and ) are permutations of the integers {1,2,..., N}, while k;’s are the pseudo-
rapidities of the system. It can be shown that for v — oo, where the LL model approaches
the Tonks-Girardeau limit, the bosonic and fermionic models are identified by the same
set of Bethe equations if the conditions [79,80]:

N
NF<—>73, CF < —2cp, ’YFHE, mp < —,
2 4 2
hold.

For the LL model, we have seen that in the thermodynamic limit one can write an
integral equation for the density of pseudorapidities, fg(x), and it is given by [53]:

fe(z) 1 /BB fB(y)

———dy=1 1.29
2 21 J_By 1+ (y — 2)? Y ’ (1.29)

where we have changed the notations, in order to render the comparison between the
GY and LL models more fluid. We redefined the pseudorapidities density function as:
fB(z) = f(k)/4m. The dimensionless coupling constant is then given by:

L_ L™ d 1.30
’YB_47T/_BBfB(x) o o

13
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The (dimensionless) ground state energy density e(y) = Qh—"; (%) n~3, is then related to
the weight function fp(z) as:
3 rBp
es(yB) = Z—B/ 22 fp(x)dr. (1.31)
T J-Bg

Similarly, one can write analogous equations for the GY model. In particular, the density
of pseudorapidities, here denoted by fr(x), is given by:

dy=1, (1.32)

fF(x)+ 1 /BF fr(y)

2 2 ~Bp 1+ (y—2)?
while the dimensionless coupling reads:

1 1/BF frl(z)de. (1.33)

Yr T J-Bp
From these two equations, we can find the dimensionless ground state energy as:

> .3 Bp
er(vF) = —% + %/B 2’ fr(z)de. (1.34)
—DF

Notice that in the weak coupling limit, v — 0, the integral equations for the weight
functions are singular and the solution for a weakly interacting dilute gas is rather a
difficult task, both analytically and numerically [81,82] (for the LL model we used before
the perturbation theory results, but in order to get higher orders of approximation, one
should follow different approaches).

These three set of equations, one for the density of pseudorapidities, one for the cut-
off of pseudorapidities and another one for the dimensionless ground state energy, for
each models, has to be solved numerically for a fixed generic coupling strength and there
no exist an expression for each of the physical variables which hold in all the regime of
interactions. Let us now discuss how to solve them numerically.

1.2.2 NUMERICAL SOLUTION

First of all, let us define, for convenience, the parameter: A = 1/B. Egs. (1.30) and (1.33)
will then be expressed as:

_ B !
Ap=-=[ fp(Bpt)dt, (1.35)

4 J 4

and

1
Ao =15 [ fe(Brt) dt, (1.36)

-1
where t = 2/ B are the normalized pseudorapidities. Then, rewriting the density functions:

9(t) = fB(Bpt),
gr(t) = fr(Brt),
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for the LL model and the GY model, respectively, we can rewrite Egs. (1.29) — (1.31), for
the LL model, as:

Ap (b gs(t) ,
t)-2 [ L _dt =2
gB() T /_1 )\QB"_(t/—t)Q )

_ s [
AB = . ngB(t)dt,

g A
enlin) = by [ gn(t)dt.
1)

while Egs. (1.32) — (1.34) of the GY model, as:

Ae (b gr(t) ,
H+ 28 I gy =9
gF()+7r/_1A%+(t’—t)2 ’

1
A= gpt)at,
™ J-1

Vi [t
e = —— + —5 t t)dt.
T e o IR
Now, this set of equations can be solved in several ways. One method is more direct, and
it consists in solving these equations by using the Chebyshev quadrature method with
M = 100 points. Briefly, denoting by h(t) a generic function and by M the number of
quadrature points, one relies on the following approximation [83]:

M

/11 h(t)dt ~ Y h(tj)wj\/1—t2,

_ =
where t; = cos (%), and the weights for the Chebyshev quadrature reads: w; = {7, Vj.
In this case the first two equations for each model, has to be solved iteratively.

Another method was proposed by Love, in his original work [73]. He showed that, for
fixed A, the weight function can be written as:

gp/r(t) =1+ i(il)n /11 K, (t',t)dt’, (1.37)
n=1 -

where:

1 x
TN+ (F— )2

1
K, (t',t) :/ K,-1(t,s)Ki(s,t')ds,
-1

Ki(tt) =

where, again, we used the Chebyshev quadrature to compute the integrals. We truncated
the series when the terms had an absolute value below 1074°. The comparison with the
previous "direct" method was very good, with errors at most of the order of 10719,

Anyway, from these numerical solutions we are able to study the v dependence of the
normalized \’s parameters. In Fig. 1.1 we plot the behaviour for In(Az) in orange line,
while In(Ap) is reported in blue solid line. Notice that the two cut-off pseudorapidities
coincide for very large interactions, i.e. v — 0o, where the hard—core interactions wash
away the statistic properties of the gases and the two models coincide.

15
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—— Lieb-Lininger
—— Gaudin-Yang

In(A)
[S)

22 -1 0 1 2 3 4
In(y)
Figure 1.1: Natural logarithm of the inverse of the cut-off of the pseudorapidities, A = 1/B, vs

the logarithm of the dimensionless coupling, v, for the Gaudin—Yang (orange line) and
Lieb—Liniger (blue line) models.

—— Lieb-Lininger
Gaudin-Yang

In(B)

-2 -1 0 1 2 3 4
In(y)

Figure 1.2: Logarithm of the cut-off of the pseudorapidities, B, vs the logarithm of the dimen-
sionless coupling, v, for the Gaudin—Yang (orange line) and Lieb-Liniger (blue line)
models.

We plot in Fig. 1.2 the behaviour of the cut-off pseudorapidities Bg and Bp against
the dimensionless coupling strength.

To further proceed with our studies, we find convenient to define a normalized density
of pseudorapidities, denoted by f(t), which reads:

Fe(t) = 4212 (Bpt), (1.38)

for the LL model, whereas for the GY model:

Fr(t) = iz\? r(Brt). (1.39)
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With these notations, Egs. (1.30) and (1.33) become the condition of normalization, valid
in both cases:

1
/ ft)ydt=1. (1.40)
-1
On the other hand, for the LL model Egs. (1.29) and (1.31) become, respectively:
. g (b () 1B
t) — — —— s dt = ——— 1.41
75(t) T /_1 N+ (P —t)? 27 A\’ (141)

and:

es(VB)

(Ef /1 27 5(t) dt, (1.42)

-1
while for the GY model we get that Eqs (1.32) and (1.34) transform into:

AF /1 Jr(t) dt — 2

frt)+ = XM=t mAp] (1.43)

and for the dimensionless ground state energy density:

vty = (1) [ efoyan (1.44)

We pause here to appreciate, once again, the similarities between Eqs. (1.41) and (1.43),
with the Love’s equations for the condenser problem in (1.25) and (1.24) [once Z = 1 has
been chosen and once normalized by 2V; /7], respectively. They are integral equations
of the same type, but where the distance between the plates and the capacitance are
substituted with the coupling strength parameter and the cut-off of the pseudorapidities
of the systems. As stated previously, these equations cannot be solved analytically in the
entire regime of interactions, and one has to rely on numerical approaches which can
take several time for certain computation, above all when one needs the function e(y) for
different couplings. With the aim of obtaining an expression for the ground state energy
density valid in all regimes of interactions, we will now build an interpolation scheme in
order to write the density of pseudorapidities as power series with coefficients determined
from Chebyshev points. This will be the basis from which one can then construct an
Hermite interpolation also for the function e(y), which has to be compared with the
numerical solution, therefore used for quality checks.

1.2.3 CHEBYSHEV INTERPOLATION FOR THE SOLUTION

In order to find an analytical approximate expressions for the normalized solution to
the Love’s equations (1.41) and (1.43), we propose to use a Hermite interpolation via
Chebyshev points. The Chebyshev polynomials in the closed interval: = € [—1,1], are
defined as:

T.(x) = cos {n cos_l(m)] ) neN.

The extrema of the Chebyshev polynomials are usually called as Chebyshev points and
are important in approximation theory, since they are used as matching points for optimiz-
ing the polynomial interpolation [84]. The first M Chebyshev points for the polynomial
Top () are located at positions:

ti:cos(z'QL) . i=0,1,2,...,M—1.
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With Hermite interpolation we mean that in addition to interpolating the values of the
function at the Chebyshev points, we are also interested in interpolating the derivatives
of the function at, in general, some other points.

In our specific case, for a certain fixed -, the interpolation procedure will be the same
for the solutions of both kinds of Love’s equations. Let us discuss our method: First of all,
we notice that ]"(t) is an even function in ¢, hence we can interpolate it with a polynomial
with even powers of ¢t. This property also allow us to consider only the interval: ¢ € [0, 1].
To find a good approximation, we selected the first M extrema greater or equal to 0 of the
Chebyshev polynomial of degree 2M. Then, in order to fix the values of the function at the
interpolating points, we used the results of f obtained numerically with the methods seen
in the previous Section, in each t; and the value of the derivatives of f with respect to ¢ for
two of these points, far from ¢ = 1. The two points where we fixed the derivatives, which
we call Hermite points, have been chosen in such a way that the errors of the function are
minimized in the intermediate range ¢ € [0, 1]. Finally, we approximated the solutions of
the Love’s equations as:

M+1

Fiy=> Cit*, (1.45)
1=0

where M coefficients are fixed for f(¢;), while 2 other coefficients are fixed in the Hermite
points for the derivatives of the weight functions.

We have chosen M = 17, therefore with 19 constraints, and the interpolation is then
done with a polynomial of maximum degree of 36. One can easily go to more points in the
interpolation scheme, but we checked that already from 16 the interpolation formula gives
very good results, as we are going to see. In Fig. 1.3 we plotted the solutions of the Love’s
equations of the first and second kind on the left and right side plot respectively, with
respect to the parameter v, obtained by the Hermite interpolation described above. They
are solutions of Eqs. (1.41) and (1.43), having Eq. (1.40) satisfied. Notice that the two
weight functions coincide in the limit of strong interactions, and are simply constants equal
to 1/2, while in the weakly interacting limit the LL density of pseudorapidities follows
the well known semi-circle law [53]. In Fig. 1.4 we plot the logarithm of the absolute value
of the relative percentage errors of the interpolation scheme with respect to the numerical
estimates, denoted by log; ‘A%]‘"(t)’.

1.2.4 CHEBYSHEV PARAMETRIZATION FOR THE MOMENTA

Also the momenta of the Love’s integral equations are of fundamental importance. As we
saw for the LL and GY model, for example, the second momenta of the weight functions
of the models are related to the dimensionless ground state energy density, which in turn
will determine other important properties of the system, such as the sound velocity, chem-
ical potential and Luttinger parameter. With this aim, we proceed to find an analytical
approximation via Chebyshev Hermite interpolation also for the second, fourth and sixth
momenta of the Love’s equations of both kinds, in a certain interval of the coupling con-
stant. Let us denote the momenta by o7, for the Love’s equation of the first kind, and
O’Z-F, for the Love’s equation of the second kind, with ¢ = 2, 4 and 6, i.e.

o = /1 tF(t)dt. (1.46)
-1
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Figure 1.3: The weight function f(t), normalized solution to the Love’s equation of the first kind
(left) and second kind (right), given by the Chebyshev interpolation, for different values
of the interaction parameter . These figures are the results from using only 17(+2)
points for the interpolation.
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Figure 1.4: Logarithmic behaviour of the absolute value of the relative percentage error of the
solutions of the Love’s equation of the first kind (left) and the second kind (right) with
respect to ¢, plotted at different values of the interaction parameter . The errors are
evaluated from an interpolating scheme which uses only 17(42) points.

In order to proceed with the Hermite interpolation via Chebyshev points, we need to
introduce an auxiliary variable £ € [—1,1], related to v as:

_A+E

V=2 (1.47)

where A and B are numbers to be fixed once the interval of the coupling ~ that has to be
mapped between [—1,1] is fixed. As a first attempt, let us try to study an interpolation
scheme for the range of coupling strengths: v € [0.1,100]. Notice that going to lower
values, v < 0.1, is a very difficult task from the numerical solution point of view. With
the methods at our hands, indeed, one does not reach convergence for very small values
of the coupling, where instead we will rely on analytical exact equations, as we are going

to see in a while.

In order to map the v interval [0.1,100] into the ¢ interval [—1, 1], one has to choose:

A = %gg and B = %, which can be found from Eq. (1.47). In this case, since the

momenta o;(£) are not even functions of £, we will interpolate with both odd and even
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powers and we will consider the set of points given by the maxima of the Chebyshev
polynomials Ty (€):

& = cos(km /M), k=0,1,2.... M, (1.48)

in order to set the interpolation points. Then the Hermite interpolation is done by finding
the coefficients C}, of

M+1

0i(€) = Y Cie, (1.49)
k=0

once we fix numerically the values of the momenta at the Chebyshev points, o;(&), and
once also the first derivatives of the momenta at the end points of the interval, 0';- (& = +1),
are fixed and obtained numerically.

Using only 17(+42) points, i.e. M = 17, we obtained the results reported in Fig. 1.5
for the second momentum function of the Love’s integral equations of both kinds and
the behaviour of the interpolation relative percentage error estimated with respect to the
numerical solution. In Figs. 1.6 and 1.7 we plotted the behaviours of the fourth and sixth
momenta for both kinds of the Love’s equations, together with their relative percentage
errors. In conclusion, this interpolation scheme allows to find expression for the second
momenta with errors of about 1072%, while for the fourth and sixth momenta the errors
accumulation is more evident, and one finds that the maximum relative percentage error

of the Chebyshev parametrization is of about 5%.
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Figure 1.5: Logarithm of the absolute value of the percentage error for the second momentum
function of the Love’s equation of the first (left) and second kind (right) with respect
to the coupling strength, v, which is reported in log scale. The errors are obtained
by comparing the results obtained via Chebyshev interpolation with the numerical
outcomes. In the insets there are reported o2 vs v in linear- log scale. These results
are obtained from the Chebyshev Hermite interpolation scheme with M = 17.

In this explanatory example we have showed how to deal with the case: v € [0.1,100],
but one may think to extend the interval on a wider range of couplings. Beside the problem
of non-convergence of the numerical algorithm for very weak couplings, the final results for
the momentum functions will not be outstandingly good. The relative percentage errors
will run between 1072% and 10%, making this rather simple interpolation procedure not
really useful.

Here comes our intuition: What if we divide the space of coupling strength in three
domains in each of which we rely on either numerical or analytical exact (if presents)
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Figure 1.6: Logarithm of the absolute value of the percentage error for the fourth momentum func-
tion of the Love’s equation of the first (left) and second kind (right) with respect to
the coupling strength, v, again reported in log scale. The errors are evaluated by com-
paring the results obtained via Chebyshev interpolation with the numerical outcomes.
In the insets we report the behaviour of o4 vs <y in linear- log scale. These results are
obtained from the Chebyshev Hermite interpolation scheme with M = 17.
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Figure 1.7: Logarithm of the absolute value of the percentage error for the sixth momentum func-
tion of the Love’s equation of the first (left) and second kind (right) with respect to
the coupling strength, v, in log scale. As usual, the errors are computed by comparing
the results obtained via Chebyshev interpolation with the numerical outcomes. In the
insets there are reported o2 vs 7 in linear- log scale. These results are obtained from
the Chebyshev Hermite interpolation scheme with M = 17.

results? It is indeed well known in the literature [79, 80, 82,85, 86] that there exist ex-
pressions valid in the weak and strong coupling regimes for the weight functions and the
second momenta of Love’s equations of both kinds. We will focus on the dimensionless
energy density function of the LL model, which is related to the second momenta of the
Love’s equation of the first kind, as we have seen previously. The same approach could be
extended to the Love’s equation of the second kind, i.e. to the energy density function of
the GY model. Our idea is then to rely on analytical expressions in the regime of weak
couplings (where the numerical approach fails) and strong couplings, while we build the
above mentioned Chebyshev Hermite interpolation scheme for ep(vp) in the intermediate
region of interaction strengths. In order to get a smooth and complete form of the en-
ergy density function, we will need to first determine the optimal amplitudes of the three
coupling regions, and then match the behaviour of eg(yp) and its first derivatives at the
matching points of the different coupling regions.
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1.3 CHEBYSHEV PARAMETRIZATION FOR THE 63(’73) FUNC-
TION

Coming back in discussing the LL model, exact expressions for the second momentum
functions valid at high or low couplings are available in the literature. In the regime of
weak interactions, the dimensionless energy density can be written as [86]:

3/2
eb(vs) = 1B - 4gi + <é - 732> % 3((;3347%/2 + %7% +
60¢(3) —45¢(5) —32 79 n 3[4¢(3) +6¢(3)? —15¢(5)] 4 .
102475 B 204876 B
—4368¢(3) + 6048¢(3)2 + 2520 (5) — 8505¢(7) + 1024 o5
* 78643277 7Bt
+O0(73), (1.50)

where ((z) is the Riemann zeta function, and the superscript w in e%(yp) stands for
"weak". Notice that at the lowest level we recover the result of Bogoliubov approximation:
egog (vB) = vB. By comparing the above analytical expression with the numerical results,
we were able to fix the limit of the first region of the coupling strength (the weak coupling
region) at:

VY = 0.33. (1.51)

This was fixed by noting that at this value of the coupling, the absolute percentage error
between the numerical estimate and the one obtained by the aforementioned power-series
expansion in yp reaches a value of: Ay (ep(7%)) ~ 1.55-107%, which is the minimum error
value.

For strong couplings, i.e. large values of g, there is a power-series of 1/vp which
descries the behaviour of the energy density function for the LL model [82]:

(327r4 3272

72 4x? 1 1 _
- ) L omgY, (152)
B

1
€5 = a4

45 3

where the superscript s in e (yp) stands for "strong". Next we proceed in finding the
upper limit of yp from which the analytical expression in Eq. (1.52) will be used in our
three-range interpolation scheme. We fixed an upper value of:

V% = 1010, (1.53)

by noting that an optimal, i.e. minimum, value of the error A, (ep(v%)) ~ 1.61-107° eval-

uated between the numerical computation and the power-series result (1.52), is reached.
To further check the reliability of the coupling strength intervals between v and 3, we

computed also the errors between the derivatives with the respect to yp of the numerical

and the analytical results of the energy density function. In particular, we found that the

absolute percentage error is given by:

Ay (FE) ~1.25-1077, for yp = 73, and:

A%(gf;ﬁ) ~ 1.40- 1073, for yg = 5.

In the intermediate region of couplings, i.e. for v € [y}, 73], we will build our Hermite

interpolation scheme using Chebyshev points as we did previously in the example yp €
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[0.1,100]. First of all we introduce the variable £ which ranges in [—1,1], and is related

to yp as stated in Eq. (1.47). From this equation, fixing & = —1 for yg = 7}, and
§ =1 for yp = 73, we find that the parameters A and B are equal to: A = %gggg?, and
B = %8532?. The mapping between £ and ~vp is now completely defined and we can write

the interpolation formula for the dimensionless ground state energy as:

M+1

ep(é) = > Cut", (1.54)
k=0

where the superscript ¢ stands for "interpolation". While M coefficients C}, are determined
by fixing the values of eg (&) at the Chebyshev points (1.48) to be the numerical resulting
values [which come from solving Eq. (1.42) using the interpolation scheme results for the
density of pseudorapidities|, the other two coefficients are fixed by requiring a continuity
of the first order derivative of eg(yp) at the limiting region points 7} and 73, making
such an interpolation one of the Hermite kind.

Therefore, finally we can write a complete expression for the dimensionless ground state
energy density function for the Lieb—Liniger model as:

eB(vB) VB < B

8 (v8) = {e(v8) 8 € 8 75] - (1.55)
ez(vB) 1B > B

where the superscript 3r stands for "three — ranges". We stress that the remarkable feature
of this expression is that it is an analytical estimate for eg(yp) for all values of vz, making
very fast to immediately get a value for the ground state energy density function for a
certain fixed vp. We refer to Appendix 1.1.A for the coefficients Cj, of Eq. (1.54).

In Fig. 1.8 we report the behaviour of the ground state energy density function using
M = 17 points, Eq. (1.55), for a certain range of couplings. The blue solid line is the
e%s(yp) function, while the orange and red dashed lines represent the analytical behaviour
at weak (1.50) and strong (1.52) couplings, respectively. In the insets there are shown
the matching of the functions and their first order derivatives around the limiting regions
points.

Finally, in Fig. 1.9, we plotted the relative percentage errors of this procedure from
using only 17(+2) interpolation points. The error of the interpolation is computed with
respect to the numerical results coming from directly solving Eq. (1.42), together with
Egs. (1.41) and (1.40). Note that we report the relative percentage error behaviour only
in the region: yp € [v},7%], since outside these regions we rely on the analytical forms of
the dimensionless ground state energy density, where we proved that they well describes
the true numerical results.

Notice that the errors are surprisingly small, even though we are using only M = 17
for the interpolation scheme, and the error reaches a maximum of about 107% for weak
couplings. This "three-range" interpolation procedure is then much better than the simple
single-range one, that we saw in the previous section, for the case vg € [0.1,100]. With
these vanishingly small percentage errors, we find safe to use our resulting formula (1.55)
to compute interesting physical properties of the Lieb—Liniger model. We will focus on
the calculation of the chemical potential, pressure, sound velocity and local two-particles
correlation function. Other interesting applications, like finding black and grey solitons
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Figure 1.8: Dimensionless ground state energy density function e%’" (vB)- The blue solid line refers
to the interpolation scheme results, while the orange dashed line to €3, i.e. the power-
series in yg valid for low values of coupling strengths, and finally the red dashed line to
e}, i.e. the power-series in 1/vp valid for strong interactions. In the main plot we can
see that elB becomes less reliable as yp increases, as we expect. In the lower-left inset
and upper-left inset, we plot, respectively, the interpolation results and e% and their
derivatives around yp = v§. Instead, in the lower-right and upper-right inset, we plot,
respectively, the interpolation results and e} and their derivatives around v = 5.
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Figure 1.9: Logarithm of the absolute value of the percentage error of e%, with the respect to the
dimensionless coupling, vp € [v}, 73], which is reported in log scale. These are the
results coming from using 17(+2) points for the interpolation.

solutions, or even the effects of a trapping potential on the density profile of the system,
will be discussed in a subsequent Chapter.
Henceforth, for convenience, we will drop the subscript B after the interaction parameter

.
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1.3.1 APPLICATIONS ON INTERESTING PHYSICAL VARIABLES

As we already saw in Section 1.1.1, the dimensionless ground state energy density enters
in a variety of expressions of physical variables. For example, the ep(v) function and its
derivatives, enter in the equations for the pressure, sound velocity and chemical potential,
given by Eqgs. (1.14), (1.15) and (1.16), respectively. From the results of the sound velocity,
one could then determine the Luttinger parameter of the system, whose value can be used
to determine in which range of interaction we are. In Figs. 1.10, 1.11 and 1.12, we report
the results for the calculation of the aforementioned physical variables obtained from
using €3 (7). In dashed lines there are reported the analytical results for small and large
values of interactions, where Eqgs. (1.50) and (1.52) have been used for the energy density

function in those regions.
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Figure 1.10: Dimensionless pressure function of the Lieb—Liniger Bose gas against the coupling
strength +y. The black solid line has been obtained from using Eq. (1.55) in Eq. (1.14),
while blue and red dashed lines are the low and high limits of the pressure function
obtained from using the power series (1.50) and (1.52), respectively.

Finally let us discuss another application which concerns a correlation function of the
Lieb—Liniger model which can be written in terms of the ground state energy density: The
local two-particles correlation function. This correlator is defined as:

9205 7)ot (o) () ¥ (o) ¥ (o)) (1.56)
(np)?
where we have indicated with ¥ (z) the bosonic matter-field in second quantization for-
malism. Using the Hellmann-Feynman theorem, one can prove that there exists a relation
between the diagonal part of the local two-particles correlation function, g2(0,0), and the
dimensionless ground state energy density, which reads [60, 70, 87]:

92(0,0) _ dep(y) (1.57)

(np)? dry

We can then compute the function g2(0,0) by deriving with the respect to v the re-
sults given by €% (y) of Eq. (1.55). In the inset of Fig. 1.13 we report the behaviour
of g2(0,0)/(np)? evaluated in this way, against the coupling strength. In the main plot
we report the relative percentage error results coming from comparing the outcomes of
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Figure 1.11: Dimensionless sound velocity of the Lieb—Liniger Bose gas against the coupling
strength ~y. The black solid line has been obtained from using Eq. (1.55) in Eq. (1.15)
and taking the square root, while blue and red dashed lines are the low and high
limits of the sound velocity function obtained from using the power series (1.50) and

(1.52), respectively.
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Figure 1.12: Dimensionless chemical potential of the Lieb-Liniger Bose gas against the coupling
strength . Once again, the black solid line has been obtained from using Eq. (1.55)
in Eq. (1.16), while blue and red dashed lines are the low and high limits of the sound
velocity function obtained from using the power series (1.50) and (1.52), respectively.

g2(0,0) using €3 () with the numerical exact one [i.e. the results obtained from calculat-
ing directly the ground state energy density from Eq. (1.42) and evaluating its first order
derivative]. The maximum value of the relative percentage error is below 10~%%, which is
quite good.

Among the many interesting physical properties that one can study for an exactly solv-
able contact interacting many—body system (apart from those just discussed), we find that
the characterization of ordering properties of the system has a relevant importance since
it determines quantum coherence effects and occurrence of Bose-FEinstein condensation
phenomena in the system, or more generally it describes how particles occupy the avail-
able quantum states. For this reason, in the next Section we will discuss about deviations
from off-diagonal long-range order in the Lieb—Liniger model at zero temperature.
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Figure 1.13: Logarithm of the absolute value of the relative percentage error of the computation of
the dimensionless diagonal local two-particle correlation function for the Lieb—Liniger
model, with respect to the dimensionless coupling, vg. The error is evaluated from
comparing the results for g2(0,0)/(np)? from using €3 (yg) with the numerical exact
outcomes. In the inset there is shown the behaviour of the function g2(0,0)/(ng)?
with respect to the dimensionless coupling, vg, obtained from using our interpolation
scheme for the ground state energy density function.

1.4 ODLRO IN THE LIEB—LINIGER GAS

The Penrose—Onsager criterion for the presence of off-diagonal long-range order (ODLRO)
is the cornerstone of the present understanding of quantum coherence and Bose—Einstein
condensation (BEC) [7]. It is simply related to the occurrence of BEC and it is based on
the study of the scaling with the number of particles of the eigenvalues of the one—body
density matrix (1IBDM) p(z,y), defined as [18]:

plz,y) = (¥ (@)% (), (1.58)

where ‘i’T(m) is the field operator creating a particle at the point x. Denoting by \; the
eigenvalues of this matrix, we have

[ dupla,v) eily) = M), (1.5

where the ¢;’s are the corresponding eigenfunctions. There is ODLRO and BEC when the
largest eigenvalue Ao scales as the total number of particles N of the system [7,19]. The
occurrence of ODLRO implies phase coherence, as shown by a simple argument due to
Anderson [8] and reviewed in [9].

The Penrose—Onsager criterion relates, altogether, the occurrence of BEC and quantum
coherence to the behaviour of correlation functions. Its power and elegance stem from the
fact that it applies at zero and finite temperatures and as well in any dimensions, so that
in Egs. (1.58)-(1.59), the coordinates z,y may denote space vectors with D components,
and we are going to deal with these cases in a subsequent Chapter. Moreover, the system
may also be subjected to a generic one-body external potential, case which will be studied
as well in a following Chapter.
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When the system is homogeneous and the thermodynamic limit is taken in the usual way
by keeping fixed the density n = N /L, then p(x,y) tends to the condensate density Ao/ L
when |z — y| — oo [18]. This definition makes transparent the analogy of the condensate
fraction Ao/ N with the magnetization M in magnetic spin systems, where the analog of
the 1IBDM (1.58) is the correlation function (5;S5;) which, in the homogeneous case, tends
to M? for |i — j| — oo (see, for instance, [59]).

Given that in presence of ODLRO the largest eigenvalue \g scales as N, we can conve-
niently quantify deviations from ODLRO in terms of the exponent C of a scaling law as:

Ao ~ N€. (1.60)

Clearly, when C = 1 we are back to the ODLRO and BEC, according to the Penrose-
Onsager criterion. On the other hand, when C = 0, we are typically in a situation which
is fermionic-like: think, for instance, at the ideal Fermi gas, where for all eigenvalues
(including \g) we have \; = 1, in view of the Pauli principle. As additional example,
consider a system made of two species of fermions with attractive interactions where
there may be ODLRO but this manifests in the two-body density matrix, while for the
scaling law of the eigenvalues of the 1BDM one still has C = 0. Despite one can imagine
more general, non-power-law, dependence of \g on NV, it is reasonable to assume a power-
law form like the one introduced in Eq. (1.60). The explicit computations presented below
on one—dimensional systems are in agreement with the definition (1.60).

One—dimensional quantum systems provide an ideal playground to investigate devia-
tions from ODLRO since there is no BEC in the interacting case. In other words, one
expects C = 1 only for the 1D noninteracting Bose gas, which may be regarded, how-
ever, as a very delicate, if not pathological, limit. In the homogeneous case, in fact, any
infinitesimal repulsive interaction, no matter how small, in 1D destroys ODLRO also at
T = 0, unlike the 3D case. This means that, in 1D interacting systems, C must be strictly
smaller than 1 for any finite value of the interaction. Therefore one may lead to conclude
that no clear peak of the momentum distribution should be observed, also at T" = 0, in
experiments with ultracold atoms in one—dimensional confined geometries.

However, when C is close to 1, for finite N the ratio Ao/ N can be rather large (even
though Ao/ N tends to 0 for N — o0o). When this happens, we say that we are in presence
of what we can refer to as a mesoscopic condensation at 7' = 0. With this we refer to a
phenomenon that, for all practical purposes, can be considered as an ordinary condensa-
tion: e.g., for C ~ 0.99 and N ~ 10° one has N°/N ~ 0.9. Let us remark that C being
close to 1 for small interactions gives reason to the fact that in the weakly interacting
limit the mean-field description works reasonably well, despite the absence of a proper
BEC.

Let us then proceed to identify and quantify deviations from ODLRO in 1D quantum
systems at T' = 0. We are interested in this subject of study because, first of all, the com-
putation of correlation functions and 1BDM is a quite difficult and often formidable task.
For 1D systems, however, the situation is generally better and a huge variety of techniques
has been developed for this aim [63,72], ranging from bosonization [71] and density matrix
renormalization group [88], to Bethe ansatz and integrability techniques [58,68]. Secondly,
ultracold atoms provide an ideal setting to simulate different 1D quantum systems by
acting on tunable external parameters [61,63]. For instance, the coupling constant 7 in
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1D ultracold bosonic gases can be adjusted by tuning the transverse confinement of the
waveguides in which the atoms are trapped [66], and in such an experiment one can ex-
plore both the regimes of small 7, as small as 10~* — 1073 (the weakly interacting limit),
and large 7 (the Tonks-Girardeau limit [67]), with numbers of particles N going from few
tens to thousands, see the reviews [61-63].

1.4.1 ANALYTICAL PREDICTIONS FOR C

A simple evaluation of the exponent C can be done using bosonization as follows. The
eigenvalues \; and the orbitals ¢;(z) in Eq.(1.59), for (1.3), are labeled by a quantum
number which is evidently the momentum k. From translational invariance, we know
that [18]:

and therefore )\ simply equals the momentum distribution n(k) <‘?T(k:)‘i’(k:)>, where
[1

the operator ¥ (k) is the Fourier transform of the field operator ¥ () [18]. It follows:

n(k) = % /OL dz p(z)e*® (1.61)

where, using translational invariance, we have set y = 0 and p(x,0) = p(x). From Lut-
tinger liquid theory for large x we have that p(z) o z~/2K and therefore n(k) o kl,ﬁ
for £ — 0. The bosonization then gives the large distance behaviour of p, which then fixes
the exponent C. Indeed, since the smallest momentum is ki, o< 2n/L and ng = N/ L,

one gets \g oc N1=1/2K e finally:
C(K)=1— (1.62)
- 2K ‘

Notice that C is then expected to depend on ~, i.e. on the ratio ¢g/np, and not on cp
and np separately.

An accurate, high-precision check of such a prediction is not easy to obtain, since
one should determine Ay as a function of N and then fit C from the scaling. It is clear
that the larger is the maximum value of N considered, the better the estimate of C, but
from exact computations is not straightforward to reach large values of N, especially for
intermediate values of v. Of course, one could think to use the Bethe ansatz expression for
the wavefunction of the ground state, but, in practice, even for small number of particles,
such an expression is difficult to handle. One way to get around this difficulty consists, e.g.,
in using a numerical approach as ABACUS [89,90], in which the sum on the corresponding
Bethe eigenfunctions can be efficiently truncated. In [91] such a method was used for the
approximate computation of the 1IBDM up to 150 particles and for any values of «. In
the following we introduce a new method based on an interpolation of the 1IBDM between
large and short distance asymptotic expansions, and which can be used to larger number of
particles for all values of . Hereafter we present the results obtained with the interpolated
p(z) till N = 103 (there is however no major problem to extend such a computation to
larger values of N). For N = 103 we found that the error in C is, e.g., at the fifth significant
figure for v = 1 and such an error can be further decreased since larger the value of NV,
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smaller the error in C. Our results with N = 10? confirm that the C depends only on ~
and not separately on ng and cp.

To conveniently set up such an interpolation formula we have built upon several known
behaviors of the 1IBDM p(z) as a function of distance z, and in particular on its short-
distance behaviour p>” () [87] and on the large-distance one, p*P () [92,93]. The limits of
weak and strong interactions, valid for any values of z, have been extensively investigated
[94-98] (see more Refs. in [61,63]).

1.4.2 DENSITY MATRIX INTERPOLATION SCHEME AND ITS EIGENVAL-
UES

Now we discuss, systematically, how to evaluate the one—body reduced density matrix for
LL repulsive interacting bosons in a ring for an arbitrary number of particles in different

limits for the coupling constant.

Strong coupling. Let us start by analysing the strong coupling case. At fixed and finite
values of N and L, in the regime when z = N+ > 1, one can expand the Bethe eigenfunc-
tions in inverse powers of z and then in this way getting for the 1BDM the asymptotic
expansion [94]

ST 2
p7 (=) _ 0 1 < 1 )

(0) (1)

where py,’ and p;’ are expressed in terms of the determinant of some complex matrices (see
the cited article for the details). For v — oo one obtains the well known Lenard’s formula
[99] for the 1IBDM of a Tonks—Girardeau gas of N particles in a ring of circumference L:

plC(

@) 1
ng = Ndet [cn—m(a)]n,mzl,...,N—l ’ (164)

where a = 27/ L € [0, 2], and:

+

ci(a) = 20;9cos(a) = Op,1 — Op,—1 + E{Sin [a§:+11)/2] + sin [ai(i_—ll)/2]

0
+ 2icos(a/2) sin(ia/Z)} )
where §,;, is the Kronecker delta function.

Weak coupling. Let us now analyse the weak coupling regime. If the Luttinger parameter
satisfies the inequality K < 1 (which, using the results of the previous Sections, simply
means v < 0.1), then we can write the 1IBDM as [95]

Bog T oo
pnB() — eXp{_K;W[) dk [1 —cos(kx)] (vk)Z} , (1.65)

where:

1 Al k2 + 402 /mp

2 k2 + 402 /mpu ’
and the chemical potential u calculated via (1.16). Notice, however, that this expression
for pB°9(z) is manifestly non—periodic in : indeed it was originally derived only in the
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thermodynamic limit where L, N — oo, as stressed in [95]. To solve this issue we decide
to use a "brute force" approach, namely to evaluate p?°9(z) for x € [0, L/2] and to get
all other values of the density matrix for x € [L/2, L] by "reflection" as:

ple = L/240) = p(a = L/2-9) , (1.66)

where 6 € (0,L/2], so that it also holds p(x = L) = p(z = 0). This turns out to
be a good way to approximate p(x) since we are interested in studying how the largest
eigenvalue of the 1BDM scales with respect to N when the number of particles becomes
very large. This topic is discussed in more detail in the following.

Arbitrary coupling. To study the behaviour of the 1BDM for an arbitrary value of
the coupling constant ~y, we need to follow a different procedure since an explicit closed
formula is not known. First of all, we can use known expressions for p(z) at short distance
and large distance which are valid for any ~.

e At short distances, i.e. | xnp | < 1, in the thermodynamic limit the behaviour of
the 1BDM is expressed by a Taylor expansion around the origin as [87]

pSD(:E)
nB

[o.¢]
=1+ pilnpzlt, (1.67)
k=1

where pi are the Taylor coefficients:

e/ —e 2
p1:07p2zw7p3:le/(7)7

1.
2 12 (1.68)

where for e(y) we can use either our Chebyshev interpolated formula, Eq. (1.55),
or numerically solve the Lieb equations. In the following we will use only the first
three coefficients of this expansion, so that the error associated to the truncation is
of order O(x*). We have checked the validity of such an approximation for p(x) at
small distance by comparing the results of Eq. (1.67) versus the results for the density
matrix at small and large values of the coupling (in particular for v = 0.01 and
v = 100) from (1.65) and (1.63) and also versus the results coming from the Tonks—
Girardeau expression (1.64). As a result of these checks, the relative percentage
errors between the effective p(z) at those 4 for small z and its prediction from
(1.67) are well below 1% for: xnp < 1.

o At large distances, i.e. xnp > 1, in the thermodynamic limit the 1BDM can be
written as an infinite sum [93]

ptP(z) By, cos(2mkpx)
=2 (npz)2m*K+1/2K

(1.69)
np m>0

where K is the Luttinger parameter, m is the mass of the particle, kr is the Fermi—
momentum and B,, are numerical coefficients which can be determined numerically
once a value of v is fixed. It is remarkable that one can get already a good approxi-
mation of the large distance behavior of the 1IBDM by just taking the leading term
of this sum, i.e. m = 0:

pHP (z) By

= . 1.70
s = (npa)F (1.70)
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Also is this case we have compared the values of the 1IBDM obtained by this ex-
pression versus those relative to weak and strong coupling constants and also those
coming from the Tonk—Girardeau limit: In all these cases, the relative percentage
errors remain always below 1% for: zng 2 20.

Interpolation Formula. With both the expressions of the 1BDM at small and large
distance under control, it is natural to think of an interpolation between these two limiting
regimes in such a way to be able to compute the 1IBDM at any value of the coupling
constant . But what kind of interpolation? In order to select a valid interpolation scheme,
the fact that we know p(z) Vz, for large and small values of the coupling constant v comes
in help. Indeed, using egs. (1.65) and (1.63) for v = 0.01 and v = 100 respectively, and
matching their shapes with the ones obtained by implementing a "cut—off interpolation”
with (1.67) and (1.70) for the same couplings, we are able to set up a very efficient
interpolation formula for the density matrix at any distance x, and it reads:

1 —tanh (2)} [1 — tanh <\/;73>] + pL:;x) tanh (:;) tanh <Z> .

(1.71)

p(z)  pP(x)

np np

In this formula «a, 8,7 and w are coefficients that need to be fixed as v and N vary. The
best choice of these parameters are obtained by minimising the y? in a chi-squared test
made for small and large values of z of p(z), since only in these regions we know how the
density matrix behaves. Once these parameters are fixed, the values assumed by p(z) in
formula in (1.71) are in good agreement (i.e. relative percentage errors ~ 1%) with those
obtained for large and small couplings at any x.

There is a further fact to take into account, namely that the interpolation formula (1.71)
is not periodic in x with period L. Anyway, this problem can be solved using the same
approach sketched before for the small coupling case implemented by Eq. (1.66). Once this
aspect has also been cured, we are then able to compute numerically the density matrix
p(z) for a LL boson gas at any value of the coupling constant and its eigenvalues.

In order to study the eigenvalues of the density matrix of our system, we have first
to build up the matrix itself. A way to construct a computationally efficient one—body
reduced density matrix for a LL gas of bosons with periodic boundary conditions (PBC)
is the following:

p(0)  p(9) p(L)

pa) = | 5 (1.72)

p(L — (N; —1)0)
p(L) -+ p(L—(Nr—1)d) p(0)

where we’ve implemented the translational invariance of the system and ¢ is the interval

in terms of which we have divided the length of the system Nj times, i.e. L = Njé. In
this way p(z) becomes a Toeplitz matrix having dimensions of (N; 4 1) x (N;+1). Hence
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the number of its eigenvalues \; is equal to Ny + 1 and, being the occupation numbers of
the system, we must require that

Ny
SN R N (1.73)
=0

The discrepancy of the sum from N at finite values of N; provides an indication of how
good is our approximation of the density matrix for a certain finite value of Ny. It is clear,
though, that if we want to satisfy the condition (1.73) using as input our interpolation
formula (1.71), we have to use a different normalization for the density matrix: Rather
than having p(z) o« np, as done so far, we must impose instead p(x) < N/(1+ Nj),
which means that we have to multiply our previous p(x) by L/(1 4 Nj). In this way the
sum of the eigenvalues of the 1IBDM is equal to the number of particles and how A scales
with respect to N is independent on the density of the system np.

In summary, the procedure that we have used to study the scaling behavior of the
eigevalues of the density matrix consists of the following steps:

1. Once the particle number and the interaction parameter v are fixed, find the optimal
values for the coefficients in (1.71);

2. Enforce the periodicity of p(x) via eq. (1.66), with the density matrix values given
by the interpolation formula;

3. Build up the density matrix through eq. (1.72);

4. Compute the eigenvalues of this Toeplitz matrix, which can be done in two ways:
Directly diagonalizing the matrix in (1.72) or evaluating the integral in (1.59) using

po(z) = 1/VL;

5. Finally, fit all the data for the largest eigenvalue Ay coming from using different
values for the number of particles N, with a power law of the form

X = A+ BN, (1.74)
in such a way that the coefficient of determination r2 of the fitting is close to 1.

Here the possibility of varying IV up to large values is important: e.g., we get C =
0.8540614(5) for v = 1. In the Tonks—Girardeau case we get C = 0.50001(3) in agreement
with the exact result [99,100]. The Tonks-Girardeau result, C = 1/2, confirms the different
nature of (non-local) correlation functions of hard-core bosons and ideal fermions, and our
outcomes illustrate the crossover from the ideal BEC case to the hard-core limit. Let us
also mention that for v ~ 1074 — 1073, realistic for experimentally relevant situations,
we get C ~ 0.99, which is very close to 1. Our results for the behavior of C versus v are
summarised in Fig. 1.14.

Our results are strictly valid at 7' = 0 in the regime of large N and finite density, and
they provide the zero temperature counterpart of the well known quasi-1D condensation
phenomenon [62,101-103], signaled by a temperature below which the correlations decay
on distances larger than the size of the system.

Our results implies that even in absence of BEC, if C is rather close to 1, one would
observe a clear peak in the momentum distribution, especially because typically in exper-
iments with 1D ultracold gases the number of particle is N ~ 10% — 103.
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Figure 1.14: Exponent C vs 7: Bosonization predictions are reported in blue solid line while nu-
merical results for v = 0.01,0.1,1, 10, 100 are reported with red dots.

1.5 1D ANYONS

Let us now turn the attention to the case where the system is made of anyons rather
than bosons. Some of the previous considerations will remain the same but there will
be nevertheless some important changes in the properties of the gas. It is obvious the
motivation of our interest in extending our studies also for anyon gases: One—dimensional
anyonic gases, indeed, set a non-trivial interpolation between Bose and Fermi statistics,
and have the further advantage to be Bethe solvable [105,106] as we are going to discuss.

For a system of N anyons of mass m with contact interactions, their Schréodinger equa-
tion looks as the one for a Lieb—Liniger Bose gas:

HB¢A($17"'7xN) = EwA(xla"'va)v (175)

with Hp and cp given in (1.2) and (1.6) respectively. This time, however, the solutions
have to be found in the class of wavefunctions which exhibit a generalised symmetry under
the exchange of any pair of particles:

wA(. ey Ty Tty e - ) = eiﬂ-KSgn(‘r”lfmi)le(. ey L1, Ly e - - ) , (176)

where & is the so called statistical parameter which runs from 0 (corresponding to bosons)
to 1 (fermions). The boundary conditions on the wavefunctions has to be taken with
care, because it is well known that periodic boundary conditions for anyons correspond to
twisted boundary conditions for bosons and viceversa [77]. Since we want to compare the
LL model for anyons with the one for bosons having implemented (1.9), we will impose
the following twisted boundary conditions for the anyonic wavefunctions:

Ya(zr,...,xj+L,...,xN) = ei”(l_“)(N_l)_Qm(l_“)(j_l)wA(xl,...,:nj,...,xN), (1.77)

where we have assumed that 0 < 21 < o < - < axny < L.
As before, one can employ the coordinate Bethe ansatz to find the eigenfunctions of the
system, with the final result expressed as [65]

1/1A(l‘1, . ,:CN> = ./\/"e_iT Zj<’“ sgn(z; —ax) det [6ik]‘mm]j,m:1,“.,N

I [k —kn—ic'sgn(a; —a,)] . (1.78)
1<n<I<N
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Figure 1.15: Luttinger parameter K (7) for LL anyons at different values of the statistical parame-
ter. The results in the figure are obtained using (1.81) together with (1.82) and (1.83),
for 4 ranging from 1073 to 0.5.

in which N’ is a normalization factor while ¢’ is the renormalized coupling constant given
by:
/ CB
d = cos(riy2) (1.79)
At T = 0, the only state which matter is the ground state, whose corresponding pseudomo-
menta k;’s can be determined from the Bethe equations (1.8) with n; = j and substituting
cp with ¢. Following the same arguments of the previous Sections, we can then find the
density of pseudorapidities of the system, its pressure, its sound velocity and so on and
so forth. Their expression is similar to those of the Lieb—Liniger Bose gas, with the only
differences that cp has to be substituted by ¢’ and v by +/, where:
’ i
T cos(mk/2) " (1.80)
Moreover, using the same steps as before, we can also compute the analogous Luttinger
parameter (1.17) for the anyonic system. In this case, however, the task can be fulfilled
more conveniently by using the approach suggested in [77]: Instead of computing the
sound velocity through (1.15), one can prove in fact that:

K = 2%, (1.81)
where Z is related to the concept of dressed charge Z(\). This quantity is expressed by:
Z = 7(q), (1.82)
where Z(\) is the solution of the linear integral equation:
d [ Z(p)
Z(A\) =1+ — / dp, 1.83
W=t LT e (159

with ¢ fixed by the Lieb equation for the density of state relative to the anyonic system.

Adopting this approach, we are able to compute the Luttinger parameter for different
values of the coupling constant 7 and the statistical parameter x. The results are reported

in Fig. 1.15 where we have rescaled all quantities in terms of . It is easy to see that Egs.
(1.18) and (1.19) hold for x = 0, and similar expressions can be also found for K, .

Notice that the corresponding anyonic Luttinger parameter diverges for 4/ — 0, and goes

to 1 for v/ — oo (a result which is simple to check given all the previous definitions).

Finally, for K = 1, K(v) = 1,V~, i.e. the Luttinger parameter for free fermions is always
equal to 1, as expected from Eq. (1.17), since: s = vp.
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1.5.1 HARD-CORE ANYONS

For anyons in homogeneous system of length L with twisted periodic boundary condition,
a complete expression for the one-body density matrix is known only in the hard—core limit
[107,108], i.e. v" — oo. The ground state wavefunction of the system can be written via
a mapping between the hard-core anyons and fermions (see [100,109]). For the boundary
conditions (1.77), the density matrix for N anyons reads:

L L
P (x,y) = N/0 dx2~--/0 dey V4 (z, 20, ..., oN) Ya(y, T2, ..., ZN) . (1.84)

For a generic statistical parameter x and N it is not periodic in z with period L, but
instead satisfies:

P x4+ L) = ™ORN o) (1.85)

This condition implies that we can make p”(x) periodic if N = 1+ 2?”, with n € IN.
Since N must be an integer, this forces the statistical parameter x to be a rational number
k = 2n/m with n,m € IN. In this case we can build up the density matrix of the system
using (1.72). As a consequence of this reasoning, notice that the number N of the particles
of the system has to be always odd.

Using [108], the 1BDM in this case is given by:

p(t) = det[ ?,zLyl:L__”N_l , (1.86)
with ¢ € [0,27], and:
P, = 2 27rd G0 A(7 — ) sin [ —" ) sin [~
=), dre (t—1) sm( 5 >sm (2) , (1.87)
where the function A(T —t) satisfies:
A(r—1) = em(1=8) for 7 < t (1.88)

1 for >t

At this point we can follow the procedures described in Section 1.1.4.2 to construct a
matrix analogous to the one in eq. (1.72), this time being a Toeplitz matrix of complex
numbers, with (1.86) that has to be normalized in order to fullfil (1.73). This can be done
multiplying the right hand side of the formula of p*(¢) by 1/(1+ Nj). We computed the
largest eigenvalue A\ of the density matrix for different values of the statistical parameter x
and number of particles N (up to N = 241), in such a way that aforementioned relations
between the two are satisfied. By fitting the resulting A\y’s to a power law: N €, we
obtained the results reported in Fig. 1.16, where we also check the validity of the prediction
(1.93), which will be obtained later.

For k = 0 (hard—core bosons) one has C = 1/2, while for k = 1 (fermions) one has
C = 0, and for all other values the curve monotonically interpolates as expected between
1/2 and 0 when k increases.
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Figure 1.16: C vs. k. Numerical values from the diagonalization of the 1BDM of hard-core anyons
are reported in red dots, while bosonization results are represented in black dashed
line: Excellent agreement is found, and the small differences between the two will
disappear by including in the fit procedure also data coming from using higher number
of particles (i.e. N > 241).

1.5.2 LIEB-LINIGER ANYONS

For a finite, soft-core energy coupling v [110] one has the possibility to fully interpolate
between C = 0 and 1: When k£ = 0, then the LL Bose gas at the coupling constant ~ is
retrieved. To study how C depends on v and &, we resort to the bosonization approach,
in light of its successful estimates of C for the LL Bose gas. For LL anyons, p(z) at large
distances is given by [111]:

00 2i(m+%)k:pa: —7ri(m+g)sgn(z)

plz)=n > - ¢

2 )
m=—co  [nL sin(W:U/L)](m+5) 2K+ 55

(1.89)

where b, are non-universal amplitudes. From (1.89) one gets for small k£ and in the
thermodynamic limit:

nk) xn S b ()~ 2k~ (m+5)"2K

K 2"
m=oe [k 2k (m o+ )] 12k 2K (0E)

(1.90)

As a general consequence of this expression, the momentum distribution in general does
not have the maximum at £ = 0: There is in fact rather a shift due to the imaginary terms
of the 1BDM [111]. In Fig. 1.17 we report the behaviour of the momentum distribution
for an hard—core anyon gas made up of 153 particles, for different values of the statistical
parameter. For growing x the momentum distribution peak shifts to the left and it is
always located around: kL = —x7(N — 1), as we were expecting. For k = 0 we get back
the Fermi-Dirac distribution, as should happen.

The leading term of n(k) is the one relative to m = 0 for any « (for k = 1, also the term

w2
m = —1 has the same power law behaviour). Hence, we conclude that: A\g oc N =33 ,
and therefore the scaling coefficient C for the LL anyons is expressed by:
1 KrK?
K)=1-———". 1.91

For k = 0 we obtain the result (1.62) for the LL Bose gas, while for xk = 1 (the fermionic
limit) one gets C = 0 since K = 1 for all , in both cases the correct values. In Fig.1.18
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Figure 1.17: Dimensionless momentum distribution of hard—core anyons for different statistical
parameter k, evaluated using the exact expression for the 1IBDM in Eq. (1.86), with

N = 153. The momentum distribution peak shifts for growing x, and it is located
around: kL = —xm(N —1).

we plot C vs 7/ for different x: It is evident that C is always less than one, as it should

be. In Fig.1.18 we do not report of course the negative values of C(x) because there the

expression (1.90) for the Fourier transform of the 1BDM is not valid since the power

of 1/z in (1.89) is greater than 1. Let us underline that this time C is not a monotonic

function of 7. Moreover, it is different from 0 only for + larger than a critical value .. This

result shows once again the singularity related to the bosonic noninteracting limit. A plot

of 7. as a function of k is shown in Fig.1.19, where it is also evident the non-monotonic

behavior in k, with a maximum around x ~ 0.9.
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Figure 1.18: C for Lieb-Liniger anyons vs 7/, for varying statistical parameter .

Let us focus on the hard—core limit: Using Eq. (1.89) for K = 1 one gets the following

expression for the leading term of the 1IBDM of hard—core anyons with contact interactions

and PBC:

e

ikkpr

—Zirsgn(r)

p(r) =nby

[nLsin(rr/L)]Z "

[N

(1.92)



1.5 1D ANYONS

0.8

0.7
0.6 -
0.5
=204
03
0.2

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
K

Figure 1.19: Critical value of v, for which: C(v.) = 0, as a function of the statistical parameter.

where b =1 = (27)~ L G (?)JFTH) G (3_7’“‘ is the leading amplitude coefficient evaluated
thanks to the Fisher-Hartwig conjecture [107,108,112]. Eq. (1.92) is valid for x < 1, and
in the limit of fermions (x = 1) one has to take into account also the m = —1 term of
Eq. (1.89). Therefore, for k < 1, one firstly compute the Fourier transform of p(r) writing
k= 2%], and since the momentum distribution peak is located in: k = —k (kp — 7) [108],
then in order to get an expression for the largest eigenvalue, one impose: j = —x -1 1 . By
doing so we get the following parameters for the scaling of the largest eigenvalue of the
1BDM of a anyonic Tonks—Girardeau gas:

Clr, K =1) = % (1-#), (1.93)

whose behaviour is reported in Fig. 1.16 against the numerical estimated values for C,

B(r, K = 1) :G2<g >G2(g+;)r< (1+n)>

sec< > 2~|—/<;))—|—sm( k(24 K))
=3)(k+1))T ($(1+#2))

and:

. (1.94)

for the prefactor in the scaling: A\g ~ B(k, K)NC(“7K). In Fig. 1.20 we show the comparison
between the analytical prediction of Eq. (1.94) with our numerical results coming from
the direct diagonalization of the 1BDM for a Tonks—Girardeau anyonic gas with periodic
boundary conditions as given by Eq. (1.86).

For the case of K # 1 an analytical expression for the prefactors by(K) is not known,
therefore one has to rely on numerical methods such as the one proposed in [112].
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Figure 1.20: Numerical prefactor B for the scaling of the largest eigenvalue of the 1BDM for the
hard—core anyon gas at different values of the statistical parameter x. Numerical
results (red dots) coming from the direct diagonalization, show fairly good agreement
with the analytical results of Eq. (1.94) reported in blue solid line. The discrepancies
between the numerics and analytical results, are due to the fact that for the direct
diagonalization we arrived at a number of particles yet not too much large, N = 241,
and therefore one should proceed with calculations to larger values of V.



APPENDIX

1. LIST OF CHEBYSHEV COEFFICIENTS

The coefficients of the polynomial used for the proposed estimate of eg(yg) Table 1.1.

Table 1.1: Chebyshev coefficients of the proposed estimate of the dimensionless ground state energy,
es(vB), for v € [0.33,1010]

c? 1.25564891735811

C? 1.3334354402797963
C2 0.4860354572947664
C2 | —0.051984903874499507
C2 | 0.04904971501072371
C2 | —0.001179939149676739
C2 | —0.016280129473601624
C2 | —0.013913030793665338
CZ | —0.008138388523767335
C2 | —0.0031840948669939976
C% | —0.0017175103845688048
C% | 0.0002441458897381856
C% | 0.0029410626430055585
C% | 0.0014935402670359808
C% | —0.001372595919119918
C% | —0.0003179930299544679
C% | 0.0007911621229777253
CZ | —0.00003224993093157114
C% | —0.0002418397997916562
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ODLRO IN ONE-DIMENSIONAL
TRAPPED SYSTEMS

Up to now we considered systems which were enclosed in a ring geometry, or more general
they were studied in a homogeneous space, where translational invariance simplifies the
theoretical approach. The study of the effect of external trapping potentials in coherence
properties and, more general, in correlation functions of one-dimensional quantum systems
is in general an interesting problem. The fascination comes from theoretical as well as ex-
perimental reasons. In experiments, such as with ultracold atoms, typically an harmonic
trapping potential is used to confine the system giving more control on the apparatus.
From the theoretical perspective instead, there are models which are known to be inte-
grable, i.e. exactly solvable, in absence of an external potential but integrability is broken
once inhomogeneities are introduced, as it happens for the Lieb-Liniger model [53]. This
is not the case for two systems: Hard—core interacting particles and long-range (x; — :cj)_2
interacting systems, for which one can then study the effect of inhomogeneity in corre-
lation properties. While we have seen that the Tonks—Girardeau gas describes system
with contact hard—core interactions, the Calogero—Sutherland model (CSM) describes a
system of long-range inverse squared interacting particles (either bosonic or fermionic)
enclosed in a ring of circumference L, and it is known to be solvable via asymptotic Bethe
ansatz [113-115]. The presence of an harmonic potential doesn’t break the integrability of
these systems and the ground state many—body wavefunction can be written in a simple
product form [115-119]. Henceforth we will denote the long-range model in presence of
harmonic trap as the Calogero model (CM).

In this Chapter we will characterize ODLRO properties of trapped systems, by studying
the behaviour of the exponent C with which the largest eigenvalue of the 1BDM scales.
The definition of ODLRO, related to the long—distance behaviours of the 1BDM, is of
course valid both for homogeneous [V (z) = 0] and inhomogeneous [V (x) # 0] systems,
as we already said. However, beside the inherent difficulty of dealing with interacting
systems (which is also present for the homogeneous systems), the study of the large-N
limit in presence of an external trapping potential shows several additional difficulties
due to the lack of translational invariance. For instance: i) numerical methods working at
small N may not be able to give the correct large-N behaviour; i) the presence of the
potential V' may spoil the validity of methods which explicitly exploit the translational
invariance of the system, such as the perturbative expansions done in terms of Feynman
diagrams in momentum space; i) for 1D systems, the external trapping potential typically
also breaks the integrability of the homogeneous limit. Although one could derive useful
information from approaches based on local density approximation, a complete study of
the ODLRO behaviour of strongly correlated quantum systems in presence of external
trapping potentials remains a challenging task.

We will begin our studies with the inhomogeneous Tonks—Girardeau Bose gas. Then
we will extend our treatment to hard—core anyon gases and finally to the Calogero model,
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which reduce to the TG gas when the coupling parameter A equals the unity. We remark
here that also in this Chapter we are assuming T' = 0, while the study of ODLRO at finite
temperatures will be dealt in a subsequent Chapter, focusing on homogeneous systems.

2.1 TRAPPED TONKS—GIRARDEAU GAS

Let us focus on the characterization of ODLRO in a Tonks-Girardeau gas at T' = 0. The
interest in such a study relies both on experimental and theoretical sides. Indeed, several
progresses have been done in realising the TG gas with ultracold atoms and characterising
its properties, such as momentum distribution and ground state energy [120,121]. For the
TG gas, one can also study the confinement of induced resonances as well as the crossover
to the so-called super-TG gas [122]; in presence of a periodic potential, one can also address
the quantum phase transition which induces to a Mott insulating state [123,124]. From a
theoretical perspective, one is able to work out analytical results for this system thanks to
its integrability [58,68] and the Bose—Fermi equivalence [125,126], which permits to map
the TG gas into a system of non—interacting spinless fermions. It is also known that for a
trapped TG gas one can write a closed expression for the IBDM [127]. For all these reasons
there is a broad interest in the study of correlation functions of the TG gas in different
potentials, such as harmonic traps [100, 128-133], optical lattices [134-140], disordered
potentials [141-143], or also of the super-TG state [144-148] (see [149] for additional
references). The effects of an harmonic confinement was studied also for hard-core anyons,
whose limit of vanishing statistical parameter gives the TG gas [150, 151].

In presence of a trapping potential, there are two ways in which one can take the large-
N limit: @) increasing N and at the same time varying the parameters of the external
potential V' (e.g., the harmonic oscillator length for the harmonic potential) in such a way
to keep fixed the density at the center of the trap, for instance; b) or fixing the parameters
of the external potential V and simply increasing V. It turns out that the scaling of the
largest eigenvalue of the 1BDM is the same in both cases.

The influence of a trapping potential on an interacting system was studied by a renor-
malization group approach in [152], where the effects of the trap inhomogeneity on the
critical behaviour can be cast in the form of a trap-size scaling and used this to character-
ize trapped systems undergoing quantum phase transitions [153]. The TG gas does not at
variance exhibit phase transitions and our goal is to study the effects at zero temperature
of the varying trapping potential increasing the particle number or fixing the density at
the center of the trap.

2.1.1 ONE—BODY DENSITY MATRIX

As we already know, in the limit of infinite coupling, the Lieb—Liniger model reduces
to a system of N impenetrable bosons of mass m called the Tonks—Girardeau gas. It is
described by the Schrodinger equation [67]

Hy(z1,...,an) = EY(z1,...,2N), (2.1)
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where the Hamiltonian is written as a sum of single—particle Hamiltonians:
—— 5t V(:E@)] . (2.2)

In (2.1) the many—body wavefunctions ¢ are symmetric in the exchange of two coordinates
due to the bosonic statistics, although they vanish when two arguments have the same
value for the hard—core interactions:

Uloms, = 0, Vi#j=1,...,N. (2.3)

The many—body wavefunctions of the system can then be written in a Slater determinant
form by adding sign functions to ensure the correct symmetry under coordinate exchange:

1
Y(xy,...,xny) = —det |pp(x])|p= N1, sgn(x; —x;). 24
( ) v et [ ()] 0.1 1§i1<_J[SN ( i) (2.4)

This is the content of the well known Fermi-Bose equivalence [125,126], where ¢y (z)
denotes the k-th eigenfunction of the single—particle Schrédinger equation (k =0,..., N —

1):
[ W2 2

 2m da?

+V($)] or(z) = epdr(), (2.5)

and ¢y, is the corresponding single—particle energy.
We recall that the Hermitian 1BDM p(z,y) of the 1D quantum gas is defined as:

N
p(may) - N/H dxl ¢*(x;$277$N)¢(y’$27;$N) (26)
1=2

In the following, the integrals are meant to be between —oco and +oco each time that their
extremes are not explicitly written.

The solutions of the eigenvalue equation for the 1BDM, i.e. Eq. (1.59), involve the
natural orbitals ¢;(z): They represent the effective single—particle states of the system,
while the ¢y () can be viewed as the natural orbitals for the ideal fermionic gas [154]. The
natural orbitals are chosen to be orthonormal, [dz ¢! (z)p;(x) = d;;. The occupation
numbers of the levels j, expressed by A;, satisfy the normalization condition:

YA\ =N, (2.7)

that is a consequence of [dz p(x,x) = N. Substituting Eq. (2.4) into Eq. (2.6) and
expanding the Slater determinants along the first column, we obtain:

= -
plz,y) = (N—l)!mz::(](_lyﬂ oi(y) (ﬁ;(x)/d(L‘Q.../dl’Ndet[fk(.’Er)]k0;:72],\.7“’]1\}167&

x det[gi(x;)]i=o0,...N=1,2j, (2.8)
r=2,....N
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where fi(z,) = ¢p(x,)sign(z — z,), g(x,) = ¢ (z,)sign(y — x,), with the index k # ¢
in the first determinant while [ # j in the second. It is worth to recall Andréief for-
mula (see [155] for a nice recent historical note):

[ doree [ dox det]fy ()i detly (o) ey = Nidet | [ do fy(0)an(o)] ,

jk=1,.N
(2.9)

to transform the product of two determinants in Eq. (2.8) into the determinant of the
product. It follows:

N-1

plasy) = 30 (<1 6:(9) 65(w) det | [ dt fu(0)gi()

. (2.10)

We then substitute back in Eq. (2.10) the form for the functions fj and g; in terms of the
single—particle wavefunctions ¢, which are solutions of Eq. (2.5). Assuming = > y, and
using the orthonormality condition [ dt ¢;(t) ¢} (t) = 0k, we obtain a compact form for
the 1BDM of a TG gas in a generic external potential V' (z), which reads:

N-1 T
o) = X (0 o) g5 @ det [ =2 [aa e e
i,j=0 v k#i,l#]
Consider now the matrix P with entries P;; = &; j —2 [7 dt ¢;(t) ¢} (t), fori,j =0,..., N —
1. From Cramer theorem, one can check that Eq. (2.11) is actually equivalent to [127]

N-1
plz,y) = det(P) Y &i(x) [P~'ji¢5(y), (2.12)
4,j=0
having again assumed x > y without loss of generality.

In the following, for numerical computations involving the 1BDM, we find simpler to
use its expression given in Eq. (2.11), which does not require explicitly the inverse of the
matrix P. This expression also provides a non-trivial check of the large-N limit derived
in [156] as we are now going to illustrate.

2.1.2 SCALING OF Ag AND THE MOMENTUM DISTRIBUTION PEAK

In this Section we derive our predictions for the scaling of the largest eigenvalue of the
1BDM and the momentum distribution peak of a TG gas in a generic external potential
by using Conformal Field Theory (CFT) within a semiclassical framework. In this Section
we consider a generic trapping potential, assuming that its single—particle wavefunctions
¢;(x) and its natural orbitals ¢;(z) decay fast enough at large distances.

ONE—BODY DENSITY MATRIX IN THE SEMICLASSICAL (CFT) LIMIT

In the recent article [156], Brun and Dubail studied the large distance behaviour of the
1BDM of a TG gas in a generic trapping potential and in the semiclassical limit 7 — 0,
by using CFT arguments coming from a previous analysis [157]. The results of [156] were
then extended in [158] to study the large distance behaviour of correlation functions of a
Lieb—Liniger gas in a trap for arbitrary values of the coupling strength. Let us first briefly
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remind the framework and the main results of [156]. The semiclassical limit for the TG
gas considered in [156] is defined as:

h —0, with m, V(z), p fixed, (2.13)

where p is the chemical potential. In the limit (2.13), the inhomogeneous particle density
can be obtained exactly within a local density approximation as:

plr) = —=\f2m [~ V()] (2.14)

In the following we denote by 1 and xo (with z2 > x1) the two solutions of the equation
u—V(x) =0 and we assume that these are the only two solutions of this equation. For
T > 29 or x < x1, the gas density is zero and the latter is effectively confined in a spatial
region x € [x1,z2). The total number of particles in the system is:

N = /:2 p(x)de = % :2 \2m [p—V(x)]dz. (2.15)

It follows that the % — 0 limit is actually the thermodynamic limit N — oo and this gives
rise to the Thomas-Fermi approximation [70]. To keep track of the leading N-dependence
in the limit (2.13), it is sufficient to observe that Eq. (2.15) implies:

N'h = const, (2.16)

i.e. N = O(h™!). The main result of [156] is an expression for the IBDM of the TG gas
in Eq. (2.11) in the limit (2.13) that is valid as long as | — y|pmax > 1, where ppax is the
maximum density in the trap. Such an expression is:

o 7 |C)? ’sin (ﬁ)
pete(Z,9) = \/%E‘ . (WH)L;

Sin ZQ

1
1

(2.17)

where |C |2 is a numerical coefficient which can be expressed in terms of Barnes function
4 ~

G(z) as |C|2 = %, L is the time needed by a signal travelling with velocity v to cover

the interval [x1, z2]. The signal velocity v(x) depends on the position z as:

o(w) = /2 (- V(). (2.18)
One has then:

~ 2 du
i-= /ml o (2.19)

In Eq. (2.17) Z(z) represents the time needed to a signal emitted in z1, with velocity
(2.18), to reach =z, i.e.

#(z) = /:UC(ZZ) (2.20)

It should be noticed that in the limit (2.13) the condition |z — y|pmax > 1 is satisfied up
to distances |z —y| = O(N~!). To analyse Eq. (1.59) in the h — 0 limit, we can then
safely replace p(x,y) with Eq. (2.17) and restrict the integration domain to y € [z1, x2].
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Changing integration variable to §(y) through Eq. (2.20), we obtain the semiclassical limit
of Eq. (1.59) for the largest eigenvalue of the 1BDM:

[ 5 w@)pan(z. Deo(d) = hogo®), (2.21)

with w(§) = 1/v(y(7)). Plugging Eq. (2.17) into Eq. (2.21), we observe that the limit
‘h — 0 is consistent on both sides only if A\g = O(h_l/Z). Recalling Eq. (2.16), immediately
we conclude that for N — oo:

Ao ~ BNY/2, (2.22)

namely, in the limit (2.13), the scaling exponent C is 1/2, independently on the shape
of the potential. The result C = 1/2, was found in the specific case of the harmonic
potential in [100]. Notice that it also the value that we found in the homogeneous case. The
numerical prefactor B, is instead potential-dependent and can be also explicitly calculated;
we will provide an example of such a computation in a following Section.

Eq. (2.22) is intended to describe the scaling of Ao when the shape of the external
potential is fixed and one varies N. We will see from numerical calculations that the same
power—law scaling for Ay emerges when the density of particles in the external potential
is fixed and one varies IV and the trap parameters accordingly.

MOMENTUM DISTRIBUTION

We consider here the small-k behaviour of the momentum distribution n(k) of the system,
defined as:

1 .
n(k) = Q—/dw/dyp(af,y)eﬂk(m*y). (2.23)
s
From (1.59) we have the eigendecomposition:
plx,y) = Y Xj@i(y) i), (2.24)
J

that, substituted into Eq. (3.5), gives:

n(k) = 2o Ale;(R)7, (2.25)

where @;(k) = \/% [ dx e=*%p;(z) is the Fourier transform of the natural orbital. Hence
the zero-momentum distribution npex = n(k = 0) is given by:

1
Mpeak = 5 > A M;. (2.26)
i

where the quantities M; = |[ dz ¢, (1:)|2 involve the natural orbitals.

Notice that p(x,y) = p(—xz,—y) if the trapping potential V(z) is an even function,
therefore in such a case the natural orbitals can be chosen to have definite parity. It turns
out that they have the same parity as the single-particle wavefunctions, i.e. ¢;j(—z) =
(—1)?p;(z). Then the sum in Eq. (2.26) is restricted only to even j. For even j the integrals
form a decreasing sequence:

Mo > My > My > ..., (2.27)
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Figure 2.1: Ratio M; /Mgy vs j, for the x* potential with N = 25, for the first 10 even values of
j. The plot is in log—scale. In the inset there is found the same ratio evaluated for the
half harmonic oscillator, for every j, with N = 25 in linear—scale.

where the j = 0 term is typically an order of magnitude greater than j = 2, which is
in turn an order of magnitude greater than j = 4 term and so on (from hereafter the
differences are not that big, but there is still an ordering). In Fig. 2.1 we plot, as an
example, the ratios % for the quartic potential and even values of j = 2,4,.... In the
inset there is the plot done for the half harmonic oscillator for every j (note the different
scales of the two plots). From these figures one can argue that the ordering in (2.27) is
indeed valid.

To further support this argument, we have also performed an analysis of the coeffi-
cients ¢; ; entering the expansion of the natural orbitals in terms of the single-particle
eigenfunctions:

pi(r) = D cijo;l). (2.28)
J
Since both the sets are orthonormal, the coefficients above have to satisfy:

> leigl? = 1. (2.29)
J

In Fig. 2.2 we plot, as an example, the results for the square of the absolute value of the
first Fourier coefficients weighting the first 20 eigenfunctions for the V' (x) o 2 potential.
We conclude that one can write:

A
Npeak A ﬁMO : (2.30)

SCALING LAWS

In this Section we aim to determine a relation between the scaling of the largest eigenvalue
of the 1BDM and the momentum distribution peak. For this purpose, we have studied
the behaviour of the natural orbitals ¢;(z) for a variety of potentials, including the (even)
power-law potentials V(z) o %" and the (non-even) half harmonic potential Vi, ()
defined by Viuo(7) o< 22 for x > 0 and Vjp,e(z) = oo for 2 < 0. Due to their normalization,
the natural orbitals converge for large values of N to certain functions when the position
coordinate z is rescaled by a quantity which depends on (and scale with) N.
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Figure 2.2: First 10 absolute value squared Fourier coefficients ¢; ; from (2.28) weighting the first
20 eigenfunctions for the x4 potential case, i.e. i = 0,...,9and j = 0,...,19 (N = 8).
We have explicitly checked that (2.29) is satisfied up to 1% error.

More precisely, we start by rescaling the position coordinate x in terms of a unit length
€ as:

x
n==-. 2.31
: (2.31)
We then define the dimensionless ground state natural orbital ¢g(n) such that:
/I@o(n)\2 dn =1, (2.32)

It follows that ¢g(n) = ¢o(x) v/€. We denote by /3 the exponent with which $q(n) scales
with %, i.e. po(n) ~ h~"; in the semiclassical limit this is equivalent (see Eq. (2.16)) to:

o(n) ~ N7. (233)

We have verified that, plotting ®,(n)/N? as a function of nN27, for N — oo the curves
converge to a smooth function. In Fig. 2.3 we plot ¢y(n)/N? with respect to nN??, for
the cases of the harmonic potential (top plot) and quartic potential (bottom plot) for
different values of the particles number. The convergence to a limiting curve for large N
is evident from the figures.

We can also similarly define the dimensionless momentum distribution npear /€ and the
exponent v of its scaling with N (or equivalently 7 ~1):

Dlpeak | N7, (2.34)
£

From Eq. (2.33), it should be clear that [ dn ¢q(n) must scale as N~ for large N, in such

a way that the normalization condition in Eq. (2.32) continues to hold. In other words, the

support of the function ¢, (1) should scale as N~27 (see again Fig. 2.3). From Egs. (2.30)
and (2.22) we conclude:

npgak ~ Nl/2-28 (2.35)
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Figure 2.3: $¢(n)/N” vs nN?# for the harmonic potential (n = 1) on the top, and the quartic
potential (n = 2) on the bottom. From the external curve towards the center of both
figures, we consider N = 2,10, 15, 20, 25.

In particular, from Eq. (2.35) it follows a scaling law among the exponents 7 (defined in
Eq. (2.34)), B (defined in Eq. (2.33)) and C (given in Eq. (1.62)):

v+28 = C. (2.36)

We will present a numerical check of these results , in particular the scaling law (2.36)
for polynomial potentials V (x) = Ax?" with different values of n. Moreover we will try
to get a prediction for v and S for such external trapping potentials. For the harmonic
potential (n = 1), from analytical calculations it is already known [100,135] that C = %,
8= —i and v = 1, which indeed satisfy both Eq. (2.22) and Eq. (2.36).

2.1.3 RESULTS FOR POWER LAW POTENTIALS

In the previous Section, we have derived an expression for the 1IBDM of a TG gas in a
generic external potential which leads to Eq. (2.11). In the following, we are going to study
the scaling with the particle number of the 1IBDM maximum eigenvalue Ag. For simplicity,
we are going to analyse a TG gas at zero temperature trapped by a potential of the form:

V(z) = Az, (2.37)
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with n a positive integer and A a positive coefficient.
Substituting Eq. (2.37) into Eq. (2.5), one gets a single—particle Hamiltonian with dis-
crete spectrum, and in particular:

~ 2m 922

2
( Ll +Aa:2"> bx(z) = exdu(z), (2.38)

for Kk = 0,..., N — 1. It is useful to introduce a length scale £ through:

1
%an 2(n+1)
_ 9.39
: < mA ) ’ (2.39)

where b, is a numerical constant that we will fix later. Analogously we define the energy
scale ¢ = h2?/(mé€?) and n = ¢ [see Eq. (2.31)] and then rewrite the single-particle
Schrédinger equation as:

2
[—;88772 + bn 772n] dr(n) = ?¢k(77) : (2.40)
To evaluate the 1BDM it is needed to determine the single—particle wavefunctions, solu-
tions of Eq. (2.40), and substitute their expressions into Eq. (2.11). The exact analytical
solution of the Schrédinger equation (2.40) is available only for two cases: n = 1 and
n = oo that correspond to the harmonic potential and the hard wall, respectively. For
intermediate values of n, one has to rely either on numerical methods or semiclassical
WKB approximation and, as a matter of fact, we have implemented both methods.

We used the lowest order WKB approximation, WKB( according to the notation of [159].
One gets then the following estimate for the energy levels of the potential (2.37) directly
from the Bohr—Sommerfeld quantization condition:

cukh {\/Tr<§+21n) 1 AL/2n
2m T (14 4)

where I'(2) is the Euler Gamma function. From Eq. (2.39), recalling the definition of the
length scale &, we obtain:

2n
n+1 2n

(k + ;) R (2.41)

- [ (2)21"]3& | o)

We choose then b, in Eq. (2.39) in such a way that the energy scale in Eq. (2.42) matches
with the first factor of Eq. (2.41), namely:

bn:[ 7r(i+2)]”
(1 4)

We have checked (2.41) for different values of n, comparing the semiclassical results with

(2.43)

numerical outcomes obtained with the routine Chebfun [160] (and also with direct di-
agonalization of the single-particle Hamiltonian). As one can see from Tab. 2.1 and as
expected, the WKB formula (Eq. (2.41)) approaches the numerical results in the limit of
large k (apart of course the harmonic potential case where it is exact). The WKB approxi-
mation also provides a form for the single-particle wavefunctions ¢ (n) along the full real
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n=2 n=3 n==4
k| oepkt | ogpum | cwkb | gpum | cwkb |
0 | 0.397 | 0.485 || 0.353 | 0.505 || 0.330 | 0.530
1| 1717 | 1.739 || 1.837 | 1.915 || 1.913 | 2.059
2 | 3.393 | 3.412 || 3.953 | 4.006 || 4.332 | 4.435
3 | 5.314 | 5.329 || 6.548 | 6.593 || 7.421 | 7.509
4 | 7.429 | 7.442 | 9.546 | 9.586 || 11.09 | 11.17
5 | 9.708 | 9.720 || 12.89 | 12.93 || 15.30 | 15.37
6 | 12.13 | 12.14 || 16.57 | 16.61 19.98 | 20.05
7 | 14.68 | 14.69 || 20.54 | 20.57 || 25.12 | 25.19
8 | 17.35 | 17.35 || 24.78 | 24.81 | 30.69 | 30.75
9 | 20.12 | 20.13 || 29.28 | 29.31 || 36.67 | 36.73
10 | 22.99 | 23.00 || 34.02 | 34.05 || 43.04 | 43.10

Table 2.1: Semiclassical energy levels obtained from (2.41) and the corresponding numerical results
for 5, for n = 2,3,4 and V(n) = b, n*", with b, fixed by (2.43). Energies are in units
of e.

line. Near the turning points of the potential, one has to use a standard Airy function

approximation.
Since the WKB approximation works better for higher energy levels, as one may check
comparing the differences E}:kb — "™ for different values of k, we expect that the value

of C** may be be different from the one obtained by numerically computing the single—
particle wavefunctions if N is not very large. Moreover, since the ground state and first
excited states energies computed with the WKB method, for n # 1, are smaller than the
one computed numerically, we expect that the WKB ground state will be more populated
by the particles with respect to the exact occupation. Therefore a larger value of CWkb
may be obtained for the values of N we consider (N < 30), which is indeed what we find
below.

After determining the single—particle wavefunctions either numerically or within the
WKB approximation, we have generated the 1BDM (2.11) for the potentials in Eq. (2.37).
For n = 1 and n = oo exact form of the wavefunctions are of course available and the
task simplifies. Finally, we are left with the eigenvalue problem:

/p(fc,y) ei(y)dy = Ajpi(z), (2.44)

that we have solved by discretizing the integral; for finite n, for instance, one can employ
a Gauss—Hermite quadrature [83] (see Appendix 2.2.A for the details). To be sure that the
method works accurately for different potentials and particles number, we have verified
whether the results converge increasing the number of nodes (points) of the quadrature.

We are interested in the study of deviations from ODLRO and therefore we focus
our attention on the behaviour of A\g for different number of particles in the system. To
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characterise and quantify these deviations in the TG gas, we have fitted the large N
asymptotic of the maximum eigenvalue of the 1BDM with a power—law [100]:

D
Ao :A+BNC+F, (2.45)
where in principle all the parameters A, ..., are potential-dependent (i.e. n-dependent).

Since the number of particles NV typically goes from 2 to 25, sub-leading finite-size correc-
tions are taken into account by the exponent £ (and the pref-actor D) in Eq. (2.45).

As discussed previously, it is possible to define two different scalings of Ay with respect
to the particle number. In the first case (case (b)), we could fix the external potential and
increase N. In the second case (case (a)) we could fix instead the density of particles in
the trap and vary N and A accordingly. For example, for the harmonic potential we can
write A = %mwz, and, using the length scale ¢ = /h/mw, we can define the average
density p = N/+/ h/mw. We are going to approach the problem in both ways.

A power-law scaling similar to Eq. (2.45) can be also argued for the dimensionless
momentum distribution peak:

Npeak _ y ﬂ
ek = FrGNT 4 17 (2.46)

To obtain 3 defined in (2.33), we proceed in the following way. First we evaluate ¢(n)
for two different values of the particle number, N7 and No. To have an estimate of 3, we
impose that:

A (N - A (N -
90(() 1)(77) Ny b= 808 2)(77) N257 (2.47)
near the origin, from which it follows that:
A (N: A (N
RERONRI0]

In (N, /Ny)

Once the value of  is found, we have checked that the scaled natural orbitals, i.e.

(2.48)

®o(n) N=P, converge by increasing N.

SEMICLASSICAL (CFT) DETERMINATION OF THE PREFACTOR B

Let us now show how it is possible to use the asymptotic form in Eq. (2.17) for the
1BDM to extract directly the potential-dependent coefficient B in Eq. (2.45) for N — oo
[see Eq. (2.22)]. Once again we focus on power-law potentials given in Eq. (2.37). In the
semiclassical limit defined in Eq. (2.13), the following dimensionful quantities (u, A,m)

)1/271

do not scale with , and we replace them with (R, L, m) where R = (% is a length

scale and L the time scale in Eq. (2.19). For the power-law potentials:

~ m
L=E — 2.4
R\/5 (2.49)

where & a numerical constant given by:

[z

yrl ) 250

_/1m_ 1“(”2;;1)
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In the semiclassical approximation & can be replaced by N according to Eq. (2.16) which
in our case reads:

mR? /aZ&

Nh="5 () (2.51)

™

In Eq. (2.51), « is another numerical constant given by:

a= /_11 du V1 —u?" = \/ET(QE#) (2.52)

r (%)
The 1BDM in Eq. (2.17) is expressed in terms of a variable #(z) = LF(x/R). Again for

the potentials in Eq. (2.37), F' is given by:

F(n) = (2.53)

1 /77 i 1

= U -
EJa V1I—u
However, it is actually more convenient to introduce G(7) in such a way that F'(n) =
% + G(n) and it turns out:

)
' 2

|~

By (

2.54
I (2:54)

G(n) = sign(n)

[y

where the function B,(a,b) is the incomplete Beta function [161]. The function G(n)
simplifies in the limit n = 1 (harmonic oscillator) where we have G(n)|,—1 = % arcsin(n)
and also in the limit n — oo (hard wall) where G(1)|n—oc = i7. Taking into account all
of this, we can rewrite the eigenvalue equation (1.59) for the semiclassical IBDM as:

\/N\Clz\/g/_ll dn’ K(n,n")ei(n') = Nje;i(n) (2.55)

where K (n,n') is the kernel:

0ol

K(n,n')

1= sin(«G(n)|* |1~ sin” (G (1)) (2.56)

lsin(7G(n)) — sin(7G(1))|

As already anticipated, the existence of the limit (2.13) requires \; ~ B; VN,ie C=1/2
[see Eq. (2.45)]. The numerical prefactors B; can be calculated from the knowledge of the
eigenvalues \; of Eq. (2.56). Indeed from (2.55) one has:

T -
B; =|C|?, /OTEAJ-. (2.57)

In the following we only focus on the scaling of largest eigenvalue Ay and then define
B= Bo.

The largest eigenvalue of the kernel in Eq. (2.56) can be obtained with a numerical
procedure similar to the one outlined at the end of the previous Section. Notice that the
kernel in Eq. (2.56) is singular for n = 1’ and its diagonal elements have to be regularized
with a cut-off §. The physical origin of the cut-off can be traced back to the validity of
Eq. (2.17) up to distances |x —y| ~ p,l . In the dimensionless variable 1, therefore the
cut-off is § ~ % <& 1. This condition, determining the validity of the CF'T approach,
already appears in [156]. From this perspective the semiclassical limit A — 0 in Eq. (2.13)
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Figure 2.4: B(n) vs n obtained from solving Eq. (2.55) with kernel given by Eq. (2.56). B mono-
tonically decreases from 1.430(4) for n = 1 to 1.308(3) for n = oo which is represented
by the red dashed line. The black dotted line is a guide for the eye.

it is actually a convenient way to take the continuum limit to a field theory. Such a field
theory describes the gas density fluctuations on intermediate length scales much larger
than pl and much smaller than the effective length R of the system [156-158]. A non-
trivial consequence is that the two procedures (a) and (b) to implement the large-N limit
should reproduce the same results. Indeed fixing the external potential and varying the
density is equivalent to consider pL — 0 while keeping R fixed; on the other hand fixing
the density and varying the potential corresponds to R — oo while keeping pmax fixed. In
both cases § < 1 and the gas is described by a CFT.

Numerical estimations for B in Eq. (2.57) obtained with a Gauss-Legendre quadrature
up to Z = 20000 nodes are given in Tab. 2.2 and Fig. 2.4. Z is the number of points of
the grid in which the interval [—1,1] is divided. The error is estimated by extrapolating
the value of B in the limit 6 — 0 by increasing Z. Then the obtained values for varying
Z are fitted with a function of the form B+ M/ Z¢. We observe that Refs. [100,162] also
provide a numerical evaluation of B for the harmonic potential (n = 1) and the hard wall
(n = 00). Our results fully confirm and generalize these predictions.

The CFT predictions for B are compared in Tab. 2.2 with Bg¢, which is the value of
B obtained from the fit (2.45) using the numerical results for the 1BDM p(z,y) directly
computed. The large-N limit is implemented here fixing the potential and varying the
density (case (b)). Notice that in doing the fit one could either fix C to the value 1/2
or re-fit as well C according to (2.45). Since the value C = 1/2 has been independently
established and checked, we present our results for Bg; with the former procedure. When
instead C is re-fitted, substantial agreement for By is found, except for n ~ 2 — 4 where
we obtained a discrepancy of order 1%. To check which procedure is better, we performed
both with N up to 30, and then we compared their predictions with the value for Ag
obtained for N = 35 directly from the numerical diagonalization of the ODBM. We found
that the procedure in which C is fixed gives slightly better results. Finally we also verified
that the scaling of the largest eigenvalue obtained fixing the density in the trap and
varying the potential (case (a)) is also consistent with the CFT predictions; see Table 2.6,
for fits without fixing C = 1/2 and Table 2.7 for fits with C = 1/2. Compare in particular
the results in Table 2.7 with those collected in Table 2.3.
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n Bagi B

1| 1.4304(2) | 1.430(4)
2 | 1.400(4) | 1.392(4)
3| 1.380(4) | 1.378(3)
4| 1.372(5) | 1.368(2)
co | 1.31(1) | 1.308(3)

Table 2.2: Estimation of the prefactor B in Eq. (2.45). The values Bg; are obtained fitting the
finite- NV results for the largest eigenvalue of Eq. (2.11) with Eq. (2.45). The fit for g is
done fixing the potential and varying the density by increasing the number of particles.
The numerical error in the last digit is reported in brackets. In the second column are
given the values of B obtained from Eq. (2.57), after determining numerically the largest
eigenvalue Ao of the kernel in Eq. (2.56).

n Agit B Dsy Et

1 | —0.554(2) | 1.4304(2) | 0.122(1) | 0.60(1)
2 —0.55(4) 1.400(4) 0.141(8) | 0.79(6)
3 —0.53(3) 1.380(4) 0.16(2) 1.1(5)
4 —0.56(3) 1.372(5) 0.20(1) 0.9(3)
o0 —0.6(1) 1.31(1) 0.31(9) 0.3(1)

Table 2.3: Results for the parameters entering Eq. (2.45) for different values of n by fixing the
trapping potential and varying the density at the center of the trap. The numerical
error in the last digit is reported in brackets.

In conclusion, the agreement between the predictions obtained from the CFT for-
mula (2.17) and the numerical values for Bg; is very satisfactory.

NUMERICAL RESULTS

Let us now describe the outcome of the numerical analysis, based on Eq. (2.45) and
Eq. (2.46), for the large-N behaviour of Ao, npeak/& and ¢y(n). Such a study strongly
corroborates the validity of Eq. (2.22) and Eq. (2.36). To obtain the results in Tab. 2.3,
Tab. 2.4 and Tab 2.5, we have varied the density of particles in the system (by increasing
N typically up to 25 — 30) for different power-law potentials in Eq. (2.37). In particular:

e In Tab. 2.3 are collected the results obtained for the parameters of the scaling of A\
according to Eq. (2.45).

e In Tab. 2.4 we report the results for the dimensionless momentum distribution peak
according to Eq. (2.46).

e In Tab. 2.5 we summarise the values of C, 8 and  obtained as a function of n.

Our findings for )¢ as a function of N using Eq. (2.45) are plotted for different values
of n in Fig. 2.5. The inset of Fig. 2.5 shows the WKB approximation results, where it is

o7
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Fhit Gt Hs Ty
0.002(2) | 0.561(6)

—0.046(8) | 0.5001(3) | 0.025(6) | 0.6(3)
2) 0.10(8) 0.3(3)
—0.21( 0.500(5) | 0.015(5) | 0.41(3)

n

1

2

3 | —0.15(8) | 0.491(
4 1)

o0

(
—0.752(3) | 0.1994(2) | 0.0048(1) | 1.09(5)

Table 2.4: Results for the parameters in the dimensionless momentum distribution peak (2.46) for
different values of n. Note that for n = 1 the correction term oc 1/N in the fitting is
not necessary.

called A¥**. The exponent C is approaching 1/2 within the numerical error. Also notice
from Tab. 2.5 that C¥*? is greater than Cg; for n # 1, as expected, and C = 1/2 is within
the estimated error for C*** (but n = 2).

By studying the system by fixing the density and varying A, we have collected the
data reported in Table 2.6 for different values of n of the polynomial trapping potential.
From these results is evident that C = 1/2 is also found in this case. For this reason we
then fitted the data via Eq. (2.45) with C fixed to the value 1/2 and we obtained the
results reported in Table 2.7. Consistently with the discussion in Sec. 2.2.1.3, the values
estimated for the parameter B (actually for all the fit parameters) are consistent within
the error bar with the ones in Table 2.3.

We have also done calculations for a potential Vi, (z) = Ax? for x > 0 and zero
otherwise, 7.e. half of the harmonic potential: By varying the density in the system we
get:

Age = —0.37(1); Bge = 1.267(3); Cae = 0.51(2);

Dgy = 0.103(1); &gy = 0.58(1) . (2.58)
n Chit Cor Bt Vit B y
1 | 0500(2) 0.496(8) —0.25(1) 1.02(4) || -1 1
2 | 0.501(1) 0.54(3) —0.16(1)  0.85(2) -+ 2
3 | 0.501(2) 0.54(7) —0.12(2)  0.76(1) -1 3
4 | 0500(3)  0.54(9)  —0.10(1) 0.70(1) || -3 5
oo | 0.500(1) 0.00(1)  0.502(2) 0 3

Table 2.5: From the second to the fifth columns are gathered numerical results for the parameters
ruling the scaling with N of Ao, A¥*, ¢(n) and npeak/&. The value for C, within
the numerical precision, appears to be independent on the potential and equal to 1/2.
Last two columns: Exact values for 8 and + coming from Eq. (2.61) and Eq. (2.62)
respectively.
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0 L L
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N
Figure 2.5: A\g vs N obtained for n = 1 (in solid blue), n = 2 (in dashed red), n = 3 (in dotted
green) and n = oo (in dotted-dashed black), up to 500 particles. In the inset is shown

the behaviour of /\B”kb vs N obtained with the WKB approximation, for n = 1 (in solid
blue), n = 2 (in dashed red), n = 3 (in dotted green) and n = 4 (in dotted-dashed

orange).
n Asit B Crit Dy, Ehit
1| —0.58(2) 1.45(3) 0.4995(8) 0.36(5) 2.00(1)
2 | —0.56(3) | 1.418(2) 0.498(5) 0.16(4) 1.2(3)
31 —0.56(2) | 1.391(1) 0.500(3) 0.18(2) 1.0(1)
4 | —0.52(7) 1.34(4) 0.503(6) 0.21(1) 0.30(5)

Table 2.6: Results for the parameters entering Eq. (2.45) for different values of n by fixing the
density at the center of the traps and varying N and A accordingly. The numerical
error in the last digit is reported in brackets.

n Agit B Dst Ehit

1] —056(3) | 1.432(4) | 0.13(3) | 057(2)
2 | —055(2) | 1.407(4) | 0.15(3) | 1.0(2)
3| —056(2) | 1.391(1) | 0.18(2) | 1.0(1)
4] —056(1) | 1.38(2) | 0.18(4) | 0.8(1)

Table 2.7: Results for the parameters entering Eq. (2.45) with C fixed to 1/2, for different values

of n by fixing the density at the center of the traps and varying N and A accordingly.

The numerical error in the last digit is reported in brackets.

ANALYTICAL PREDICTIONS FOR ﬂ AND 7y

All previous results are compatible (within the numerical error) with an exponent C,
characterising deviations from ODLRO in the thermodynamic limit, equal to 1/2. For very
large number of particles we therefore confirm the validity of Eq. (2.22), independently of
the external potential. It is also interesting to observe that not only Eq. (2.36) is satisfied
for the different power—law potentials analysed, but also that it is possible to work out
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predictions for § and = as a function of n. For 5 one can observe that, recalling the
definition of length scale £ in Eq. (2.39), the support of the dimensionless ground state
natural orbit scales as: €71, i.e.

/dn o 2 o T (2.59)

Since: [dn o< N728  and in the semiclassical limit 7 oc N~!, then we have:

N=28 o Nwr, (2.60)
from which:
1
B=-5"15 (2.61)

From the universal relation (2.36) it also follows a prediction for :

n—+3

T ot 1) (2.62)

The main results for the exponents C, v and [ for different power—law potentials are
reported in Tab. 2.5. Hence, the predictions (2.61) and (2.62) are in excellent agreement
with the numerical results.

Finally observe that the result v = 1 for npeak /£ in the case of harmonic potential does
not imply at all that in an experiment one would see a BEC, (i.e. a macroscopic occupation
of the lowest energy state). Indeed, also £ has a dependence on N. In experiments where
p(k) is measured, from Eq. (2.59) one would have:

Npeae ~ N1/2. (2.63)

The same behaviour is obtained for all values of n. This shows that for a TG gas the
condensate fraction is 1/v/N independently of the external trapping potential used to
confine the system.

Now we wonder if we can extend the above analysis to the case of hard—core anyon gases.
Following the same reasoning just seen for the bosonic case, we expect to find that the
exponent C(k), will be the same as in the homogeneous case, i.e. Eq. (1.93). In order to
prove that, we will rely once again on a theoretical field approach valid in the semiclassical
(thermodynamic) limit.

22 TRAPPED HARD—CORE ANYON GAS

The Bose—Fermi mapping which allowed us to write the many—body wavefunction of the
bosonic Tonks—Girardeau gas in terms of the wavefunction of a spinless nonineteracting
fermions, cfr Eq. (2.4), can be generalized also for hard—core anyons [163]. The many—body
wavefunction for hard—core anyon gas can be written as:

1 .
Vi (1, ...,xn) = ——det [dr(x])]p= o N1, em(lfﬁ)e(xjfmi), 2.64
( ) \/ﬁ [ ( )] lgl,...,Nl 1Si];[SN ( )

where 6(x) is the Heaviside step function. For x = 0 one can easily observe that this
equation reduces to Eq. (2.4), as it should. Thanks to this mapping, in [164] they were
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able to obtain a closed expression for the 1IBDM of a trapped hard—core anyon gas written
in terms of the natural orbitals for the ideal Fermi gas, i.e. eigenvectors of Eq. (2.5), and
therefore valid for any trapping potential. The expression reads:

N-1

prlaa’) = 3 (<1 gi(a!) ¢5(o) det { [ areim IO gy (1) 1)}

1,j=0 - k#il#]

(2.65)

and we want to recast this expression in a form similar to Eq. (2.11). Assuming = > 2/,
separating the integral as:

/ dt e (1=R)0(—2)=0(=2)] 4 (1) px (1) / dt ¢u(t) o1, (t)+
+etm(1=+) / dt ¢i(t) ¢Z(t)+/oo dt ¢i(t) 95, (t)

by using the orthonormality condition [0 dt ¢;(t) ¢ (t) = Ok, we finally arrive at:

N—1 o . .
p(z,a’) = Y (=1)" ¢i(a) ¢ (x) det {5k,z + [6”(1*”‘) — 1] / dt ¢ (1) ¢Z(t)} :
i,j=0 y k#i,1#j

(2.66)

Therefore for a generic trapping potential V' (x), one has to solve Eq. (2.5) in order to find
the single-particle eigenfunctions ¢y () and plug them in Eq. (2.66) for a fixed statistical
parameter, x, and number of particles, V. Notice that for x = 1 one gets back Eq. (2.11)
for the 1IBDM of a bosonic Tonks—Girardeau gas, while for x = 0 one has the well known
expression for the density matrix of a one-dimensional spinless Fermi gas.

2.2.1 1BDM IN THE SEMICLASSICAL LIMIT

In the same way as we did for the bosonic Tonks—Girardeau gas, we can study if and
how the external trapping potential affects the scaling for growing number of particles of
the largest eigenvalue of the density matrix, 7.e. how the momentum distribution peak
grows with NV for a trapped hard—core anyon gas. This study can be done starting from
the Conformal Field Theory results of [112], where using the inhomogeneous Luttinger
liquid theory they were able to obtain an expression for a trapped Lieb—Liniger anyon
gas. We remark that within this approach, the semiclassical limit, A — 0, is equivalent to
the thermodynamic limit, N — oo, therefore it turns out to be very useful to study the
N-dependence of the largest eigenvalue of the 1BDM of the system. The leading order
behaviour of the density matrix for a trapped hard—core anyon gas reads for x > 2/ [112]:

e, 7') = (béf e S P fo() p(at) [p(a) v(w) pla’) v(a’)] T

(A (3) A @) (267)

obc

where the sound velocity v(z) can be read from the expression of the Luttinger parameter
K(z) =1 = v(@)where in turn vp (x) = Thp(z), is the Fermi velocity and p()

vr(z)’

the density profile of the gas. The prefactor b} are the same of the prefactors for the
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homogeneous case, i.e. bé(zl = (277)_ s G <3+TH> G (3_TH>, while the vertex correlation

function reads:

23/, 2L)] 1.
(k?-1)

(k241) 7

<121/£,—1 (5:) 7 A—n,l (5:/)>[1] _ e—iﬂnsgn(i—j’)/2 [d (256, Qi) d

obc

—~

' [d(z+3,2L)]
[d(z -7, 2L)]

D= [N

where: d (Z, L) = % ‘sin (LE)

the time needed to a signal to travel from point x; to x5 and from z; to x respectively,

, and where L and % are the usual variables which represent

and where x1 and x5 are the boundary points solutions of the equation: u— V(x) = 0. We
remark here that this expression is valid in the intermediate range of coordinates between
the interparticle distance and the system size.

Notice also that the complex exponential in Eq. (2.67) (by plugging also the complex
exponential coming from the vertex correlation function), is the one responsible for the
shift of the location of the momentum distribution peak for the hard—core anyon gas. In the
homogeneous case, for example, where: p(z) = p = N /L, the complex exponential does

) ey
indeed reduce to: ei"kFTe—ginsgn(r)

, which we saw in Eq. (1.89) and shift the momentum
distribution peak around the position: kL = —k7m (N —1). In the case of presence of
a trapping potential, a closed analytical expression for the intensity of the shift is a
difficult task because of the inhomogeneity, but it can be evaluated numerically for a fixed
potential.

Now let us turn our attention to the scaling with the particles number. The density
profile p(z) scales as O(N), therefore the sound velocity has no N-dependence and the
same is true for the vertex correlation function. As we did for the bosonic case, we can
study the eigenequation (2.44) in the semiclassical limit, by substituting p(x,z’) with Eq.
(2.67) and restrict the integration domain to ' € [x1, z2]. Changing integration variable
to @', we obtain the semiclassical limit of Eq. (2.44) for the largest eigenvalue of the 1IBDM

[ w@) @3 0@ = o o(®), (2.68)

with w(Z') = 1/v(2'(7')). Plugging Eq. (2.67) into Eq. (2.68), we observe that the limit
‘h — 0 is consistent on both sides only if Ag = O (71_(1_”2>/ 2). Recalling that within this
approach: N h = const, we finally conclude that in the thermodynamic limit:

Mo(k) ~ B(r)N2(=), (2.69)

therefore the scaling exponent C (k) for the largest eigenvalue of the 1IBDM is:

C(k) = % (1-#%), (2.70)

independently on the shape of the potential and in particular notice that it coincides with
the result of the homogeneous case, cfr Eq. (1.93). To get the numerical prefactor B(x)
once the trapping potential is fixed, one should evaluate the eigenvalues of the kernel
coming from Eq. (2.68) from using (2.67), within the same procedure that we used for the
hard—core Bose gas.
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Now that we deeply studied the effects of a trapping potential on a hard—core interacting
system with general quantum statistic properties, we wonder what will happen when one
considers different kind of interactions. For example how long-range repulsive interactions
modify the results and analysis? And what if we introduce an external trapping potential
for the long-range system? We will now deal with such problem, introducing the Calogero
and Calogero—Sutherland models.

2.3 CALOGERO MODEL

We will introduce the Calogero and Calogero Sutherland models (CM and CSM, respec-
tively) which are systems made up of interacting particles with long-range (x; — xj)*Q
interactions. While the CSM refers to a system enclosed in a ring geometry, the CM
encodes the effects of inhomogeneity with an external harmonic trapping potential. The

Hamiltonian of the Calogero—Sutherland model in a ring of circumference L reads:

N _ 72 0? w2/ 2
Hesm = o — { Z or 2 + 2>‘(>‘ )Z Sinz[ﬂ(x' j)/L] } ’ (2'71)

2m oy —

where the interaction among two particles is inversely proportional to the square of the
chord distance between them. Its ground state wavefunction is known and can be written
in product form as [113]:

. . A
¢gé11\?/[(131a755N> = H ‘627T7,217k/L7627TZZl/L SB7F, (272)
>k

apart from a normalization constant. The factor Sp r depends on the quantum statistics:
Sp = 1 for bosons, while Sp = (—1)¥ with P the parity of the permutation, for fermions.
The corresponding energy per particle is:

Ecsm  mA2(N?2—-1)

When an external harmonic potential is introduced, we deal with the Calogero model
whose Hamiltonian is written as:

_ hQZ ”12;

0? —1)7n?

m

>

i>]

GaE (2.74)

It is convenient to choose oscillator length an, = v h/mw as unit of length and hw as
unit of energy. In this case we can recover the limits of vanishing interaction potential
A — 0. The Hamiltonian in dimensionless units reads as:

= _72 8772 + = Z Z (2.75)

=1 Z>_]

A

H

where we defined with 7; = x;/ayp, the dimensionless coordinates of the particles. Also in
this case the wavefunction of the ground state can be written explicitly [118] and apart
from a normalization constant it reads:

UGt (1, ) = H€ 2 i — i Sp.r (2.76)

i>]
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where the parity factor Sp r was previously defined. The corresponding ground state
energy per particle is:

E% - %[1 (N = 1)A hw. (2.77)
For the particular choice A = 1, it leads to a system of trapped ideal fermions, for fermionic
statistics, and a system of Tonks-Girardeau particles for bosonic statistics. For A = 0
instead, one finds the result of the ideal Bose gas.

Let us now introduce the study of the correlation functions for these systems. The cor-
relation properties of the CSM were thoroughly studied in the past. The relation between
the ground state probability of the CSM and the probability distribution of the eigenval-
ues of Gaussian unitary random matrices [165-167], allows to write explicit expression for
static density correlations of the CSM for certain values of the interaction parameter A
(which corresponds, apart from a factor 2, to the Dyson index in Random Matrix Theory).
The analogy with Random Matrix ensambles allows also the calculation of dynamical
density correlations [168,169] and dynamical Green’s function [170,171]. Later on, for
integer [172,173] and rational [174-176] values of the interaction parameter, the method
of Jack polynomial has been applied to find exact and asymptotic behaviours for several
correlation functions. The replica method was used in [177] to obtain the density-density
correlation functions of the CSM for arbitrary values of A. The same method was used
in [178] to study also the large and short distance behaviour of the one-body density
matrix and momentum distribution with bosonic and fermionic statistics.

2.3.1 CORRELATION FUNCTIONS AND SCALING PROPERTIES FOR THE
CSM

The long-range asymptotics of the ground state wavefunction in a homogeneous system
can be inferred from the hydrodynamic theory. It was shown by Reatto and Chester in
1967 that for large separation between particles x; — xj, the many-body wavefunction can
be factorized in a pair-product form:

N
P(x1, ., xN) = H|sin[7r(xj—xi)/LH1/K. (2.78)

i<j

There are some interesting observations: (i) this wavefunction is compatible with Luttinger
Liquid model. (ii) The parameter K = vp/s is the Luttinger parameter, directly related to
the Fermi velocity vp and the speed of sound s. The Fermi velocity v is completely fixed
by the density while the speed of sound s depends on the many—body interactions between
particles. (iii) The wavefunction (2.78) is an exact eigenstate of the Calogero—Sutherland
model with A\ = 1/K, so the particle separation does no longer need to be large. The
interaction potential scales as 1/x? similarly to the kinetic energy, so that there is no any
new length scale introduced.

In order to not confuse the 1BDM with the density profile of the gas p(z), in this
Section we will denote the one-body density matrix as: g1(z,y), and we remind that, if
the system is homogeneous, we can write ¢1(z,y) = ¢1(z —y) = g¢1(z). For bosons in
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the Luttinger liquid formalism it has a dominant slow power-law decay, while subleading
terms oscillate:

o' (@) = (@) ¥5(0)) = o[ -] o {Bo + mem [HM <2mm>} ,

decaying to zero, resulting in absence of Bose-Einstein condensation even at zero tempera-
ture, as we already saw in the previous Chapter. In case of fermions, already the dominant
term contains oscillations:

2m+3)°K+5
S

7 B i _ —+o00 1
o (@) = (¥ (@) ¥p(0) = p Y fn [

1
2(m + 5)]?}?.7}
m=0 px

In these expressions the dimensionless coefficients B, and f,, are non-universal and de-
pend on the details of the interaction. In the particular case of the Calogero—Sutherland
model, it was found:

B 2 0 2
g7 (z) A%(N) m Do (M) cos 2mkpx
~ 1+2 > (-1 2.79
p |2k |2 + mil( ) |2k |22/ A ’ (2.79)
@) )1 . )m_lF%(A) sin(2m — 1)kpa (2.50
P |2kpa|2tean ke m% (2kp)2m(m=1)/x '
where [178]:

_TY2(14)) dt ,[A 2 (cosh £ — 1)
A(A) - MGXP{/() 76 |‘4 — <1_€—t> (zt/A — 1>‘|} , (281)

Do~
+
>l

)

r(
DN = [T

a:lr( + )

(2.82)

N[
>l
>l

C(\) :r1/2(>\)r(1/2+1/2>\) {/oodt » lA I 2et/2 (cosh & — cosh t)
0

T(1/2+1/2) P A PRy ey 7o
(2.83)
AZ—(zk—1)2]é k1T (14 1520
RO = |20 2/ 2.84
k) [ 221 AT (14 52) (2.84)

These expressions will be useful in order to determine the ODLRO properties of the
system, in analogous way as the large distance behaviour of the 1IBDM were used to
compute the exponent C in the case of a homogeneous Lieb—Liniger Bose gas. Let us start
this analysis by reminding that the Fourier transform of the 1BDM for a homogeneous
system is the momentum distribution:

L
n(k) = %/0 e * g (z) dx, (2.85)

| IS |
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and once multiplied by 2%’, it is equivalent to the eigenvalue equation of the 1IBDM (1.59).
This follows from the fact that for a homogeneous system a good quantum number which
labels the occupation numbers and natural orbitals is the momentum quantum number
k = 224, and one can write the effective single-particle states as ¢;(z) = %627”'” /L
Therefore the dimensionless momentum distribution peak for bosonic homogeneous system

will coincide with the largest eigenvalue of the 1IBDM:
n(k =0)
L

For large number of particles, it is convenient to define a power law scaling for the

2r =X = /OL g1(x)dz. (2.86)

largest eigenvalue of the 1BDM with respect to IV, as:
Ao ~ ByN¢, (2.87)

as we already saw for several different models. In a completely similar way to the scheme
followed so far, we can then use the leading behaviour of the asymptotic expressions of
the 1BDM for bosonic and fermionic Calogero—Sutherland models to get access to the
prefactor By and the power C. In order to do so, we first have to make the one—body
density matrices periodic functions of period L so that we construct a circulant matrix
whose eigenvalues are known to be real, as it should be since they represent the occupation
numbers of the system. From Eqgs. (2.79)-(2.80) we symmetrize the leading terms of the
density matrices in the following way:

o), L) (L, 7o) 288)
p o (@2mp)M2 \m L ’ '
: L ., mx
of@ oy sinfm(fsn ) 250
- Ap Ll L ., mx ’

P o (Lsin) [T o (Rein )

L
™

sions in the equation for A, i.e. Eq. (2.86), we get respectively:

27 V2T (3 (13

where we substituted the distance z with the chord distance - sin %*. Using these expres-

o= ) A2(\) N3 (2.90)

VAl (1-3)

2 T+A2) . 1+X 31 1 N? 2
Moo= 2”zir<1— + >1F2<1— i % (6—)\—>;—> C2(\) N2—'%

4\ 4 A 4

where the first equation is valid for A € (0,2), while the second equation is valid for
A€ (2—+3,24++3), and 1Fa(a;by,bo;c) is the regularized generalized hypergeometric
function. Finally expanding the hypergeometric function for large N and keeping only the
leading term, one obtains:

A2

Ay = 2% cos {Tr (1 + )\Zﬂ r l—()\_l)Q] C*(A)N°. (2.91)

T 4\ 2\

Let us now discuss the results. For the fermionic Calogero—Sutherland model, from Eq.
(2.91) we obtain:

2
o 14A

BE(\) =25 cos [ (1+22)] T[-255] c2(y)
ctF(\) =o0

for A € (2 — /3,24 /3)2.92)

)
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ot

Bf (V)

Figure 2.6: Numerical prefactor Bg (M) for the scaling )\5 ~ B(If N€” for the fermionic Calogero—
Sutherland model in semi-log scale.

from which we can infer that there is absence of ordering since Cf' is always zero. Notice
also that for A = 1, d.e. free fermions, we get that B{'(1) = 1 as expected from the
Fermi-Dirac distribution. We report the behaviour of the prefactor BE of the largest
eigenvalue of the fermionic CSM in Fig. 2.6 for different values of the interaction. One
should not be surprised by the fact that the prefactor B{ is greater than 1 for A # 1, since
this expression was obtained only by retaining the leading order term from the Luttinger
predictions of gf' (), and we expect that the other terms will generate negative corrections
on the eigenvalue scaling.

For the bosonic Calogero—Sutherland model the situation is completely different. The
power law scaling of the one-body density matrix generates a non-vanishing power C? # 1,
which indicates that some particles want to occupy the lowest energy state of the system in
the thermodynamic limit, but not everyone of them (i.e. no Bose-Einstein condensation
occurs). When 0 < C < 1 we say that we are in presence of a mesoscopic condensate,
which consists of having a finite value for the "condensate" fraction % in the system. In
particular, from Eq. (2.90) we get:

var(1-3) A for A € (0,2). (2.93)
cB(y) =1-3

B =

For A = 1 one should obtain the known results for the Tonks-Girardeau gas [100], indeed
. r(1/4 VerT(1/4

from our equations one has C® = 1/2, and BE(1) = %AQ(U = #&é/)@ ~

1.54269, where A ~ 1.2824271 is the Glaisher’s constant. Notice that since A = 1/ K, the

L
2K

Lieb—Liniger Bose gas as well (and in general for Luttinger liquids, as we are noting).

power CP can be rewritten also as C% = 1 — which is a known results valid for the

We were also able to compute the scaling for the other eigenvalues A;. In order to do
so, one needs to compute the Fourier transform of the symmetrized 1BDM ¢ (z) and set
k= 2%]', with 7 € IN. Imposing )\JB ~ BJBCB, we obtained the following results:

m r(1+5-%) for A € (0,2). (2.94)
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Figure 2.7: Numerical prefactor Bf()\) for the scaling )\}9 ~ B;B NC® in semi-log scale for the
bosonic Calogero—Sutherland model for different values of the index j.

0.0 0.5 1.0 1.5 2.0
A

Figure 2.8: Largest eigenvalue of the 1IBDM for the bosonic CSM according to )\OB ~ 8(1)3 NC® for
N = 100 for different values of the interaction. For A = 1.99 one gets that: )\63 ~
8(1)3 N ~ 103> N , and we expect that there will be corrective (negative) subleading
terms in the actual expression for Ag.

Also in this case, for A = 1 one obtains the known results of the impenetrable bosons

1
system [100]: BP(1) = m, as it should be. For A = 0, one ideally has C¥ = 1,

BF(0) = 1 and BF(0) = 0 for all other j, which is correct since the occupation numbers
should be normalized such that: 3>°;A\; = N. In Fig. 2.7 we report the behaviour for
the prefactors Bf()\) for 5 = 0,1, 2, 3 and 100 for different values of the interaction
parameter. It has to be stressed that the above equations are valid for j fixed when the
thermodynamic limit is taken into account.

In Fig. 2.8 and 2.9 we report respectively the behaviour of the largest eigenvalue and
the ratio A;j(\)/Ao(X), of the 1BDM for the CSM fixing N = 100, according to the law
)\f ~ BJB NC® using (2.94).
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Figure 2.9: Occupation numbers of the bosonic CSM for N = 100, normalized with respect to
the largest eigenvalue Ao for different values of the interaction. We see that for A
approaching the critical value 2, the leading terms of the eigenvalues of the 1BDM
tend to originate a behaviour similar to a fragmentation phenomena.

For A = 2, one has C® = 0, and indeed the momentum distribution is known to have a
logarithmic scaling with k. Let us discuss this case in more detail: For A = 2 the 1BDM
is known to be [113]:

gt (z) _ Si(2kpz)

= 2.95
) FTp— (2.95)
where Si(z) = [§ Siny(y) dy is the sine integral function. From this one finds for the mo-
mentum distribution:
Ly, 2k
=1In <, k| <2k
nB={ i ngs [k F (2.96)
0, k| > 2kp

Symmetrizing g (z) by replacing the z variable with the chord distance, we can get an
expression for the largest eigenvalue of the system, which reads:

1 Si(2mp (£sin5)) 11 .33
B ) G 20

where o F3(aq,ag;b1,ba,bs;c) is the generalized hypergeometric function. By expanding
oF3 for large N and keeping only the leading terms, one finally gets for the bosonic
Calogero—Sutherland model with A = 2:

v+ 1n(4)

A=y

1
+ 5 InN, (2.98)
where v ~ 0.577216 is the Euler’s constant. Therefore B (A = 2) = %ﬂu) ~ 0.981755
and CB(\ = 2) = 0, and there is a discontinuity on the prefactor B (\) which diverges
for A approaching 2 from the left, but gets a finite value for X\ exactly equal to 2. It is also
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possible to obtain the scaling of the other eigenvalues /\JB also for A = 2. The procedure
is the same, and after some algebras we obtain:

AB:%L;IM)AJF;mN, (2.99)
e G S YL 2.1
)\2 9 3+2 n y ( 00)

s v+ 23 1
B e G T N 4 2.101
A3 2 TR (2.101)

Therefore we note that A = 2 is the critical value beyond which the quasi-condensation
disappears. The formation of a quasi-crystal happens around A = 2, as nicely characterized
in [178].

2.3.2 1BDM AND A9 SCALING FOR THE CM

When a trapping potential is introduced, the Galilean invariance of the system is lost and
the natural orbitals are not anymore plane waves. Therefore the identification (2.86) does
no longer hold and one has to assign, in general, two different power law scalings for Ag
and n(k = 0)/ape.

The expression for the one—body density matrix of a Luttinger liquid in inhomogeneous
space in the semiclassical limit 7 — 0, was obtained in [158] by using Conformal Field
Theory arguments. Notice that for a generic system the effect of the trap gives rise to
a spatial dependence on some fundamental parameters of the specific model, such as
the Luttinger parameter K — K(x). In the limit |z — y| pmax > 1, where pmax is the
maximum density in the trap, the Luttinger liquid density matrix reads:

2K (z)—1 2K (y)—1 1 [GN (x)JrGN (y)}
PLDA x) 1K (2) pLpA (¥ 1K (y) 62 [1/4K] [1/4K]
g5z, y) = LA W) b (@) bl ()
/U<x)4K(x) /U(y)4K(y) e [1/4K\"
(2.102)

where prpa(x) is the inhomogeneous particle density in Local Density Approximation
(LDA), v(x) is the velocity of gapless excitations in the system, b(y(z)) are numerical pref-
actors that can be obtained using a form factors approach and which in general depends
on the spatial coordinate because of the z-dependence of the dimensionless interaction
parameter « (in the case of the Lieb—Liniger model for example) in presence of a trap.
Finally the Gﬁf /4K are Green’s functions satisfying the Poisson’s equation with Neumann
boundary conditions on the Euclidean spacetime ():

47
Vo - 4K (2) VoG ) (2,y) = 4m6*(z —y) — Vol(@) (2.103)

and with:

/QdZ-TGf\{/z;K](xay) =0,

ﬁm-VyGﬁMK](x,y) =0 foryeoQ,
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where fi,, is the unit vector normal to the boundary at z € 9Q). The so called regularized
Green’s function is defined as:

Giiq(z) = lim |Gl (2,y) = K(2) In|z - yf| . (2.104)

Now we’re going to apply these formalisms and solutions to the bosonic Calogero model
in harmonic potential of Eq. (2.74). From the long-range asymptotic behaviour of the
ground state wavefunction in the homogeneous case (w = 0) in Eq. (2.78), one can infer
that the Luttinger parameter K is simply K = 1/X for the Calogero model. Since the
presence of a harmonic trap doesn’t change the dimensionless interaction parameter A
(notice that this is not true for other models such as the Lieb—Liniger, where the presence
of the trap change the density of the particles and therefore also the interaction parameter
~ will depend on the spatial coordinate, as stated previously), the case of long-range inter-
actions (x; — xj)_Q is particularly simple since the Luttinger parameter remains constant,
i.e. doesn’t depend on z. Therefore, from the relation between the Luttinger parameter
and the sound and Fermi velocities in the homogeneous case: K = “£, we know that the
same relation will hold for the Calogero model, and in particular:

Amh
v(z) = Avr(z) = WP(UC% (2.105)
where now we have an x dependence on the Fermi velocity because of the trapping poten-
tial, and in the last equality we’'ve written vg in terms of the particle density. The particle

density for the CM within LDA can be written as [118]:

1 [2Nmw mw 2
pu— —_— —_—— 2
p(z) 71\/ AT (Ah) . (2.106)
which is valid for any X’s and for = € [x1, z2], with 1 = —y/ % and ro = —x1, while

vanishes elsewhere. Notice that since:

/:2 p(z)dx = N, (2.107)

1

then substituting (2.106), it follows that the h — 0 limit is actually equivalent to the
thermodynamic limit N — oo, as we already saw for the field theoretical treatment of a
trapped Tonks—Girardeau gas. In particular we refer to Eq. (2.16).

In [158] they also found an expression for the first terms of the expansion of the density
operator. The expansion reads:

pLpA ()1 K@)

v(z)K(@)

Such terms, in the Lieb—Liniger model, provide a good comparison with the exact results

p(x) = pLpa(z) +2A(z) cos {2# /x pLDA () dt — 7 e20R (@) | (2.108)
0

coming from DMRG, i.e. they are able to reproduce correctly also the Friedel oscillations.
The density will then read (in dimensionless units):

prriedel (M) = p(1) - Chriedel(n) =

1

(A) 2172 rx A3 Nox

oS [17 g - (Z)Z — 2N arccos <\/2??N;)\)] [2? - (2)21 = } , (2.109)

I
)
—
=
S~—
——
—_
\
P
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1
where p(n) is given by (2.106), while A(\) = % [93,178]. We report in Fig. 2.10 the

density profiles in Local Density Approximation pypa and with Friedel corrections pryiedel,
for different values of the interaction parameter A and number of particles. For A = 1,

i.e. in the Tonks-Girardeau case, we also report the exact analytical value for p(n) which
- 2
reads p(n) = 750" |¢(n)[°, where:

1 exp—n%/2
V27t w4 Hjn)

is the j-th eigenstate of the harmonic oscillator problem. From Fig. 2.10 we can see that

pj(n) =

the Friedel oscillations are well captured up to A ~ 2, where the quasi-cristallization
phenomenon [178] starts to play an important role in the system, and after that value for
A our predictions for the Friedel oscillations of density profiles are not in good agreement
with the Monte Carlo results. Nevertheless the LDA approximation captures the scaling
of the density profile and we expect that for large IV, where Friedel oscillations are less
relevant, LDA describes reasonably well the effective behaviour of the system.

Let us now pass to the discussion of the Green’s functions entering in the expression of
the 1BDM: Defining Gﬁ/4](:c, y) = %Gf\{/u(} (z,y), one can easily obtain the expressions
for the Green’s function of the CM solving Eq. (2.103) with K = 1 [156], i.e. for the
Tonks—Girardeau gas, and then multiplying the solutions by A. It is found:

. (i—g}) . (3”3-1—3?)
sin sin
2 2

G\ygy(x) = In [|2sin (@)ﬁr , (2.111)

1
2

19A
GN,y(2y) = In [2 21 : (2.110)

where the coordinate 7 represents the time needed by a signal traveling with velocity v(z)
to go from the origin to the = position, i.e.

. [T du 1 . mw T
z _/0 o) " w {arcsm (:p 2N>\h> + 2] , (2.112)

where in the last equality we used (2.105) and (2.106), and the integration has been

performed.

The numerical prefactors b(y(z)) now depends solely on ), i.e. the dimensionless inter-
action parameter of the CM, and their expressions will be the same of the homogeneous
case since A doesn’t change in presence of a trap. For the Calogero model with w = 0 the
numerical prefactors can be written as [178§]

(AW

[b(N)]? = () (2.113)

with A(X) given by (2.81).
Defining the harmonic oscillator length scale ap, = \/%, we can conveniently describe
the system in terms of a dimensionless position variable n = x/ay,. Plugging all the above

results into (2.102), we have an expression for the large distance behaviour of the 1BDM
for the CM which reads:

1(1-3) ‘1 _@)?

gt (1) =

1P (2]\7)1? - (2.114)

N/ X )
Qho AT T 2

‘ n n
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Figure 2.10: Density profiles for the harmonically trapped Calogero model for different number of
particles and interaction strengths. The LDA results from Eq. (2.106) are reported in
black solid lines, while the results coming from (2.109) by using [158] are reported in
red solid lines. The blue dots represent the Monte Carlo results, while for A = 1 the
exact form for the density profile is reported in blue solid line.

for n € (—\/ 2N, +V2N )\), and vanishes elsewhere because of (2.106). We report in
Fig. 2.11 the one-body density matrices for the harmonically trapped Calogero model
for fixed N = 16 and for several different values of the interaction parameter A. Since
N is rather small, the Friedel oscillations are present and evident for A = 2 and A = 4,
where they become of "crystal type'. Nevertheless the scaling behaviour of the 1BDM is
well captured by our prediction in Eq. (2.114) and we expect that for growing N, where
Friedel oscillations fade out, the numerical Monte Carlo results will agree even better with
our expression.

Let us turn our attention to the scaling of the largest eigenvalue of the 1IBDM. From
the eigenvalue equation (1.59), in the semiclassical and thermodynamic limit we can then
replace g1(x,y) with Eq. (2.114) after we passed from z to the dimensionless positions 7
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Figure 2.11: Trapped Calogero normalized one-body density matrices predictions with one coordi-
nate fixed in the center of the trap for A = 0.5, 1, 2 and 4 from top to bottom, all plots
are with fixed N = 16. Black solid lines are the results of (2.114), while blue points
are the results coming from Monte Carlo calculations. In red solid line for A = 1 there
is reported the exact result of the harmonically trapped Tonks—-Girardeau gas.

and n’. The integration domain is therefore restricted to y € [y1, y2] with y1 = —ap, V2N
and yo = —y1. Focusing only on the largest eigenvalue term j = 0, we have:

/yy2 95" (,y) po(y) dy = Ao po(z) . (2.115)

1
Writing A\g ~ Bo(A) N €M), which will be a good choice for describing the behaviour of

the largest eigenvalue of the 1BDM in the large N limit for A < 2, from the eigenvalue
equation we then have:

2\1"2 .ot PN 3
[B(V)]* (77) N /_1K(77,77’) po(i) diil = Bo(\) NV o), (2.116)
where we passed from x to n = x/ap, and then from 7 to 7§ = QT;V/\. K (f,7') is the
kernel:
1 —72)i0-2) 1= () i(3)
K@) = - (2.117)
) - A ) *

and denoting its largest eigenvalue as o, from the equivalence between the left and right
hand side of Eq. (2.116) we have an expression for the prefactor of Ag:

2\1 2
Bo(\) = [BOV)? (W) " 0, (2.118)
and for the power with which Ay scales with the number of particles:
A
CA) =1-=. (2.119)

2



2.3 CALOGERO MODEL

1.0 1.5

o ¥
e
3

Figure 2.12: Numerical values for the prefactor By(\) for the Calogero model for different values
of the interaction parameter.

Notice that the kernel in (2.117) is singular for 77 = 7' and its diagonal elements have
to be regularized with a cutoff € [156], as we did also with the trapped Tonks—Girardeau
gas. Numerical estimations for By()\) are obtained with a Gauss-Legendre quadrature up
to Z = 20000 nodes (see Appendix 2.2.A). Z is the number of points in which the grid the
integration interval [—1,1] is divided. The error is estimated by extrapolating the value
of Byp(A) in the limit e — 0 by increasing Z. Then the obtained values for varying Z are
fitted with a function of the form By(\) + M /Z¢. In Fig. 2.12 we report the behaviour
of By(A) for the Calogero model for different values of the interaction parameter. Some
values for the Ay prefactor are reported below for convenience:

1
Bo (A = 4) — 1.133+£0.001,
1
Bo ()\ = 2) — 1.189+0.001,
Bo (/\ = Z) = 1.274+0.002,
Bo(A=1) = 1.430£0.004,
Bo (/\ = i) = 1.69+0.01,
3
Bo ()\ = 2) = 2.16 +0.02.

Notice that for A = 1 we get back the known results of the harmonically trapped Tonks—
Girardeau gas, i.e. Bp(1) = 1.43 and C(1) = 1/2 [100]. Unfortunately for A > 2 we do
not reach a convergent result for the prefactor By.

Another important result to take into account is that we found a universal behaviour
for the power C()), which assumes the same values of the homogeneous bosonic Calogero—
Sutherland model, cfr (2.93). Moreover we recall that in presence of a trapping potential,
there are two ways with which the large- N limit can be taken: (a) Increasing N and at the
same time varying the frequency parameter w of the external potential V' in such a way to
keep the density at the center of the trap fixed; (b) or fixing w and simply increasing N.
Nevertheless since Eq. (2.116) does not depend on the trapping frequency w, the two ways
with which the large-N limit can be taken are equivalent and the scaling of the largest
eigenvalue of the 1BDM is the same.

(0]
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Following the same reasoning used for the trapped Tonks—Girardeau gas, we can make
predictions also for the scaling of the dimensionless ground state natural orbital and
momentum distribution peak. We define the dimensionless ground state natural orbital
®o(n) such that:

/OO 2o(n)* dn = 1, (2.120)

from which follows that @ (1) = o(x)/@ne. Since an, o< VA ~ N~1/2 then we can write:

Zo(n) ~ NP ~ N7V/4, (2.121)

in the semiclassical limit. This is the exact same scaling that we obtained in the harmon-
ically trapped Tonks—Girardeau case, and should be valid for generic .
If we now consider the momentum distribution of the system, defined as:

1 > > —ik (z—y)
n(k) = Py dx dyp(z,y)e , (2.122)
—00 — 00
then from Eq. (1.59), we have the eigendecomposition:

gi(@y) = DX &) ei(x), (2.123)

which, substituted into the momentum distribution definition, gives:

2
n(k) = DA (Pj(k)‘ 7 (2.124)
J
where we defined the Fourier transform of the natural orbital as
5 (k) = 1 o X —ikx d
90]'( )—E _OOSOJ(x)e Z.
Then for the £ = 0 term of the momentum distribution we expect that:
Ao | [ 2
n(k=0)~— / wo(x)dx| (2.125)
27 1)

since A is the largest eigenvalue and will give the largest contribution to the _; in (2.124).
From the scaling of the largest eigenvalue of the 1BDM (2.119) and the scaling for the
ground state natural orbital (2.121), we can write that the dimensionless momentum
distribution peak scales as:

nk=0) | Nvo N2 , (2.126)
Aho

for any A < 2. Notice that v > 1 doesn’t imply formation of BEC, since also ap, has
a dependence on N. In experiments where n(k) is measured, from (2.126) and since
apo ~ N71/2 then:

n(k =0) ~ N2 (2.127)

and only for A = 0 (ideal Bose gas) one expects a macroscopic occupation of the k = 0
state, 7.e. a Bose—Einstein condensate.
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2.3.3 PAIR DISTRIBUTION

From the results of [158] we are able to extract the behaviour of the pair distribution
function for the Calogero model in harmonic trapping potential for distances large with
respect to the interparticle distance, and small compared with the total effective length
of the system. The pair distribution function is defined as:

v(z,y) = (p(=)p(y)) , (2.128)

and for a Luttinger liquid it can be written as [158]:

v y) = — g [0 w)] ! 205G () + ~oe) ™ [:G e ()] sin [26(y)]

472
pLoa(y)! KW 368w L 1[5 D : pLoa(z)' K@ ,
A(y)e? 81 7rv(y) [8yG[K] (z, y)} sin [26(z)] o(2) K@

v(y) K
pLoa (2) 7K@ prpy (y)' KW 2 [Gﬁq (@)+Gfq (y)}
o)K@ oy R A@AW)e |

eGﬁ(](x’y) — 1} cos [20(x) + 20(y)] + {6_0[%](“/) — 1} cos [20(x) — 29(1/)]} )
(2.129)

. A(x)eécﬁ(](z) +2

where the subscript ¢ stands for the connected part of the distribution function, while:

T x
() = 3+ [ puoalt)dt. (2.130)
0
Defining the pair correlation function as:

92(x,y) = ve(z,y) + p(x)p(y) . (2.131)

7
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by using the recipes and formulas given in the previous section we are able to write an
expression for the pair correlation function of the Calogero model from Eq. (2.129). After
a lengthy but straightforward calculation one arrives at the following equation:
~1/2 L 9l ax 2%
| N
)\2+%

g5 (n') = [|28A = 2| |2NA =2

1 1 ' —2NX
az, | 2w\ (n—1')?

/

3) —2NA= TE {"/ J2NA =12 — 2N ( ! )] N-
Sin | — — — arccos —
(n—n') 2Nx =22 LA ! V2N

9l=3x =243 |2N)\—772|1_%

. |m U
i A(X sin [\/2]\7)\— 2—2N8ICCOS< )]—l—
A2+ ax ( )(77/_77)|2N)‘_77,2|1/2 A g V2N A

A=3 A=3
2 [2NX —n?| 2 |2NX — 2| = .

+ [A(V)]

1

Z
I —n'|>
cos [1 (arcsin (77 ) + arcsin ( n ))}
2 V2N A V2N
i[5 (wesn ()~ ()]
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r(1+%)

and we remind that A(\) = PRI

We report in Fig. 2.13 the behaviour of 95:(87)7]’2) for different values of the interaction
parameter \. As can be seen from the plot the pair correlation function goes to zero both
at short distances, since the inverse square interaction of the Calogero model prevents
two particles from occupying the same position, and also at large distances, because of
the presence of the trapping potential. Indeed for large separations between n and 1’ one
expects a factorization of the correlation function, but then p(n) — 0 for large n because

of the external potential which confines the system.



2.3 CALOGERO MODEL 79

Figure 2.13: Normalized pair correlation function of the trapped Calogero with one coordinate
fixed in the center of the trap for A = 0.5, 1, 1.5, 2 and 3. The pair correlation
function goes to zero both at small and large values of 7, because of the nature of
interactions and the trapping potential respectively.






APPENDIX

2.4 GAUSS QUADRATURE METHOD

The Gauss quadrature rule is a method with which one can estimate in terms of a finite
sum an integral of a function f(z) of the form

/ab f(z)w(z)dx, (A2.1)

where w(z) is some weight function. In the Gauss quadrature method the weights and
nodes (points) where evaluating f(x) are chosen in advance. This choice is based on
the support of the integral in Eq. (A2.1). We have already seen the Gauss—Chebyshev
quadrature method, but now we will extend to other cases. For example with the Gauss—
Hermite quadrature one is able to compute integrals with a = —oo , b = co and weight

T

function w(z) = e~ ?in the following way

z
/f(l') e dr ~ Y wi f(&), (A2.2)
i=1

where the &;’s are the roots of the Hermite polynomial Hz (), and (A2.2) is exact for all
polynomials f(z) of degree less or equal than 27 — 1.

For the case of our interest f(x) = p(z,y). In order to recast (2.44) in the form of
(A2.2), we have to multiply and divide by e v’ By choosing z = &, with k = 1,..., 7,
we have Z equations of the form

/ [0k, 9) 0i(w) €] e dy = X (8) (A2.3)

Using (A2.2) we then have

Z
2
Y wip(€r &) @i (&) s = Njei(&), (A2.4)
i=1
providing an eigenvalue equation for a Z x Z matrix S with entries

Ski = p(Er, &) wi €5 (A2.5)

Accordingly, one has to diagonalize this finite dimensional matrix to obtain the occupation
numbers \; and the natural orbitals ¢;(x). Of course, the larger is Z and the better are
the approximation results for the integrals. One has anyway to check whether increasing
Z the resulting value for the integral is converging. In the cases considered in the present
Chapter, this condition was fulfilled and we used Z ranging from ~ 80 to ~ 170. Moreover,
one has a condition to check, that is

> A =N, (A2.6)

Jj=1
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with IV the number of particles in the system. If Eq. (A2.6) is not satisfied, then we have
to increase Z.

If the support of the 1IBDM is compact, as in the case of the CFT limit of Sec. (2.2.1.3),
one can rely on other quadrature scheme. For instance, the Gauss—Legendre quadrature
method can be applied to integrals having integration domain [—1,1] and gives

1 Z
/ f(z)dz ~ Ewif(fi)- (A2.7)

-1

For the case of the half harmonic oscillator, one can use the same procedure but with
different weights and nodes. The integration interval is [0,00) and one has to apply the
Gauss—Laguerre quadrature method

0o Z
/0 flz)e ™ de =~ Y wi f(&). (A2.8)
i=1
The final form of the Z x Z matrix S to diagonalize is then

for k,i=1,...,2.






SCALING PROPERTIES OF
INTERACTING BOSONS AT FINITE
TEMPERATURE

Until now, we discussed off-diagonal long-range order and deviations from it, in the
ground state (I = 0) of one-dimensional (D = 1) systems only. We remind that the
Penrose-Onsager criterion applies with no conceptual problems in all dimensions and at
any temperatures. Therefore we now desire to extend our studies to translational invari-
ant bosonic systems living in a higher dimensional space D > 2. We as well remind that
the dimensionality and temperatures play a central role on ordering properties of phys-
ical systems. This is mainly due to the Mermin-Wagner theorem [12, 13], which states
that there is no long-range order phenomena that can happen at finite temperatures for
translational invariant systems with continuous symmetry.

With the aim of extending our results in higher dimensional spaces, we redefine the
one-body density matrix as:

p(x,y) = (¥ 0¥()) . (3.1)

where the field operator ¥(x) destroys a particle at the point identified by the D-
dimensional vector x. The 1BDM, as an Hermitian matrix, satisfies the eigenvalue equa-
tion:

[ ox.3) 6i(y) dy = A i), (32)

with the eigenvalues \; being real and such that: >, \; = N, with NV being the number
of particles. In this framework, since we are dealing with translational invariant systems,
the indices ¢ in Eq. (3.2) are wavevectors, which are conventionally denoted by the vector
k. Introducing the scaling formula:

Ao ~ NG(T) (3.3)

the Mermin-Wagner theorem implies that Co(T) < 1 for T'> 0 and D < 2, so there is no
ODLRO at finite temperature. We remind that the condition 0 < Cy < 1 implies that, in
translational invariant systems, the correlation function <‘?T(x)‘i’(y)) have a power-law
decay and we refer to this situation as quasi-long—range order.

Let us stress that, for a system of interacting bosons, the index Cy may also depend
on the interaction strength and, moreover, one may expect that increasing the repulsion
among the bosons, Cy gets dampened with respect to the weak interacting case, as we
have seen explicitly in the 1D case at zero temperature for the Lieb—Liniger model.

In this Chapter, we are going to characterize ODLRO, and possible deviations from it,
in translational invariant bosonic systems interacting via short-range potential in 1-, 2-
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and 3-dimensions at finite temperatures. With “possible deviations” we also mean a study
of the behaviour of the index Ci(T), defined as

A ~ NC(T) (3.4)

where k # 0. The study of Cr.o(T") gives an insight about the possible quasi-fragmentation
of the system, i.e. how the particles occupy the other, k # 0, states. Notice that in
literature usually one refers to fragmentation when more than one eigenvalue of the IBDM
scales with N. So, one can refer to the case in which at least two Cj are larger than zero
(and at least one is smaller than 1) as a quasi-fragmentation.

We remind here that in translational invariant systems, there exist a direct relation
between the eigenvalues of the density density matrix and the momentum distribution.
For a D dimensional system, we define the momentum distribution n(k) as:

n(k) = (P¥K) =

= (271r)D /dx/dYeik.(x—y) <‘?T(x)‘i’(y)>7 (3.5)

where we introduced the Fourier transform ¥ (k) of the field operator ¥(x) written as:

$(k) = (2751)/2 / dx ¢ K% W (x) (3.6)

For a homogeneous system, p(z,y) = <‘?T (x)‘i’(y)> depends only on the distance among
two points, therefore writing the relative distance vector as r = x —y, we can rewrite
p(x,y) = p(r) and assume p(r) = p(|r|) = p(r). Passing to center of mass and relative
coordinates, since [dR = L where L denotes the size of the system (e.g. L is the
circumference of a ring in one-dimensional geometry), Eq. (3.5) can be rewritten in an
universal form as:

n(k) — (;)D / T (1) dr . (3.7)

The integral in the right-hand side depends of course on D. Notice that the momentum
distribution peak is simply given by the integral of the 1BDM:

nk =0) = <2I;T)D/p(r) dr, (3.8)

and, as expected, the large distance asymptotic of the density matrix determines the small
momenta behaviour of the momentum distribution.

For a homogeneous, isotropic system the quantum number labeling the occupation of
natural orbitals is clearly the wavevector ‘k‘ = k. In particular, the Galilean invariance
tells us that the effective single—particle states ¢y (x) may be written as plane waves, i.e.
or(x) = Lé/Q e'k*therefore from Egs. (3.2) and (3.7) we obtain that the dimensionless
momentum distribution, n(k)/L?, coincides with the eigenvalue equation of the one-body

density matrix, apart from a (1/27)P factor. Therefore, for a homogeneous system we
have a one-to-one correspondence between the scaling of the eigenvalues of p(r) and the
scaling of the dimensionless momentum distribution:

(3.9)



3.1 THREE DIMENSIONS

Since a complete closed form for the density matrix is not in general available for all
interaction strengths and temperatures, we cannot directly compute the eigenvalues of
p(x,y) and then study their scaling with N. In order to obtain this information we will
use the following procedure. From the large distance asymptotic behaviour of the 1BDM,
whose expression for different configurations of the system is usually available in the
literature, we first make it a periodic function of period L by adding terms which have the
same scaling behaviour of the density matrix in the range r € {0, %), and which represent
L
2
circulant matrix, whose eigenvalues are known to be real, as required, since they represent

the reflected parts in the range ( L] In this way we construct a fully symmetric and
the occupation numbers of the system. Finally we perform the Fourier transform of this
symmetrized density matrix and obtain in this way the behaviour of the momentum
distribution. Writing k as k = QTWZ with [ € IN, the scaling of the largest eigenvalue of
the 1BDM can be identified just imposing I = 0 and tracking its N dependence. In this
way, we are able to explicitly compute the exponent Cy(T') of the system (and sometimes
even the prefactor By, as we are going to see). On the other hand, choosing | < L the
behaviour of the Fourier transform in the limit N — oo at fixed density n = N/LP yields
the expression for the exponents Cjo(T) via Eq. (3.9).

In the following, we aim to characterise the deviations from ODLRO at finite tempera-
ture for homogeneous interacting Bose gases in different dimensions. After discussing the
explicit expression for Cy, we will also discuss the finite non-zero momenta landscape, rul-
ing out the possibility of having quasi-fragmentation in bosonic interacting systems with
repulsive interactions. Our findings provide a counterpart to the corresponding results for
fragmentation in macroscopically occupied states with eigenvalues scaling with N [179].

3.1 THREE DIMENSIONS

Let us begin with the case of a three—dimensional homogeneous Bose gas. It is well known
that, below the critical temperature T, a BEC takes place and the lowest allowed state for
the gas is then macroscopically occupied [18]. This amounts to saying that the momentum
distribution of the system is constituted by two parts: a non-singular part, relative to the
occupation of the single particle states according to the Bose-Einstein distribution, and a
singular part o< Nyd(k) which refers to the macroscopic occupation Ny ox N of the lowest
energy state, also called the condensate state. Therefore, at T' < T ODLRO are found and
the exponent will be Cy = 1 in the condensed phase. For temperatures above the critical
Tc there is no more condensation and the singular part of the momentum distribution,
i.e. the Dirac delta peak, disappears together with the system ordering. From all of these
facts one can conclude that:

1, for T < T,
Co(T) = . ‘< (3.10)

0, forT >1T¢

as shown in Fig. 3.1. For the case of a three-dimensional Bose gas one also has [18]:

No(T) = N [1_ <ITC>3/Q] , (3.11)
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1.0
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Figure 3.1: Power Co(T'/T¢) with which the momentum distribution peak of a homogeneous three—
dimensional Bose gas scales with respect to the total number of particles N at different
temperatures.

therefore, writing A\g = Bo(T) N CO(T), we can also obtain the prefactor of the scaling for
the largest eigenvalue of the 1BDM for an homogeneous three—dimensional Bose gas, and
it reads:

Bo(T) = 1— <T)3/2 . (3.12)

Tc
As can be noticed, it correctly goes to 1 for T'— 0T, and it vanishes (4.e. no macroscopic
occupation of the lowest natural orbital ground state) for T' = T¢.

In the weakly interacting Bose gas, one may use the Bogoliubov approximation [18] to
obtain the scaling of the momentum distribution at k # 0. Indeed, at this approximation
level, the non-singular part of the momentum distribution at T' < T reads:

n(k) 1 1

LD~ (271)3 eW/ksT _1° (3.13)

2
where e(k) = \/gw? k2 + (%) is the Bogoliubov dispersion relation, and g = %

weights the interaction among particles in terms of the s-wave scattering length a. There-
fore for e(k)/kgT > 1 we obtain:

n(k) R —(/L)? 0

L7D ~ W@ 2mkpT X e ) X N 5 (314)
where in the second equality we used k o< I/L, and in the last one we acknowledged
that [ o« L in order to have a finite momentum k£ in the thermodynamic limit. A similar

procedure may be used to prove the absence of fragmentation also for T > T, yielding:
Crpo(T) = 0, (3.15)

at any temperature for the three-dimensional Bose gas. Notice that this result has been
obtained using Bogoliubov theory and it may not be applicable to gases with non-weak
interactions [180, 181]. However, since the exponents C are not expected to increase for
larger interactions, one may reasonably conclude that this result is valid also for larger
interactions.



3.2 ONE DIMENSION

3.2 ONE DIMENSION

We now turn to the study of a one—dimensional homogeneous Bose gas [63, 72|, within
the framework of the Lieb-Liniger model [53], where the interaction between particles is
represented by a repulsive d—potential. In Chapter 1 we already dealt with the study of
the exponent Cy in the zero temperature case, but now we want to further analyse this
model, in order to extract the scaling for \; both at zero and finite temperatures.

In order to study also the prefactor B of the scaling for the 1IBDM eigenvalues with IV,
we need also to keep track of the coefficients of the scaling. Let us then start with the LL
model at T' = 0.

3.2.1 ZERO TEMPERATURE

The asymptotic leading behaviour of the reduced one-body density matrix for a Lieb—
Liniger gas at T' = 0 reads [cfr Eq. (1.69)]:

TLBO

(nT’)l/2K ’

plz—y) = p(r) = (3.16)

where n = N /L is the density of the gas, By is a prefactor which may be written as [182]

1 K 1/2K
BO = <1 + 2_K) (47‘_61_7> s (317)

valid in the weakly interacting limit (but it gives good prediction also for large interactions,
as can be seen in Table ITin [182]), where K is the Luttinger parameter and v ~ 0.57721566
is the Euler-Mascheroni constant. The prefactor By may be exactly computed using the
numerical method sketched in [93].

In order to construct a fully symmetric and circulant density matrix, whose eigenvalues
i.e. the occupation numbers of the system are real, we need to make Eq. (3.16) periodic
with period equal to the circumference of the ring L in which the gas is enclosed. It can
be done by simply requiring;:

_nBy for0<r<L/2
/2K >
PO (r) = { 1) : (3.18)
W for L/2 S r<L
or:
TLBO

sPBC(r) ~ }1/2[( , (319)

[n % sin (7r/ L)
where the superscripts hPBC and sPBC respectively stand for "hard - Periodic Boundary
Conditions" and "smooth - Periodic Boundary Conditions", since in the first case % is
discontinuous in L /2 while in the second case is not.

For a homogeneous system the largest eigenvalue of the 1BDM ) is simply given by:

Ao = /OL p(r)dr. (3.20)
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Assuming \g = BoN®, then substituting the large distance behaviours for the sym-
metrized p(r) one can obtain predictions both for the power scaling Cy and the numerical
prefactor By. Using (3.18), assuming that L o N in order to maintain the density fixed
in the thermodynamic limit, we get Co = 1 — ﬁ and:

B(I)IPBC(K) — BO 21+ﬁ

(3.21)

while with (3.19) we obtain Cy = 1 — % as well, but the equation for the prefactor changes
as:

T

LK sec (7%)
BFBC(K) = Byn 2k 4K : (3.22)
T ) T ()

Substituting K = 1 and By from (3.17), i.e. considering the Tonks—Girardeau gas, in the

above equations we obtain:
BAFPBC(1) = 1.47872
and:
BiPBC(1) = 1.54681,

which has to be compared with the result from [100] where they predict By(1) = 1.54269.
Notice that using By from the exact computation [93] in (3.22) one has B§FB¢ = 1.54265,
in very good agreement with Forrester’s prediction, who used indeed smooth PBC. Using
By from [93] in (3.21), one has instead BEFPBC(1) = 1.47474, close to our result coming
from the cut-off interpolation used in Chapter 1, which reads By"*(1) = 1.4741(1).

Our expressions allow also for predictions of the prefactor By for different values of the
Luttinger parameter. In fig. 3.2 we checked the predictions coming from (3.21) with our
other results obtained from the cut-off interpolation, where, because of the interpolation
scheme, hard PBC has been used. The comparison shows good agreement.

By writing k = Q%j, with j € N, in Egs. (3.7) and (3.9), we can work out analytically
also the parameters describing the scaling of the others A; eigenvalues, for j # 0, with
respect to the number of particles. From Egs. (3.18) and (3.19), using:

L o
A = /0 p(r)ei2 i/ L g (3.23)

and by keeping only the leading term for growing N, we obtain:

K 1 113 1 x?
BhPBC K) = B 21+L Fol = — —- = S - .0 ;2 3.24
g (K) = B2 e s m gy T T ) (3:24)

for hPBC, where 1Fy(a;by,bo;c) is the generalized hypergeometric function, while for
sPBC we get:

PBO _ Bk csc(zK)I“(]—i—E) sin ()
R G Y

while the power C;(K) remains the same, i.e. Eq. (1.62), for every j. Notice that using
Eq. (3.25) for K = 1, we retrieve the results of Eq. (48) in [100]. In Fig. 3.3 we plot the

(3.25)
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Figure 3.2: Numerical prefactor By(K) for the scaling A\g ~ By N Co for the Lieb-Liniger gas. Nu-
merical results (red dots) coming from the interpolation scheme, show good agreement
with the analytical results of BE}PBC of Eq. (3.21) reported in blue solid line. The an-
alytical predictions for the prefactor By in the case of soft PBC, i.e. Eq. (3.22), are
reported in black solid line.

behaviour of Egs. (3.24) - (3.25) in dashed and solid lines, respectively. One can notice
that for smaller and smaller interactions (i.e. growing K') the prefactors B;j(K) for j # 0
tend to vanish, while the prefactor for the scaling of the largest eigenvalue of the 1IBDM
for a Lieb—Liniger gas tends to unity, as it should do since: \y = N, for K = oo.

Let us now turn our attention to the study of the scaling of the momentum distribution
for small momenta. For an homogeneous one—dimensional system we remind that:

A = /OL p(r)e* dr = 2fﬁn(l{:) (3.26)

Interestingly enough, if we focus on the small momenta behaviour of the momentum

sPBC hPBC

distribution and perform the Fourier transform with p or p , we obtain the same

results for both the periodic boundary conditions. In particular one gets:

n 1_ﬁ . T 1

Notice that by writing: k = %’T j with j € IN, the scaling of A\ in the thermodynamic limit
is determined by choosing: j o« L, in order to have a fixed and finite momentum in the
N — oo limit with fixed density n = N /L. From Eq. (3.27) we get the scaling for the
natural orbital labeling the eigenstate with momentum k: Ao = Bi(K) NK) | where:
Cr(K) = 0, i.e. there is no fragmentation of the system to the other k¥ # 0 momentum
levels. While the scaling with k& of the momentum distribution was known already in the
literature [91], the prefactor which reads:

By = 2k ! By sin (4;) T (1 - 2;{) , (3.28)
is quite interesting since we may check its correctness thanks to our expression for the
complete form of the IBDM in Eq. (1.71). Notice that since C;, = 0 and By, # 0, we expect

89



90

SCALING PROPERTIES OF INTERACTING BOSONS AT FINITE TEMPERATURE

I T T L T T T

\;
100 b T T T T T =

SPBC
B;
LPBC
---B
SPBC
B
\]
hPBC
=107 - N BsPBC 1
m‘ﬁ. L 2

Figure 3.3: Log-scale plot of the numerical prefactor B;(K) vs K for the scaling \; ~ B; N% for
the Lieb—Liniger gas with different periodic boundary conditions: In solid lines we show
the results of Eq. (3.25), while in dashed we represent the analytical predictions of Eq.
(3.24).

that the occupation numbers A will tend to a constant equal to: %f)

and in the thermodynamic limit. For & = 0, the scaling is instead N-dependent and it

for small momenta

coincides with the Ay results that we obtained before. From the numerics, by calculating
Ak from the Fourier transform of p(r) of Eq. (1.71), we obtained indeed that for growing
N there are small oscillations for Ax due to the competition between the grow rate of j and
N (in order to keep the momentum fixed), and these oscillations tend to vanish for very
large particle numbers and the value reached by Ax is indeed close to the predictions of
Eq. (3.27). We report in Fig. 3.4-3.6 the behaviour of \; with v = 0.1 for growing particle
numbers and with: k/n ~ 0.00063 (i.e. a ratio for j/ N equals to 10~4), k/n ~ 0.00628 (for
ratio: j/N = 1073) and k/n ~ 0.06283 (for j/N = 1072) respectively. The analytical
predictions for A are reported in red dashed lines in all the plots and one can easily
see that already from j/N = 0.01 the analytical predictions begin to depart from the
numerics, and this is because our predictions hold in the small momenta regime. Finally
notice that for the hard—core Bose gas, one retrieves the result for the prefactor of n(k)
of [100].

To complete our analysis, we may also wonder what happens for the momentum distri-
bution at large momenta. In this case one has to evaluate the Fourier transform of the
short—distance behaviour of the 1BDM which, for (smooth) periodic boundary conditions,
reads [87]:

p(r) ~n {1 - % [e(w) — Wjﬂ {i sin <z.r>:|2 + Ply;d:/ [fr/ sin (Zm)r} ,  (3.29)

where e(7) is the ground state energy per particle for the Lieb-Liniger gas in the thermo-
dynamic limit. From the Fourier transform one gets:

n(k)

k n\* % de
L

=(3) s (3.80)

k—o0
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Figure 3.4: A, vs N in log-linear scale for the case with: v = 0.1 and k/n ~ 0.00063. We report
with dotted points the numerical values of A\ coming from using the interpolation
formula of Eq. (1.71) for the 1BDM of the system. The black dotted line is a guide
for the eye, while the red dashed line is the analytical estimate for A\ coming from
Eq. (3.27). One may observe that the analytical prediction well describes the value
at which the occupation number with momentum k£ saturates in the thermodynamic
limit.
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Figure 3.5: A vs N in log-linear scale for the case with: v = 0.1 and k/n ~ 0.00628. We report
with dotted points the numerical values of A\; coming from using the interpolation
formula of Eq. (1.71) for the 1IBDM of the system. The black dotted line is a guide
for the eye, while the red dashed line is the analytical estimate for A coming from Eq.
(3.27). In this case the analytical prediction deviates from the numerical result of Ag
for N — oo of about 1.5%.

from which we can see that it does not scale with N in the thermodynamic limit for

fixed k£ and density n, i.e. Cr, = 0 as we was expecting, and moreover in this case the
2
prefactor of the scaling is the Tan’s constant: 32— g—s,

literature [82,87,89,100, 130, 183-186].

which was deeply studied in the
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Figure 3.6: A, vs N in log-linear scale for the case with: v = 0.1 and k/n ~ 0.06283. Once again,
we report with dotted points the numerical values of A, while the black dotted line is a
guide for the eye, and the red dashed line is the analytical estimate for A;, coming from
Eq. (3.27). In this case, even though the ratio k/n may seem rather small, the difference
between the analytical estimate and the numerical result for \; in the thermodynamic
limit is about 13%.

Finally, we can plot the complete behaviour of the momentum distribution: @ = ;‘—7’;
and it is reported in Fig. 3.7, where we used the cut-off interpolation scheme to evaluate
the 1BDM for NV = 300 particles and with different interaction strengths. One may observe
that by increasing the interaction the momentum distribution peak’s intensity decreases,

as we would expect.

3.2.2 FINITE TEMPERATURE

For the homogeneous Lieb—Liniger gas at finite temperature, the asymptotic leading be-
haviour for the 1IBDM of the system is given by [187]:

1/2K
K*mkgT

)
7n2 h? sinh (% r)

p(r) = nBy

(3.31)

where kp is the Boltzmann constant, By is the numerical prefactor that we found also
in the T' = 0 case [cfr Eq. (3.17)], while the Luttinger parameter K = v/v; /vy may be
found from the thermodynamic Bethe ansatz formalism [57]. One can see that for 7' =0
the correlation function decays as a power law with exponent 1/2K, as we already know,
while for finite temperatures there is an intermediate power-law behaviour which turns
into an exponential decay for |r| > #IiT‘ Since we want to analyze the small momenta
behaviour for the natural orbital occupation number labeled with momentum k, we are

interested in the behaviour of Eq. (3.31) for large r, i.e.:

1/2K
2K2mkgT _mkpT
721715 ) e T " (3.32)
m™n

p(r) ~ nBy (
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Figure 3.7: Dimensionless momentum distribution

The validity of this equation was proven using density-matrix renormalization group in
[188], where it was also proved that even in trapped system at finite temperatures the
decay of correlations follow the same scaling law.

If we now assume hard-periodic boundary conditions, we can write for the occupation
number A in Eq. (3.26):

L/2 . L .
A = / p(r) e* dr + p(L —r) e dr, (3.33)
0 L/2

and using Eq. (3.32) we find that in the thermodynamic limit the occupation number of
the effective single particle states with small momenta can be written as:

2 1+ 5%
Moo = %K”K”iﬂi <2mk:BT> = ;2 (3.34)
(nh)x \T (gTIng) iy »

Notice that both for k¥ = 0 and k # 0 but small, the scaling of the Ay in the ther-
modynamic limit is characterized by Cp(T # 0) = 0. Let us appreciate the fact that
this behaviour is very similar to the scaling of the momentum distribution [remember
that, for homogeneous systems, there is only a factor 27 of difference between \; and
n(k)/L] of a three-dimensional BEC for T' > T¢ for small momenta, where one has [18]:
n(p) o< zﬁ’ with p? = 2mkpT (1 — 2), and having indicated with z the fugacity. For
the one—dimensional case: T = 0, therefore it is reasonable to compare the above two
results and one finds that there is complete lack of ordering for both cases.

These results can be verified also from the exponential decay form of the 1BDM found
in [189-191]. In particular, in [191] an expression for the IBDM as a sum of exponential
functions is given in the form:

g
- B e €] 3.35
W = LB (3.35)
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Figure 3.8: Exponent Co(7T) with which the largest eigenvalue of the IBDM of a homogeneous one—
dimensional Bose gas scales with respect to the total number of particles N at different
temperatures. Only for T'= 0 does one have that Cy is non-vanishing and depends on
the dimensionless interaction parameter v via (1.62), as shown in the inset.

where B; are distance independent amplitudes and & [9;] the correlation length (shown
to be always positive), depending on the temperature-dependent functions o; defined
in [191], where it is also shown that the result in Eq. (3.35) reduces to Eq. (1.69) in the
T = 0 case, as it should. We may now take the Fourier transform of the symmetrized
version of Eq. (3.35), and obtain:

k 1 - L/2 __T L _L—r __L
nk) 1 B, / e~ Todl dr + e Tl dr | o e T
L 27 - 0 L/2

where the last proportionality is valid both at zero and non-zero momentum k. Since
L = N/n, analyzing the N leading dependence only, we have that for N — oo the
dimensionless momentum distribution is just a constant for any k, leading to the finite
temperature result:

Cu(T #0,7) = 0, (3.36)

which indicates complete absence of ordering.

In Fig. 3.8 we summarize the behaviour of the exponent Cy for a homogeneous one—
dimensional Bose gas for different temperatures. An inset shows the relation between Cy
and the interaction parameter v in the zero temperature case, i.e. Eq. (1.62).

3.3 TWO DIMENSIONS

Properties of two—dimensional systems stand on their own and are between those of 1D —
where Cy vanishes at finite temperature — and of 3D models — where Cy = 1 below the BEC
critical temperature. As discussed in the beginning of the present Chapter, no ordinary
phase transition takes place in 2D, due to the lack of ODLRO. However, 2D systems
often feature the BKT topological phase transition named after Berezinskii, Kosterlitz
and Thouless who first discussed it in the two-dimensional XY model [192-194]. This
transition is related to the presence of vortex and anti-vortex spin configurations at finite
temperatures. At low T', below the BKT temperature Tgg7, vortex and anti-vortex pairs
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with vanishing total winding numbers (neutrality condition) are present in the system and
the correlation function between two distant spins decay as power-law, indicating a phase
with quasi-long-range order, also called BKT phase.

A simple estimate of Ty in the XY model is the Peierls value Tgxr = % [195],
where J is the interaction strength among the spins. In the low-temperature BKT regime
the only relevant configurations are the spin waves and the spin-wave approximation shall
describe the system properly. As the temperature increases, the presence of free vortices
with non-vanishing winding numbers becomes energetically favored, and, therefore, vor-
tices and anti-vortices may unbind from each other. For temperatures above Tgxr, the
presence of such topological excitations destroys the quasi-long-range order and the corre-
lation functions become exponentially decaying [195-197]. An important statistical model
used to approximatively describe the two—dimensional XY model is the one proposed by
Villain [195,198]. While in the XY model the spin waves interact with the vortices, in the
Villain model the spin waves are decoupled from the vortices degrees of freedom, making
its Hamiltonian simply quadratic. Both models have the same topological characteristics
and they belong to the same universality class, as one can see from the critical behaviour
of the anomalous dimension 7 of the two systems. The Villain model well describes the low
temperature phase of the XY model, since the Hamiltonian is essentially constituted by
two decoupled harmonic oscillators terms, one for the spin waves and one for the vortices.
Notice that the Villain model can be used both as a model per se and also as a convenient
way to approximate the XY model [199].

Let us pause here to comment on the qualitative similarity of the low dimensional
(D =1 and D = 2) systems studied in this Thesis. In the thermodynamic limit at low
temperatures, both for the one— and the two—dimensional cases, the systems can be de-
scribed by field theoretical models with Hamiltonians made up of two decoupled harmonic
oscillator terms. These quadratic Hamiltonians are the Luttinger liquid and the Villain
Hamiltonian for the one— and two—dimensional cases, respectively. Therefore bosonization
in D = 1 systems plays to a certain extent a similar role as the spin wave approximation
in D = 2 systems, both of them describing systems with quasi-long—range order in the low
temperature phase and the absence of order above their critical temperatures (which is
vanishing in D = 1). Nevertheless, the phase transitions that characterize the models are
for short-range models intrinsically different in the one— and two—dimensional cases. In
D = 2 this phase transition is related to the formation of single independent topological
excitations, which cannot happen in D = 1 geometries. Moreover in one dimension there
is no phase transition at all at finite 7', since the quasi-long-range order is limited to the
zero temperature limit.

Let us analyze the BKT phase transition in terms of the exponent Cy. At the BKT
critical point the two—points correlation function scales as [59]

1
p(r) ~ D=2+47 (3.37)

where 7 is the anomalous dimension critical exponent, that depends on the system under
consideration. What is universal is the value at T'= 0, for which n(7T" = 0) = 0, and that
at T = Tpkr, which is given by: n(T = Tgxr) = 1/4 [200]. The behaviour of 1 between
0 and Tk is not universal.
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From the knowledge of the behaviour of the anomalous dimension — that will be dis-
cussed below — one can find an expression for the power Cy with which the dimensionless
momentum distribution peak scales. One has:

M [ [ [ | (359
0

L2 27T L—oo rin— L/2 (L — ?”)77_1

where we symmetrized the density matrix in Eq. (3.37) in the radial coordinate variable
r, passing to polar coordinates and performing the trivial integration over the azimuth
angle. Since fixing the density n = Lﬂ in the large particle number limit implies that
L x v/N, then we can extract the power Co(T/Tpkr) with which the largest eigenvalue
of the 1BDM scales, and it reads:
Co=1-11 (3.39)
2

Notice that for the XY and Villain models the condensate fraction ?‘V—O is the magnetization
density of the spin system and therefore Penrose-Onsager ODLRO manifests in a complete
magnetization of the system, while having Cy = 0 is equivalent to saying that there exist
no correlation and order between the spin variables.

Since the value of the anomalous dimension for such systems at the critical temperature
is equal to 1/4, one has:

7

Co (T =Tprr) = 3

(3.40)

and Cy jumps to zero for T > Tpgr, reflecting the universal jump for the superfluid
stiffness [200]. A study of small corrections (found to be ~ 0.02%) to the Nelson-Kosterlitz
jump of the superfluid stiffness is in Refs. [201,202]. Using spin wave approximation, one
finds that at 7 = 0 there is ODLRO and therefore Cy(0) = 1. Notice that at 7" = 0
ODLRO is allowed because there is no entropy contribution to the free energy of the
system and the Mermin-Wagner theorem does not apply.

3.3.1 VILLAIN MODEL

The Villain model is defined in terms of continuous classical fields ¢; defined at the sites
i of a two-dimensional lattice. The Hamiltonian of the system reads [198]:

2
vy
Hy =AY ((pi—(pj)z-i-BZ (%—%m) , (3.41)
(i.4) i

where A and B are parameters tuning the amplitude of the two Hamiltonian terms, m is
an integer number which describes a possible anisotropic field acting in the system, and
finally v; are proven to be vorticity variables. As can be easily seen, the Hamiltonian is
made of two distinct part: Spin-wave and vortex contribution, both of which represented
by harmonic oscillator terms. Notice moreover, that there is no interaction term among
the two different types of variables.

In the case of the square lattice planar Villain model, one expects that the anomalous

kpT

dimension should be of the form ny, ~ 3% at low temperatures, since the theory is

quadratic and the spin wave approximation shall apply everywhere, in particular very
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close to the critical point, where vortex configurations become relevant. The value for A
will be provided in the following. Villain [198] proposed a correction term to account for
vortex contributions to the anomalous dimension close to the critical point. Assuming
that the interaction between the vortices can be neglected, this correction yields [198]:

67772A/kBT

WA—Q]{BT '

kT
nv = iR +7T2]<JBT

42
27 A (3.42)

According to the renormalization group, the value for the critical temperature of the
Villain models is found to be [203]
kpTBrT 1

= g S LesL (3.43)

which coincides with the result obtained from the high precision Monte Carlo simulation
performed in [203] up to L = 512 lattice sites. Substituting Eq. (3.43) into Eq.(3.42),
we have an estimate for the behaviour of the anomalous dimension of the square lattice
Villain model in terms of the dimensionless ratio T /1T g, which reads:

TBKT
T 72 e BT

T/Tgrr) = A— 4+
v (T/Tpicr) ATBKT+ 2 (—l—I-D—TBj{fT),

(3.44)

where A ~ 0.215, B ~ 7.304 and D ~ 1.162.

Introducing Eq. (3.44) into Eq. (3.39), one obtains the results plotted as the red inter-
mediate solid line in Fig.3.9. Notice that according to the approximation in Eq. (3.42),
one has ny (T = Tprr) ~ 0.236, i.e. CY (1) = 0.882, with “V” referring to the Vil-
lain model. This result differs from the one coming from Monte Carlo simulations [203],
nyv = 0.2495 4+ 0.0006, for about 5%. Low temperature predictions for the exponent CY (T')
may be formulated in two ways:

1. Disregarding the second term in the right-hand side of Eq. (3.42), which may be
safely neglected in the low temperature regime at T < Tprr [198], which yields,
via Eq. (3.39),

1

T 1
(T /Tpgr) ~ 1— 3 <27TTBKT . 0074) (3.45)

with Tgxr obtained by Monte Carlo simulations [see Eq. (3.43)].

2. Using the Peierls argument kBT% = 3, one has:

1 T 1
C(‘)/(T/TBKT) ~ 11— 5 <TBKT . 4> . (3.46)

These two behaviours are reported as black solid and dashed lines, respectively, in Fig. 3.9.
Notice from the plot that the low-T" behaviour of Eq. (3.45) is good even in regions close
to Terr, where the corrective term introduced by Villain starts to play a role. The
predictions of (3.46), which at variance do not take into account the effect of vorticies, do
not match with the same accuracy with the expected results already from T ~ 0.5Tgx 7.
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Figure 3.9: C(‘)/ (T/TerT) vs T/TpiT for the Villain square lattice model. The red intermediate
solid line represents the predicted value for Cy using Eq. (3.44) in Eq. (3.39), while the
black solid and dashed lines represent, respectively, the low temperature behaviours
given respectively by Eqgs. (3.45) and (3.46).

3.3.2 XY MODEL

For the two—dimensional classical XY model, the Hamiltonian of the system reads:

Hyy =—JY sis;, (3.47)
(,3)
where s; is a unit spin vector centered in the i-th lattice site, with two real components,

and the sum is over nearest neighbor sites of a square lattice. By normalizing the spin
vector to unity, 7.e. requiring that:

si> =1, Vi,

the Hamiltonian of the classical XY model can then be written in terms of the angle 6;
between the spin at site ¢ and some reference direction, as:

Hxy =—-J Z cos (0; — 6;) . (3.48)
(4.3)
In the case of a square lattice, the critical temperature has been evaluated using Monte
Carlo techniques obtaining [204-207]:

keTBKT

2 = 0.893=0.001, (3.49)

while recent approximate, semi-analytical functional renormalization group (FRG) results
give kpTpxr = (0.94 £0.02) J [208]. The anomalous dimension is found to be equal to

kT
Xy = —2 (3.50)

2rJs(T)’
where Jg(T') is the superfluid (or spin) stiffness of the model, and has been recently
calculated for the XY model in a square lattice in [209] using simulations up to 256
lattice sites.
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Therefore we may now compute the £ = 0 Fourier transform of the spin—spin correlation
function as in Eq. (3.38). Similarly to Eq. (3.39), one has:

cXY(1) = 1—77XTY. (3.51)

Using the Villain approximation we can obtain an expression for the behaviour of the
anomalous dimension for the XY model. The Villain approximation, indeed, is based on
the fact that there exist a (non-exact) map between the interaction parameter A and
the spin—spin interaction parameter J, which relates the Villain Hamiltonian to the XY
model [198]. This mapping reads:

a o f )]

where I,(x) are the modified Bessel functions of the first kind of degree n. We may
therefore substitute this expression into the approximation given in Eq. (3.42). We find:

o)
At
s IDk:BiT 2

{”*wwm@@gﬁﬂmmu;ﬂ}<“$

Using the mapping of Eq. (3.52), the Monte Carlo results of [203] for the critical temper-
ature of the Villain model, i.e. Eq. (3.43), translates into:

kTBKT
J

which is pretty close to the Monte Carlo results of Refs. [204-207] reported in Eq. (3.49).
The equation which relates A to J seems then to be reliable within a ~ 6% accuracy even

= 0.842, (3.54)

very close to the critical point.

Similarly to what we have done for the Villain model, a low temperature prediction
can be made by neglecting the second term in the right-hand side of Eq. (3.53). Using
Eq. (3.51) we get:

J
1 Izt
GV (T) ~ 14 - In {(’“BJT)] . (3.55)
™ (g
On the other hand, one can also employ the low-temperature expansion results: @ ~

- %, which is known to be consistent with several approaches, such as self-consistent

harmonic approximation [210], Monte Carlo simulations [211] and FRG [208]. This pro-
cedure leads to the expression:

1 T/T
C&Y(T/Tprr) ~ 1—=— —Bii{/TTBKT' (3.56)

kTBKT

In Fig.3.10 we report as blue points the behaviour of (3.51) for nxy = #JT) with

respect to the dimensionless quantity 7' /Tgrr obtained using the results of [209]. The
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Figure 3.10: Cg(y (T/TgrT) vs T/TpkT. Blue points are the numerical values of C obtained from
Eq. (3.51) with anomalous dimension nxy = ﬁ(T) and using the superfluid stiffness
results of [209]. The universal jump from Co(TpxT) = % to Co(T > Tprr) = 0
is evident. The bottom red solid line comes from the Villain prediction Eq. (3.53).
Finally the black solid and dashed lines represent the low temperature predictions of

Egs. (3.55) and (3.56) respectively.

bottom red solid line represents the Villain prediction given in Eq.(3.53) with Tpxr
given by Eq. (3.49), while the black solid and dashed lines represent the low temperature
behaviours in Egs. (3.55) and (3.56), respectively. Fig.3.10 confirms the validity of the
low temperature expansion in Eq. (3.56) in the range T' € [0,0.8Ts x|, while the Villain
prediction in Eq. (3.56) remains reliable up to Tpx7.

3.3.3 BOSE GAS

Under certain conditions a two—dimensional Bose gas can be mapped onto the XY model
and from this mapping one can derive the decay of correlation functions and the ordering
type of the bosonic system [212-215]. Indeed, when density fluctuations are strongly sup-
pressed the effective low—energy Hamiltonian of a two—dimensional Bose gas is equivalent
to the continuous version of the Hamiltonian of the XY model on the lattice. The BKT
phase of the XY model corresponds then to the superfluid state of the Bose gas and quasi-
long—range order is present. Above the critical temperature the normal state appears and
superfluidity breaks down. This abrupt change of phase is characterized by a universal
jump of the superfluid density (stiffness), which switches between its low temperature
value p; = 22k6T t6 p = 0 for T > T [200,201].

In Refs. [216,217] it has been shown that the asymptotic behaviour of the 1BDM of a
two—dimensional weakly interacting Bose gas at finite temperatures scales as:

1
p(r) ~ = (3.57)

r 271'71,2,03

where p; is the superfluid density of the gas. The superfluid density of the system assumes
the form [213]:

2m2kgT

o (X)), (3.58)

Ps =
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2
where X = % measures the distance from the critical point, with u the chemical

potential and the critical value . given by:

mkpTU | h2%¢,
hlr mU |~

fe =

(3.59)

The function f(X) in Eq.(3.58) is a dimensionless universal function, which has been
numerically determined in [213]. The variable U appearing in X is the interparticle inter-
action strength, so that ";L—g < 1 and X > 1 correspond to the weakly interacting limit.
While, the constant &, appearing in Eq. (3.59) is given by &, = 13.24+0.2 [213].

Applying the same procedure used for the Villain and the XY models, we obtain the
following exponent Cy for the scaling of the dimensionless momentum distribution peak
with respect to the number of particles of the two—dimensional Bose gas:

1
CE*(X) = 1— ——c. 3.60
The jump of the superfluid stiffness p, at criticality implies that f(X) will jump from 0
to 1 at X = 0, i.e. at the critical point. Therefore, the exponent Cy will jump from the
universal value % to 0 at the critical BKT temperature. The relation between the exponent
Co and the ratio T'/Tpgr is constructed from the expression [213]:
T 1

TkT ) = 1+ 27X(X)/ In(h2¢/mU)’ (3.61)

where A(X) = [X +0(X) — 6p] /2 with #(X) found via numerical simulations for system
sizes up to 512 in [213]. The (non-perturbative) constant £ in Eq. (3.61) is given by [213]:

§=380=£3, (3.62)

and 0y = %ln (gi) is then found to be 8 = 1.07 = 0.01.
m

Knowing the relation between T/Tgxr and X and the relation between C(?OSQ and
X, we can then track down the dependence of the exponent Cy with which the dimen-
sionless momentum distribution peak scales with the number of particles N for different
temperatures. We report its behaviour in Fig. 3.11 for different values of the interaction
U.

An important comment about Fig. 3.11 is that in the limit of the dimensionless interac-
tion parameter 7%—[2] — 0, the exponent Cj tends to be closer (with respect to higher values
of U) to the unity up to temperatures closer to Tpxr. In other words, the smaller is U,
the closer to 1 is Cy at fixed T/Trxr < 1. Going even closer to Tpxr from below, the
decrease to the value % happens abruptly for mhi{ ~ 0 at T ~ Tggp. Since Cy has to be
7/8 at T' = TgrxT, this is associated to a kind of double jump occurring for T — Tz - for
U — 0, since in this limit Cy reaches a value different from (and larger than) 7/8 coming
from low temperature/large-X expansion that we are going to shortly introduce, then it
abruptly jumps from this value to 7/8 and then jumps from 7/8 to 0. More comments on

the double jump occurrence are below.

mU _
n?
the validity range for the weak interacting gas. Then, the mean field arguments of [213]

Finally, it is worth noting that the values for 1, reported in Fig.3.11, are out of

cannot be applied anymore, and one should take into account quantum fluctuations.

101



102 SCALING PROPERTIES OF INTERACTING BOSONS AT FINITE TEMPERATURE

mU/h? =10"12

1.0t-=euus > oy e ° mU/hz =0.01 |]
& osee ﬁ’*’csﬂ._‘. . mU/?Lv,2 =0.1
S mU/h? = 0.25
— 1 i
& 0-8 i o mU/R =1
S i
i 1
S 0.6 !
~— 1
:
504 1
1
'
0.2 i
1
'
(1= . . . . ! . . . . 2 ore-05 00 - — 6o — 4
0 0.5 1.0 1.5

T/Tpgr

Figure 3.11: C8®°(T/Tkr) vs T/Tpkr for different interactions “;L—Q Points are the numerical
value of Cy obtained from numerical simulations performed in [213], while dashed lines
are drawn as a guide for the eyes. In each case the universal jump from Co(TBrT) = %
to Co(T > Tpxr) = 0 is evident.

Low temperature predictions may also be formulated, similarly to what we did for the
Villain and XY models, but with some subtleties to be worked out. In the low T regime
(i.e. far from the critical point), it is X — oo and the function (X ) satisfies [213]:

1 1
O(X)— —Inf(X) = X + = 1In(2¢,), (3.63)
T T
which is a transcendental equation admitting two values for 6 for a single value of X.
These two solutions can be distinguished in terms of the behaviour of §(X) for X — cc.
The first set is the one having a vanishing vaue of (X — oo) and it is given by:

(X 5 00) = S 361)

(X - o0) = , 3.64
28,

which is the solution of —3Inf(X) = X + 21In(2¢,), and as well as a solution of Eq.

(3.63) for X — oo. This first set is not interesting for us and we look for a function 0(X)

which diverges for large X. This represents the second set of solutions and one has:

00(X — 00) = X + %m(zgu) : (3.65)

which is the zero-th order solution of Eq. (3.63) without the logarithmic term in the left
hand side. In the low T regime one may also write [213]

FOX = 00) = ge(m(x) - i _ At 21;1(25“) -1 (3.66)

where the last identity follows from Eq. (3.65). Reminding one that A(X) = [X 4+ 6(X) — 6] /2
and using Eq. (3.65), one has an expression also for the A\(X) function in the low temper-

ature regime at the zero-th order of approximation:

A(X 5 00) = X+ % In [2(2“)2] : (3.67)

Therefore, substituting into Eq. (3.61), one can write an expression for X (at the zero-th
order in terms of the variable T'/Tp ) reading:

o _ 1206 1 (%€ (Terr
x© = 27r1n[ A RErid b ( = 1). (3.68)
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Finally, inserting Eq. (3.68) into Eq. (3.66), we may substitute the equation for f(0)(X —
o0) into Eq. (3.60) to obtain an analytical expression for the exponent CF*° at low tem-

—1
1—1In(2¢) —1In (:jé) <TBJ{<T - 1)] : (3.69)

where the superscript () denotes we are at the lowest order in the considered approxima-

peratures:

ose 1
C(])S (0)(T/TBKT) ~ 1—|—§

tion. One can obtain higher order solutions by substituting the expression in Eq. (3.65) in
the logarithmic term of the Eq. (3.63) and solve for 6(X ), which will now be the solution
at the first order of approximation, i.e. it reads:

o (X) = X + %111(2@) + %1119(0) (X). (3.70)

Following the same procedure sketched above for the zero-th order case, we obtained

the following analytical form for C5°% at low temperatures at first order approximation:

omt [ e\ T
72 <2mU> +

2 Tprr/T -1
W drmU [ h*¢ @)
H2 2mU

where W (z) is the Lambert or product logarithm function. Higher order solutions may

ose 1
el (T Thyr) ~ 1—1—2{1—21n

be obtained following the same recipe, but from the second order case is not possible
to write an analytical expression for X in terms of T'/Tgir. Therefore, one can work
out only the numerics in order to obtain the low temperature behaviour of the exponent
C(}J3 ose (j22)(T/ Tpkr). In the present work the third order approximation has been also
investigated, but we envisage no particular difficulty in going beyond.

In Fig.3.12 we report the comparison between the low temperature expansions with
the values for % obtained from the numerical Monte Carlo results of [213] in the very
small interaction limit ";L—gj = 107'2, and for the intermediate interaction case ”;l—g = 0.25.

The agreement is good up to 3% even for T' = T, where
choe®) (1) ~ 0912, (3.72)

independently of the interaction parameter. It is important to notice that for smaller
values of U the low temperature predictions for the exponent C(?OS" are valid for a larger
range of temperatures, since for very weak interactions the variable X is very large even

at T =~ Tprr. So, decreasing U the range of validity of the low temperature predictions

increase up to a value which becomes increasingly close to Tpx7. Indeed, for mh—’{ =10"12
the low T prediction remains reliable up to 7'~ 0.9T k7.

%
mentioned double jump phenomenon for the exponent C5° which will pass near below
Tprr from a value close to the quantity in Eq. (3.72), 0.912, to g =0.875 for T = Tgkr.

Then the second Nelson-Kosterlitz jump will lead C(]?OSG to pass from 7/8 to zero. It can

This implies that for U — 0, and in practice extremely small, there will be the above

be seen that there is not appreciable change in this result if one goes to higher orders of
approximation. Despite being not too large in absolute value, the first jump should be
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appreciable in experiments or simulations, one problem being that one has to go possibly
to very small values of ";L—’{ We observe that the prediction of the double jump is based on
the validity of the low T expansion and its extension near Tt for U very small — and
when T is scaled in units of T, which in turn depends on U. Therefore it could be that
further corrections near T may soften the first jump, making it a very steep decrease.
Notice, that due to Eq. (3.39), the value Cy = 0.912 corresponds to n = 0.176, which is
pretty far from the universal value n = 0.25, so that going to very small U one should
appreciate such relatively large variation of 1 near Tpxr. Further simulations would be
extremely useful to better quantify such steep decrease of ) close to Trx.

Interestingly enough, at low temperatures, the Bose gas can be described by the corre-

sponding results for the XY model. Therefore, posing C5<Y = C(])3 ose (0)

i.e. equating the
low temperature result of the XY model in Eq. (3.56) to the low temperature result for
the 2D Bose gas in Eq. (3.69) for any rescaled temperature T'/Tgpgr, one obtains the

following value for the parameter &:

£ = %e”g(T‘l) : (3.73)

where T = 4J/ k:BTgI((?. When the dimensionless interaction strength satisfies the equa-

tion:

mU 1 1_x
the low T predictions in Eq. (3.69) equals Eq. (3.56), valid respectively for the 2D Bose
gas and the XY model. Since for the XY model it is k:BTgI((?/J = 0.893 + 0.001, one

finds:
§=321+3, (3.75)

which should be compared with the Monte Carlo result £ = 380 + 3. The comparison shows
that this result (that depends only on the critical temperature of the 2D XY model) is
not entirely unreasonable, given the non-perturbative nature of the parameter £ and the
well-known failure of mean-field calculations to determine it and in general the difficulty
of obtaining analytical estimates for it.
Predictions can be made also for T~ Tk, i.e. X — 07. We write the function 6(X)
as:
(e)
(X —-0) =bX+—In|—= ], (3.76)
T &
where b is a constant to be determined by fitting the values of #(X) for small X coming
from Monte Carlo simulations with the law in Eq. (3.76). It is found b = 1.29 £ 0.05.
For the function f(X) is found instead [193,194,213]:

f(X=0) = 1+V2/X, (3.77)

with k" = 0.61 +0.01. For A\(X), from Eq. (3.76), is simply found that:

-1
AMX 5 0) = bTX, (3.78)



3.3 TWO DIMENSIONS
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Figure 3.12: Comparison of low temperature predictions for C(?OSB(T/ Tprr) vs T/Tpgr with
numerical results for the two different interactions ”;1—[2] = 107'2,0.25. Bottom green
(top yellow) points are the numerical values from numerical simulations performed
in [213], respectively for T%—g = 0.25 ("7";—[2] = 107!2), while dashed lines are drawn
as a guide for the eye. Low temperatures predictions from third order approximation
are reported in black solid lines for two different interaction strengths: the line below
(above) is for ";L—Q =0.25 (%f = 10712) . Red solid lines (standing above the black
ones for both interaction strengths) represent the predictions for T' ~ Tg g7 from Eq.

(3.80).

and therefore, following the same reasoning of the low T' case, from Eq. (3.61) it follows
that:

L (%
X = ;(g"_“?) <TBZ{<T —1> . (3.79)

Finally we can substitute the above expression for X into Eq. (3.77) and then into Eq. (3.60)
to obtain an expression for C(])Bose for T' ~ Tt which reads:

-1
! 2
CBo(T = Tper) =~ 1— - |14 J 2Ky (h 5) (TBKT - 1) . (3.80)

8 w(b—1) mU T

We report its behaviour in red solid lines in Fig. 3.12 along with numerical Monte Carlo
results of C§® obtained from [213] for different interactions. The agreement is good
only for values X ~ 0 and the analytical prediction of Eq. (3.80) gets rapidly worse for
decreasing temperatures.

Equating the two behaviours in Egs. (3.69) and (3.80) we can find how the temperature
with which the two curves intersect depends on the dimensionless interaction parameter
mh—QU. Substituting this expression back to either (3.69) or (3.80), it is found that the value
for C§°%¢ at which the two limiting behaviours intersect is independent on the interaction
strength, and reads:

105

Bose (0) . 1 2K/ o 16x/ _ 2+ _ -
Co = 1 3 1+ ﬂ_(b_DJS ln(2§)+7r(b_1) 4\/77(1)—1)\/5 ln(2§)+7r(
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This intersection value can also be obtained using the first order approximation formula
C(l]gose(l), for which one gets 0.915.

Let us now study the scaling exponent Cj.o for the eigenvalues of the 1IBDM corre-
sponding to non-vanishing momenta. As in the previous section, we have to compute the
Fourier transform of the symmetrized asymptotic behaviour of the density matrix, hence:

27 L/2 L
n(k) ~x lim ezk’r cos(0) do / dr + / dr
L? L—oo Jg 0 rn—1 L/2 (L _ r)77—1

[ ]

L—oo rn—1 L/2 (L _ r)77—1

where we passed to polar coordinates symmetrizing on the radial component as was done
for the XY model case, Jy(x) is the Bessel function of the first kind, and n = m2kpT for

27r712p5
the weakly interacting Bose gas, while n = %S(T) for the XY model. Focusing only on
the first half of the integration interval! we obtain:
n(k) 2— n n, mlP
—~ x LM Fy(1—-=;1,2— = —— 3.82
L2 X 1472 ( 23 ) 2a 4 ) ( )

where we used k L = 27 with [ € IN. Expanding the hypergeometric function for large [
and focusing only the leading term, we obtain finally:

n(k)
L2

o L2172 « N, (3.83)

where in the last proportion we wrote [ o< L in order that k£ remains finite in the thermo-
dynamic limit and L o« v/N, since the density n = N/L? is fixed. Therefore we simply
read:

Ciro(T) = 0, (3.84)

both for the XY and the two—dimensional Bose gas systems for zero and finite tempera-
tures.

This ends our analysis on the ordering properties of different kind of systems both at
zero and finite temperatures. Until now, we worked in the static regime and the stationary
Schrédinger equation were considered all along. We will now deal with nonequilibrium
situations, by first introducing a mean field approach to treat the problem.

1 We observe that symmetrizing the density matrix adding the mirrored term in the region L/2 to L serves

to have a positive and real result for the momentum distribution and occupation numbers, but it does not
affect the scaling of the A\ eigenvalues in terms of L.






GENERALIZED GROSS-PITAEVSKII
EQUATION

The study of the dynamics of bosonic quantum many—body systems is in general a chal-
lenging task. While in a later Chapter we will build an exact analytical solution for the
case in which the quantum system is subjected to a linear time—varying potential, here
we will introduce a mean field approach which generalizes the Gross—Pitaevskii equation
and allows to deal with generic external potentials.

The Gross—Pitaevskii equation (GPE) is a notorious type of Schrédinger equation which
describes both static and dynamic properties of Bose—Einstein condensates in different
dimensions and, in general, in presence of a trapping potential [18]. The underlying idea
is that the BEC state can be described by a unique wavefunction 1 (r,t), since all the
particles are found to be in the same quantum state. The time-dependent GPE reads
[18,218,219]:

A7 h2ag
m

2
m%wr,w = —%W(r,t) +V(r) p(r,t) + [, ) (r.t) (4.1)

where a; is the 3D scattering length, and the nonlinearity describes the contact interactions
among atoms. The GPE is also referred to as the nonlinear Schrédinger equation and for
generic different potentials its solution has to be found numerically. The GPE can be
obtained by taking the functional derivative with respect to t(r,t) of the Hamiltonian
of the BEC gas, which reads:

2
ARG it (e, )T (x, ) (e, )i (e, 1)

(4.2)

Hepg = / dr l—;in(r,t)V%/J(r,t) +V(r)(r,t)+

Let us now focus on one-dimensional systems. At first, we will not specify the type of
interactions occurring among particles, and only later we will focus on the case of contact
interactions. We therefore write the Hamiltonian as:

H = / dz l—w(z,t);laa;w(z,t) +V(2)¢Y(z,t) + Gp(z,t)]| , (4.3)

where 1(z,t) is the wavefunction, p(z,t) is the density:

p(Z,t) = ¢T(zvt)w(zvt) ) (4.4)

and G|p] is a generic nonlinear term which describes the interactions. From this Hamil-
tonian, proceeding in the same way as one does for the GPE, we derive the following
equation of motion for the wavefunction of the system:

2 2
0z, 0) = o T () 4 V) () + Tl O](= ). (4.5)
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The functional f[p] is related to G[p] by the following equation:

flo] = ;[)G[p] : (4.6)
We name Eq. (4.5) the generalized (time-dependent) Gross—Pitaevskii equation (GGPE).
Depending on the form of the nonlinearity which describes the interactions among different
particles of the system, one will obtain different forms for the time-dependent Schrodinger
equation of the wavefunction 1 (z,t). Notice that, in the same line of the Gross—Pitaevskii
formalism, these results, and in particular the wavefunction, will describe systems made
up of many particles at T = 0, and therefore this will allow us to make use of equations
valid in the thermodynamic limit of the ground state of the system considered.

Let us now discuss more on the functional form of f[p]: First of all it is a functional since,
for a generic trapping potential, the density p is actually position-dependent, because of
the inhomogeneity. Then one can prove that the functional f[p] is related to the energy
per particle as (see Appendix 4.4.A):

ﬁm:sm+p$ﬂm, (4.7)
where:
elp] = FO=comt), (4.8)

This make it possible to identify the functional f[p] as the Gibbs free energy per particle
of the homogeneous system [220], since only in the homogeneous case the ground state
wavefunction is uniform, and hence constant.

Coming back to the GGPE in Eq. (4.5), we can get informations on the static properties
of the system by assuming that the wavefunction can be simply factorized as:

bat) = (2)e ', (4.9)
where p is the chemical potential, and 1(z) is now a real function. Eq. (4.5) becomes:
n? 9
i(z) = — 0 L 0(e) + V() U(e) + Flol)]v(e). (.10

where p(z) = ¥(2)%

Let us focus on the case of a one—dimensional Bose gas with contact interactions, 7.e.
the Lieb—Liniger model. For the LL model at T' = 0 we know that the energy per particle
can be written as (we will drop the subscript B, which was instead present in Chapter 1):

2
Elp] = 2%026(7)7 (4.11)

where e() is the dimensionless ground state energy density that we deeply studied in
Chapter 1. Therefore the nonlinearity which characterize the GGPE for the LL model
reads:

flo) = = Glp] = 5~ |3e(v) + %6(7) e (4.12)
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which can also be rewritten as:

2 e
flol = 2% {36(7) _727} P (4.13)

An acute reader may notice that this exactly coincides with the definition of the chemical

potential of the LL model [53], i.e. the energy necessary to add one particle to the system.

We can finally write the time-dependent GGPE for the LL model as [221]:

h2 2 7L2 %

mgtqp(z,t):—mw¢(z,t)+v(z)¢(z,t)+m 3e(v(z,t))—v(z7t)a,y p(z, )29 (2,1).

(4.14)

Since the gas is subjected to an external trapping potential, V(z), then also the density
will have a z-dependence because of the inhomogeneity. Moreover, since the dimensionless
coupling strength depends inversely on the density of the gas [cfr Eq. (1.6)], it follows
that it depends as well on the position variable. Notice that the nonlinearity is highly
nontrivial for the LL model, since the dependence on the density it is also encoded in the
ground state energy density e(«) in a form which is not known analytically (this basically
follows from the fact that the Lieb equations cannot be exactly solved in all the regimes of
interactions). Therefore if one wants to numerically solve Eq. (4.14), the evaluation of the
nonlinear term would be computational demanding. Our compact analytical expression
for the function e(y) in all the regimes of interactions, i.e. Eq. (1.55), come in huge help
here. Indeed, for a fixed t, once 9(z) is known, then also p(z,t) and y(z,t) are known and
can be substituted to the €3 (v) function which gives immediately a reliable result which
is in turn used to get the behaviour of ¥ (z,t + At). More on this will be discussed later
in this Chapter.

We want to remark here that the above GGPE for the Lieb—Liniger Bose gas may be ob-
tained also using an hydrodynamic approach (CHD). The nonlinear Schrédinger equation
is indeed connected to the hydrodynamic formulation via the Madelung transformations
[222], which consist in writing the wavefunction as: ¢(z,t) = y/p(z,t) exp[iS(z,t)/ h],
where S(z,t) is the quantum action related to the velocity field as: v(z,t) = 9,5(z,t)/m.
With these notations, substituting into the time-dependent nonlinear Schrédinger equa-
tion, one arrives at the classical hydrodynamic equations for the density of the gas and
the fluid velocity:

%p(z,t) + %[p(z,t) v(z,t)] =0, (4.15)
Doz t) (1) 5o t) = — ([ + V()] (4.16)

By adding an additional quantum pressure term [221], the hydrodynamic formulation
leads to the GGPE (4.14). These equations actually suppose that the trapped gas is in
local thermal equilibrium at each position z, with local energy per particle given by Eq.
(4.8). Therefore the hydrodynamic equations involve the local density approximation of
the system, which corresponds to the case of zero temperature thermodynamic limit. But
from the point of view of the interaction strengths, it is remarkable to notice that they
hold for any values of interactions, ranging from the Thomas—Fermi (i.e. high density and
hence weak interactions) to the Tonks—-Girardeau (i.e. low density, hence strong repulsive
interactions) regimes [220,223]. More on these two limits will be discussed in the following,
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as well as comments on the regimes of validity of CHD, which we resume here by saying
that it is safe to use CHD (and hence the GGPE) at 7' = 0 and for finite evolution times.

In this Chapter we will study some interesting properties that can be extracted from the
analysis of both the time-dependent and independent GGPE for a generic system. First
we will focus on the case when there is no external trapping potential and the ground
state of the system is homogeneous. We will show that, in this scenario, the study of
solitonic solutions for repulsive gases is possible. Since we will treat as an example the
case of the LL repulsive gas, the study will focus on black and grey solitons solution,
which represent excited states of the system where there is a "negative" modulation of
the density profile [18,70]. Solitons are characterized by a profile density which moves in
the medium at a constant velocity and whose shape is preserved during the evolution. In
the case of repulsive interactions, it is possible to construct excited solutions where the
density is completely (black soliton) or partially (grey soliton) suppressed. The existence of
these peculiar solutions, also called as solitary waves, is strictly related to the nonlinearity
present in the differential equation [224], which in this case is the time-dependent GGPE.
After this we will study the effect of a trapping potential on the density of a LL gas
described by Eq. (4.14). We will deal with a numerical approach which will allow us to
find a solution of the static equation, letting us finding the ground state density profile
for different potentials and interaction strengths. As a final remark, we will also sketch
how one should deal with the study of the dynamics of the trapped system.

4.1 BLACK SOLITONS IN THE GGPE

Let us start by rewriting Eq. (4.10) as:

2 92
() = o T () + SR EE) (4.17)

Since in this Section we will consider black solitons, which are characterized by a localized
complete drop in the particle density, we will assume that the wavefunction is monotonic
increasing and that the derivatives of ¢ (z) are zero at infinite distances. Furthermore, we
will assume that (2 = 0) = 0, that is the density vanishes at the origin, as a complete
drop would require. Let us call the density at infinity peo.

From Eq. (4.10), with the aforementioned conditions, we see that the chemical potential
is given by:

1= flpos], (4.18)

where the functional is given by Eq. (4.7). At z = 0, the wavefunction vanishes while
sufficiently far from that point, the density approaches po, which is the bulk value. The
distance over which the wavefunction rises from zero at the origin to close to its bulk
value, may be estimated from the Gross—Pitaevskii equation. When we are sufficiently far
from z = 0, the total energy of the system is of order of f[ps], while if we denote by &g
the spatial scale of variations, then from Eq. (4.10) we get:

h2
2mé%

= flpeol
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that is:
1
¢y = —, (4.19)
T2 M

where Eq. (4.18) has been used. £y is known as the healing length of the system [18,70],
and it provides a natural length scale with respect to which we can express dimensionful
quantities. Indeed we can define a dimensionless position variable as: x = z/&y, and a
dimensionless wavefunction: ¢(z) = 1 (égx)/pl/?, thanks to which Eq. (4.17) becomes:

¢ (x) = —p(x) + h[e*]p, (4.20)

where the primes indicate the derivatives with respect to z, and we defined:

hlp®] = Flpso?] .- (4.21)

Notice that, since ¢(x — o0) = 1, then h[1] = 1, according to Eq. (4.19). We will refer to

Eq. (4.20) as the dimensionless time-independent generalized Gross—Pitaevskii equation.

In analogy with the functional G|[p], we can define a functional H[p?] as:

hl?] = 52 [©?]. (4.22)

We now notice a similarity between Eq. (4.20) and the Newton’s second law of motion:

d?q 0
T2 —%V(Q),

where we have indicated with ¢ the position and V' a generic time-independent potential.

In classical dynamics, this allows to define the energy E as a constant of motion:

1dg®
=5a V.

Similarly, we can rewrite Eq. (4.20) as:

o' (x) = ——V[¢?], (4.23)

~la-lme, (424)

while the "constant of motion", E, reads:

E = %(@’)2 +V[e?]. (4.25)

In order to verify that £ is indeed a constant of motion, we derive the "energy" with
respect to x, obtaining:

L 5 .
E =y {cp”+5V[902]] =0,
©
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where Eq. (4.23) has been used. Since it is a constant, it is convenient to fix £ by what
happens at infinite distance. There, since we want to study a black soliton solution, the
derivatives of the wavefunction vanish, and therefore we have:

E=V[1]= % - %H[l] : (4.26)

Now, finally, we are able to find a black soliton solution for the problem: Eq. (4.25) allows
us to write:

¢ = \2(E-V[?), (4.27)

which gives:

_ w(x) dp
/0 V2AE-T (@)

and can also be rewritten as:

d@

x—/ ey vl (4.28)

from using the definition of the "potential" V. The problem now consists in finding a
solution for Eq. (4.28). We note that this procedure, until now, is completely general
and does not depend on a particular nonlinear function. Once the nonlinearity is fixed,
a solution can be found by fixing ¢ € [0,1] and by numerically evaluating the integral
in Eq. (4.28), in such a way that one finds the corresponding value x where the black
soliton solution acquires the value . This procedure makes sense since the wavefunction
is a monotonic increasing function and therefore is invertible.

As an explanatory example, we will now study black soliton solutions for the homoge-
neous Lieb—Liniger Bose gas. There the nonlinearity is highly nontrivial but we have in
our hand a method that allows to easily compute the functional f[p].

4.1.1 BLACK SOLITONS IN THE LIEB—LINIGER MODEL
For the Lieb—Liniger gas, a fundamental physical variable is the dimensionless coupling ~:

p(2)  poop(@tpr)?

v(z) = (4.29)
where we remind that po, is the density at infinity, and c is the coupling strength having
dimensions of the inverse of a length, and we used: ¢ = 1/ pl/ 2. The chemical potential
of the gas is given by:

h? ( c ) c de 9
— o] = 3e -z % 4.30
p=flpoo) = 5 - [ Py R W_p;j P (4.30)

therefore we may rewrite the healing length as:

1

\/2’?
h Poo 36 — p;ﬂ

§q = (4.31)

Poo
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For the LL model the nonlinearity is given by Eq. (4.13), and hence the dimensionless
nonlinearity functional h[p?] is given by:
h[?] = &4 p3 |3e ( ° ) - o o (4.32)
> poc®)  poop? 87 |y= e | T
where we used its definition in Eq. (4.21). From (4.22), it then follows that:
c
H[p?) = &4 pioe (2) °. (4.33)
Poo®
From these functional forms, and using (4.31) for the healing length, we can rewrite Eq.
(4.28) explicitly as:
o= |3 <C) _ ¢ g .
oo/ Poo 0 ly=e
(@) 5 —1/2
e(x
L s ()22l faeee(S)ee(a) et a
Poo Poo 07 7:,3%.0 Poo Pootp
(4.34)
It is now convenient to perform the following change in the integration variable:
o
t=2 -1, 4.35
o(x) (4.35)
which gives:
1 c c de
T=-px 36()—
2 ( )\J Poo Poo 6’7 w:i
. —-1/2
c c Jde c c
e e (S e (S Yo}
1 {[ Poo Poo 07 'Y_p;] [ ’ ( )] Poo poo§02(t) 7 ( )
(4.36)

where we wrote for simplicity:
N 1
o(t) = igo(x) (t+1). (4.37)

As we already explained, the fact that ¢(z) is monotonically increasing, implies that it is
invertible and it allows to find a solution of the above equation. Indeed the values of x can
be found once we fix a value for p(z) € [0,1]. The only problem is that the evaluation of
the integral is computationally demanding, since the integrand function depends on the
dimensionless ground state energy density function, whose value, in turn, is determined
once the Lieb—Liniger integral equations are solved (see Chapter 1 for details). It comes
in huge help our closed rather simple compact form for the e(vy) function given by Eq.
(1.55), where once the argument of the function is fixed, the resulting value is immediately
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obtained. Therefore by computing the integral of Eq. (4.36) using the Chebyshev quadra-
ture method with 100 points, we find the black soliton solutions for the Lieb—Liniger gas.
In Fig. 4.1, we report the results for the dimensionless wavefunctions of black solitons,
for several values of the ratio ¢/ps which tunes the interaction among the particles. In
Fig. 4.2 we plotted the dimensionless density p(x)/pe = ¢?(z), for the same interaction
strengths.

— p=10"2 —— c/p,=10"1 — ¢/po=1 —— Clp.=10' — c/p,=102

1.0

0.8 1

0.6 q

o(x)

0.4

0.2 4

0.0

Figure 4.1: Black soliton dimensionless wavefunctions for the Lieb—Liniger model. They are found
by numerically solving Eq. (4.36), for different values of the dimensionless ratio ¢/ po
which controls the interaction among the particles of the gas.

— /pa=10"2 —— c/p.=10"1 — clp.=1 —— C/p.=10' — c/p.=102
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o(x)?

0.4

0.2

0.0

Figure 4.2: Black soliton dimensionless density for the Lieb—Liniger model, simply obtained by
squaring the results of Fig. 4.1. We report with different colors the densities at different
interaction strengths ¢/ poo-



4.2 GREY SOLITONS IN THE GGPE

We note that the growth of the density is steeper for higher values of ¢/ po. This should
be intuitively understood by considering that higher values of ¢/ ps mean a stronger repul-
sive interaction far from the minimum of the soliton. Such stronger interaction competes
with the tendency of the particles to move away from x = 0, where the interaction param-
eter v = ¢/ (poo?) diverges [as can be verified from Fig. 4.3].

— /pe=10"2 —— c/p,=10"" —— c/po=1 — c/po=10" — c/p.=10?

6

5

log1o(y)

Figure 4.3: Dimensionless Lieb—Liniger interaction parameter « vs the dimensionless position vari-
able x = z/&p, for different values of the ratio ¢/ps. Around & = 0 the interaction
parameter diverges, as it should since in z = 0 the black soliton has its minimum, i.e.
it is the point where the density vanishes.

Let us see what happens in the Tonks—Girardeau limit: For ¢/ps — 00, we have that
Eq. (4.36) can be written as:

& _ / 7 de (4.38)
V3o o pate)n/2+e?

and it can be exactly solved, giving the dimensionless density for a black soliton solution
in a Tonks—Girardeau gas:

2 tanh (:c)2
2
r) = ——"—. 4.39
@) 3 — tanh (z)? (4.39)
From the numerical results, we note that already for ¢/ps = 100, the solution well

approximates this limit.

42 GREY SOLITONS IN THE GGPE

In this Section, we will study grey soliton solutions. These solitary waves are characterized,
analogously to the black solitons, by a localized drop in the particle density, but in these
solutions the density minimum is not zero anymore. Collectively, grey and black solitons
are called dark solitons, in contrast to bright solitons which are characterized by a localized
peak in the particle density [18,70]. As we did previously, we start by studying grey soliton
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solutions for the GGPE without specifying the form of the nonlinearity. Only later, in a
Subsection, we will consider as an example the Lieb—Liniger gas.
This time, we will search for solutions of Eq. (4.5) of the form:

W(z,t) = pl/2 {g (z — ”t) + zk} e ikt (4.40)
§H

where we remind that the chemical potential and the healing length are related via Eq.
(4.19). In (4.40) we are assuming that the solitary waves will move with a constant velocity
v (while for the black solitons we were assuming a complete static situation) and the
peculiar form of the soliton will be encoded in the dimensionless real function g, while
the real, dimensionless, positive constant & is related to the depth of the grey soliton. In
particular k2 will coincide with the value of the dimensionless density of the soliton at
the minimum, therefore for £ = 1 the soliton structure is lost, while for £k = 0 the grey
soliton coincides with the black soliton solution. Notice that in this case we write:

p(2) = [6(2, )2 = o, for (== vt) = o0,

and we define a dimensionless variable z, as: * = Zg—;t With these notations, from (4.40),
we have that:

@(z) +k* =1, for z— oo, (4.41)

which implies that k£ < 1. Since we are considering the case of a grey soliton, we will also
require that g(z) is a monotonic increasing function with vanishing derivatives at infinity,
and that ¢g(0) = 0. This has been chosen in order that when v = 0, and k& = 0, one
recovers the black soliton solution studied in the previous Section.

Substituting Eq. (4.40) into Eq. (4.5) in terms of g and k, we get:

2

gz 9 ) Tl + B (o) k), (442

., U .
—ih——g'(z) + p(g(x) +ik) =
1934
from which we note that, for  — co, we have: u = f[po], that is the chemical potential

acquires the same value of the case in which one considers the time—independent Gross—
Pitaevskii equation [see Eqs. (4.17) and (4.18)]. We can recast Eq. (4.42) in the form:

2iUg (x) — ' (x) = ik(1 — hlg*(x) + k2]) + g(x) (1 — hlg® + k7)) (4.43)

where we defined the dimensionless velocity variable:

mégu
= 4.44
v =" (1.44)
and the functional:
2mE?
hlg* + k%] = hQHf[poo(gz(x)-{-kQ)]. (4.45)

By taking separately the imaginary and real part of Eq. (4.43), we find respectively:

J(z) = %(1 C R+ KY) (4.46)
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and:
g"(x) = —g(z) + hlg*> + K]g(x) . (4.47)

In a similar way of the case of black solitons, we can now recast Eq. (4.47) in a form that
recalls the Newton’s second law, by writing:

§'(0) = —5 VI 1), (4.48)
where:
Vg2 + 42 = % [6() +#7] - %H lg” + K], (4.49)

with, in turn, the functional H related to h by:

hlg® + k] = Hlg* + k*]. (4.50)

4]
5(9(@)” + 1)
We can therefore define a costant of motion, £, given by:

- 1 -

E=g (d) + V]g®> + K. (4.51)

It is straightforward to check that it is indeed a constant of motion, indeed if we take the
derivative with respect to the position variable, we have that:

=g @)+ 50

thanks to Eq. (4.48). It is convenient to fix the constant value £ by considering the effects

Vg + k]| =0,

of boundary conditions on the soliton wavefunction, which permits to write the value of
the "energy" as:

.11
E=-ZH[]. (4.52)

Coming back to Eq. (4.46), we can rewrite it as:

1 1 k2 1 1

~(1-k*) —zH[1] = —(1—h[g? )2+ ~g%(x) — —H[g* + k?
which, for x = 0, gives:

1 1 k2 1

(1= — ZH] = 1— 21\2  + 21

Let us work more on this: Solving for k, we get:

1+ HE - H[
VI gtz (= nli2])?

We know that when the velocity of the grey soliton approaches the sound velocity of the

(4.53)

(Luttinger) liquid in which it moves, the solitary wave cannot propagate anymore. It is
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therefore convenient to introduce the sound velocity of the system. The sound velocity is
related to the density at the bulk via the relation (see Appendix) !:

which is equivalent to:

h /

5= B, 4.54
vl (454)
where: I/[1] = % . By defining the dimensionless sound velocity Uy as:
g2+k2=1

Us = Lffs,

then:
h'[1
U, 2[] (4.55)

Therefore we can finally rewrite Eq. (4.53) in terms of the soliton velocity U, and the fluid
sound velocity Us where it propagates:

| Ua/1+H[E) - H[1]
RCER i

In the next Section, we will see that in the case of the LL model, when v = s,i.e. U/U; = 1,

(4.56)

we have that &k = 1, which implies that the soliton lose its structure and there is no density
drop in the gas.

It is only left to find an equation for the soliton function g(z). Up to now, we did not
use the real part of Eq. (4.43), so we can obtain the soliton function from there. Indeed,
by rewriting Eq. (4.51), which was obtained from the real part analysis, as:

g'(x) = \2(E = Vg2 +42),

we can invert the equation and get:

0 \/2(E—X7[§2+k;2]) 0 \/1—(§2+k2)—H[1]+H[§2+k2]

, (4.57)

where Eqs. (4.49) and (4.52) have been used. Notice that if the soliton velocity is null,
U = 0, then from Eq. (4.56) also k is vanishing, and therefore Eq. (4.57) reduces to
the black soliton equation in (4.28), as it should. Once the model subjected to study
is determined, and hence the nonlinearity fixed, one should first solve the trascendental
equation (4.56), for a fixed chosen soliton velocity, and then substitute the value found
for k in Eq. (4.57), which can be solved by fixing a certain g € [0,1] and finding the
corresponding position x, as we did for the black soliton case.

In the following Section we will focus on the case of the Lieb—Liniger model, and we
will numerically obtain the grey solitons solutions for different values of the solitary wave
velocities and interaction strengths.

1 We substituted ¢(2) with poo since we recall that poo here is the bulk density.
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4.2.1 GREY SOLITONS IN THE LIEB—LINIGER MODEL

Within the grey soliton notations of the previous Section, we define the dimensionless
coupling strength v as:
c c 1
=00 T @
For the LL model, the nonlinear term is given by Eq. (4.13), and therefore the dimension-
less nonlinearty functional can be written as:

[36 (i) — e s (g% + K%)*
hlg® + k] = e : (4.59)
c c de
[3€(pw) ‘pom‘ . ]
pPoo

where we used Eq. (4.31). On the other hand, the functional H g% + k?] assumes the form:

e (pgim) (0" + 42

H[g* + k%] = : (4.60)
c c de
[36(M)—MM . }
Ve
Hence, the completely explicit form of Eq. (4.53) for the LL model is given by:
14+ E(Pgo k%)kﬁ _ e(p;)
3e(55 )5 55 3e(55 )5 85
=55 =55

k= (4.61)

2
_c \__c Jde 4
36(pook2) pook? 0¥ k
1+ 101 " er?
Ty lT

36(9; )_Pioogiff

which has to be solved in order to find the minimum depth of the grey soliton solution.
While for the shape of the soliton, one needs to solve Eq. (4.57), which for the LL model
reads:

< c ) c de

r= |de|—)———

\l Poo Poc 0 7:‘0%.0
g(x)

. / 36 (C) _ € o
0 Poo Poo 07

(1= (@ +#)] —e (p;) +

—-1/2
+e(c ! )(g2+k2)3} dj. (4.62)

oo 37 + K2

p—
7= pPoo

Therefore, once U is fixed, we numerically solve Eq. (4.61), and the solution of Eq. (4.62)
can be found with the same procedure as in the black soliton case described in the previous
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Section, i.e. changing the integration variable and then fixing a value for g € [0, 1] in order
to find the corresponding position for that particular value of the soliton function intensity.

Before doing so, it is useful to study the relation with the sound velocity of the Lieb—
Liniger gas. The velocity of sound for the Lieb-Liniger model (see Appendix), is given by:

g 36(6’)_2656 +1<0)2526
~ Poo Poo OV ly=e 2 \poo/) 677

and hence the dimensionless sound velocity reads:

Joe G ] +a )]
Vo= —= = (4.64)

o) -t

In Fig. 4.4 we plotted Us with respect to the dimensionless coupling strength ¢/ ps. For
low and high values of the coupling we have that:

(4.63)

- —_c_
=5 Ry

—_C

Poo

1
li o) = ~, therefore: Us - —, 4.65
Am ele/poo) = e/p refor 7 (4.65)
2
lim e(¢/poo) = %, therefore : Us — 1. (4.66)

¢/ poo—r00

1.00
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Figure 4.4: Dimensionless sound velocity Us = (mgs)/ h, with respect to the dimensionless cou-
pling ¢/poo. The values in the strong and weak coupling regimes can be obtained
analytically and read as in Eqgs. (4.65) and (4.66).

In Fig. 4.5 instead, we report the numerical solution of the trascendental equation (4.61),
which allows to obtain the value for the dimensionless density of the grey soliton at the
minimum, i.e. k. We note that when U = Us, i.e. v = s, we have that k = 1. As it is
expected, the soliton does not exist if v = s, since k¥ = 1 implies that there is no density
depression.
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In order to check the consistency of our results, notice that in the low coupling regime:

U v
k—=V2U = — = —, 4.67
VU = =2 (4.67)
which is the same relation that one finds in the Gross—Pitaveskii equation. By taking the
same limit in Eq. (4.62), we recover the following result for the density of the grey soliton:

x v? v2 x v?
pp(m) =5+ (1 - s2> tanh? [\/5 (1 — 52” : (4.68)

which is indeed the same expression found for a grey solitary wave in the GPE [18]. This is
due to the fact that for low values of «, the interaction term in the Hamiltonian becomes
quadratic in the wavefunction, or in other words: f[p] = % p, as in the case of the Gross—
Pitaevskii equation. This can be seen also from Fig. 4.5, where for low values of the ratio
¢/ pso, k is almost linear with respect to v/s. We note, however, that this comparison
holds when U is much greater than ¢/ peo-

— /p-=0.01 - - Clpe=0.1 —— c/pu=1 —— C/p=10 —— c/p.=100 ]

1.0

0.8

0.6

0.4 1

0.2 1

0.0

0.0 0.2 0.4 0.6 0.8 1.0
v/s

Figure 4.5: k vs v/ s, where v and s are the soliton and sound velocities respectively. Different solid
lines correspond to different values of the coupling ¢/ poo. Notice that for low values of
the coupling strength, k is approximately linear with respect to v/s.

On the other hand, for the Tonks-Girardeau limit, ¢/ po, = 00, we have that the solution,
for non-vanishing U, of Eq. (4.61) is given by:

2
| |4U2+ [20(120 + V9 + 13207 — 1607) /5 — 1]

_ 4.69)
1/3 9 (
V3 [1+20U(20 + 9+ 13207 — 1607
while the grey soliton shape is found from Eq. (4.62), and reads:
2 + k2 tanh(zv1 — k2
g(z) = = ( ) (4.70)

\/ﬁ — tanh?(zv/1 — k2?) '
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The dimensionless density is then given by:

plz) 124 (2 + k) tanh? (/1 — k2)
Poo 25 —tanh?(zv1— k%)

Notice that for U = 0, one finds: £ = 0 from Eq. (4.69), and from (4.71) one gets exactly
the result obtained in the case of a black soliton solution, i.e. Eq. (4.39). We stress that

(4.71)

for ¢/ pso = 100 the numerical solution are in good agreement with the analytical results
just seen for the Tonks-Girardeau limit.

For a generic coupling strength ¢/ ps, one needs to rely on numerical approaches in or-
der to find the soliton minimum and the solitary wave’s shape from Egs. (4.61) and (4.62).
These equations could not be solved numerically if we did not have a closed rather simple
expression for the dimensionless ground state energy density e(y), which we instead pro-
vided thanks to the Chebyshev Hermite interpolation three-range scheme [cfr Eq. (1.55)].
In Figs. 4.6 — 4.10 we report the behaviour of the dimensionless grey soliton densities
(1) / poo = g*(z) + k?, for fixed values of the coupling ¢/ps, and each plots presents
results at several different values of the soliton velocity U. As it is expected, by decreasing
U we approach the shape of the black soliton, which is obtained using the results of the
previous Section, while for growing U (up to the sound velocity of the Luttinger liquid)
the grey soliton minimum increases and the soliton structure starts to be lost.

— U=05 — U=03 — U=01 =--- U=0|

plpw

(z-vt)/§

Figure 4.6: Grey soliton dimensionless density for several values of the soliton velocity U, and at
fixed coupling strength: ¢/psc = 0.01. The black soliton solution (U = 0 and hence
k = 0) is reported in dashed line.



4.2 GREY SOLITONS IN THE GGPE

— U=05 —— U=03 —— U=0.1 -==- U=0
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0.0 T T 4 T

(z—vt)/E

Figure 4.7: Grey soliton dimensionless density for several values of the soliton velocity U, and at
fixed coupling strength: ¢/pse = 0.1. The black soliton solution (U = 0 and hence
k = 0) is reported in dashed line.
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Figure 4.8: Grey soliton dimensionless density for several values of the soliton velocity U, and at
fixed coupling strength: ¢/ psc = 1. The black soliton solution (U = 0 and hence k = 0)
is reported in dashed line.
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- U=05 —— U=03 —— U=0.1 -==- U=0
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(z—=vt)/§

Figure 4.9: Grey soliton dimensionless density for several values of the soliton velocity U, and at
fixed coupling strength: ¢/po, = 10. The black soliton solution (U = 0 and hence
k = 0) is reported in dashed line.
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Figure 4.10: Grey soliton dimensionless density for several values of the soliton velocity U, and at
fixed coupling strength: ¢/po = 100. The black soliton solution (U = 0 and hence
k = 0) is reported in dashed line.

Finally, in Fig. 4.11, we plot the dimensionless grey soliton densities p(z)/pso, but
this time we vary, in the same plot, both the coupling ¢/ps (represented with different
colored lines) and the soliton velocity U (represented with different line’s styles). We can
notice that, analogously to the case of the black solitary wave solution, the growth of the
density is steeper for higher values of the ratio ¢/ ps. Also in this case, the reason is that
a stronger repulsive interaction at the bulk competes with the tendency of the particles
to move away from the minimum. Moreover notice that the higher is the soliton velocity,
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and the stronger are the effects of the interaction strength among particles, as can be seen
from the colored solid lines of Fig. 4.11.

— /p==0.01 —— c/po=1 —— c/p==100
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-4 -2 0 2 4
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Figure 4.11: Grey soliton dimensionless density for several values of the soliton velocity U (rep-
resented with different line’s styles), and coupling strength ¢/ps (represented with
different colored lines).

4.3 INHOMOGENEOUS GGPE: THE TRAPPED LIEB—LINIGER
BOSE GAS

Let us go back to the more general case of the GGPE in presence of a trapping potential,
i.e. Eq. (4.5). When an external potential is present, even the ground state density of
the system will be characterized by a spatial dependence because of the inhomogeneity
itself. It is the most interesting case, both theoretically and experimentally, since in real
world experiments the gases (or in general the systems subject of studies) are confined
in some geometry. In one—dimensional systems, the Lieb—Liniger model in presence of a
trapping potential is a very interesting apparatus to work on, since it can describe real
quantum gases confined to move only in one direction and subjected to a confinement,
which usually comes from the application of laser beams [63]. From the theoretical point
of view the model is interesting as well, since the breaking of translational invariance
spoils the integrability properties of the system (see [59,68], for example). In that case we
know that the nonlinear functional reads as in Eq. (4.13), where both the dimensionless
coupling and the density will depend on the spatial variable z. For such systems, the
Schrodinger equation that needs to be solved in order to determine the evolution dynamics
of a certain initial state ¢ (z,¢t = 0), will then be Eq. (4.14), while static properties, like
the determination of the ground state density and the corresponding energy, can be found
from Eq. (4.10).

The interest on a solution of this problem, even though approximation and numerical
approaches are mandatory, reflects on the number of papers in the literature. While many
efforts are done in the direction of a generalized hydrodynamic approach (GHD) [225,226],
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where local averages of physical quantities are to be evaluated in the so called generalized
Gibbs ensables (GGE), and interesting results were obtained for spin chains and repulsive
Bose gases [227-234] (just to cite some, but the literature on this topic during these
last years is outstandingly huge), we will drive the discussion by treating the GGPE
(sometimes also called as modified nonlinear Schrédinger equation) of the LL model. This
way is maybe less popular, but still there were efforts in this direction [188,221,223].

The reason for its "unpopularity" can be resumed in two reasons: 1) CHD fails in the
description of physical systems at finite temperature and it also leads to shocks propaga-
tion, which are instead not present in the system as, instead, GHD predicts [235]. Only
at T = 0 and at finite evolution times (which are the case considered in this Thesis),
the GHD reduces to the CHD and we can safely use its results. 2) The unpopularity of
CHD is also due to the fact that in order to solve numerically the time-dependent or
independent GGPE one has to sharpen the wits, since the computation of the nonlinear
function at each time step and for each position is computational demanding, since in
principle one needs to solve the Lieb’s integral equations everytime. For example, in [221]
they were proposing to study the dynamics of the GGPE for only 25 particles by adiabat-
ically change the number of atoms in the system, in order to reach a converging stable
result. It would be very interesting to easily extend this method in order to deal with
much more particles. Thanks to our smart three-range expression for the ground state
energy density function €37 (y), we are actually able to make such extension, and we will
provide explanatory examples of calculation, where we will find the ground state density
for different trapping potentials and number of particles.

Let us start the analysis, by studying two different limiting behaviour of the gas: The
Tonks—Girardeau and the Thomas—Fermi limits. In the limit of very low densities, the
dimensionless coupling v approaches an infinite value, and the Tonks—Girardeau limit is
hence characterized by [223]:

272

mh
plaip| =0, Elp] = - 0, (4.72)
where we remind that |a1p| = 2/p~, is the one-dimensional scattering length [66]. The

Thomas—Fermi limit, instead, describes the case of high gas densities, and therefore de-
scribes weak interaction regimes. Within this limit:

e
p|a1D| — 00, 5[0] = %P, (4'73)
where ¢ is the coupling strength having dimension of the inverse of a length.

For these two limiting behaviours, one can easily obtain expressions for the steady
state solutions of the system in the weak and strong interacting regimes. This can be
done by solving the hydrodynamic equations (4.15) and (4.16), imposing: dp/90t = 0 and
Ov/0t = 0. By doing so, one finds that:

flp)+V(z) =, for: |z| <R, (4.74)
p(z)=0, for: |z| >R, (4.75)

where p is the chemical potential fixed by the normalization condition:

R
/ p(z)dz =N, (4.76)
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and R is the atomic cloud radius given by the condition: V(R) = pu. Let us consider,
as an explanatory example, the case of a harmonic trap, i.e. V(2) = mw?2%/2. For this
trapping potential, the atomic cloud radius reads:

2
R=y 5.
mw

Therefore, in the low density (Tonks-Girardeau) limit, from Eq. (4.74) we get:

2mu mwz\ 2
TG\ _ _
’ (z)—ﬁw (22

and substituting to Eq. (4.76), we get the following expression for the chemical potential:

pte = hwN . (4.77)

Therefore one can finally write the ground state density profile for a trapped Tonks—
Girardeau gas as [154]:

22
pre(z) =po Ty [1— GR (4.78)

for |z| < R, while pT%(|z] > R) = 0, and where:
2mw
TG
=N
Po 7T27L )
RTG =\ Jan 1=
mw

In the opposite limit, i.e. high densities and weak interactions (Thomas—Fermi), the
functional f[p] is actually linear in the density and proceeding as we did above for the
hard—core interactions, one will obtain the so called Thomas—Fermi parabola [236]:

2
P () =po" (1 - (RTF)2> ; (4.79)

for |2| < R, while pT%(|z] > R) = 0, and where:
1/3
3mw 2
TF 2
— (YY) N
Po [( 3T ) !%D\] )

e [ (1y: ”‘°’
laip| \mw

The chemical potential in the Thomas—Fermi regime reads:

2h?
p't = ( ) o (4.80)

m\a1D|

We will compare with these analytical results in the weak and strong interacting regimes
for the Lieb—Liniger model.
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If we want to find the density profile for a trapped Lieb—Liniger Bose gas with generic
(maybe intermediate) interactions, then we should deal with the stationary GGPE, which
will read:

() =~ 55 + V() W) + g [3e) a5 | WG 0), (s

where 7 is actually y(z) = ¢/ [¢(2)|?, and V(z) is a generic external potential. We find
convenient to introduce the effective dimensionless coupling 7, defined in [221], in order
to have a coupling parameter which does not have a spatial dependence. It is related to the
maximum steady state density in the center of the atomic cloud in the Tonks-Girardeau
limit, and reads:

2

Veff = e -
< piC a]

(4.82)

The interaction term, which follows from Eq. (4.13), encodes a highly nontrivial nonlin-
earity in the system, therefore sometimes it renders difficult to reach a fast and reliable
convergence of the method used to solve such differential equation. A convenient numerical
method for obtaining the ground state density profile solution of the stationary GGPE, is
through the imaginary time propagation [237,238]. The idea is to write the wavefunciton
¥(z,t) as a superposition of eigenstates ¢ (x), with time-dependent amplitudes ay(t),
and energies Ey, as: ¥(z,t) = > ar(t)¢r(z), and after passing to imaginary time, one
writes the time evolved state as:

P(z,t+ At) = Hw (z,t) Zak _%Ek,

where H is the quantum Hamiltonian in Eq. (4.81). Since the amplitudes of each eigen-
state contribution decays over time, and the ground state characterized by the lowest
E}. decaying as the slowest, then the wavefunction will evolve towards the ground state.
Notice that one should renormalize 1) at each temporal step, to ensure the conservation
of atoms number. In order to check the convergence of this method, one should monitor
the "energy potential" behaviour, conveniently defined as:

€(z1) = At ’w (2 t+At)‘

Indeed when € is vanishingly small at a certain postion z, it means that:
In|¢(z,t) /9 (z,t + At)| ~ 0, therefore: 1(z,t) ~ 1(z,t + At), and we have reached con-
vergence for this method.

As a final remark for the numerical procedure, once the external potential, number
of particles and interaction strength are fixed, in order to compute the time evolution
of a certain initial state (which we will take simply to be a gaussian state) ¥ (z,0), we
rely on the split-step Fourier method [237,239]. It is based on the fact that the kinetik
energy operator and the external potential (and nonlinear interaction) terms are simply
multiplication factors in momentum and position space, respectively. Then by conveniently
Fourier transforming the wavefunction, one is able to easily compute the action of the
Hamiltonian on a generic state (making the approximation that: [T, V] = 0) as

w(z,HAt):ei%{V(sz[pJ}.;{ B2 A F e VO, t)]}
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where errors of order of O(At?) are present, and F denotes the Fourier transform opera-
tion.

With the methods above mentioned, and by using the analytical interpolated expression
for the dimensionless ground state energy density in Eq. (1.55), we are able to find the
steady state densities for trapped Lieb—Liniger gases with generic interaction strengths
and atom numbers. For the case of an harmonic trapping potential, V(z) = mw?2%/2,
using N = 100 particles and a time step of: wAt = 1073, we find the results reported
in Figs. 4.12 — 4.15 for the density profiles at different interactions 7.z (we defined the
dimensionless position variable: z = zv/ hmw).

50 : ; :
i f—p(x)
TF
10 p(z)
.......... V(z)
30 :
10 - —
0 ! !
20 -15 -10 5 5 10 15 20

Figure 4.12: Density profile obtained from solving the static GGPE for the LL gas made of N = 100
particles with interaction strength v.¢ = 0.01. In black solid line there is the numerical
result, while the green dashed line represents the analytical prediction coming from
Thomas—Fermi approximation, i.e. Eq. (4.79), and finally in red dotted line there is
reported the trapping potential.

Finally in Fig. 4.16 we report the behaviour for the energy per particle functions. They
can be written in terms of the steady state wavefunction obtained numerically and read:

1 o

Eywo = ~ 7001#(2)* [:n + ] ¥(2),

Etot = Eho + Eint 5

respectively for the kinetik 4+ potential, interaction and total energy. As one would expect,
the interaction energy term increases for high values of the effective dimensionless interac-
tion parameter, and it reaches a maximum which can be estimated from using pT(z) of
Eq. (4.78) in the definition of the interaction energy. Notice moreover that the interaction
energy term is greater than the kinetik + potential energy term also for very small values
of interactions, in particular up to g = 0.01.

In principle there is no difficulty in treating the time-dependent problem and solving
therefore the GGPE in (4.14) with the split-step Fourier method sketched above. This can
range from studying the breathing modes for systems made of many particles and with
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10 f l T

-20 20

Figure 4.13: Density profile obtained from solving the static GGPE for the LL gas made of N = 100
particles with interaction strength v.g = 1. In black solid line there is the numerical
result, while the green and blue dashed lines represent the analytical prediction coming
from Tonks—Girardeau and Thomas—Fermi approximations, ¢.e. Egs. (4.78) and (4.79)
respectively, and finally in red dotted line there is reported the trapping potential. In
the regime of intermediate interactions, the Thomas—Fermi approximation describes
more accurately the numerical results.
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Figure 4.14: Density profile obtained from solving the static GGPE for the LL gas made of N = 100
particles with interaction strength ~v.g = 10. In black solid line there is the numerical
result, while the green dashed line represent the analytical prediction coming from
Tonks—Girardeau approximation, i.e. Eq. (4.78), and finally in red dotted line there
is reported the trapping potential. The Tonks—Girardeau approximation is not so bad
with respect to the numerical results, even though ~g is not very high.

different interaction strengths, to characterize the effects that a time varying gravitational
potential has on the system. In this Thesis we will not deal with this case, but future works
on these directions are certainly of our interest.
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Figure 4.15: Density profile obtained from solving the static GGPE for the LL gas made of N = 100
particles with interaction strength v = 10°. In black solid line there is the numerical
result, while the green dashed line represent the analytical prediction coming from
Tonks—Girardeau approximation, i.e. Eq. (4.78), and finally in red dotted line there
is reported the trapping potential. In this case the Tonks—Girardeau approximation
excellently describes the numerical results.
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Figure 4.16: Linear-log scale of the values of the kinetik + potential, interaction and total energy
per particle of a system of harmonically trapped N = 100 Lieb—Liniger bosons. For
growing values of the interaction parameter v.g, the interaction energy increases, as
we would expect, reaching a maximum finite value in the Tonk—Girardeau limit.

Nevertheless there exist exactly solvable time—dependent problems with many—body
quantum systems subjected to an external potential. The case where the one—dimensional
system is under the action of a time varying electric or gravitational field, is one important
example. Next we will deal with this problem, extending the study also to the three—
dimensional free fall of a quantum system.






APPENDIX

4a PROOF OF EQ. (4.7).

Hereafter the one—dimensional system is assumed to have length L while the temperature
is kept at T' = 0, so that no thermal fluctuations are considered. We will generally refer
to the “ground state” instead of the “condensate state”, since for a D = 1 homogeneous
system there is no condensation even at 7' = 0 as we saw from the behaviour of Co(T" = 0).
Let us assume that our physical system obeys the following time-dependent GGPE:

iht) = (T+V+f[p])w, (A4.1)

where ¢ = (x,t) = \/p(x, 1)@ is the macroscopic wavefunction describing the
ground state, while p and S being the density and phase distribution of the ground state,
T = —(h?/2m) d%/da? is the kinetik energy term, V = V (x,t) is the potential acting on
the wavefunction (which, in general, may depend on position and time) and finally f[p]
is a generic nonlinear function of the density which encodes the interaction energy term.
This term could represent in a mean-field sense any complicated interaction potential
between the particles. It is important to note that we are not assuming any restriction
on the type and the strength of the interaction. At any fixed time ¢ the wavefunction is

normalized to N atoms, i.e.,

/OL (e, )P d = N . (A4.2)

The energy functional is assumed to be

L
Ely] = /0 O (@, 1) (T Vo S[p])w(x, £ dz = (A4.3)
- Ekin + Epot + Eint )

where £[p] is a function of the density whose physical meaning will be shown in the
following to be that of the free interacting ground state energy per particle. Providing
that the potential V' is independent of time, then the energy E = Eyi, + FEpot + Eint, is
conserved during the time evolution of the ground state.

We now want to prove:

flo] = €l + p‘ji[p] | (Ad4)
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To prove Eq. (A4.4), we just need to get the dynamics equation of motion by using:
ih(x) = OEW] and it reads:

o oYr(x)’
Y R
= /OL dyd(y — =) {Ty +V(y) + 5[p(y)]]¢(y) + OL dyd(y — =) (si[pp(;y))]

N

= {T;c—i-V@C)-i-g[p(x)ﬂ ¢($>+M

p(x)

= Ty(2) + V(2)y(z) + [5[0] + péﬂ ().

Thus, we see that the generic nonlinearity of the GGPE assumes indeed the form in Eq.
(A4.4).

Now let us discuss more about the meaning of the function £(p): Suppose that the
system is homogeneous, V(z) = 0 in Eq. (A4.1), so that the stationary solution (i.e. the
ground state) is uniform and the wavefunction is a real constant, 1) = 19 = ,/po, where
po = N /L. Since in this case pg is constant everywhere, it follows from Eq. (A4.3), that
FEyin = 0, and the energy integral is easily calculated as:

Elyo] = /OLPOg[PO] de =

= Ng[po] )
from which follows:
Elo] _
W0l = £[pu). (A4.6)

Therefore have shown that the energy of the homogeneous ground state per particle is
given by the function £.

48 SOUND VELOCITY

In this Appendix, we will study the velocity of sound for a system described by the time-
dependent generalized Gross—Pitakeskii equation:

n2 92

0 B
Zhal/}(zat) = —%@d’(

2,t) + flp(z,t)] (2, t) . (B4.1)

Writing ¢ as: ¢(z,t) = gzb(z,t)e*%“t we have that Eq. (B4.1) can be rewritten as:

h? 92

Z’hgﬂ“) +1d(z,t) = —5 -5 50(zt) + f16(z, )7 (= 1) (B4.2)

In order to compute the sound velocity, s, we will need the expression of the spectrum of
the fluctuations around the mean-field (MF). At the MF, we have that:

Qb(Z, t) = ¢0 )
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with ¢y homogenous, constant in time and assumed to be real, without losing generality.

At the MF, we have that Eq. (B4.2) gives an expression for the chemical potential of the
system:

noo = fle5]¢° — u= flog]. (B4.3)
Let us now include the fluctuations namely by writing:

¢(z,t) = ¢o + x(2,1),
where x(z,t) is the fluctuation field. Up to the linear order in x, Eq. (B4.2) reads:

n? 9? 5f

0 x
Tigx(a) = —gu (a0 + 55| 6 a0+ ). (B1.4)

where we used Eq. (B4.3). From now on we will write, for simplicity:

of

f0:W¢2:¢%.

Then Eq. (B4.4), along with its complex conjugate, reads:

8 hz 2 T 2 *
é)tX(Z t) = %@X(zat) + fodo [x(2,t) + X" (2,1)] ,
ZhatX(z )" = o 52X (z,t) + fodo [x(2,1)" + x(2,1)] .

Let us now define the Fourier transform of the fluctuation field as:
Z e zwt~ z z

where ¢ is the wave-number and w is the angular velocity. We therefore have that:

h2 2 )
(hw fogb()) e g, — foe™ixt, =0, (B4.5)
77’2q2 T k T ~
(—hw — S Fodt ) e IR — Foe R, = 0. (B4.6)
These equations admit a solution when the determinant of the associated matrix is zero,
ie.:
h4 4 hQ 2
2,2 _

which gives the expression of the spectrum:

S e -
eg = T = J - ( +2F82 ). (B4.7)

2m

The sound velocity can now be obtained by using its usual definition:
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which gives:

\/%% '

5= (B4.8)
NG
In the case of the Lieb-Liniger model (see Sections 2.1 and 2.2), we have that:
flol = 2 [seta) -2 2¢] 2 (349
PL= o 30 =75 ] :
where the dimensionless coupling reads v = %. At the MF, we have that:
2 "’ 4
Fleosl = 5~ [Be(r0) =r0¢'(0)] ¢0, (B4.10)
with:
y c
0= T3
%

This implies that f is equal to:

- 72/2 ! ]_ 1"
o = 2 [3e(30) = 230¢’ (20) + 3¢ (o) 6.
Therefore, from Eq. (B4.8), we can finally write the sound velocity for the Lieb—Liniger
gas as:
h / 1 2,11 2
§=— 3e(0) — 270€’ (0) + 3¢ (70) 95 - (B4.11)

which indeed agrees with the result in [53].






QUANTUM MANY-BODY SYSTEMS
SUBJECTED TO A LINEAR
POTENTIAL

Floquet theory is a powerful tool to study differential equations whose coefficients are
time—periodic functions [50] and, for this reason, it is widely used in Quantum Mechanics
in presence of a time—periodic Hamiltonian [51,52]. If the system is initially in state
x(t = 0) and subjected to a periodic driving, then the Floquet Hamiltonian Hp is the
operator that formally gives the state of the system at multiples of the period T

x(t=nT) = e~ Hr x(t=0). (5.1)

Hp depends on the parameters of the original driven Hamiltonian, H, and of course on
the time—dependent perturbation. The eigenvalues of the Floquet Hamiltonian are the
quasi-energies Ep. Often referred as Floquet engineering [33,49], time—periodic driving
allows to construct interesting effective Hp with novel physical properties as, for instance,
dynamic localization effects [25], suppression of inter—well tunneling in a Bose condensate
subjected to a strongly driven optical lattice [26-32] (see [33] for more references), topo-
logical Floquet phases [34,35], time crystals [36-43], dynamics in driven systems [44-46]
and Floquet prethermalization [47,48].

Within this framework, a natural question is whether one can have an integrable non-
trivial Floquet Hamiltonian perturbing an interacting model with a time—periodic pertur-
bation. Despite exactly solvable time-dependent Hamiltonians can be constructed [54,55],
the problem of finding an integrable Floquet Hamiltonian Hg from undriven interacting
(possibly integrable) Hamiltonian H is in general a challenging one. A discussion of in-
tegrable Floquet systems not exhibiting chaotic behaviour even under a time-dependent
perturbation is presented in [240]. Here our scope is to present explicitly an interacting
many-body bosonic system whose Floquet Hamiltonian is integrable and therefore exactly
solvable by means of integrability techniques [58,59]. This implies, in particular, that we
can have access to the exact spectrum of the quasi-energies and also to the wavefunctions
of the system at stroboscopic times (multiples of the period of the driving). It is useful
to stress that one of the difficulties in identifying integrable Floquet Hamiltonians is that
the integrability of these Hamiltonians is not at all guaranteed by the integrability of the
original time-independent undriven model (see, for instance, [56] where starting from the
original BCS model the corresponding BCS gap equation in presence of a periodic driving
is derived and solved numerically).

The external perturbation that we are going to apply to the system is the one with a
potential of the form:

V(z,t) = f(t)z, (5.2)
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with a driving function f(¢) that can have a generic dependence on time, but in order to
apply the Floquet approach, it has to be such that: f(¢) = f(¢t + T), with T the period.

The original time—independent system that we consider in the following is the Lieb—
Liniger (LL) model, but our methods can be applied to any quantum systems. Interestingly
enough, if the original undriven quantum model is integrable, then it remains exactly
solvable also when it is perturbed by an external time-periodic potential linear in the
coordinates x; of the particles, as it happens for the classical counterpart of the LL model
given by the non-linear Schrédinger equation which remains solvable also in presence
of an external linear time—dependent potential [241-243]. Moreover we will see that the
Floquet Hamiltonian of an integrable model driven with a periodic linear potential such
that the condition:

/Tf(T) dr =10, (5.3)
0

holds, is itself an integrable Hamiltonian. Our system is then the quantum analog of a
classical mechanics problem consisting of a body (subjected to the gravitational force)
put on a slide which changes periodically its slope by rotating around a pin posed at the
origin.

We remark that we are referring to the integrability of the Floquet Hamiltonian of the
system, which is a time—independent Hamiltonian and therefore by integrable we mean
that there exist an infinite number of conserved charges and hence one can find an exact
solution for the stroboscopic time—independent problem. In particular the integrability
of the Floquet Hamiltonian allows to find the eigenfunctions of Hp and to write the
behaviour of a generic wavepacket at stroboscopic times.

The evolution of the state at intermediate times instead is determined by the micro-
motion operator Up(t,0), defined as:

U(t,0) = Up(t,0) e "7 lr (5.4)

in terms of the time evolution operator of the system U (t,0). Floquet states |1r(t)), can
then be obtained from the action of the micro-motion operator on the eigenstates of the
Floquet Hamiltonian. Floquet states form a complete and orthonormal set of functions
and therefore any solution of the original time—dependent Schrodinger equation can be
written in terms of those as:

X(t) = [ drAGR) (D)

where k is a momentum variable, related to the energy of the system (k o< vE), and
the A(k)’s are time-independent coefficients. It is therefore desirable to obtain Ay and
Ur(t,0), in order to have access to the full quantum dynamics of the system.

In the following we present a detailed analysis of all these aspects of the problem and,
in particular, we show how to extract the time evolution of generic wavefunctions at all
times by first computing the micro-motion operators and then the Floquet states, with
which we can expand the wavefunction. After discussing a general two-body interaction
term, we focus on the paradigmatic and experimentally relevant case of the Lieb—Liniger
model.
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5.1 ONE-BODY PROBLEM

5.1.1 GENERIC DRIVING FUNCTION

Let us consider the one—dimensional Schrédinger equation for a particle of mass m in a
linear potential with a time varying strength:

i h - t ,1). 5.5

i LN b (1) (1) (55)
In what follows, f(t) is a generic driving function that will be taken to be periodic at the
end of this Section. In the literature, Eq. (5.5) has been studied and solved in different
ways [244-247]. Here we solve it with a method that will be particularly useful to study
the Floquet dynamics.

The key point of the solution of Eq. (5.5) is to perform a gauge transformation on the
wavefunction

x(@,t) = @ n(y(t),1), (5.6)

where y(t) = x — £(t), while £(¢) and 6(z,t) are two functions that are determined below.

Substituting Eq. (5.6) into (5.5), and imposing;:

e h oo
E _— E%7 (5-7)
and
20  h? [00\*
e T o (8:17) +af(t), (5.8)

we find that 7n(y,t) satisfies the Schrodinger equation with no external potential in the
spatial variable y:
0 h? 0?
5,90 _ n

Hence, once 6(x,t) is known, n(y,t) will be readily determined from the free dynamics.

To find the gauge phase 6(z,t) we make the ansatz:

m d€
that leads to the conditions:
d%¢ dr m [ dE\?
S —=_ (= 11
mis =10, n == (%) (5.11)

which give the translational parameter () and the function I'(¢) in terms of f(¢). Notice
that the equation for £(t) is the Newton’s second law equation of motion, where d¢/ dt?
represents the acceleration of the center of mass of the system, and —f(t) the driving
force.

Solving the equations (5.11), with the initial conditions £(0) = d&(0)/dt = 0 and
I'(0) =0, we get:

T [t 1 t T , /2
H(x,t):—% ; f(T)dT—m ; dr [/0 f(T)dT:| , (5.12)
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which, together with Eq. (5.6) and Eq. (5.9), completely solves Eq. (5.5).
Since: 6(z,0) = 0 and y(0) = z, we have from Eq. (5.6) that:

x(z,0) = n(z,0), (5.13)
for which the solution of the Schrodinger equation (5.5) reads:

2 .2
x(z,t) = eie(x’t)e_i%%n(y,o) _ €i9(x7t)e—i%2"—me—i£§f)i)X(l.’0)7 (5.14)

where we have used the definition of the translation operator and the free time evolution
operator. Notice that no boundary conditions in the wavefunction have been considered
in the above calculations i.e. x € R.

In terms of the solution (5.14), one can easily compute the expectation values of various
physical quantities, such as momentum, position as well as their variances. Assuming as
initial values () (¢t = 0) = zo, and (p) (¢ = 0) = po, and using the canonical commutation
relations among different powers of position and momentum operators, we have:

(@) (1) = (@) 2] x(@,1) = 70+ Spo (1) (5.15)

This means that the mean position of a generic wavepacket, under the action of a linear
time-dependent potential, is governed by the parameter £(¢) which is readily determined
by Eq. (5.11). Moreover, concerning the expectation value of the momentum we have:

) () = (a0 bl (e 0) = po— [ S(7)dr, (.10

meaning that the value of the momentum is shifted away from its initial value by a term
that depends on the driving function f(¢). As expected, the motion of the center of the
wavepacket in Eq. (5.15) is the same of a classical particle moving in one dimension under
the action of a time—dependent gravitational force. Concerning the variance of the position,
we have:

A{L‘(t) = \/<§72> (t) - <§7>2 (t) = Axundriven(t) 3 (517)

where the subscript "undriven" stands for the undriven evolution of the variance, which
is calculated using the wavefunction n(z,t) instead of x(z,t), i.e.

A undriven(£) =/ (1w, 1) [32] n(a,£)) — (n(a,t) 2] (e, 1)) (5.18)

For the variance of the momentum we have:

Ap(t) =\ (5?) () — (5)° (£) = Apundriven(?) - (5.19)

This means that it remains constant and equal to its initial value at ¢t = 0.

The solution presented so far, and its consequences, are valid for any driving function.
In the sequel, as a preparation for later Sections, we shall focus our attention on periodic
drivings.
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5.1.2 FLOQUET APPROACH

When f(t) is periodic with period T', the Schrédinger equation (5.5) becomes a differential
equation with periodic coefficients where we can apply the Floquet theory. This leads us
to define the Floquet Hamiltonian H r, which, according to Eq. (5.1), controls the time
evolution of the wavefunction at stroboscopic times ¢t = nT', with n € IN. Switching for
simplicity to the bra-ket notation, Eq. (5.1) reads:

x(nT)) = e " Hr [y (t = 0)) . (5.20)

The eigenvalues of the Floquet Hamiltonian will be denoted by £r and are known as
the quasi-energies. Since Hp is hermitian, they are real numbers. The quasi-energies
are the time-like analogues of the quasi-momenta in the study of crystalline solids. Let
U(t, 0) = e~%1 be the time evolution operator, i.e. the quantum operator that, when
applied to a wavefunction describes its evolution from time 0 to time ¢. According to
the Floquet theory and the notation of [33], we can decompose U(t,0) as in Eq. (5.4):
U(t,0) = Ur(t,0) e~i%HF This relation defines the micro-motion operator Ur(t,0) in
terms of the Floquet Hamiltonian Hp and U (t,0). Ur is periodic in time and equals
to the unity at every stroboscopic times, implying that U (nT,0) = e~ Hr Therefore
U(t+T,0) = U(t,0)U(T,0). This means that it is enough to know the evolution operator
for times ¢ € [0, 7] in order to obtain the evolution of the system at all times ¢ > 0.

The importance of these concepts becomes clear once one realises that any solution of
the time—dependent periodic Schrodinger equation (5.5) can be expressed in terms of the
Floquet operator and their eigenfunctions. Indeed, writing the eigenvalue equation for the
Floquet Hamiltonian:

Hpla) = &), (5.21)

one can apply the micro-motion operator on the wavefunctions |%) to write the Floquet
modes (or Floquet functions according to the notation of [45]) as:

u(t)) = Up(t,0) ), (5.22)

which are time—periodic states, as follows from the properties of the micro-motion operator
stated above. It is now straightforward to construct the Floquet states, which are solutions
of the time-dependent Schrodinger equation (5.5) with periodic f(t):

[Wp(t)) = |u(t)) e HEF . (5.23)

These states form a complete and orthonormal set of eigenfunctions of the time evolution
operator over a driving period:

W (t+T)) = U(t+T,t) [0 (t)) = e 7 [pp(t)) .

Hence, any solution of the Schrodinger equation (5.5) can be written as a superposition
of Floquet states as:

X(0) = [AW) (e e F ak = [ A®) e () dk, (5.24)

weighted with time-independent coefficients A, which depend on the momenta of the
particle k. Looking at the last expression, notice that the Floquet states have an occu-
pation probabilities |A|*> (preserved in time) and a phase factor e~iRER , resembling the
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usual factor e™*

7 present in any time—evolution of energy eigenstates with eigenvalues
E when their Hamiltonian does not depend on time. Therefore the quasi-energies look
as if they were effective energies and these are the quantities which determine the linear
phase evolution of the system. Finally, notice that if the system is prepared in a Floquet
state, its time evolution is periodic in time and in this case it is called a “quasi-stationary
evolution”.

Before obtaining an expression for the micro-motion operator Up from Eq. (5.4), it is
convenient first to derive an expression for the Floquet Hamiltonian Hr of the system
which will be useful in the many-body case. To get an equation for H r we need to rewrite
Eq. (5.14) for t = nT in a single exponential operator as in Eq. (5.20). To do this, we can
use the Baker-Campbell-Hausdorff formula between momentum and position exponential
operators, arriving at:

D n
fir = o lg(m*l Tf<r>d71@—h’

nT 2m
1 nT nT T 1 nT 2
— dr| - d dr e d
s | [ dar|- [T | [T rear | o | [ s ar
From this expression one is tempted to say that the translation of the center of mass of

1 .
nT —|— 5 f f(7)dr, since
this is the factor that multiplies the operator p. However, this is not true since to evaluate

- (5.25)

the wavepacket at different stroboscopic times, would be &

(x(z,nT)|z|x(z,nT)), one has to split the operators in the exponential recovering the
( )
sider periodic boundary conditions requiring that the perlodlc driving function satisfies
the two conditions f(nT") = 0, for n € IN, and fOT f(t)dt = 0, as discussed in Appendix
5.5.B.

Moreover, it is not manifest from Eq. (5.25) that the Floquet Hamiltonian is independent

. Notice that one could con-

state Eq. (5.14), where the translation factor is snnply

of n, as it should be the case [33]. To clarify this issue we study in more detail the
translational parameter and the gauge phase. From the first equation in (5.11), we derive:

() = -~ Ot dr { /0 % dT'} , (5.26)

m

from which follows that:

§(t+T) = £(T) +€(t) - ;/OT f(r)dr. (5.27)

In a similar way, one gets for the gauge phase:

O(x,t+T)=0(x,T)+6(x,t) — ﬁ [/{)Tf(T) dr] .

—% [/)Tf(T)dT] -/0th |:/0Tf(7'/)d7'/:| . (5.28)

Setting t = nT', with n € IN, in the above equations yields:

£(nT) = ne(T) — T”(”QD / U rryar (5.29)

m 0
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and:

O(x,nT) = nb(x,T)— ijjhn(n;l) [/OTf(T) dT‘| + (5.30)

_n;lhn(n—l)ﬁ(Qn—l) [/()Tf(T)dT} -/OTdT |;/0Tf(7'/)dT/:| :

To continue with the proof of the n-independence of the Floquet Hamiltonian, we split

the analysis in two cases: (1) when the integral of the driving function over one period
vanishes, and (2) when it does not.

Jof(®)dt=0

When the integral on a time—period is vanishing, from Eq. (5.29) we have £(nT') = n&(T)
and therefore the term linear in momentum of the Floquet Hamiltonian in (5.25) is n-
independent. Moreover, since {(nT') is linear in terms of the stroboscopic factor n, the
stroboscopic motion of the wavepacket has a constant velocity, as can be inferred from
Eq. (5.15). The constant term in the Floquet Hamiltonian is also trivially n-independent
since O(xz,nT) = nb(x,T), as follows from Eq. (5.30). Hence, in this case the Floquet
Hamiltonian can be simply written as:

(1), 4, 041)

. p?
Hp = — 5.31
F=ot (5.31)
where 6(x,T) = (T), since the gauge phase is z-independent (in the considered case of:
fOT f(t)dt = 0), as one can see from Eq. (5.12). Moreover, the Floquet Hamiltonian can

be rewritten as:

2
i R - / /
Hr = 2m mT/ dT/ d + /dT[/ (7 dT] '

Notice that we can also express the Hamiltonian in Eq. (5.31) as

fp = PAmED/TE o (5.32)
2m

where C' = —h8(T)/T — (m/2)[¢(T)/T]?. Now, applying the unitary transformation
Hp = it/ hfype—iad/ T (5.33)
with a = m&(T) /T, we get finally:
5 P2
Hp=— . .34
F=g5 -+ C (5.34)

Using these results we can derive the micro-motion operator U . First of all, from Eq.
(5.14), the time evolution operator is:

a2
0(t,0) = @0 =i% I =150 (5.35)

Hence, inverting Eq. (5.4) and knowing the Floquet Hamiltonian from Eq. (5.31), we get:

0r(t,0) = F AT o [P0 [ [ o] [0 -52 ) (5.56)

i
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where we used the Baker-Campbell-Hausdorff formula. An alternative expression of the
micro-motion operator is:

Ur(t,0) = , (5.37)

which has been derived using the Zassenhaus formula.
Let discuss a simple, yet instructive, application of these results. Imagine we are inter-

ested in describing the time evolution of a Gaussian wavepacket with initial variance o in
1 —2%/(20)°

\V2mwo?

Section, in order to determine its time evolution, we have first to find the eigenvalues

the infinite homogeneous space, i.e. x(z,0) = . As we saw in the previous
and eigenfunctions of the Floquet Hamiltonian in (5.31). In this case the complete set of
eigenfunctions is simply the plane wave set, and the associated quasi-energies are then
easy to determine:

nk* | €(T)

+ —hk‘ he(T)

ikx
= , E
V2W€ F= Tom

where k is the plane wave’s momentum. The Floquet modes can be easily obtained from

(5.38)

the action of Ur from Eq. (5.37) on the eigenstates: |i):

m (it g srar] i gt [ [ ar (] s amy' =4 [ ar([7 sty o)+ [ 8252
(5.39)

u(x,t) =

where we used Eq. (5.12). The Floquet modes are plane waves with a momentum that
varies in time,

(u(t) [f] u(t)) k:——/

and which return to their initial value k at stroboscopic times. As required, the Floquet

k

modes are time—periodic with period 7. The Floquet states are obtained from Eqgs. (5.23)
and (5.38),

1 o
¢F(x7t) — mez[kaﬂr@(x,t)]—zt%—zkf(t) ) (540)

They are plane waves, periodic in time with period 7' and their momentum expectation
value varies in the same way as does for the Floquet modes. One can now evaluate the
time evolution of the Gaussian wavepacket from Eq. (5.24). In order to do so, we compute
the amplitude A(k)

A = [~ x(e. 005 (,0) = (2T 0o,

and perform the Gaussian integration in Eq. (5.24), arriving at:

[z—&())

1 1 0(z,t) -
x(z,t) = = < e HFid) (5.41)
V2rmo \/1 4+ szQ
The wavepacket has a Gaussian shape centered at £(t) and spreads in time as:
h2 2
Az(t) = (o2 + —— (5.42)

4m2g2’
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Figure 5.1: Time evolution of density profiles of Gaussian wavepackets |y (z, ) |2 for a single particle
in a potential: zf(¢). The left plot shows an evolution with a driving force f(t) =

¢sin(wt): the motion proceeds with a constant stroboscopic velocity towards the left.

The right plot shows the evolution under a driving force f(t) = £sin?(wt): the motion
is uniformly accelerated to negative values of x. The figures are calculated via the
split-step Fourier method and in both & = 2=1/2, 7 = 10, and @ = 10.

in agreement with Eq. (5.17). The left side of Fig. 5.1 shows an example, where

f(t) = £sin(wt) (5.43)
(see Appendix 5.5.A for a discussion about cosinusoidal and sinusoidal forces). The center
of mass of the wavepacket is located at £(t) = —% [sin(wt) — wt], and it spreads according

to Eq. (5.42). We use the parametrization ¢ = -7 and w = u-®, where ¢ and @ are

dimensionless, and define f = t/u and & = z¢ %”—gl In the left side of Fig. 5.1 we set:

5':0'\3/%:2—1/2’Z:10’ and & = 10.

Jof(t)dt #0

In this case, the independence of the Floquet Hamiltonian (5.25) on n is more difficult to
demonstrate. Let us define a function F(t), such that %" = f(t). We have fOT f(t)dt =
F(T) = ¢, where ¢ depends on the driving parameters and, by definition, F'(0) = 0. It
follows that F(nT) = nF(T) = nc. It is easy to prove that F(t+7T) = F(T) + F(t) =
¢+ F(t). Therefore F(nT +t) = nc+ F(t) and £(nT) can be written as:
1 nT ’I’L2
EnT) =—— [ F(tydt = —"-1, (5.44)

m.Jo

where I = fOT F(t) dt. Thus £(nT') depends quadratically on the stroboscopic factor n, and

the stroboscopic motion experiences a uniform acceleration —%I . Next, since &(nT) o n?,

one has £(—T) = ¢(T') and, choosing n = —1 in Eq. (5.29), yields: (T) = —5-- S f(t) at.

This can be substituted back into Eq. (5.29) to obtain:

n?T [T

2m Jo

¢(nT) = — F(t)dt. (5.45)
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If we now take ¢t = nT" in (5.26) and use (5.45), we derive the relevant equation:

nT T , , TL2T T
/0 dr/o fyar =2 [,

that holds when the integral of the driving function over a driving period does not vanish.
Using these results into (5.25), we can write:

o P 0@T) 1 [T ?
HF_Zm_hT_Gm[/O f(T)dT] : (5.46)

or, equivalently,

Hr= ——Hv—/ +—T/ dr

This expression is independent on n, a fact which completes the proof. Unlike the case

2

/ )dT'r—;n [/OTf(T)dT]

where fOT f(t)dt = 0, the Floquet Hamiltonian does not contain a term proportional to
D, but a static linear potential. This term forces the particle to move to the left/right
for positive/negative values of fOT f(t)dt. An example is given in Fig. 5.1-right where
+ I f(rydr = ' > 0, so that the wavepacket moves with an acceleration of —%.
However, its spread does not depends on the external driving force as predicted in Eq.
(5.17).
The eigenfunctions of the Floquet Hamiltonian are the Airy function Ai [248] of the
form:
1/3
2mT?

a(x) = CAi 5 <
2[Jy f(r)dr]

where C' is a normalization constant and:

Q= ﬁ% dT|:/0Tf(T/)dT/:|2_671’nl,/on(T)dT12

The Floquet Hamiltonian has a continuous spectrum spanning the whole range of energy

/OTf(T)dT—5F+Q> , (5.47)

N8

values &r from —oo to +oo.
The micro-motion operator is obtained inverting Eq. (5.4), and it leads to:

Op(t,0) = e%{th[e(?”—w}—ﬁ G )dT[ <1+2 2 ) fon(T)dT} )L [ f(T)dT}

[ f s ar]p

(5.48)

This expression makes it complicated to determine the time evolution, even for a Gaus-
sian wavepacket, using Eq.(5.24). To circumvent this problem we perform the unitary
transformation

X(xvt) = UF(ta 0)5((%15) )

where the transformed wavefunction satisfies [45]:

ox
h— = H t
? ot FX($ )
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Since A has a linear potential term, we can apply the same reasoning used to solve
the original equation (5.5) for a constant driving function f = £ JiF £(7) dr, therefore we
translate and gauge transform the wavefunction ¥(z,t) in order to wash out the z-linear
term in the Floquet Hamiltonian. By doing so, we finally get Eq. (5.14), which is thus
the convenient way to obtain the time—evolved wavepacket. In summary, we need first
to calculate the free expansion of x(x,0), then to translate the solution and finally to
multiply it by the gauge phase.

The detailed analysis performed so far is valid for a single particle subjected to a linear
potential which varies periodically in time. We shall show below that it can be extended
straightforwardly to two- or many-particles interacting with a generic interacting potential

ng(xj — x,)

5.2 INTRODUCING INTERACTIONS: THE TWO-BODY PROB-
LEM

Let us now consider a one—dimensional system of two interacting particles subjected to a
linear time—periodic potential. The Schrodinger equation reads:
o & 2 92

Zh:]zl 2m8x2+ ]f() X+‘/2b<x2*x1)X7 (549)

where Vo, (29 — 1) is a generic potential between the two particles. To solve the Schrodinger
equation (5.49), we can employ the same method discussed in the previous Section: First
we perform the gauge transformation

X (21,22, t) = O@DT0@20l (4 (1) 4o (t),1) (5.50)

where y;(t) = x; — (1), for j = 1, 2. The wavefunction n(yi, y2, t) satisfies the Schrodinger
equation for two interacting particles with no external potential:

2 2 2
han h [a a

while £(¢) and 6(x;,t) obey Egs. (5.26) and (5.12), once we use the same initial conditions
of the previous case.

Notice that Vap(y1 —y2) = Vap(z1 — z2), because y;(t) = x; — &(t). Moreover, since
£(0) = 0, the two wavefunctions coincide at initial time: x(x1,22,0) = n(z1,22,0), hence
the solution of (5.49) can be written as:

p3+p3

_ii{)(@1+f)2)€_i%{ Zm TVab(w2 xl)}

’ie(ail ,t)+i9 (CEQ ,t)

e x(z1,22,0). (5.52)

x(z1,m0,t) = €

With this expression, using the procedure discussed in the previous Section, we can com-
pute the expectation values of physical observables and their variances. More precisely,
the expectation value of a single particle operator Oj is defined as:

<Oj> (t) = <X(x1,3:2,t) ‘Oj‘ X(ml,:m,t)> = /_O:O dxy /_O:O dxe x* (21, T2,1) Oj x(z1,z2,1),
(5.53)
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and expectation values of position and momentum can be computed using the Baker-
Campbell-Hausdorff formula.

We will show below that there is a decoupling between the linear potential term and the
interacting one. This decoupling arises from the separation of the center of mass motion
(which is determined by the external potential), and the relative motion (determined by
the interacting potential). The diffusion of the wavepacket evolves as it would be free from
the linear time dependent potential, but of course depends on the interaction.

The undriven Hamiltonian is given by:

+

i, =
0= 2m

+ Vap(w2 — 1) - (5.54)

This implies that the total momentum of the system P = Py + Dy is conserved, i.e.
[ﬁo, P} = 0. An example is the contact interaction Vop(x2 — 1) = Ad(xe — 1), with A
the coupling strength. This property allows us to calculate the total energy of the state:

E(t) = (H) (1) = <x<x1,w2,t> + £(8) (21 + @) + Vay (a2 — 1)

P+ 3
2m

X(:Ul,mz,t)> .
(5.55)

After a lengthy calculation (see Appendix 5.5.C), using the canonical commutation rela-
tions and Eq. (5.52), we obtain for a generic driving function f(t), including as well the
non-periodic cases:

E(t) = E(0)+1[/t (1) 7‘} +ZPO,; [m —i tf(T)dT}—F (5.56)

m m Jo

210 / / dT+Zx0] —F(0)],

where F(0) is the initial energy of the state, containing all the interaction effects. The
remaining terms arise from the linear driving potential and depend on the position xg ;
and momenta p j, of the j-th particle at time ¢t = 0. If f(¢) is constant, as for a constant
(gravitational or electric) force, then the energy is conserved. On the other hand, if f(t)
is periodic, its integral over a time-period vanishes, and f(t = 0) = 0, then the energy is
conserved at stroboscopic times.

Next we shall study the models where f(t) is periodic. As done in the previous Section,
we shall consider two cases: [ f(t)dt = 0, and [ f(t)dt # 0. The evolution operator
can be read from (5.52):

. 0 0 E() (a ay —id [p%ﬂ)?H/zb(m ac1)]
U(t, 0) _ ez[ (z1,t)+ ($27t)]€—ZT(P1+p2)e h| 2m . (5.57)

It is convenient to use the center of mass and relative coordinates: £ = x5 — 21 and
X = %ﬂ In these variables the effects of the linear time dependent potential and the
interactions are completely decoupled. The time evolution in these coordinates reads:

Ot0) = 0" (L0)0"(1,0) = (5:5%)
X s [Larl ] e ar ) s p

SWp
e "hame

where P is the total momentum, that commutes with the undriven Hamiltonian, and
D = Py — Py, is the relative momentum of the particles.
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Jof(®)dt=0

In this case one finds:
2 ~2
N by | &(T),
H- = =3 o
F Z 2m * T bj=1

0(T)
T

+ V(22 — 1), (5.59)
j=1
where (z;,T) = 0(T), as follows from Eq. (5.12).

From the analysis performed so far, and for the similarities with the one-body case,
we know that the stroboscopic motion described by the Floquet Hamiltonian occurs with
a constant velocity, since the translational parameter is: £(nT") « n. Notice that if the
Schrodinger equation with the original undriven Hamiltonian is solvable, then also the
Floquet Hamiltonian associated to the motion under the action of a linear time depen-
dent potential is solvable, since it is described by the same two-body potential of the
original problem with no driving, apart from a momentum shift. We observe that it is
not convenient to solve the dynamics via Eq. (5.24) with respect to the eigenfunctions of
the Floquet Hamiltonian in Eq. (5.59), while it is instead more advantageous to pass to
relative and center of mass coordinates. Using the center of mass and relative coordinates
the Floquet Floquet Hamiltonian decouples in two parts:

A2
ceom _ PP E(T) (D)
A" = —— 4+ > 2P —2hr 5.60
ETym T T’ (560)

and

~ rel f?Q
The same factorization occurs for the micro-motion operators, by defining;:

A A m . frecom. . p. . ~ rel

U(t,0) = U™ (¢,0)e #1501, 0)e i H 17 (5.62)
Using Eq. (5.58), the micro-motion operator for the center of mass evolution has a form:

A —itd 2X ‘ 7)dr+—L- th T () dr! 2+2@ it |81 £ P

O™ (1,0) = e {3 e are i [T s et | [R5 . (5.63)

while the micro-motion operator for the relative coordinate is instead trivial, and reads:

A rel N

Ur (t,0)=1. (5.64)
The time evolution for the relative motion depends of course on the interacting potential
Vop(x). Concerning the center of mass motion, we notice the similarity of Eq. (5.60) with
the Floquet Hamiltonian (5.31) for a single particle, that allow us to use the results of the
previous Section. The eigenfunctions of the Floquet Hamiltonian (5.60) are plane waves
with a continuous spectrum of quasi-energies:

1 ikx W’K? | €(T) o(T)

ﬂcom(X) = me y g%om = am + ThK — 2hT s

where K is the center of mass momentum. Next, we can get the Floquet modes by applying
A-Ccom

Ur (t,0) onto @°°™(X), obtaining:

(5.65)

\/12?60( (-3 f3 sty ar]
i e (7 sam =3 7 an(f; a7 e[S -40] )

uOm(X 1) = (5.66)

I
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where we used Eq. (5.12). As in the one-body problem, the Floquet modes are plane waves
with a momentum varying in time as:

(u(t) || u(t)) = K~ = /

which implies that (K) (nT) = K. We finally get the Floquet states from Eq. (5.23) and
(5.65),

K

o K2
com(X t) 1 e{KX_&fo ﬁfothUo f(T)dT]Z}_ZtTZ; —iKE(t)

V2T ’

that are plane waves, periodic in time with period 7', and whose average center of mass mo-

(5.67)

mentum behaves like that of the Floquet modes. Therefore the center of mass component
of the wavefunction, solution of (5.49), reads as:

B(X.t) = [ AUUE™ (X, 1)K (5.68)
where we have written: x(x1,z2,t) = ¢(X,t)p(z,t).

Jof(®)dt #0

Using the methods presented in previous Sections, we find:

2 [ A2 2
Hp = Z [QZZL - hW] - SLm [/OTf(T) dT} + Vap (22 — 1) . (5.69)

This expression contains a linear potential, hidden in the gauge phases 6(z;,T). Anal-
ogously to the one-body example, the stroboscopic motion of the particles is uniformly
accelerated,

d2d<tz 3) (nT) / dT/

Using the center of mass and relative coordinates, the Floquet Hamiltonian (5.69) splits

in two parts:

H;?m:ii+)z;/()Tf +—T/ dTU (v’ dr'r—?jnUOTf(T)dTr,
(5.70)

while the Floquet Hamiltonian of the relative motion is given by Eq. (5.61). The difference
between the cases (1) and (2) stems only from the center of mass motion which has an
additional linear dependence on P in the first case, and X in the second. The micro-motion
operator can be split as well, obtaining Eq. (5.64) for the relative part, and:

U%?m(t O) { { ( f f(r dT—%fOtf(T)dT)-i-# fOTdT[foTf(T/)dT/]Q-‘r%fOth[fOTf(T/)dT

—L [} { (1+2;i2) 17 1) d7}+ 26(t) % [ f(r } —%P[S(tH%fOTf(r)dr]
(5.71)

/]2}_,_
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for the center of mass.

The dynamics of the relative part can be analysed once the two-body potential is given,
while the analysis performed on the center of mass part follows the same line of the one-
body case. By this we mean that one has to perform a unitary transformation on the
center of mass wavefunction: ®(X,t) = Up®(X,t), and therefore the new wavefunction
®(X,t) satisfies a time dependent Schrodinger equation with the Floquet Hamiltonian
(5.70). Washing away the X-linear dependence of the Floquet Hamiltonian by means of a
translation and a gauge transformation, for the center of mass part of Eq. (5.52) we have:

/‘ﬁ
;*\

—L Crrydr+x [Far| [T f() dr)? p _;t
(X, 1) = e Hlaxfirmarss farlf sV} s, i o(X,0),  (5.72)

where Eq. (5.58) has been used.
As an example, we use the above results to study the time evolution of two particles
with contact interactions initially prepared in a Gaussian wavepacket.

5.2.1 CONTACT INTERACTIONS

Let consider a contact potential: Vo,(xe — 1) = Ad(x2 — x1), where A > 0 is the repulsive
interaction parameter. At the initial time we prepare a Gaussian wavepacket with variance
o:

1
x(z1,22,0) = =€ —(a3+23) /202 , (5.73)
o

that factorizes into the center of mass and relative parts:

2 2/ 2 1 2 2
d(X _ A _ =2 —X?/o _ —x* /40 ) 74
( ?O) 7T0'26 ) @(mao) We (5 7 )

Let us start with the case: f(;f f(7)dr = 0. Finding the time-independent coefficient
A(K) appearing in Eq. (5.68) at ¢t = 0, and using (5.74), yields:

[X—¢())?

(X, 1) \/ ey ) (5.75)

Concerning the relative motion, we use the propagator G(x,2’;¢,0) in the presence of
a Dirac d-potential [249,250]

o(z,t) = / G(x,2';t,0) (2',0) da’, (5.76)
with:
1 .m(ac—:c/)2 mA mX / 'mA2t ’fl}“ + ’.’B,| + ZM
G(z,2";t,0) = ———¢€"" 17t  — — e2n? 3zl DH 255 e (LD 2 N R ,
( ) VATi ht/m 4 h? VAiht/m
(5.77)

with erfc being the complementary error function:

erfe(z \f /
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The numerical integration of (5.76), provides the wavefunction x(x1, z2,t) for any value of
A > 0. In the limit of hard—core interactions, A\ — oo, the integral (5.76) can be computed
analytically:

imo/ ht ( mox ) Cm a2
z,t) = : erf e Tt irma? /e | (5.78
elet) (27r)1/4\/—1+zm02/7zt 2Nhtv/—1+imo?/ ht (5.78)

where erf(z) = 1 — erfc(z). We have studied the time evolution of the density matrix:
plz1,t) =2 / Ix(z1,22,t)|° das, (5.79)

in order to visualize the evolution of the wavepacket. The density matrix (5.79) reads in
the center of mass and relative wavefunctions, as:

p(l’,t)ZQ/ ‘CD (a;l—i—x,t>

The results are reported in Fig. 5.2 for different times and coupling strengths A, using the

2
(a1, )| dar (5.80)

driving function:
4
ft)y=1¢ [COS2 (wt) —1+ 3 sin4(wt)} :

We choose the same dimensionless variables as in the one-body case: dimensionless cou-
pling strength A = l’;—ﬁ‘, ? =200, = 2and 6 = 1. The values A = 0, 1 and oo, correspond
to the left, center and right sides of Fig. 5.2. Here:

sin? (wt),

§(t)

vanishes at stroboscopic times, as checked in the numerical simulations. We have also

= 12me?

verified that the wavepacket expands as it was not subjected to the linear oscillating
potential, in agreement with the theoretical prediction.

Fig. 5.2 shows that increasing the parameter A, the variance of the wavepacket increases
in time more rapidly. We have been able to fit this behaviour with the approximation:

Az;(t) ~ \(/fi\/ljt <ﬂ?;2)2 <1+B”2L2§>, (5.81)

where B = 1.23. For A = 0 one retrieves an expression similar to Eq. (5.42), while in the

limit A — oo, Eq. (5.81) diverges for all ¢ because the tail of the density matrix decays as

o 22, even starting from a Gaussian. In particular, from Eq. (5.78), we may employ the

fact that for large x:

e e’
fla) 11— — 4+ ——
erf(z) NG + 2/mad’

and therefore, after straightforward calculations, one gets that:

2 2 T—00 32 ht
T z,t)|” —— —,
lp(z,1)] -
hence we can see that for a Tonks—Girardeau wavepacket the variance will diverge at any
times, since it has constant non-vanishing contributes at large distances.
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Figure 5.2: Time evolution of density matrix profiles (5.79) for a Gaussian wavepacket (5.73),
under the action of a linear external potential: xf(¢), with driving function f(t) =
€ [cos?(wt) — 1+ 5 sin?(wt)]. The left side plot is the free case, A = 0, the central plot
has A = 1, while the right side plot has A = co. The center of mass moves with constant
stroboscopic velocity, as predicted analytically, and the wavepacket spreads over time
as it would do for the undriven case £ = 0. As one can see from the right side plot, for
very large interactions, the wavepacket rapidly tends to split in two specular parts. In
all the figures the values ? = 200, & = 2 and & = 1 have been chosen.

As an additional check, we have calculated numerically the total energy of a two-particle
system driven with f(¢) = £sin®(wt), separating its center of mass and relative compo-
nents. The analytical value can be obtained from Eq. (5.56), and is represented by the
solid, dashed and dotted lines in Fig. 5.3. The circular dots represent the values calcu-
lated numerically. We have used 7 = 200, @ = 60, & = 2~/2 and Po,j = xo,; = 0 for
j =1, 2. The interaction strengths, X = 0.1, 1 and 10, only displace the curves since their
effects are encoded in the initial energy factor E(0) of Eq. (5.56), as can be seen from the
inset of the plot. For this driving function we have f(nT) = fOT f(7)dr = 0, therefore
from Eq. (5.56) the energies at the stroboscopic times are equal to the initial energy, i.e.
E(nT) = E(0) for every n, and there is no heating of the system, in agreement with
theoretical results [31,32] and experimental findings [251].

In the case where [j f(7)dr # 0, we used Eq. (5.72) for the center of mass initial
wavefunction of Eq. (5.74), obtaining the same result as when fOT f(r)dr =0, i.e. we
retrieved Eq. (5.75). For the relative motion we have applied the same reasoning as before,
by which we know that the relative part of the wavepacket evolves according to Eq. (5.76).
We have performed a numerical simulation of a system made of two §-interacting particles
under the action of a linear potential with driving function: f(t) = ¢ [cos(wt) —1]. The
results for different interaction strengths A are reported in Fig. 5.4, where the density
matrices calculation (5.80) is plotted, in correspondence of /=10, =5and § =1.In
this case the motion is uniformly accelerated to the right side of the z-axis, indeed the

¢

translational parameter reads £(t) = 5-— [w?t? — 2 + 2 cos(wt)]. This has to be compared

with the case fOT f(t) dt = 0, where the center of mass does not accelerate.

Concerning the spreading of the wavepacket, it is the same as in the case without a
driving potential and it also satisfies Eq. (5.81) with B &~ 1.23. In conclusion, there is no
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Figure 5.3: Time evolution of the energy £ = 3/ 757 I for two interacting particles subjected to a
linear external potential: x f(¢), with driving function f(t) = ¢sin®(wt). The system is
prepared in the Gaussian wavepacket state (5.73). The curves represent different values
of the parameter X, which only shifts the total energy, as shown in the inset for short

times # and different coupling strengths. The circular dots represent the energy values
calculated from the numerical computation.

difference for the wavepacket spreading between the results of a driving function whose
integral over a period vanishes or not.

53 MANY-BODY PROBLEM

The analysis done so far can be generalized to many-body systems with IV interacting
particles, a generic interacting potential Vo, (z; — x;) and under the action of an external
linear time—dependent potential. The Schrédinger equation reads:

=2 | "5, Tu O] X+ Vap(ws — za)x. (5.82)

7=1 J 7>t

Performing the translation and a gauge transformation
N .
X(fEl, ooy TN, t) = H ela(xj’t)n(yh -5 YN, t) ’ (583)

the wavefunction n(y1,...,yn,t) satisfies the Schrodinger equation without the external
driving, ¢.e.

87] 712

i Za 2+ZV2b (5.84)

7>
where y;(t) = x; — £(t), Vj, therefore the interacting potential is invariant under these
transformations: Vap(y; — yi) = Vap(z; — x3).
Using the initial conditions £(0) = 0 and 6(z;,0) = 0, Vj, the parameter £(¢) and the
gauge phase 0(x;,t) satisfy Egs. (5.26) and (5.12). Hence, the two wavefunctions coincide
at initial time ¢ = 0.
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Figure 5.4: Evolution of density matrix (5.79) for a Gaussian wavepacket (5.73) under the action of
a linear external potential: x f(t), where the driving function is f(t) = ¢ [cos(wt) — 1].
Notice that the center of mass motion is uniformly accelerated to the right, as predicted
analytically, and the wavepacket spreads over time as it would do for the undriven case.
From left to right panels one has A = 0, 1, c0; moreover, / = 10, & = 5 and & = 1.

The complete solution of the Schrédinger equation (5.82) can be formally written as:

N A
X(x1,...,xN,t) = H {ew(:‘j’t)e_i&(ﬁﬁj] e_i%Hon(xl, ooy, 0), (5.85)
j=1

where the undriven Hamiltonian of one-dimensional many-particles systems has the gen-

eral form:
7j=1 7>t

In (5.85) the momentum operator D, is the generator of the translation for the j-th particle,
and 7 is the solution of the Schrédinger equation with no linear driving.

The generalization of the two-body results for the expectation values of physical observ-
ables is straightforward. First, we can compute the total energy of the system evaluating
the expectation value of the driven Hamiltonian. In the calculation we use the conservation
of the total momentum P = Zj»v:l p; for the undriven Hamiltonian Hy, ie. {f] 05 ]5} =0,
valid in the considered case in which the interaction Vo, depends on the relative distance
between the particles (see more comments in Section 5.5.3.1). Using the commutation
relations we find for a general (also non-periodic) driving function f(¢):

2 t

B(t) = E(0)+N[/Otf(7')d7'}

o fr)ar] + (587)

a t 1
+j§po,j [mf(t) ol

N

FO [ [T g
| ar [ 1@ar + 3 w0 150 - 10)]
m  Jo 0 =

which generalizes Eq. (5.56). See Appendix 5.5.C for the demonstration of this equation.
As for the two-body case, if f(t) is periodic in time and its integral over a time-period
vanishes, then the energy is conserved at stroboscopic times if f(¢ = 0) = 0. Once again,
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there is a decoupling between the interactions and the external linear driving potential,
since the effect of the interactions among particles is encoded in the initial value of the
energy E(0), while the remaining terms collect the effect of the external potential.

Thanks to the simple rewriting of the many—body wavefunction in Eq. (5.85), we are also
able to write the one—body density matrix of the driven system in terms of the undriven
one. We recall that the one-body density matrix is defined as [18]

p(z,2't) = N /dxg...d:UNx*(x,:L"Q,...,xN,t) x(@' xa, ... N, ), (5.88)

Therefore using Eq. (5.85) we can rewrite the density matrix as:

p(x7 $l, t) = Nei[e(xl’t)ie(at)] /dyZ cee dyN 7]* (y7 Y2,.. -, YN, t) 77(?/7 Y2,. .-, YN, t) ) (589)

since dz; = dy; for every j, while y(t) =z —£(t), ¥/ (t) = 2’ — £(t). So finally:

i[0(z 1) —6(x,t)]

p(ﬂ?, -73/’ t) = € pundriven(ya y/, t) ) (5.90)

where pundriven (¥, ¥', t) is defined in terms of the wavefunction 7 solution of the Schrédinger
equation without the driving term.

For a translational invariant system, the above equation may be further simplified by
writing everything in terms of the relative coordinate r = x — 2’. In this case, since it is
also true that: r = y — 3/, then Eq. (5.164) may be rewritten as:

[t
p(r,t) = €5l IO b iven(r,1). (5.91)

We may further analyse the eigenvalues of the one-body density matrix for a trans-
lational invariant system. In the equilibrium, the one-body density matrix satisfies the
eigenvalue equation [18]

/p(a:,a;’,t) oi(z,t)dz = N(t) pi(2',t), (5.92)

where \;(¢) is the occupation number of the i—th natural orbital eigenvector ¢;(z,t). The
Ai are such that at every time: Y, A\;(t) = N. For the dynamics, when the Galilean
invariance is not broken (correspondingly requiring appropriate initial conditions), the
quantum number labeling the occupation of the natural orbitals is the wavenumber £k,
and the natural orbitals at time ¢ are simply plane waves. Therefore we may write Eq.
(5.166) for a driven translational invariant many-body system as:

A (t) = /p(r,t) ek dr. (5.93)

Now, thanks to Eq. (5.165), we can write the following relation between the natural
orbitals occupation numbers of the driven system with those of the undriven one:

() = Apndriven (g (5.94)

where k(t) = k+ % [ f(7) dr, and we have defined the occupation numbers of the system
without driving as:

)\zndriven (t) = / pundriven(r7 t) eikr dr. (595)
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From the above relations, one may observe that there is only a time—dependent translation
over the momentum wavenumber which identifies the occupation numbers of the driven
system with respect to the undriven case.

Let us now focus on periodic driving functions. As before, we discuss separately the
cases when fOT f(r)dr = 0 and # 0. In the first case, the gauge phase at stroboscopic
times is independent on the position variables, while the parameter £ is linear in the
stroboscopic factor n, indicating a stroboscopic motion with constant velocity. Using the
fact that {I:I 0, P} = 0 and the Baker-Campbell-Hausdorff formula on Eq. (5.85) evaluated
at t = nT', we find the Floquet Hamiltonian:

N ~2
; pi (1),
HF:;l%]”JrT A ]"‘;V% = T) - (5.96)

Hence, if the undriven Hamiltonian describes an integrable model, also the Floquet Hamil-
tonian is exactly solvable since it has the same two-body interaction potential among par-
ticles and presents only a shift in the momenta. For the micro-motion operator one finds:

AN [0 ] i fem e N o
Ur(t,0) = e”zle{ CT } elh[ T }Zjﬂpﬁ (5.97)
If f(t) has a non-vanishing integral over a driving period, then the Floquet Hamiltonian
reads:
N ~2 2
. Py 0(x;,T) N | [T
Hp = L p ——/ d Vop(zj — 5.98
E jz::l [2m T ] o6m l 0 f(T) T +jz<:i Qb(mj xl)? ( )

which presents a time-independent z-linear potential term acting on all the particles. In
this case, as we saw for the one-body problem, the system is governed by a stroboscopic
dynamics with a uniform acceleration, since the translational parameter depends quadrat-
ically on the stroboscopic factor: £(nT) o< n?. The micro-motion operator reads:

Up(t,0) = 6%{mzf=1 [M‘M}—Nﬁfff(ﬂdr[%(lwé—i) fOTf(T)dT}—Nf(t)%fOTf(T)dr

-6_ [ +t2Tff } 111”].

5.3.1 APPLICABILITY OF OUR RESULTS

We pause here to comment on the generality of our findings. The main results in the case
J& f(r)dr = 0 are Egs. (5.96) and (5.97). They are valid for any form of the two-body
potential Vo, and therefore for any interacting Hamiltonian (5.86), integrable or not. The
crucial assumption we have made is that the two-body potential V5, depends only on the
relative distance z; — x;, otherwise Vap (24, ;) would be in general different from Vap(yi, y;)
when the transformation y; = x; — £(¢) is done. Since Vop(z; — ;) = Vap(y; — yi) then
the equations of motions for the wavefunction n(y1,...,yn,t) are exactly the same of
those for the wavefunction x(x1,...,2n,t), except for the fact that the time-periodic
linear potential has been removed. Notice, that in presence of one-body potentials Vi, (),
breaking translational invariance, this fact would be no longer valid. When the interacting
many-body Hamiltonian has only the kinetic term plus a time-independent two-body
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potential V5, depending only on the relative distance between the particles, then the
conservation of the total momentum of the undriven Hamiltonian H is guaranteed:

[ﬁo,fﬂ =0,

a relation we subsequently used to determine the Floquet Hamiltonian, the micro-motion
operator and the expression of the energy at time ¢.

We conclude that if, in addition, Hy turns out to be integrable, then the associated
Floquet Hamiltonian is integrable too. We have presented the analysis for a many-body
systems made of bosons, but it could equally be applied to a many-body systems made
of fermions or Bose—Fermi mixtures. In few words, our results are valid for any one—
dimensional integrable Hamiltonian in the continuum. This also includes the Gaudin—Yang
model for one—dimensional Fermi gases, integrable Bose-Fermi mixtures, integrable multi-
component Lieb—Liniger Bose gases and Calogero—Sutherland models (in the absence of
external one-body harmonic potential) [58,59, 69, 115].

Hence, having in mind the broad generality of our results, we shall present below a
study of the paradigmatic Lieb—Liniger model driven by an external linear time—dependent
potential whose driving function has a vanishing integral over a driving period.

It is therefore clear that since the Gaudin—Yang model for a one—dimensional Fermi gas
is described by the same Hamiltonian of the Lieb-Liniger model (cfr Chatper 1), but with
the only difference of having attractive interactions (i.e. the sign of the interaction pa-
rameter will change), the method presented will apply also in that case. Finally when one
considers Bose-Fermi mixtures or multi-component Lieb—Liniger Bose gases, the Hamilto-
nian has more terms, for intra and interspecies interactions, but each of them separately
satisfies the required conditions of having two-body potentials which depend only on the
relative distances among particles and our method can be applied as well. Let us take as
an example the case of a mixture of two distinguishable bosonic species labeled with A
and B. The Hamiltonian of the system reads [252]

H = Z HU+HAB7
oc=A,B

where the single-species Hamiltonian is:

No‘ TLQ 82
Ho' :; —m@—kxg,] f(t) —1—)\025(5&7,)—%0,1)7

while the interspecies Hamiltonian reads:

Na Ng
Hap =X Y, Y 0(zaa—TBp),

a=1b=1

where N4 and Np are the number of particles of species A and B respectively. Therefore,
when the driving function f(¢) is the same for both the species, the method which consists
of making a gauge transformation of the wavefunction and a translation will allow one to
eliminate the external linear potential separately in H4 and Hpg, while the interspecies
Hamiltonian will not be affected at all if the masses of the two species are equal (more on
this case will be discussed later, when we will deal with the quantum fall of an atom). In
the more specific case when the undriven mixture is integrable, which happens when the
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masses of bosons and fermions are the same and when they have equal repulsive interac-
tions between Bose-Fermi and Bose-Bose particles [76], then also the Floquet Hamiltonian
will be integrable for the same reasons that we have seen for a generic interacting potential

Vaop (i, ;).
5.3.2 DRIVEN LIEB—LINIGER GAS

The Lieb—Liniger model describes a gas of N bosons with d-contact repulsive interactions

in D =1 [53], that is Vap(xj; — x;) = Ad(xj; — x;), with A > 0 the interaction parameter.

The dynamics of the Lieb—Liniger model in a linear potential was studied in [253], while

we refer to [241,242,254] for a study of the classical counterpart of the Lieb—Liniger model,

the nonlinear Schrédinger equation, in the presence of a time—dependent linear potential.
The undriven Hamiltonian of this system, i.e.

N a2
~ p]
HO:Z%+)\Z(5(xj_$i) (5100)
7=1 J<t
is an integrable Hamiltonian and an exact expression of its eigenfunction can be obtained
using the Bethe ansatz technique [57,58]. Therefore we can write the eigenfunctions for
the Floquet Hamiltonian (5.96) as Bethe ansatz states:

Ao, ay) = Y Ap(Q) e 2o ki (5.101)

where () is the permutation index which specifies the order of the particles, while P is the
permutation index of the pseudo-rapidities k;, which are undetermined until boundary
conditions are chosen [58,59] (in a subsequent Section we will discuss about the rela-
tion between the boundary conditions and the external linear potential). The amplitudes
Ap(Q) can be written as:

A
AP:N(—l)P H(kp kPl +Zm2) N
g<l h

where N represents the normalization factor. The respective quasi-energies are given by:
h2 LET) ,0(T)

k2 + h>t : 5.102

g 2K+ 15 g ! (5.102)

For convenience, we will indicate the state @ as BAS(k1, ..., ky), where BAS stands for
Bethe Ansatz State. In order to understand what happens for the N—body case, it is
convenient to start from the two-body problem. In this case we can write [68]

BAS(kl, kg) = g(xl,xg)GH(acg - 33‘1) + g(xg,xl)GH(:vl — 33‘2) s (5.103)

where 0y (x) is the Heaviside step function, while:

g<x1’x2) — i(k‘l k2> - 7772;\ ez’(klmlJrkgrz) + i(kjl o k‘g) + 777?‘ ei(k2m1+k1x2) .

159



160

QUANTUM MANY—-BODY SYSTEMS SUBJECTED TO A LINEAR POTENTIAL

ia(k1+k2)

Hence, g(z1 + a,z2 +a) = g(z1,22) € for generic a, and the action of the micro-

motion operator (5.97) on the BAS will give the following Floquet modes:
1t 1 [t (ks 4o )t | ET) _E(®)
=335 (= [ 0100 0= [ s300) L]
7L 0 ‘h 0
o el s arPaegom ) (5.104)

Apart from a phase, the Floquet modes are then Bethe ansatz states with shifted pseudo-
momenta. The Floquet states from Egs. (5.23) and (5.102), read:

1/JF(t) = BAS (kl - % f( dT ko — 7 / > —i(k1tk2)¢ e wh fo dT[fo ]2
(5.105)

and the total momentum expectation value of the Floquet states is therefore <]5>F (t) =

h(ki+ka) — % fg f(7) dr. These results may be easily extended to the many-body case.
The Floquet modes can be written as:

t

u(t) = BAS <k1—711 f(r)dr, k:N——/ ) [T i
{WJ drlfy 1) dr’] +N79<T)} (5.106)

)

while the Floquet states read:

1/t 1 st — N
vr(t) = BAS <k:1 - f/ Flr)dr,. .k — f/ £(7) d7)> DI
T Jo hJo
i Jyarlfy £ ar] (5.107)
The total momentum of the Floquet states is then:
. al N
<P>F ) =10> k- %/0 f(r)dr. (5.108)
j=1

In particular one can calculate the time evolution of a generic wavepacket for this system
as:

x(21,...,zN,t) /A (ky, .. kn)Up(t)dVk, (5.109)

which is an extension of the one-body equation (5.24).

It is worth stressing that this is a non-trivial expansion to evaluate: Indeed, once the
initial wavepacket has been chosen at ¢ = 0, one needs to evaluate the time—independent
amplitudes A(ky,...,kn) inverting the integral by multiplying by ¢%.(¢), and then evalu-
ate the N-dimensional integral on the right hand side.

5.3.3 BOUNDARY CONDITIONS AND A POSSIBLE EXPERIMENTAL REAL-
IZATION

The Floquet eigenfunctions in Eq. (5.101) are defined in terms of the pseudorapidities &;
obtained from the coordinate Bethe ansatz approach, ones proper boundary conditions
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Figure 5.5: Left: pictorial visualization of the motion of a hard wall box. Center: the respective
potential seen in the comoving frame of reference. Right: periodic rotation of a ring
potential.

are defined, for example one may think to use periodic boundary conditions (PBC). An
acute reader may object to the use of PBC in presence of an oscillating linear potential
and, of course, he/she would have a good reason for that. Notice that confining the
1D Bose gas in a hard-wall potential and periodically moving the hard-wall potential
back and forth (see Fig. 5.5-left, center), the proper boundary conditions to impose on
such a system are instead the open boundary conditions (OBC) (see the discussion in
Appendix 5.5.B). However, confining the gas in a 1D ring and periodically rotating the
ring potential (see Fig. 5.5-right), with the condition that at stroboscopic times f(t)
vanishes, the proper boundary conditions of the system are the PBC. It is crucial that
f(t) vanishes at stroboscopic times: Indeed, if this condition holds and if the initial state
is homogeneous in space, nothing at stroboscopic times changes, consistently with the
fact that the potential is in turn translationally invariant. This discussion suggests that a
suitable way to experimentally realise a periodically tilted 1D LL model is to shake the
confining waveguide (possibly ring-shaped to implement PBC for the LL models) in which
the atoms are trapped.

Anyway, we remark here that in the case of a linear external potential acting on systems
enclosed in a hard wall box, we cannot apply the above reasoning already from the one-
particle case, and the problem needs to be treated numerically [45,255]. This is due to
the fact that the momentum operator of a particle constrained to move in a box is not an
hermitian well-definite operator [256,257], and it does not share the same eigenfunctions
of fI(t) and they do not commute, which is instead not the case when the particle moves
on the real axis.

54 LATTICE SYSTEMS

In the case of a gradient magnetic field (eventually time dependent) acting on a lattice
system [258—-261] one may think to act in a similar way, by gauge transforming the Hamil-
tonian of the system using an operator U(t) analogues to: ¢®(®:1)  This method has been
applied to the case of Bose-Hubbard model in [33], where the linear external driving has
been washed out thanks to the gauge transformation. In the case of a high frequency
perturbation, the Floquet Hamiltonian is proven to be the one of the undriven Bose—
Hubbard model with a renormalized coefficient for the tunneling matrix element J.;y,
which vanishes for certain frequencies giving rise to the notorious phenomenon of coher-
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ent destruction of tunneling. In a very similar way, in [262] they were studying the XXZ
spin chain under the action of a periodic driving of the form:

N .
Hy(t) = Z;f}@)027

from which one can notice that the linearity of the external potential is translated into a
linearity of the o7 variables and not of the j-th dependence of the driving force f;(t), which
can be of any form. They showed that performing a gauge transformation on the total
Hamiltonian of the form: U(t) = T exp {—i fy Hi (1) dT}, where 7 is the time ordering
operator, this gives rise to a transformed Hamiltonian which, in the high frequency limit,
is described by a Floquet Hamiltonian of an XXZ spin chain with no driving and with
renormalized coefficients for the o7 02! and O‘Z cré“ variables.

Following this reasoning, we are able to tackle the problem of the transverse field Ising

model with an additional longitudinal field, described by the Hamiltonian:
H(t) = JY olol™ +n) ol +> fi(t)al. (5.110)
j=1 j=1 j=1

Passing from H(t) of the driven transverse Ising model to: H(t) = Ut (t)H(t)U(t) —
UT(t)0U(t), with U(t) = T exp {—i >0l I3 fi(r) dT}, one gets:

N N
H(t) = JZ olodtt 4 hZL{T(t) clU(t).
j=1 j=1
Now, from the Baker-Campbell-Hausdorff formula, we have that:
. . t ~ . 1 .ot
Z/IT(t) ddUlt) = ol+i Z/ fi(r)dr [U%, Gé} b ZG; / fi(r)dr,
— JO : 0
J J

+...,

~ .ot
, |:0'%, Za;/() fi(r)dr
J

and by simply evaluating the commutators we finally get:
3 N N ¢ . N ¢ .
H(t) = JZUgggﬂ +h)cos {2/ f5(t) dt]ai —h» sin {2/ f(t) dt]aé ,
=1 =1 0 =1 0
i.e. a transverse Ising model with longitudinal and transverse external fields both de-
pending on time. In the high frequency limit, hw > J, we can average over the rapid

oscillations and the time evolution operator at stroboscopic times may be written in terms
of the cycle average of the Hamiltonian H (t), i.e.

- ‘
U(T) = Texp [—%/ H(t) dt] ~ et T et (5.111)
0
with:

Heg = 1/OTH(t) dt . (5.112)
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This is also called rotating-wave approximation [33], and allows to obtain an approxima-
tion valid in the high frequency limit for the Floquet Hamiltonian of the system, which
can be read from Eq. (5.111) and it is:

N N N
Hp = JZJZUgH +ZJgﬁ‘ Ug;—ZJgH, O'Z. (5.113)
j=1 j=1 j=1

The two coefficients for o, and o, read respectively:

i hoT t

Tl = T/o cos [2/0 f5(1) dT] dt, (5.114)
and

; hofT t

Jle = T/o sin [2/0 f5(1) dT:| dt . (5.115)
This is very interesting, indeed if we assume that: f;(t) = Ajcos(wt), with A; some

coefficients in general different for each lattice site, then we have:

. 24
Je = hJy <w”) : Sl =0, (5.116)

where Jy(z) is the zeroth order Bessel function of the first kind, and therefore the Floquet
Hamiltonian in the high frequency limit is an Hamiltonian of a transverse field Ising model
with a renormalized external field Jejﬁ. Notice that if the coefficients A; are independent
on the lattice site, i.e. A; = A, then the Floquet Hamiltonian is an integrable Hamiltonian
since it resembles the one of the transverse field Ising model. More interesting is the case
in which: % is a zero of the Bessel function Jy(x): In this case the dynamic of the system
at stroboscopic times is frozen, or, in other words, the spin flips originated by the Pauli
matrix o, are suppressed. This is the analogous of the phenomena of coherent destruction
of tunneling [33], but for spin systems such as the transverse field Ising model.

Finally notice that if we used the rotating-wave approximation on the original Hamil-
tonian Eq.(5.110), we would obtain

N N 1N T
_— , .
Heg = J;aggy +hjzlag+szl [/0 fi(t) dt] ol (5.117)

and if the integral over one stroboscopic period of the driving function f;(¢) vanishes [e.g.
for f;(t) = A;sin (wt)], then the Floquet (effective) Hamiltonian is simply the one of the
transverse field Ising model, without a renormalized coefficient for the transverse field.

Notice that in the XXZ and Ising spin chains, one may also think to pass to the field
operators ¢; via the Jordan-Wigner transformation and the problem will maps to the
Wannier-Stark problem of electrons in a lattice subjected to a time—varying force. Then
one may proceed by washing away the external linear term of the form: }; fj(t)c}cj, in
a similar way as was done by Eckardt [33].

Let us finally appreciate the difference in the case of a continuous space: For a one-body
problem described with the Schrédinger equation in (5.5), we may gauge transform the
Hamiltonian with 2/(t) = e®(®) and the Schrédinger equation will be rewritten as:

877:[@2 P

ihat am " m f(7) d’l’] n(t), (5.118)

2m  m
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therefore in order to eliminate the p-linear term from the above equation, one should pass
from the x variable to y(t) = x — £(t) as it was done in previous sections. This last passage
is the one which differ from the lattice case problems.

In a complete similar way as what we did up to now, we can generalize our studies to
the case of a three-dimensional quantum system subjected to a gravitational force. We
will first show the relation with the Einstein’s equivalence principle, and then we will deal
with the single—, two— and many—body quantum problem, presenting as examples the case
in which an atom falls under the action of gravity.

55 FREE FALL OF A QUANTUM SYSTEM

In Classical Mechanics one of the first paradigmatic problems that students encounter in
their study is the dynamics of a falling body, i.e. an object pulled down to the ground
(e.g. from the Pisa’s tower) by the constant force of Earth’s gravity. However, amazingly
enough, the same problem is rarely discussed in a course of Quantum Mechanics and
the reason is due to the sharp contrast of the physical simplicity of the problem and the
difficulty of its mathematical description due to how basic Quantum Mechanics courses
are structured, largely based on the solution of the time-dependent Schrédinger equation
ih%—f = Hv for the wavefunction v in terms of the eigenfunctions and eigenvalues of
the time-independent equation Hi = E1. Indeed, in the traditional quantum mechanics
approach to the problem of determining the wavefunction at time ¢, it is necessary to
involve the Airy functions and the projection of the wavefunction of the falling body into
this set of eigenfunctions. Here we show that an alternative and easier way to deal with the
quantum treatment of the problem of the falling body is both pedagogically very simple
to introduce and at the same time general enough to be applicable to the single particle
case and to general quantum many—body systems. It is based on the exact same idea that
we saw in the one—dimensional regime, i.e. we will perform a gauge transformation of the
wavefunction in correspondence to a change of references frames, from the inertial frame
of the laboratory to the accelerated frame of the falling body. In the new frame there is
of course no longer any gravitational effect and therefore the system appears to be "free’,
i.e. non subject to the gravity.

5.5.1 THE QUANTUM EINSTEIN’S ROCKET

Let us begin by considering the notorious Einstein’s gedankenexperiment of a rocket of
length L in an empty space (i.e. very far from any other celestial body), and subject to an
acceleration equal to g >~ 9.81%;. Suppose that inside the rocket there is a single quantum
object, e.g. an Einsteinium atom, for which the relevant Schrodinger equation is simply:

n? 92

9 B
ihax(@,t) = | =g o + Velz, )| x(2,t), (5.119)

where we’ve chosen x as the vertical direction along which the rocket is moving, while
V,(z,t) is a potential representing the confining action of the rocket walls during the
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Figure 5.6: Pictorial visualization of the Einstein’s gedankenexperiment. The effect of an inertial
force F = —m g in the Einsteinium atom due to the acceleration of the rocket (right
side picture) is the same as if the rocket would be at rest on Earth (left side picture).

motion. If we now pass to the reference frame comoving with the rocket, by changing the
spatial variable from x to Z =z —g¢g %, the Schrédinger equation reads:

0 h? 0 0

T 12

where the rocket potential in the new reference is denoted by V,.(%).
If we now transform the wavefunction as:

im 2
X(3,1) = exp [ hgt (:%—l— g;)] %(@,1), (5.121)

we can get rid of the term linear in p, i.e. in %, in Eq. (5.120) and the Schrodinger

equation becomes:

h? 92
- 2m 032

0

ih=x(Z,t) = l +Vi(®) +mg x| ¥(3,1). (5.122)

ot

Therefore in the comoving frame of reference, the Einsteinium atom feels the presence of
a gravitational force

ov.

=27 - _ 12
e mg (5.123)

pulling it to the ground of the rocket, as sketched in Fig. 5.6. This is essentially the
Einstein’s equivalence principle, which states that there is no difference between the grav-
itational and a fictitious force experienced by an observer in a non-inertial frame of refer-
ence. For a more detailed discussion on the Einstein’s equivalence principle in a Quantum
Mechanics context see [263].

In the following we are going to discuss how to deal with a Schrédinger equation of the
form of (5.122), performing a gauge transformation on the wavefunction to wash away the
gravitational potential. Notice that the above derivation can and will be repeated as well
for a many—body quantum system made of interacting particles.
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95.9.2 FREE FALL OF A QUANTUM PARTICLE

It is simple to extend the analysis which we presented above to the case of a single particle
falling along the x—direction (once the axis are opportunely chosen) in a three-dimensional
space. In this case the Schrodinger equation reads:

o) 0 h?
ihax(r,t) = ihax(x,y,z,t) = (—mvg +mg:1:> x(r,t), (5.124)
where the vector position r is expressed in Cartesian coordinates in the second equality,
and we have denoted with:

0? 0? 0?

v2= 2 4 9 49
v 8$2+6y2+622

the Laplacian. Proceeding in the same way as for the 1D case, we perform a gauge trans-
formation on the wavefunction

X(r,t) = e n(p(t),y, 2,t), (5.125)

where p(t) = z — £(t), and the gauge phase 6(z,t) and the translational parameter £(t)
satisfy Egs. (5.7) and (5.8). Once we solve the differential equations (5.11) with the trivial
initial conditions £(0) = d¢(0)/dt = 0 and I'(0) = 0, we get the following expression for
the gauge phase:

maqgt m 92 t3
O(x,t) = — — 5.126
($7 ) 774 x 6 h Y ( )
while the "translational” parameter £ reads:
2
£(t) = —97 . (5.127)

Within these conditions, the Schrodinger equation (5.124) is reduced to the free Schrodinger
equation for n(p,y, z,t):

0 72
ihgn(py,2:t) = =5 -Von(p,y, 2,1), (5.128)
where we define:
92 9 92
2 pr— —_— [ PR
Vo = 0> + Dy + 922"

Therefore choosing 6(z,t) to be (5.126) and £(t) given by Eq. (5.127), we can rewrite
(5.125) with respect to the evolution and translation operators as:

x(r,t) = exp {zﬂ(w,t) — 1;15)7721 — zf(_;)f)x} x(r,0), (5.129)

where we have defined:

R A Rt
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with the momentum operators acting on different Cartesian coordinates as p, — —i h %
We are now able to study how expectation values of different physical quantities evolve.
First we redefine expectation values of position operator and its powers as:

<aN> (t) = <X( )& |x(r, / da:/ dy/ dz |x(r,t)]* &, (5.130)

where o can be the x, y or z coordinate, while for the powers of the momentum:

()0 = (el s = i [ o [ ay [7dec e S
(5.131)

where « labels the z, y or z component. From Eq. (5.129) it is straightforward to perform

the calculation of expectation values of different coordinates, and since operators acting

on different spaces commutes (like & and p, or p, and p, and so on) then the motion

on y and z directions is trivially evaluated to be the free one (¢ = 0), while for the =

component one relies on the results presented previously for the one—dimensional case.
Notice that by writing the vector position in three dimensions as:

r=zx-e+y-e +z-e;, (5.132)

where e;, e, and e, are the usual unit vectors in Cartesian coordinate system, i.e.

1 0 0
ez = 10|, eg=1[1], ez= 10|, (5.133)
0 0 1

then the expectation value of the vector position r can be written in terms of its single
components expectation values:

(r) () = ez () () +ey- () (t) +e--(2) (¥), (5.134)

2

and similarly can be done for the squared vector position r* = r - r, which will read:

(r2) (1) = (%) () + (*) (1) + (2) (1) (5.135)

The same decomposition in terms of the single components expectation values obviously
holds also for the momentum operators.

So, in summary, the motion of a wavepacket in three-dimensions under the action of
gravity is described by a spreading which is completely analogous to the spreading of
a free (no gravity) expansion in all directions, while its center of mass moves along the
direction of the gravitational force as a classical particle would do.

5.59.3 FREE FALL OF TWO INTERACTING PARTICLES

We now study a three-dimensional system made of 2 interacting particles subject to
gravity. The Schrédinger equation reads:

h2

o (V2 +V2)+V(]r2—r1!)+m9(9€1+$2) X(I‘l,r27t),

0
ZhaX(rlyr%t) = [
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(5.136)

where

2 2 2
o BP0

= 1
R + 57 (5.137)

for j = 1,2, and V(|ra — r1]) describes the interaction among particles and depends only
on the distance between them:

|ro — 11| = \/(:L'Q - 3:1)2 + (y2 — y1)2 + (22 — 21)2 . (5.138)

In order to solve the Schrédinger equation, we employ the same method outlined in the
previous Section: We perform a gauge transformation on the wavefunction

X(rlv ra, t) = ei[e(m17t)+9(w27t” U(Ql(t)v QQ(t)v t) ) (5-139)

where 0;(t) = (pj, yj, zj), with p;(t) = z; — £(t), while §(z;,t) and £(t) obey Egs. (5.8)
- (5.7) for x = x; and with j = 1,2. Notice that because the interacting potential depends
on distance among the particles, it will remain of the same form after the definition
of the new spatial variables p;(t) and @;(t). Using the ansatz (5.10) and by choosing
£(0) = d&(0)/dt = 0 and T'(0) = 0 we have that 6(z;,t) is given by (5.126), while £(¢)
is given by (5.127). Under these conditions, n(o1, 02,t) will satisfy the free Schrodinger
equation for two interacting particles

L0 o, )
Zhan(eh 02,t) = [_2m (Vgl + VQQ) + V(o2 — Q1|)] n(e1,e2,t) , (5.140)
with:
? 0? ?
2 = — 141
Vo = a2 oz Yo (5.141)

for j = 1,2. Therefore if one knows how to solve Eq. (5.140), then the complete solution
of (5.136) reads:

mgt [ gt? 12 12
x(ri,ro,t) = exp [—l J (g—Hﬁl +$2>] 77<931+92,y1,21;902+g2,yz,Zz;t> )

)
(5.142)

where we have used the solution of the original Schrédinger equation with a gravitational
force term, with respect to the free (g = 0) solution of (5.140).

We can now ask the same questions as before: If we start from a generic wavepacket
x(r1,r2,0) and we let it evolve under the action of gravity, how do its variances and
expectation values of powers of position behave? Let us define as usual:

<a§-\[> (t) = <X(r1,r2, )]a] Ix(r1,12,t /drl /drg Ix(ry, T2, 1)) jv (5.143)

with a which can be either z, y or z, while j = 1, 2 labels the particles. For the expectation
value of powers of the momenta f)aj for j = 1,2 we have:

() @) = (xleren ) 7 x(rreat)) = (<in) [ [ drax(rrast) gj\/x(rl,rg,t)
J
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(5.144)

with [dr; = [%0 dz; [0 dy; [75, dzj. For the initial conditions we take (j = 1,2):

(0;) (0) = o, (Pay ) (0) = P, (5.145)

It is actually very simple to prove that the same results for the position variables of
the one particle case will hold, that is to say the variances of positions of the particles
will behave as the free expanding case, while the expectation values of powers of the x
component for positions have the same expressions of the one body case, see Eqs. (5.15)
and (5.17), with an additional index j = 1, 2 to label the particles. For y and z components
instead one has as result the formulas referring to g = 0, since the gravitational potential
acts only along the x direction. The simplicity of this result comes from the fact that the
commutators among operators acting on different particles vanish, therefore!:

A _—tap . —iap, )
[%76 Ik} = hae "k 0,

= ¢ P (a2 — 2aij) 0k s

J
) ) ) S a2
R [4hbe‘szwk@m #; 4+ (2 hb)2e “”’Zkfaik+2zh2be‘lb”m}5j,k,

where 0; , is the Kronecker delta and we have rewritten 0(2;,t) = &;A + B. We can
rewrite (5.139) as

o(a A | P+ N
Xrirat) = ep o0+ 02 0] - i | P2 v (12— 21| b rden, 02,0 =
o ) t t X
= oxp {101, 0) + 000, 0] — i Ho — 5 (5.} x(r1mn0),

where we have defined:

A2
A —I-p
Ao =P 4 v (o, - 21) - (5.146)

One can repeat the exact same steps performed in the previous Section to obtain the
expressions for the expectation values of different physical quantities. We summarize the
results below:

(z) (t) = %p%) +€(t)+l‘(j), (5.147)
(2) (1) = @) —26(t) - —2e(t)al) + (a3). (1), (5.148)

Aay(6) =\ () ()~ (23 (1) = (B2)gee (6] (5.149)

where as usual we label with the subscript "free" the expectation values evaluated on the
wavefunction 7(r1,72,t) of the free expanding problem?. The same expressions, but with
g = 0, are valid for the expectation values on the y and z components.

We report for convenience only the commutators on the x components, but the same commutator rules
will be valid also for y and z.

Notice however that in order to evaluate them, one needs to know how to solve the Schréodinger equation
(5.140) for that specific interacting potential.
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We therefore conclude that our gauge transformation can be also used to reduce the
initial Schrodinger equation describing the dynamic of two falling interacting particles to
the simpler Schrédinger equation where no gravitational potential is present, and with the
same interacting potential among the particles. The fundamental requirement is that the
two—body potential depends only on the relative distance between the particles, after all a
typical feature for a many—-body system. When this condition holds, it is straightforward
to generalize the results presented so far for a quantum many—body system subject to a
gravitational force.

THE FREE FALL OF PROTIUM

Let us now extend our study to the case of the quantum fall of the protium, 'H, i.e.
the most common hydrogen isotope and also the simplest isotope, consisted only by one
proton and one electron. The Hamiltonian of a protium falling in a three-dimensional
space reads

7’L2 5 77,2 5 62

0
ﬁbax(rp,re,t) = +mpgxp+megze| xX(rp,re,t),

_2mp P 2m, e dmeg |7 — e
(5.150)

where we have indicated with r), (r.) the vector position of the proton (electron), while

with m,, (m.) the mass of the proton (electron). Notice that we have explicitly written the
2 1

B 4:'50 [rp—rel’

where e indicates the electric charge, and ¢y the vacuum permittivity. In order to elim-

two-body interaction potential as the electric field potential, V (|rp, —r¢|) =

inate the external gravitational potential term, we should perform two distinct gauge
transformations, one for the proton identified by:

my,gt m g2 t3
(1) = "2, — T2 (5.151)
and one for the electron, identified instead by the gauge phase
Mmegt me g°
Oo(ze,t) = — ?hg e — %gh , (5.152)

while the translational parameter reads as in Eq. (5.127), which therefore remains the
same for the two particles. With these notations, the Eq. (5.139) becomes in this case

X(r}?7 Te, t) = ei[ep(:cp7t)+65(:(:e,t)} U(Qp(t)v Qe(t)7t) ) (5'153)

where 0;(t) = (pj, yj, zj), with p;(t) = z; —&;(t), where j = p or e, respectively for the
proton and electron. Notice that since the translational parameter does not depend on
the mass of the particle, after the translational transformation the electric field potential
remain the same, i.e. V (|r, —re|) =V (|op — 0e|)-

Using Egs. (5.151), (5.152) and (5.127), we can write the Schrodinger equation for the
wavefunction 7 as
nr_,  hr_, & 1

Vo, 5 Ve T t 5.154
Qmp Op 2m€ Qe 471—80‘@]7796‘ n(QP7Q€7 )7 ( )

9
zhgn(ep,eat) =

which, once it has been solved, together with Eq. (5.153), completely solve the problem
of the free fall of a protium isotope. The behaviour of interesting physical observables
like the expectation values of positions operators are the same as the one reported in Egs.
(5.147) — (5.149), where m corresponds to the particle considered, i.e. m = m,, for j = p,
and m = m, for j = e.
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5.59.4 FREE FALL OF A QUANTUM MANY—-BODY SYSTEM

In the literature the problem of describing the motion of a "structured"', many—body quan-
tum system under the action of a gravitational potential has been addressed for various
situations ranging from Bose-Einstein condensates [241,242,264,265] to one-dimensional
integrable systems [253,266]. Nevertheless the case of a general three-dimensional many—
body system subject to gravity can be explicitly addressed using the method described in
the previous Sections, even though it should be now clear how to approach it.

Let us then focus our attention on the Schrédinger equation of N (for simplicity spinless)
interacting particles subject to gravity along the = direction:

712N

) a
ZhiX(rla"wvat) = _7ZV12“+ZV(‘T]€_TJD+ngxJ X(I‘l,...,I‘N,t),
ot 2mj=1 ’ i<k 7=1

(5.155)

where the interacting potential depends on the relative distances among particles (5.138),
and the kinetic part is written in terms of (5.137). To solve the Schrédinger equation we
perform, as usual, a gauge transformation on the wavefunction

N
X(rla <IN, t) = H ezG(xj,t) 77((’1(75), SO QN(t)a t) ) (5156)
j=1

which is a trivial generalization to the N particle case of Eq. (5.139). If the gauge phase
(z;,t) and the translational parameter £(t) satisfy (5.8) and (5.7), respectively, with
x = x;, then n(p1(t),...,on(t),t) is the solution of the free Schrodinger equation:

2 N
(e o) = |~ S92+ 3 Vil o) ler- - on. ), (5157)
mia i<k
where the kinetic part is expressed in terms of (5.141) for every j. Using Eq. (5.156) one
can easily prove that all results presented in the previous Sections, in particular those
reported in Egs. (5.147) — (5.149) and the same expressions for y and z coordinates
but with g = 0, also hold for the many—body system. Finally, using Eqs. (5.134) and
(5.135) one can derive the laws describing the time evolution of expectation values of the
position of the wavepacket. In particular, given that the system conserves the z, y and
z-components of the total momentum, 7.e. [ﬁ[o, Z;-V:l f)aj] = ( for @« = z, y and z, one can
explicitly work out the total momentum and the energy expectation values of the system
in terms of the free case (¢ = 0). Using the commutation relations founded previously,
one gets that:

(P)(t) = <X(r1, . .,rN,t)‘lA)‘X(rl, . ,rN,t)> =P —e,Nmgt, (5.158)
where
X N
P= > > eabs, (5.159)
a=xy,z j=1

represents the total momentum of the system, written in terms of the unit vectors defined
in Eq. (5.133), while Py is the initial ¢ = 0 total momentum:

N .
Py= Y Y eari- (5.160)

a=T,Y,z ]:1
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For the total energy of the system instead, one can compute:

1 .2 N ol N
3 P+ E V(|Tk—rj|)—|—mg§ Z;
m : ‘

i<k j=1

B(t) = (H)(t) = <X(r1,...,rN,t)

X(I‘l, N ,I'N,t)> y
(5.161)

and using the above results, after an elementary but lengthy calculation (see Appendix
5.5.C), one obtains that the energy is conserved during the motion: E(t) = E(0), Vt > 0,
as one would expect.

Thanks to the simple rewriting of the many—body wavefunction in Eq. (5.156), we are
also able to write the one—body density matrix of the falling system in terms of the free,
free non-falling system. In this case, the one-body density matrix is defined as [18]:

p(r, v’ t) = N /drg...drNx*(r,rg,...,rN,t) x(r',re, ... TN, ). (5.162)

Therefore using Eq. (5.156) we can rewrite the density matrix as:

p(r,r' t) = N 0@’ )=0(=,t)] /dg2 ..donn(0,02,---,0n,t)n(@",02,...,0N,1),
(5.163)

since drj = dg; for every j, while: o(t) = r —&(¢), 0/'(t) = r' —&(¢), and with = and 2/
being the z-components of r and r’ respectively. So finally:

i0(z! 1) —0(x,t)]

p(r, v/ t) = e prrec(0,0',1) (5.164)

where pgee(Q, 0',t) is defined in terms of the wavefunction 7 solution of the Schrodinger
equation without gravitational field.

For a translational invariant system, the above equation may be further simplified by
writing everything in terms of the relative coordinate R = r —r’. In this case, since it is
also true that R = ¢ — ¢/, then Eq. (5.164) may be rewritten as:

p(R,t) = emItX/h e (R, E), (5.165)

where Eq. (5.126) has been used and X is the z-component of the R vector position.

We may further analyse the eigenvalues of the one-body density matrix for a trans-
lational invariant system. In the static case, the one—body density matrix satisfies the
eigenvalue equation [18]:

/p(r, rlv t) ‘Pi(rlv t) dr' = Ai (t) ¢i(r7 t) ’ (5166)

where \;(t) is the occupation number of the i—th natural orbital eigenvector ¢;(r(t)).
Once again, we recall that the \;(¢) are such that >, \;(t) = N at every time ¢t. When
the Galilean invariance is not broken, the quantum number labeling the occupation of the
natural orbitals is the wavevector k, and for an homogeneous system the effective single
particle states are simply plane waves. Therefore we may write Eq. (5.166) for a falling
translational invariant many-body system as:

Ae(t) = / p(R,t) e*RaR. (5.167)
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Now, thanks to Eq. (5.165), we can write the following relation between the natural
orbitals occupation numbers of the falling system with those of the free non-falling one:

Me(t) = AEee(t), (5.168)

where k = (kz +mgt/h)-e; +ky e, + k. e, and we have defined the occupation
numbers of the system without gravity (¢ = 0) as:

Aree () — / piree(R, 1) R dR | (5.169)

From the above relations, one may observe that there is only a time—dependent translation
over the xz-component of the momentum wavevector which identifies the occupation num-
bers of the falling system with respect to the "free" case with no gravitational potential.
This is an extension of Eq. (5.94) to the three-dimensional regime.

FREE FALL OF AN ATOM

Let us now discuss the case where an atom of atomic number Z and (rounded) mass
number M, falls under the action of a gravitational potential. The Schrédinger equation
describing the system reads

0
zhax(rg), .,r](DZ),rgl), __71_522)71,;1)’_“71_7(1M—Z),t) =
n g n n? " 1 €2 1
= - — NV, - — NV - V3 + = —
{ 2m = w9 2m, = P9 om,, ]Z_:l riy) 2477450]27,5;f Ték)_rgj)‘

+ — | — — +my,g Tp+Meg Te+ My g Ty p-
‘T;l()k) _ 7,1(3])‘ dmeg 42 ’T]gk) _ réy)’ P = P = = P
. X(rz(,l), .. 71,1()2)’ rgl), . ,rgz),rg), e rgLM_Z),t) , (5.170)

where we used the fact that the atom has Z protons (labeled with p), Z electrons (labeled
with e) and (M — Z) neutrons (labeled with n). In this equation we have considered the
kinetik and gravitational potential energy of protons, electrons and neutrons separately,
and then we wrote the repulsive electric field potential between electrons and protons in
the nucleus (where the factor 1/2 in front corrects for the fact that the summation counts
each pair of particles twice) and finally the attractive electric field between the nucleus
and the electrons.

In order to eliminate the gravitational potential acting on each particles, we need to
perform the following gauge transformation and translation on the wavefunction
(Z) p(1)

M—-Z _
STy ,n,...,rg ),t)—

ﬁ i[ep(m;ﬂ,t)+ee(:p<g>,t)+an(x£{'>
= [

Jj=1

)
) (oS (t), ..., el (1), 0V (1), ..., 0P (1),

W@, eM=2) (1) 1), (5.171)

where the gauge phases for protons and electrons are written as in Egs. (5.151) and (5.152),
respectively, while the gauge phase for the protons reads
My gl mn g 2t

971 n,t = n P
(2n,?) " 6%

(5.172)
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and we used the usual definition of translated coordinates, i.e. Qj(k)(t) = r§-k) —&(t), for
each particle. With these transformations, the wavefunction 7 satisfies a Schrédinger equa-
tion similar to Eq. (5.170) but without the gravitational potential, and where the coordi-
nates rjk are substituted with Qj(.k). Notice that also in this case the electric interacting
potential remains untouched by the translation transformation.

One can easily prove that the energy is conserved during the motion, and the total

momentum expectation value transforms in time as:

(P)(t) = <X(r1,...,rN,t)’f"X(rl,...,rN,t)> = Py—eygt [Zmp+Zme+ (M —Z)my] ,
(5.173)

where we used the same notation of the previous section for the initial total momentum
Pg.

The procedure just presented can be straightforwardly extended to a generic isotope or
chemical species with different numbers of protons, electrons and/or neutrons.

We conclude here our study of the linear external (either time varying or constant)
potential. We have seen that the method of gauge transformation appears to be highly
versatile and easily applicable, since the expectation values of relevant physical quantities
can be computed in terms of the free expanding results. In particular we have shown that
the variances of the initial wavepacket are exactly the same as if the system doesn’t feel
any gravitational force at all.



APPENDIX

5. SINUSOIDAL AND COSINUSOIDAL FORCES

We will show that the case of a sinusoidal force is drastically different from the case of a
cosinusoidal force from the point of view of the center of mass motion, even though the two
driving functions act similarly (the sine function is simply a cosine function with argument
shifted by 7/2). This is due to the fact that one assumes the same initial condition for
both cases, while physically it would not be the case. In order to clarify what we mean by
this, let us take the case of a classical particle, a ball, which may be subjected to a linear
external potential with driving function f(1)(t) = £sin (wt), or f@)(t) = £cos (wt). The
position of the ball will be described by:

, . . t #/ ,
20 (1) = xé“+vé”t—1/ dt’/ dt’ ("),
m Jo 0

with j = 1 or 2. Let us assume that: az(()j) = 20 (t = 0) = 0, for simplicity. If we
impose: v(()]) = 00 (t = 0) = U)(t = 0) = 0, both for j = 1 and 2, we will have:
x(l)(T) = —%, while the position at stroboscopic times for a cosine driving function

will simply be: (2 (T) = 0. This difference finds a reason in the different initial setup
for the two systems: In the case j = 1 the particle is found to be in a flat slide for t = 0
and with vanishing velocity, while for the case j = 2 the particle is already subjected to
an inclined plane with V(z,0) = fx, but again with a vanishing velocity. The external
potential at ¢ = 0 for j = 2, is equal to the external potential for j = 1 at t = T'/4, and
there the velocity for the system with j = 1 is not null. One should therefore impose that:
0@ (t = 0) = v)(T/4) = —-£. By doing so, one finally gets that: (2)(T) = —£L as it
happens for the case with a sinusoidal driving force.

5B BOUNDARY CONDITIONS

We discuss how one could obtain periodic boundary conditions (PBC) in a system sub-
jected to a time—dependent linear external potential. Before doing that, is better to start
the discussion with open boundary conditions (OBC).

Let us first consider the case of a Schrodinger equation describing a moving hard wall
box with one-particle inside

n? 92

., 0 -~
zhax(x,t) =

where

0 for—L4+h(t)<z<L4hn(
V(e t) = or =3 +ht) <z <3 +h) (B5.2)

oo elsewhere
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The function h(t) describes the motion of the box. For example in the case in which the
box translates with constant acceleration a, then h(t) o a%, while if the box oscillates
around the origin with a maximum amplitude of oscillation zy and frequency w, then
h(t) = wo sin(wt). Because of the potential (B5.2), the wavefunction will satisfy the
following moving OBC

x(z=—-L/2+h(t),t) =x(x=L/2+h(t),t) = 0. (B5.3)

Let us describe the system in the comoving frame of reference. This can be done by
changing the spatial variable from x to

T=z—h(t), (B5.4)
thanks to which we pass from (B5.1) to

2 2
ih%x(i,t) _ —l%+v@)+m@% (1), (B5.5)
X

and now the wavefunction satisfies the fixed boundary conditions
x(@=-L/2,t)=x(Z=L/2,t) =0. (B5.6)
To get rid of the term o p in (B5.5), we transform the wavefunction as
x(&,t) = PO 3 (3,1) (B5.7)

where (t) is a function to be determined in order to eliminate the term linear in the

momentum. Substituting (B5.7) in the Schrodinger equation (B5.5) and choosing 8(t) =

%%, we get

3@ = |- v(@) +mEl - S () | w(@, ). B5.
zhatx(x,t) 2m8i‘2+v(x)+m z—gm| X(Z,t) (B5.8)

o n? 92 d?h 3 (dh>2
dt2

If we now perform the following transformation of the wavefunction

i 3m [t(dh\2
2@ 8) =7 7 o (&) I 5(z,8), (B5.9)
we arrive at the Schrédinger equation describing a particle enclosed in a fixed hard wall
box and subjected to the action of a linear external potential, which reads
0 h? 9 d*h

and the wavefunction fulfills
x(@=-L/2,t)=x(Z=L/2,t) = 0. (B5.11)

The presence of the external potential linear in Z is coming from the fact that passing to
the comoving frame of reference [via the spatial transformation (B5.4)], the particle feels
the presence of an inertial force related to the second time derivative of h(t).

The procedure described above can be extended for the 1D LL model of N atoms in a
moving box of length L, where the many-body Schrédinger equation reads

0
ih&X(.ﬁUl,...,l‘N,t) = Hx(x1,...,xN,t), (B5.12)
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with Hamiltonian

hQN 2 N
Z 2+AZ5 =)+ V(). (B5.13)

<l j=1

where the external potential is the same as in (B5.2) for # = x;, and the wavefunction
satisfies moving OBC

x(x1 ==xL/2+h(t),z9,...,zN,t) = =0. (B5.14)

Passing to the comoving frame by changing the spatial variables as in (B5.4), we get

o n? XL 92 dh 8
h—yx = +A)) (= B5.1
8tX { 2mZ 072 Z Z dt 0% ; X, (B5.15)
j=1 J g<l
and the OBC gets modified into
X(fi?l:iL/2,552,...,§;N,t):---:0. (B516)
We then transform the wavefunction as
im@ N Fs
X(fil,...,er,t)Ee hodt Laj=1 ]X(fl,...,fiN,t), (B517)

under which the Schrédinger equation (B5.15) becomes

o _ Mo o N 5 d2h _ 3 dh\2) _
'hatx—{ Za2+)\25($j—xl)++; [V(xj)+mcbt2xj]_2mN<dt) X-

g<l
(B5.18)
Finally, by performing the transformation
i t 2
YE, i) = et o (E) (L st (B5.19)

we have the Schrodinger equation
9 n I 62
h—y =
o {

2m

N
A 0(F =) + 30 [VI(#) + Vyier (7)) }5(, (B5.20)

—1 <l
with the external linear "fictitious" potential

d*h

Viie(Zj) = m —5 %5, (B5.21)

and the boundary conditions
X1 =+L/2,%9,...,@Nn,t) =+ =0, (B5.22)

i.e. fixed OBC. Therefore we can describe the LL model in a shaken hard wall box as a
fixed one subjected to the action of a linear potential in the comoving frame. See Fig. 2
left and center for a visualization of the case in which h(t) = ¢ sin(wt). In this case,
(B5.21) is a linear time—periodic potential

Viiet(75) = —mw? o 75 sin(wt). (B5.23)
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We now discuss the case of PBC starting from a single particle enclosed in a rotating
ring of circumference L
02

ihax(et) = =5 5 &pgx(% t), (B5.24)

where ¢ is the angle variable such that in z—y coordinates one would have

T = % cos(p;)

yi = %= sin(y;)

(B5.25)

and the wavefunction satisfies moving PBC

( —0—|—/ th)—X( —27T+/ th) (B5.26)

in which F(t) represents the angular velocity under which the ring is rotating, see Fig. 2
right, and will coincide with the primitive of the driving f(¢). Analogously to what we’ve
done for the hard wall problem, we pass to the comoving frame of reference by changing
the angle variables

O=p- / T)dr, (B5.27)

under which the Schrédinger equation (B5.24) becomes
oz O .
7@“71-?@)70 X(®,t), (B5.28)

and now we have fixed PBC
x(@=0,t) = x(p =2m,t). (B5.29)

Next we transform the wavefunction

L2 Fl(t

X(@,t) =" n TP (p,1), (B5.30)

in such a way that the Schrodinger equation has a @-linear dependent term

=%, 1) = o SmL V(o,1). B5.31
iha X(@1) = | =55 232 +ml = omLEF () | X(2:1) (B5.31)

Notice that using transformation (B5.30) in the fixed PBC (B5.29), implies that the
wavefunction ¥ satisfies twisted boundary conditions

-2mmL f

Y p=0,t) =7 TOY(p=2m1). (B5.32)

Finally we perform the transformation on the wavefunction

i 3mL2 [t 22
pt)=en s LT (51, (B5.33)
thanks to which the Schrédinger equation reads

d n? o 92 dF _
4 Y~ L L2
o X(2:1) omi?0p2 " a Pl

?,t) (B5.34)
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while the boundary conditions remain the same for the new wavefunction

X(@=0,t) =2 FO 3 (p = 2m,1) . (B5.35)

Let us now compare with the equations of the main text (19): There we studied the
case of periodic driving, i.e. periodic angular velocity F(t¢), imposing PBC and we have
the identification f(t) = m%~ dt Notice from (B5.35) that in order to have PBC in the
wavefunction ¥ at stroboscopic times, we need to impose F (nT) = mlLFL, where 7 is an
integer number. Moreover at ¢t = 0, because = ¢ and x(¢,0) = %(,0) = x(¢,0), then
the Schrodinger equations (B5.34) and (B5.31) should both reduce to (B5.24), and this
happens if (0) = 0 and %(0) = 0, which amounts to say that at stroboscopic times the
driving function f(t) should vanishes, i.e. f(nT) = 0, as well as [ f(7)dr = 0, since
F(t) and its derivatives are periodic functions.

Let us now generalize to the case of LI, model of N atoms enclosed in a ring of cir-
cumference L which is rotating with an angular velocity F(¢). The following Schrédinger
equation holds for the system

9 & a

]<z

where ¢; is the angle variable related to x—y coordinates via (B5.25). We have then moving
PBC, written as

<901—O+/ dTSOQa"'ﬂO]\U)_X(QDl_Qﬂ——’_/ dTQDQ""’SON’t>'
(B5.37)

As usual, we should pass to the comoving frame by changing the variables as (B5.27),
under which the Schrédinger equation becomes:

P N
hf)tX:{ 2mL2282+ 25 —@;) +ihF(t ;

i<i

}X, (B5.38)

and the PBC reads

X(@l = 0’ @27 cey @N’t) = X(@l = 271-7 @27 s 7¢N7t) . (B5'39)
If we now transform the wavefunction

) 2 [ [P ar FO LY, )]

X(@1,--, PN, t) =€ " (@1, PN> 1), (B5.40)

then we arrive to a Schrédinger equation describing N bosons with contact interaction

4 2
thaeX { 2mL223 p I 25 — %)+ L ZVW soj)} (B5.41)

]<z 7=1
which are subjected to a linear external time—dependent fictitious potential

3 dF _
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and the wavefunction satisfies twisted boundary conditions

i2mmL 7 ()

X(@l :07¢27"'7¢N7t) =€ 5((@1 :271_,@2,...,@]\/',1:). (B543)

Using the same reasoning of the single particle problem, we see that in order to restore
PBC at stroboscopic times we have to require that F(nT) = 0 as well as % = 0, from
the comparison of the Schrodinger equations (B5.38) and (B5.41), with (B5.36).

If we specify to the case LF(t) = -2 [1—cos(wt)], we then describe a LL model
enclosed in a periodically rotating ring as a LL model in a fixed (not moving) ring with
PBC and a linear potential along the ring itself. This last model is the same one, once
some subtleties are clarified as we are going to discuss now, as that studied in the main
text.

Indeed, one may wonder if the method to solve the LL model in an external potential
presented previously, would still be valid after we introduced a spatial variable (B5.27)
which now depends on time. We find that for the potential in (5.2), the function 0(z,t)
does get modified, but actually only in the x—linear term, which do disappear anyway
when [ f(7)dr = 0.

To show this, we can repeat the same steps used previously in the solution of the
Schrodigner equation with a xz—linear term, taking into account the fact that now also the
spatial variable has a time dependence. First of all it is convenient to pass from the angle

variables to spatial one via

L@@)%i@)zx—%ﬁfﬁﬂr, (B5.44)
where
F(t) = —— [1—cos(wt)] (B5.45)

according to the prescription (B5.27). At stroboscopic times the potential (B5.42) reduces

to the one in (5.2) for (5.43), which is the case of interest. Notice that the potential (5.43)

is zero at stroboscopic times, so that there are no problems for the PBC at these times.
We introduce the new spatial variable §(t) = Z(t) — £(t) accordingly:

9 _9
0 0y’
9 _0§0 0 _ [y df}a 9
ot o0tdy ot []:(t)+dt ay+at'

Therefore we now need to change the conditions of Eqs. (5.7) and (5.8), into

o dE hoo
H+ =Y
]:<)+dt m oz’

S N A
~he =5 ((%7) + 3/ sin(wt). (B5.46)

One could then make the following ansatz for the gauge phase

0(z,t) = = {]_-"(t) + diﬁ} 4+T(t), (B5.47)
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under which, by replacing into (B5.46), we find the following equations for £(¢) and T'(¢)

y; 2
m [Cii]t: + ddé;f(;)] = —(sin(wt),

W0 = + dgd(t)] . (B5.43)

From the first of the above equations one has £(t) = 0 by imposing £(0) = d¢/dt(0) =
as initial conditions, while from the second equation, using (B5.46), one has

= th [/ sin( dT] dr, (B5.49)

having imposed I'(0) = 0. Notice that I'(¢) is not changed, while the term linear in & of
the gauge phase is changed and the whole phase reads

m s 4 ! i A 2
0(z,t) = =—F(t)z — /sinw d]d. B5.50
@6 = 5F 07— 5o [ | [ sin(or)ar| ar (B5.50)
Therefore notice that still (%, nT') doesn’t depend on Z but only on time, if we require that
PBC holds at stroboscopic times. Summarizing, when the condition in Eq. (5.3) is satisfied
and f(t) is vanishing at the stroboscopic times [as it happens for f(t) o sin(wt)], then
the gauge phase term is not changed and the final results coming from the stroboscopic
analysis are unchanged as well. One should then stress out the fact that in obtaining our
results for the stroboscopic dynamics we can use PBC, simply because we work at times
multiple of the period of oscillation.

5. PROOF OF EQ. (5.87)

Let us now prove Eq. (5.87) with a generic two—body interaction potential and a generic
driving function f(¢). From Eq. (5.83) we can write the expectation value of the Hamil-
tonian in Eq. (5.82) as

{j 1

[He et ] < (Y1, yn,t)
[ ew(ﬂ?g‘ﬂf)]

From the commutation relation among different operators, we have:

Mz

[pﬂ +af(t ]JFZV% }

7>

=

n(y1,. .. ,yN,t)> . (C5.1)
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N N ) N N ) t 2 ) t
ZZA}ZZ, H ez@(:c]-,t) _ Z H ez@(:vj,t) { |:/O f(T> dT} 610(:51,15) _ 2619(331,75)]5[/ f(T) dT} —
=1 j=1 =1

i

= {IJ_V[ ew(ﬂﬁjvt)] i\/: { [/Otf(T) dT]2 — 2y /Otf(T) dT} )

=1

and obviously:

N
ZVQb(a:j —x;), H ew(zj’t)] =0, (C5.3)

i>i j=1
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therefore Eq. (C5.1) may be rewritten as:
2 N
E(t) = 2m[ dT] [ )dT];Po,ﬁ

N ]52
{Z[ ! +$jf ‘|+Z‘/2b j — g }
Jj=1 i>i

+<77(y1,---,yN,

n(yl""7yN7t)> )

(C5.4)

where we also used the fact that:

N N
SE(t) o -ty
<n(y17"'ayN7 Z yla"'7yN)t)> = Hei%p]’ EI%HO.
j=1 7j=1
N N E(t) - s
: <77(.'L'1, .. $N7 Zp H Tp _ZiHO 77(1:17 ZZ‘N,O)> =

since p; commutes with functions of the operator itself and moreover: [ﬁ[ 0, Zé\f:l f)j} = 0.
Let us focus now on the expectation value in Eq. (C5.4): The kinetik and two—body
interaction terms over the wavefunction 1(yi,...,yn,t) can be simply written as

<7](y17‘ "ayN7t)

N 52
[ZWZv%(xj—m]

j=1 j>t

n(y1,---,yzv,t)> =

- <77(1'1»---a33N7t) n(xla"'vaat)> =

j=1 7>t

[22}% + > Vay(ay )]

= Zxoj, (C5.6)

where in the second equality we used the operator: eﬂ%) 2% as the generator of the
translations over all the coordinates and the fact that it commutes with & (since P does),
while in the last equality we first wrote the exponential operator in terms of Hy which
describes the time evolution of n(x1,...,xy,t), and then we used the definition of E(0)
coming from the expectation value of the Hamiltonian H, i.e.:

{ZB] +2;£(0 ]+Zv2b }

j=1 >t

E(0) = <77({L‘1, .., xN,0)

77(1U17---,$N70)>

= <77(x1, . ,xN,O)’fIg’n(:El, ... ,xN,0)> + f(0) iﬂfo,j ) (C5.7)
i—1

Finally for what concerns the z linear term, since:

N LSO Y 5 N _iE S
Z‘Tj7 e ) 1 b — Zé’(t)e I3 1P , (058)
j=1

Jj=1
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then we can write:
N

<n(yl,---,yN»t) [ijf(t)]

n(yl,...,yN,t)> =
2

and since [Z;Vd T, Yoysi Vap(z — xz)] = 0 then the last term of the above equation is:

= N f(t) €@t) + f(¢) <77(901,---,33N,t) U($1,'--,$N,t)> , (C5.9)

f(t) <77(a:1, e TN, T) [Z:@] n(:v1,...,xN,t)> -
j=1
4 7 N L 7
= f(t)ez;izjzgq<77(x17"-7$N70) [ .’L']] e_zizjzij 77(331’ 7$Na0)>
j=1
(C5.10)
From the commutation relation:
N .t @12 .t @12 N t
ij’ T | = elel%Z*f’p (C5.11)
m
j=1 j=1

we have finally that:
N

ps

Collecting all the above results, we find that the energy of the driven system at time ¢

f(t) <n(w1,...,a:N,t)

" N N
o)) = 10 S s+ 03 10
j=1 =1

(C5.12)

can be written as in Eq. (5.87).
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SUMMARY AND CONCLUSIONS

This Thesis may be subdivided in two main parts: Scaling properties of correlation func-
tions were studied in Chapters 1, 2 and 3, while in Chapters 4 and 5 we discussed Floquet
engineering and dynamical properties of many—body quantum systems.

Namely, the goal of the first three Chapters, have been to characterize the off—diagonal
long-range order (ODLRO) properties of interacting homogeneous or inhomogeneous sys-
tems at zero and/or finite temperatures through the study of the eigenvalues’ scaling
of the one-body density matrix (1IBDM) vs the number of particles N. After introduc-
ing some basic definitions and properties of the 1IBDM, we discussed how to obtain the
exponents Cj directly from the large distance behaviour of the 1BDM. The ODLRO in
the three-dimensional case for temperatures below the Bose-Einstein critical temperature
has been described, as well as quasi-long-range order in the one— and two—dimensional
Bose gases for different interactions and temperatures, discussing the connection of the
Mermin-Wagner theorem with the occurrence of mesoscopic condensation.

We showed that in 1D it is Cy = 0 for non-vanishing temperature, while at T' = 0 we
built a cut-off interpolation method with which it was possible to obtain the exponent
scaling and the prefactors of the eigenvalues of the 1IBDM. We then extended the study
to systems having anyonic statistics, showing that in this case the exponent Cy has a
non-monotonic behaviour with respect to the coupling v. We tested our predictions on
the hard—core anyon gas, obtaining very good agreement.

In presence of an inhomogeneity, i.e. an external trapping potential, in Chapter 2 we
were able to characterize ODLRO only for one-dimensional gases, where the conformal
field theory arguments were used in order to extract the exponent Cy and prefactor By
of the scaling for Ay, as well as the scaling for the momentum distribution peak. In this
context we extended our interest to the case of long—range interacting particles, focusing
on the Calogero and Calogero—Sutherland models, which reduce to the Tonks-Girardeau
gas when the dimensionless interacting parameter, A\, equals unity. We showed that for
these systems, independently on the quantum statistics, when two particles cannot be
found in the same position (hard—core interactions) then the ordering of the system is the
same as in the homogeneous case. Further studies will be done in the direction of trapped
gases with finite interactions.

In Chapter 3 we came back to the case of homogeneous systems, analyzing the effect of
dimensionality and temperatures on the gases. We checked that in 3D it is Cy = 1 (Cy = 0)
for temperatures smaller (larger) than the Bose-Einstein critical temperature. After some
digressions on the 1D case, we then focused on the two—dimensional case. We presented
the application of our methods to the XY and Villain models, where ODLRO is translated
as a fully magnetization of the system, and to the 2D Bose gases. A universal jump of
the power Cy from % to 0 is found at the Berezinskii-Kosterlitz—Thouless temperature
Tprr, reflecting the universal jump for the superfluid stiffness. The dependence of Cy
between T' = 0 (at which Cy = 1) and Tpgr is studied in the different models. We found
a weak dependence of it when the reduced temperature T'/TggT is used. An estimate
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for the (non-perturbative) parameter & entering the equation of state of the 2D Bose
gases was obtained using low temperature expansions and compared with the Monte Carlo
result. We also unveiled a “double jump”-like behaviour for Cy, and correspondingly of the
anomalous dimension 7, right below Tg7 in the limit of vanishing interactions. When the
dimensionless parameter mU / h? is very small, the validity region of the low-temperature
expansions enlarges towards TggT as soon as that mU / 12 decreases. When such regime
is reached, then Cy tends to the value =~ 0.912, and again moving towards Tprr from
below it abruptly (or, at least, in a very steep way) decreases to the universal value 7/8,
then jumping again to 0. We presented a detailed discussion of the weakly interacting
regime and we commented how the double jump behaviour could be appreciable for very
low values of the parameter mU /h%. Then we analyzed the behaviour of Cr+0, finding
that in none of the cases presented there is quasi-fragmentation, i.e. Cxo = 0.

The investigation of Chapter 3 was based both on the homogeneity of space and the
thermodynamic limit, and therefore it will be interesting to study in a future work whether
adding a confining external potential could change our predictions and how a finite number
of particles affects the results. Moreover, it would be of interest to consider long-range
interactions in more dimensions [267] and the presence of disorder, where rigorous results
are available in literature [268,269]. We also mention that for 2D anyonic gases, despite
the presence of a considerable literature, see e.g. [270-273] and references therein, to the
best of our knowledge no results for the scaling exponents Ci(T") are available at date.

Finally, we observe that for interacting fermions ODLRO are, of course, not present for
the 1BDM, but they may exist for the 2BDM in the presence of attractions, so that it
would be interesting to perform a parallel study to the one presented here for fermionc sys-
tems. In particular, in two-dimensional attractive Fermi gases at the BEC-BCS crossover,
the scaling behaviour of the 2BDM has been recently connected to the presence of quan-
tum anomaly and the ODLRO analysis may clarify its relation to the finite temperature
superfluid transition [274,275]. Moreover, the recently achieved direct measurements of
momentum correlations in one—dimensional Fermi systems [276] would provide an excel-
lent experimental counterpart to the study of ODLRO in these systems, where several
theoretical evidences of dynamical critical scaling have been found [277-281].

In the last two Chapters, instead, we focused on the dynamics of quantum many—body
systems. In Chapter 4 we came back to the problem of a one-dimensional Bose gas and
showed how one can generalize the Gross—Pitaevskii equation in order to describe (within
a mean field approach) generic interactions among atoms. From the definition of the
GGPE we then obtained dark soliton solutions for the Lieb—Liniger gas, where, thanks
to the Chebyshev interpolation formula for ep(y) that we built in Chapter 1, we were
able to study the shape and evolution of solitary waves in the T = 0 regime. Within
this interpolation scheme, we also studied the ground state density profile for a Lieb—
Liniger gas subjected to an harmonic confinement, but there is no conceptual problem in
considering different trapping potentials. Even though the main idea was sketched in the
last sentences of this Chapter, the determination of nonequilibrium properties from the
time-dependent GGPE;, is of great interest and will be then subject of future studies.

In Chapter 5 we have studied the effect of a time—-dependent linear external potential on
one—dimensional quantum systems made of one-, two- and many-particles. The potential
could physically represent a time varying gravitational linear force, or a time varying
electric field acting on the system, therefore its analysis is interesting in many different
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contexts. The key point of our approach has been to solve the problem for a generic driving
function by applying a gauge transformation on the wavefunction and a translation over
the position variables. Doing so, we have been able to compute expectation values for
different observables such as the center of mass position of a wavepacket and its variance,
and the way these observables depend on time. We have observed that the external driving
does not affect the spread of a wavepacket, which depends instead only on the interaction
effects. This is the result of the decoupling of the external potential which takes place
already from the two-particles case, due to the linearity of the potential. This decoupling
acts at the level of the center of mass and relative coordinates and can be observed also in
the behaviour of the total energy of the system, which oscillates in time depending on the
form of the driving function f(t). We derived expressions for the energy of the state at
any time also for non-periodic driving function. The system in general does not conserve
the energy, apart from some specific cases, e.g. if f(t) is constant in time. However, when
f is periodic in time and its integral on a time—period vanishes, plus f(t = 0) = 0, then
the energy at stroboscopic times is conserved (notice that, at stroboscopic times, the
expectation value of the full Hamiltonian does not need to be equal to the expectation
value of the Floquet Hamitonian). When f is periodic, but its integral on a time-period
is non-vanishing, then the energy at stroboscopic times is in general not conserved.

For a periodic driving, we have analysed in detail the dynamics of the systems. In
this case we have employed the Floquet approach and written down the Floquet Hamil-
tonian and the micro-motion operator, describing the time evolution of the system at
stroboscopic times and generic intermediate times, respectively. Our results, as discussed
in Section 5.5.3.1, are valid when the two-body interaction terms depend only on the
relative distance between the particles so that the total momentum commutes with the
undriven Hamiltonian. If the undriven Hamiltonian is integrable, and obeys such condi-
tions, then, when fOT f(7)dr = 0, the Floquet Hamiltonian is integrable too. Therefore,
our results are valid for any one—-dimensional integrable Hamiltonian on the continuum in-
cluding the Gaudin—Yang model for one-dimensional Fermi gases, integrable Bose-Fermi
mixtures, integrable multi-component Lieb—Liniger Bose gases and Calogero—Sutherland
models (in absence of external one-body harmonic potential). It would be of interest to
study the integrablity of the Floquet Hamiltonian and the micro-motion operator for
undriven integrable lattice Hamiltonians subjected to time—periodic linear potentials (or
magnetic fields) suitably extending the method presented here.

If the integral of the driving function on a period of oscillation is, on the contrary,
non-vanishing, then the Floquet Hamiltonian can be shown to be time-independent and
it contains a linear, constant in time, external potential. In this case, such term can be
eliminated using the same recipe of a gauge transformation and a translation over the
position variables. The study whether such Floquet Hamiltonians are in general formally
integrable is a very interesting topic of future research.

We finally obtained expressions for the Floquet states for one-, two- and many-body
cases with contact interactions, where it has been observed that they essentially retains
the form of the eigenfunctions of the original undriven Hamiltonian with a time dependent
translation over the momenta (or pseudo-momenta). Our approaches can be applied to any
many-body system where the particles interact with a two-body potential which depends
on the difference between particles positions and are translationally invariant. It would
be very interesting to consider the effects of different boundary conditions on the problem

187



188

SUMMARY AND CONCLUSIONS

in finite-size systems, and employing a Floquet engineering approach to study ac—Stark
shifts and multiphoton resonances [45] for single and many-particles systems.

In the last part of Chapter 5 we have extended these results to the case of a free
falling many—body quantum system. There we proved that the quantum description of
the free fall motion in a gravitational field can be nicely simplified making use of a gauge
transformation of the wavefunction, which corresponds to a change of the reference frame
for the system, from the laboratory reference frame to the one that moves within the falling
body. We have also discussed the time evolution relative to a generic three-dimensional
quantum many—body system subject to a gravitational potential and we have shown that
it can be described in terms of the free time evolution, as we knew already from the
one—dimensional time varying linear potential.
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