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Abstract

This thesis investigates bosonic mixtures in ultra-cold atom systems. We mainly
focus on mixtures of two bosonic twin-species trapped in optical lattices, paying
particular attention to the properties of spatial separation. The study is carried out by
means of the path-integral quantum Monte Carlo by the two-worm algorithm and by
analytical calculations where the complexity of the system allows it. The mixture
is trapped in a square optical lattice at different filling and temperature conditions.
We explore the ground-state phase diagram showing that various quantum phases
can arise depending on the interplay between intra- and inter-species interactions.
Demixed phases, characterized by spatial separation of the two species, are studied in
details determining under which conditions they can be stabilized. The influence of
temperature, filling factor and harmonic trap on phase separation is also investigated.
An interesting dependence of the degree of demixing from temperature has been
found, suggesting new ways to measure the temperature of a two-component bosonic

mixture.

We also study spatial phase separation in the simple case of a two-component
mixture in a double-well potential both numerically and by means of the Bogoliubov
approximaton. We show that even in this simple case the main features of the mix-
ing/demixing phase transitions are observed, and that the transition is characterized
by a spectral collapse of the energy eigenvalues reflecting the dramatic change of
algebraic structure of the model.
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Introduction

Mixtures of two bosonic species in cold-atom systems feature a variety of unprece-
dented effects and quantum phases [1]-[26] resulting from the interplay between
kinetic energy and intra-, inter-species density-density interactions. In the past
decade, a considerable theoretical work has been devoted to investigate manifold
properties of both lattice and continuous systems. Different aspects of the phase
diagram have been studied by means of generalized mean-field schemes [16]-[18],
Luttinger-liquid picture [19], or perturbation methods [20]. Moreover, the effect of
phase separation [82, 22], the study of quantum emulsions and coherence properties
of mixtures [23, 24], and the shift of Mott domains due to the presence of a second
(superfluid) species [25] along with the interpretation of this shift in terms of polaron

excitations [26] have been explored.

In the limit of large interactions, magnetic-like phases such as the incompressible
double-checkerboard solid and the supercounterflow have been predicted theoreti-
cally [1]-[4] at total filling one and repulsive inter-species interaction, while paired
superfluidity has been found [5] in the case of attractive inter-species interaction at
equal integer filling of the two components. These findings stimulated further investi-
gation of magnetic-like phases including finite temperature effects [10, 14], different
optical lattice geometries [15] and dimensionality, and various interacting regimes
[6]-[13], [20]. Nevertheless, over the ten years from initial theoretical investigation
of these systems [1]-[4], their rich phase diagram still exhibits several unexplored as-
pects that challenge theoretical and numerical techniques, while its elusive character
demands more sophisticated experimental techniques for the observation of these

quantum phases.

The recent experimental realization of mixtures, either combining two different
atomic species [27, 28] or using the same atomic species in two different internal

energy states [29-32] demonstrated how refined experimental techniques allow to
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control the model parameters, hence reinforcing the interest toward these systems.
The possibility to observe such new phases in real systems is strongly affected by
i) the presence of the trapping potential which introduces an undesired source of
inhomogeneity, ii) the fact that their theoretic prediction is based on assuming rather
ideal conditions (such as, for example, species A and B with the same boson numbers
N, = Np, or large intra-species interactions), and ii7) the difficulty in reaching low
enough temperatures where such phases are expected. Concerning points i) and ii),
the experimental realizability of magnetic phases has been analyzed in [33] leading

to promising results at least for the double checkerboard phase.

Furthermore, in the past few years brand new experimental techniques [34-39]
opened the possibility to resolve the observation of an optical lattice down to a single-
site scale. This new and intriguing experimental opportunity, is potentially useful
from the point of view of the detection of magnetic phases and related phenomena

like phase separation.

In this thesis we basically study bosonic mixtures in ultra-cold atom systems.
We focus our attention to investigate mixtures of two bosonic twin-species trapped
in a two-dimensional, square, optical lattice. The study is carried out from the
theoretical point of view by means of simulations through the Two-worm algorithm
Quantum Monte Carlo [40], as well as by means of analytical computation where
the complexity of the system allows it. The investigation is performed in both the
homogeneous (periodic boundary conditions) and harmonically trapped cases. It is
focused on the reconstruction of the ground-state phase diagram, paying particular
attention to the conditions under which the different quantum phases can be stabilized.
In particular, this thesis focuses on the study of the demixing effect that arise in the
so-called demixed phases, namely: demixed Superfluid and demixed Mott-insulator
phases. A demixed phase is a quantum phase in which the two components of
the mixture are physically separated on the lattice. Phase-separation is studied in
details both in the ground-state, and at finite temperature. An interesting competitive
relationship between the demixed phases and the temperature of the system has been
found. The key-point is that temperature fluctuations tend to destroy phase separation,
and this can be very efficiently detected by means of a suitable demixing estimator.
By exploiting the thermometric property of the phase separation it is possible to
properly design a new thermometry technique capable to measure the temperature in

ultra-cold mixtures through fundamental principle of miscibility. The technique is
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proven to work well in both weakly- and strongly-interacting regimes filling a sorely

felt need where standard and conventional techniques lack on reliability.

Measuring the temperature in optical lattices may be indeed cumbersome and
far from trivial. Ultra-cold atoms are quite generally regarded as an almost ideal
experimental setting to investigate many-body quantum physics in strongly corre-
lated regimes [41]. However, atomic systems suffer from some notable limitations.
Measuring fundamental parameters, such as temperature, for strongly correlated
quantum gases can be very challenging. The main physical reason is because the
primary thermometric quantity used in these systems is the momentum distribution.
Momentum distributions in optical lattices can be measured through standard absorp-
tion images technique (Time-Of-Flight images) and can be relatively easy to obtain
in standard experimental setups. However, in strongly-correlated regimes momen-
tum distributions are often dominated by quantum rather than thermal fluctuations
thereby becoming quite insensitive to temperature variations. Because of the lack
of reliable estimator, thermometry for optical lattices in the last years stimulated
numerous theoretical proposals and experiments [42]. Up to date, the main exper-
imental techniques used for thermometry of optical lattice systems exploits either
ancillary samples [43, 44, 85, 47], or measure of local density fluctuations with high-
resolution imaging [34-39]. However, seminal works have been reported both with
bosonic and fermionic samples. In 2009 demixing between two spin components
of Rubidium atoms was induced by a magnetic field gradient and the width of the
interface region was used to estimate the temperature [43]. While recently, the spin
waves (magnons) in a spinor Rb condensate were used to reduce the entropy per
particle to values as low as 0.02 kg [48]. On the fermionic side, anti-ferromagnetic
correlations have been detected by means of Bragg scattering [49], and also, very
recently, directly by means of single-site imaging [S0-52]. However, all the methods
mentioned above work well in the weakly-interacting regime, but lack on reliability
when the interaction become strong enough. Within the effort to contribute to the
research of a universal and standard method for thermometry of strongly correlated
quantum gases, with our proposal we suggest a method particularly suitable for
temperatures of the order of the tunneling energy, where “quantum magnetism” is

expected, capable of filling the gap between the two interaction regimes.

In the spirit of trying to provide a more complete and exhaustive investigation,
we finally focus on the study of the simple two-well lattice model (equivalent to a

two-sites BH model) from the analytical and numerical point of view. Despite the
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simplicity of the model, the analytical study reveals how the most fundamental and
general principles found in the more accurate and complete analysis of more complex
systems, can be grasped by the knowledge of much simpler one. By analyzing the
simple and symmetric two-site and two-species Bose-Hubbard (BH) model by means
of the Bogolubov approximation, we found indeed that the mixing/demixing phase
transition can be interpreted as a change of the underlying algebraic structure of the
model. And how this change is witnessed by the spectral collapse of the energy-

eigenvalues.

This thesis is organized as follows. In the first chapter we analyze and derive the
theoretical model underlying our study. We introduce the theoretical framework of
the second-quantization formalism and we discuss the assumptions and hypothesis
that lead to the derivation of the so called Bose-Hubbard model. We initially work
considering a single weakly-interacting bosonic gas trapped in a periodical lattice.
We then extend the picture to the case of two bosonic species, and derive the

Hamiltonian of the Two-Species Bose Hubbard model.

In the second chapter we review and examine the Quantum Monte Carlo Al-
gorithm used for our simulations. We describe the method and we unveil the key
features of the worm-algorithm Quantum Monte Carlo [53, 54, 40]. We then move
to analyze the results of our study. In chapter 3 we reconstruct the ground-state
phase diagram of a mixture of two bosonic twin species trapped in an homogeneous
optical lattice at commensurate unitary filling. We examine the property of phase
separation, and the condition under which the different quantum phases can be
stabilized and experimentally detected by means of Time-Of-Flight images. We then
move to discuss both phase diagram and demixed phases for non-integer fillings and
in the presence of a confining Harmonic potential. Within the latter scenario we
study the momentum distributions and the experimental detectability of the different
phases; we also investigate the appearance of spatial-shell-structures where different

quantum phases can coexist due to the imposed variable local density.

In chapter 4 we study the system at finite temperature in both the homogeneous
and the trapped case. We analyze phase separation away from 7" = 0 reconstructing
the behaviour of the demixing parameter as a function of the temperature in both
weakly and strong interacting regimes. In chapter 5 we exploit then these thermo-
metric properties in order to propose a new method for measuring the temperature

in ultra-cold atom systems. In chapter 6, we finally carry on the analytical study
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of the simple two-well model by means of the Bogoliubov approximation showing
how the energy spectrum obtained analytically well reproduces the exact spectrum

determined numerically. We then summarize and conclude.

The main contents of this thesis have been published in the papers [55-57].



Chapter 1
Theoretical Framework

The theoretical framework that naturally fits the description of a mixture of two
weakly interacting bosonic gases is the second-quantization formalism. The second-
quantization process initially introduced by Paul Dirac in 1927 is a mathematical
framework capable of describing and analyze quantum many-body systems. This
formalism arises from the possibility to formulate the many-body quantum problem
in terms of a many-oscillator model leading to the quantization of the many-body
wavefunction ¥ in terms of normal modes. It naturally entails the preservation of

the correct statistics due to the indistinguishability of quantum-particles.

Within the second-quantization approach each bosonic field is represented by
a bosonic field-operator ‘i’(fc’) The bosonic field operator satisfies the standard

commutation relation of bosons

A

P@), ¥ () =675, [¥E,¥E) =@ ¥ =0 @D

Bosonic field-operators and their conjugates, can be expanded in terms of normal

modes in a given, arbitrary, basis:
¥ =Y vi@a, ¥E=Y v@d (1.2)
i J

where {y;(X)} is a complete orthonormal basis of the many-body wavefunction, and

aj, aj are annihilation and creation operators of modes i and j respectively. Creation



T

and annihilation operators a;, a i satisfy the commutation relations

lai,a] = &ij, [a],a}] =[ai,a;] =0. (1.3)

The choice of the basis is of course arbitrary, but peculiar choices can be particu-
larly suitable for different physical problems. If dealing with periodic systems, e.g.
optical lattices, convenient choices of the basis are the Bloch basis and the Wannier
basis.

The Bloch Basis. The Bloch basis is formed by the complete orthonormal set
of eigenfunction associated with the quantum mechanical problem of a particle in a
periodic potential. The equation of motion describing the dynamic of the problem is
described by the Schroedinger equation

in¥(x,t) = HY¥(x,1) (1.4)

where H = —%Vz +V,(¥) is the 1-particle Hamiltonian operator and V,(¥) =
V(% + R) the given periodic potential of period R = jayiiy + layiiy + maii;, with
J,1,m € Z and a,, ay and a, the periodicity along the x, y and z directions. Note that
if V,(X) describes the periodic potential of a lattice, the index (j,/,m) identify the
discrete coordinates of each lattice site. According to the Bloch Theorem [58] the
solution of the problem (1.4) are

En(k)

W(x,t) =€ "y (X) (1.5)

—

where E, (k) and y,;(X) are the eigenvalues and the eigenfunctions of the operator

H respectively. Eigenfunctions ;. (¥) have the form:

i kX

lllnk()_é) =e unk()?)7 (1.6)
and satisfy the property

V(B4 R) = X Ry (R4 R) = e Fuyy (%) (1.7)
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where unk()_c’+13) = un(X). The set of all the eigenfunction {y,x(X)} forms the

complete orthonormal basis called the Bloch basis. It satisfy therefore the relation

(W”W( ) ll’nk /d3meq )Wnk( ) 5mn5qk (18)

The bosonic field-operator expanded in the Bloch basis take the form:

= Z Wk (X) byt = Zeik}unk(f)bnky (1.9)
nk n,k
P13 =Y v (@) nk_Zek (% (1.10)
n,k

The Wannier Basis. In optical lattice applications is often useful to introduce
another basis, namely, the Wannier Basis [58]. The Wannier modes are defined as
the Fourier transform of the Bloch modes:

xax]+k ayl+ka m) (111)

1 7
— Y — bR =g ,
ni ;\/M nk njlm — Z\/—

Due to the anti-transformation properties of the Fourier transform, the inverse defini-
tion also holds

Z \/_ame ikR; (1.12)
By applying definition (1.12) to the expansion of (1.13), it is possible to represents

the field-operator in the new basis.

1 =
V(X)) = ) W (X)bu = ) Wur(X) —am.e—lk'Rf _
TN R
= Zzelkxunk<x)\/_]\—4€ ik Rlani _

Z\/—Z lkx _lleunk am—ZWm X)ap (1.13)

where we define the Wannier eigenfunctions as:

Wi (%) k(=R (7) (1.14)

“ ke



The set of {W,,;(X)} form a complete orthonormal basis named as Wannier basis, and
thus the W,,;(X) satisfy the relation of orhogonality

(ij(f>,Wni()?)) = d3)CW>k (f)Wn,(fc') = 6mn6ji (1.15)

Wannier W,z describes the localization of bosons in the lattice site i. Lattice
coordinates of a given site i corresponds to the lattice potential minima. If the lattice
potential V,(X) in correspondence of the site X = R; can be approximated with an
harmonic potential V),(¥) &~ ym2 (¥ — R;)? the Wannier function (1.14) can be seen

as the solution of the 1-particle i*-well problem (i.e. i*"-well Harmonic Oscillator):

— V2 —m@l (X - R;)* | Wi(X) = EoWi(X) (1.16)

¢ 20 (1.17)

where 0 = , /miw,,' We can then observe that, from functions (1.17) it is easier to
understand why Wannier functions W;(X) describe the localization of bosons in a

given potential well i of the periodic lattice.

Bosonic field operator expanded in the Wannier basis are then

¥(x) = Y Wi (%)ani, Wi(z) = YW j(®a) ; (1.18)
n,i n,j

also in this case, local-mode operators a; and a; satisfy the standard bosonic commu-
tation relations: [am-,aj;j] = §;j and [aii,azj] = [ani,anj] = 0.

Within the second quantization formalism a many-body field expanded in a given
basis, is represented by a collection of Harmonic oscillators described by the creation

(annihilation) operators aj (a;) proper of that mode i. Let’s try now to understand

what is the contribution of each mode to the total field. The total number of particles
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of a given field is described by the total number operator defined as:
N = /d3x‘iﬁ()_c’)‘i’(5c’) = /d3xzz¢i*()_c’)(])j()_c’)ajaj =
ij
Zzafaj/d%%*(f)%(f) =YY ala;5;=Y ala;=Y A (1.19)
i i i i

where 71; = ajai is number operator associated with the i Harmonic Oscillator (i
mode). If one compute the expectation value of operator (1.19), will obtain the
average number of particle in that field:

() = (Y a) =Y (A;) (1.20)
i i

The average number of particle in a field is therefore given by the sum of the average

number of particles in each mode. Each modes then contributes to the total field

according to the weight associated to that mode in that representation. This weight is

nothing more than the number of particle (quanta) in that given mode of oscillation.

The state of the physical system in the second-quantization formalism, can be
represented by the collection of the occupation numbers of each mode (Harmonic
Oscillator) that contributes to the field. This states are called Fock states and for
bosonic fields are defined as tensor product of 1-body states of each harmonic

oscillator in the occupation-number representation.
M
niny...nj...ny) =1n) QM) Q-+ R|n) Q-+ @ |npr) :H|ni> (1.21)
i=1
where M is the dimension of the basis (e.g. the number of lattice sites in the Wannier

basis). According to the definition of single-mode annihilation and creation operators
their action on the Fock states (1.21) are defined as

a;r|n1n2...n,~...nM> = \/ni—|—1|n1n2...ni—l—1...nM>, (1.22)

a,-]nlnz...n,-...nM> = \/n_,-|n1n2...n,-— 1 ...nM), (1.23)
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while the action of the mode-i number operator 7; = ajai is given by

Ailniny...ni...nyp) :ajai|n1n2...n,~...nM> =
:\/n_iaﬂnlnz...n,-—l...nM) =
:\/E-\/ni—1—|—1|n1n2...n,~+1...nM> =

= nivnilniny...ni+1...ny) = nilmng ...nj...npyp)  (1.24)

The action of 72; over the Fock state extracts the number of particles in mode i. For
bosonic mode-operators (and bosonic field-operators) the allowed number of particle
of each mode belong to the range n; € [0, ).

Mixture of bosonic species . If one is willing to describe the behaviour of
different bosonic species in a system, e.g. a mixture of two-quantum gases, he will
need to take into account different bosonic field-operators, each one describing a
different bosonic field.

To study a mixture of two bosonic species we need to define two different bosonic
field-operators: W, (¥) for species A and W}, (¥) for species B. The two field-operators
are defined over different Fock spaces 774 and 773

Y, o0 — 4, Y, A — . (1.25)

Since the two field operators are defined over different Fock spaces, and .74 N 75 =

0 the two field-operator commutes

[¥a(), 5 (%))

0, [¥@).¥ @]

0, (1.26)

[¥5(%), b ()]

0, [#.(%),¥,(]

0. (1.27)

The two field-operator can be represented in a given basis. The choice, as always,
is arbitrary and depends on the particular problem one is dealing with. However, it is
usually convenient expand both field operators in the same basis.

P.(%) =Y vi®a;, Ppx) =Y wi(®bj; (1.28)
i j

Y@ =Y v ®e, Y@=y w@b; (1.29
i J
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where q; (aj) and b; (b;) are the single-mode annihilation (creation) operators of
species A and B respectively. Note that, also the single-mode operators of two

different species commutes

lai,bj) =0, [} ,b]] =0; (1.30)

la b} =0, [ai,b}] =0. (1.31)

Once the representation basis as been fixed, it is possible to define the Fock states of

the system in terms of occupation numbers. The Fock state of species A is defined as

M
|na1na2---nai---naM> = |na1> ® |na2> (SRR |naz> K& |naM> = H’nai>7 (1.32)
i=1

while the Fock state representing the state of species B is

M
p1nps - Mg} = 1) @ |p2) @+ @ ) @ -+ @ Inpag) = [ ] Imy) (1.33)
=1

The total Fock space .77 including all the possible states of a mixture of two
bosonic species is then defined as the direct product of the single species Fock spaces.

Ay = I @ Ay (1.34)

While the total Fock state representing the quantum state of the entire mixture is

defined as the direct product of the single species Fock states

|ﬁa,ﬁb> = |na1naz ... Ngj .. .naM) X |nb1nb2 e Npje .nbM>. (1.35)

1.1 The Second-Quantization Hamiltonian

Within the second-quantization approach the second-quantization Hamiltonian that
describes the dynamic of the many-body system take the form:

A = / P (DAY (R), (1.36)
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where W7 (¥) and (%) are the field-operator and its hermitian conjugate defined

above, and A the 1-particle Hamiltonian Operator describing the system.

The equation of motion are then obtained within the Heisenberg picture by ap-
plying the commutator brackets to the Hamiltonian operator (1.36) and the canonical
field-operators W' (¥,7) and (¥, 7).

ihd ¥ (x,1) = (W (%,1), #), ihd¥'(x,1) =[P (& 1), #) (1.37)
that, by expanding W(%,7) = ¥, wi(¥)a; in terms on modes, read

ihdya; = [a;, A, ihda’, = [a}, 7] (1.38)

1.1.1 The non-interacing Bose-Gas Hamiltonian

The Hamiltonian Operator of a free non-interacting Bose-Gas is defined, according
to (1.36), as

H = / dPx¥T(x / d>x¥ (% V2+V( %) | ¥ (%) (1.39)

- 2 - . o " .
where H = —;’—mVZ + V(X) is the 1-particle Hamiltonian operator describing a single
quantum-particle in a potential V (X). Expanding the field-operator in a given basis,
the hamiltonian can be rewritten in terms of annihilation and creation operators of

the basis’modes.
A = /d%li“(x’) [— %V%V(;{)}@@) -
=[x or e[ - Py v X617 -
~LE ([~ vl >)a =
:E “om / 0] (DV05(0) + [ a0 @V @05 ) ala; =
—ZZ Ejj+Vij)aja; = ZZHl]a a; (1.40)
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Where H;; = E;; +V;; are the matrix element of the first-quantization hamilto-
nian A in the representation {¢;(¥)}, and E;; = —% [dPx ¢} (¥)V?9;(¥) and V;; =
[d®x¢(X)V (X)9;(¥) the kinetic and potential energy parts respectively. The most
convenient choice of the basis strongly depends on the shape of the potential and
corresponds to the one in which A is in its diagonal form. This happens if the set
{¢:(X)} are the eigenfunction of H. In that case the hamiltonian reduces to:

A = [ @R =
= /d3x; ¢i*(fc‘)a§H;¢j(f)aj _
= L X Hy [ 4507 ()01 Rl =
a ZZHif‘SijajTaj = ZH,-iaZai = ZE,-aja,. =Y Eii
| (1.41)

The hamiltonian is now written in terms of mode-number operators 7;, so the associ-

ated eigenvalue problem has a trivial solution
H\i) = E|ii) (1.42)
%’ﬁ) = ZEiﬁi’ﬁ> = ZEil’li‘ﬁ> (1.43)
i i

so the energy eigenvalues of the system are £ =} ; E;n; and the eigenstates are the

Fock states themeselves.

Unfortunately, obtaining the diagonal form of H is in general far from trivial.

1.1.2 The weakly-interacting Bose-Gas Hamiltonian

The Hamiltonian of a weakly interacting Bose-Gas is obtained by adding an intra-

species interaction term to the hamiltonian (1.39).

2
A= [ @) - ;—mvz V@U@ (1.44)
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where the term U (X) describes the intra-species interaction between the particles in-
side the Bose-Gas. It is a self-interaction term that takes into account the interactions
of the quantum-field with itself. U (¥X) is defined as a two-body interaction term of

the form
U@ =5 [ @ EU(E-5)0) (145)
By substituting in (1.44) the term (1.45) one gets:
H = / B (7) [— L +V(z)} P () +
2m
by [ [y @@ Gue-emeE o6

In general in literature, Hamiltonian (1.44) is written directly in the form (1.46) as

H = Ao+ U (1.47)
where
~ n h2 )
‘%:/d%‘w(f)[—%v%r‘/(f) P (x), (1.48)
and X
7= [ [Edy W @F e eeem. 149

This is done in order to visibly separate the one-body part I, depending only on the
field operator ‘i’()?) defined in X, from the two-body interaction term %, depending
on both the fields W (%) and ¥(¥) defined at the coordinates ¥ and ¥ respectively.
From the relation (1.49) is indeed clear the two-body character of this interaction:
the field ¥(¥) interacts with the field ¥(¥) at distance |¥ — ¥| through the potential

U([x=31).
For weakling interacting and dilute Bose-Gases the two-body interaction potential

U (|X—¥]), can be defined as the contact potential

U(|x—7]) = Up8> (¥ - 5) (1.50)
where 5
4rh

Uy = M40 (1.51)
m

with ag the s-wave scattering length of the scattering process between two-particles

of the quantum gas. This assumption is valid only under the hypothesis of ultra-cold
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and dilute gas, where the interparticle distance d is very large and due to the low
temperature, the particles can be assumed relatively slow (momentum p such that
% < 1, with ry the range of interatomic forces).

Under this assumptions it is possible to rewrite the 2-body interaction term of H as

A

% = /d3xd3yw’f< ) ()8 F -7 PGP E) =
=2 [ W @ @@ = L [ (F@PE0P 152

By substituting the new form of % in the Hamiltonian (1.47), one obtains the

new expression for the weakly-interacting Bose-Gas Hamiltonian

J?:/d%\iﬁ(z)[—;—vhv - /d3 (@ @)2(PF)?. (1.53)

1.1.3 Mixture of two weakly-interacting Bose-Gases Hamiltonian

The Second-Quantization Hamiltonian describing a mixture of two weakling inter-
acting Bose-Gases trapped in a given potential V (X) is defined as the sum of the
Hamiltonian of the two separate Bose gases (1.53) plus an extra 2-body interaction

term describing the infer-species interaction between the two different bosonic fields.

A = Ha+ U+ Hop+ U+ | (1.54)
where

5, = /d3x‘I‘T ——V2+V( )}@a(f), (1.55)
By = o [ (@20, (1.56)
. . W2 .
= /d%\}!,ﬁ(x’)[—%V%V(z)}wb(f), (1.57)
. U 2y o
A Tb/d3x(‘PZ(x))2(‘Pb(x))2, (1.58)

7= | [Exd TG (-6 P (1.59)
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Here %, + %, and 4y, + %, are the two separate Hamiltonians of the the two
Bose-Gases written in terms of field operators ¥, (¥) and ¥,,(X) for species A and B
respectively. While W is the two-body inter-species interaction term describing the
interaction between the bosonic field ¥, (¥) of species A and the bosonic field ¥ (¥)
of species B. The inter-species interaction between the bosonic field-operator ¥, (X)
at coordinate ¥, and the bosonic field-operator ¥, (¥) at coordinate ¥, is described
by the potential W (|X¥ — ¥|) and depends on the relative distance |X — | between the

particles of two species.

In an analogous way of what has been done for the intra-species interaction term
U for the single bosonic gas, it is possible to rewrite the inter-species interaction
term % in a much simpler form. For sufficiently low-temperatures and dilute gases
hypothesis, the interaction between the two species can be very-well described by a
scattering process in the s-wave channel. This can be done if the mean inter-species
distance is large enough d,;, > r,,, and if the mean momenta p,. of particles of both
species ¢ = a, b is small enough such that the condition % < 1 1s satisfied. Here
rqp States for the range of atomic forces between the species A and B. Under this
assumptions the inter-species potential W (|X — y|) can be rewritten as

W (¥ —¥]) = U’ (X —¥), (1.60)
where )
4rh
U, = T Gab (1.61)
Mgp

with m,;, the reduced mass and a,;, the s-wave scattering length of the A-B scattering
process.
By substituting the new W (|¥ — ¥|) in (1.59) we get the new expression for %

P =Ua [ [ @xdyU0T)5)8° 5 =5)0(5) () =
— Uy [ @U@0 P (162

Since W, (¥) and W, (¥) commutes, inter-species term can be rewritten in the more

usual form as a density-density operator:

W= Uy / P (@)W, ()W (2%, (@) (1.63)
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The Hamiltonian of two-weakly interacting Bose-Gases takes finally the form:
R . n? R
A= /d3x‘PZ()‘c’) - V(@) R+
m
. h? -
+ / &3 (%) [— v +V(f)} P, () +
m
U 2 — 2 —
+0 [@x (P (Fa)P+
Ub Tt /= T —
+ 5 [ @ (FEOPE )P+

+ Uy / PV (@) P, X)WV () P,(7) (1.64)

1.2 The Bose-Hubbard Model

The Bose-Hubbard Model describes a weakly-interacting Bose-Gas trapped in a
periodic potential [59]-[63]. It is particularly useful to describe quantum lattice-
systems as ultracold atoms trapped in an optical lattice [58]. The model is described

by the second-quantization hamiltonian written in the Wannier-modes representation
%Z:—tZajaj—ngﬁi(ﬁi—l) (1.65)
i 27

where ¢ is the hopping amplitude, and U the inter-species interaction, while the
symbol (i, j) denotes the sum over the nearest neighboring sites. Single-mode
operator aj and a; are the creation and annihilation operator in the Wannier-modes
picture and satisfies the standard bosonic commutation relations [a;, a;r.] = 0;j. While

;= ajai is the mode-i number operator.

1.2.1 Derivation of the Bose-Hubbard Hamiltonian

The Bose-Hubbard Hamiltonian can be derived from the Hamiltonian of a weakly
interacting Bose-Gas (1.53) assuming the potential V (X) to be periodic. Let’s take

Hamiltonian of the weakly-interacting Bose-Gas

H =+ U, (1.66)
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. . K2 .

Ay = / P () - VPV ()] ), (1.67)

@ - % / P (P (®)2(PF))?, (1.68)
(1.69)

and set the potential V (X) such that
V(%) = Vocos* (K, - ¥) (1.70)

where K, = Ky, + Kyity + K. it, = ol + ooty + i is the wave-vector of the lat-
tice embedding its periodicity. While ay, a, and a, are the lattice steps along
the three directions. For two-dimensional optical lattice the potential V(X) =
Voe_"z2 cos? (I?zp -X) with Kpp = %ﬁx + %1/73; The gaussian along the z direction

forces the confinement in that direction.

Here, we derive the Bose-Hubbard Hamiltonian for the most general case of
a 3D lattice, the generalization to lower dimensions is straightforward by simply
applying different lattice potentials. The Bose-Hubbard Hamiltonian is obtained by
expanding the bosonic field-operator in the Wannier basis. We develop the derivation
in two steps, we first analyze the Kinetic term .74 (1.68) and then the two-body

intra-species interaction term w (1.68).

Derivation of 7). Since the potential is periodic, it is natural to expand the field
operator in the Bloch basis and then use the transformations (1.11) and (1.12) to

obtain its representation in the Wannier basis.

‘i’()_c’) = Z¢nk(z)bk = Zeikizunk(f)bnk (1.71)
Substituting (1.71) in %%:

R . 7 .
Ay — / Py e F g @bl [~ VP V@] L e g (3)bng
- m
n,k

m,q

- K2 -
= XX biibng [ dxe iy ()] = S0PV @) €y (3

nkmg

= Z Z £n(k) Smnakqu,kbmq - Zgn (k)bjlkbnk (172)
n,k
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where €, (k) are the Bloch eigenvalues derived explicitly from the Bloch Theorem. If
the single particle states are extremely localized in space, then the expression for the

Bloch eigenvalues reduces to

en(k) =2¢&, Y [1—-cos(ark,)] (1.73)

r€x7y7z

where a, is the period of the lattice in direction r = x,y,z. By applying the trans-
formations (1.11) and (1.12) is now possible to swap from the Bloch basis to the

Wannier basis representation

ape— R (1.74)

=L

The final form of Hamiltonian .74 is then obtained by substituting expression (1.74)

in (1.72) after a number of mathematical passages (see Appendix A for the detailed

Hy=06Y €Y ini—Y €Y aan;. (1.75)
n i n (i,

calculation):

Derivation of 7. Lets now move to derivate the two-body interspecies interac-
tion term (1.68). To do so we expand the field operator in the Wannier basis
s U [ 3 it (o2 (a2
?/:5 dx(P'(X)" (W (X)) =

— _ZZZZ/d3 (X)W (X)W (x)all Ljal,ags (1.76)

ni mj lr &S

Since Wannier functions W), (X)s are orthogonals among each other, the integral
fd3XWr:<z(z>Wn>:](E)‘)[/lr(f)wgs<£) - 5ijrs(smnlg-

622 - _ZZZZ&M‘Smnlgam m]al”ags = _Zamamamam (1.77)

ni mj lr &S
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By exploiting the bosonic commutation relation [ay;, azi] =1:

U = — Za al Apilni =

nini
_ i To_ _ i _

L Ue. .
= EZ(nninni _nni) = Ean(nni — 1) (1.78)

Putting together the 4 and 7% terms one derive the final form of the Hamiltonian

A

I
%2:628,12;%,,,-—28,1Za;ianj+%22ﬁni(ﬁni—1). (1.79)
n i n {i,j) noi

In a good approximation, at low enough temperatures, only the lowest energy band
& contributes. In this limit by dropping terms at n > 0 we get the single-band
Hamiltonian of the Bose-Hubbard model

H = 6gyN — SQZan—f— an —1), (1.80)
(i)

where N = Y; /1,,; is the total boson number operator. Now, by renaming & = ¢ and
dropping the term 6y as N is a constant of motion, we obtain the usual form of
the Bose-Hubbard Hamiltonian (1.65) introduced above:

%:_t<§>ajaj+%;ﬁi(ﬁi—1). (1.81)

1.3 The Two-Species Bose-Hubbard Model

The best theoretical model that describe a mixtures of two, weakly-interacting, Bose-
Gases trapped in an optical lattice is the Two-Species Bose-Hubbard model. The
Hamiltonian of this model is derived from the Hamiltonian of a mixture of two
weakly-interacting Bose-Gases (1.64) by expanding the two bosonic field-operator
¥, (¥) and W), (X) in the Wannier basis. The Two-Species Bose-Hubbard Hamiltonian
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has the form
. + U, " A
T = —lg Z aaj; + TZnai(nai - 1)+
(i, i
U A A
—1p Z bjbj + sznbi(nbi — 1) + Uabznainbi (1.82)
(i) i i

where ¢, (1) is the hopping amplitudes of species A (B), U, (Uy) the intra-species
interaction of species A (B) and U, is the inter-species interaction between the
bosons of the two species. Single-mode operator aj and a; (bj and b;) are the
creation and annihilation operators in the Wannier-modes picture of species A (B).
They satisfy the standard bosonic commutation relations [ai,a;] = J;j ([bl-,bj.] = 0;)).

While 7, = ajai (Ap; = bjbi) is the mode-i number operator of species A (B).

The derivation of Hamiltonian (1.82) is obtained by the expansion of the field
operators of the two-species Hamiltonian (1.64) in the Wannier spatial-mode basis.
This derivation is straightforward with respect to the one of the single-species Bose-
Hubbard model (1.65) and is presented in details in the Appendix B. Hamiltonian
(1.82) is essentially composed by the two single-species Bose-Hubbard Hamiltonians
of species A and B respectively plus the inter-species interacting term Upp Y ; f14ifip;.
This term describes the onsite interaction between the two bosonic fields and it
is derived from the two-body interaction term # of the two weakly-interacting

Bose-Gases Hamiltonian (see Appendix B for details).

In this thesis, and often in literature when working within the Grand-Canonical
ensamble formulation of quantum-statistical mechanics, it is useful to work with
Free-Energy operator instead of the Hamiltonian operator. The free-energy is defined
as

F = =) ) Meici (1.83)
c i

where the sum over ¢ runs over all the species present in the model and p; is the

local-chemical potential of species C (C = A, B in our case).

Unless otherwise noted, since in this thesis we actually work almost-only with the
free-energy operator, following a very common practice in literature, we will refer

to 7 as the free-energy of our system (instead of calling it Z). The Two-Species
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Bose-Hubbard Free-energy/Hamiltonian takes therefore the form:
= Uq PN T A
i (i.J) i
U oo ¥ . A
+— Y rini(ripi— 1) =1, Y bIbj— Y Wpifipi+Uap Y Aifipi  (1.84)
i (i.j) i i

where L ; and U, are the chemical potential of species A and B respectively.

1.4 The Twin-Species Model

The Twin-Species Model is that symmetrical case of the Two-Species Bose-Hubbard
Model in which the two bosonic components features the same value of the hopping
amplitude, intra-species interaction and chemical potential.

e —ty= 1 (1.85)
U, =U,= U (1.86)
Mai = Hpi = Ui (1.87)

Under these constraints the Hamiltonian of the model becomes:
~ U A + N
% = Eznai(nai — 1) —1 Z Cll- aj —Z‘ul'l’lal'+
i (i,J) i
U . . . .
+o ani(nbi —1) —f;}bjbj — Zﬂinbi + Uabznainbi (1.88)
1 ij 1 1

In this thesis, unless otherwise noted, the chemical potential ti.; are set to be global

among all the lattice sites and used to tune the number of particles in the system.
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1.4.1 Experimental realization of the Twin-Species Model

A mixture with ¢, =1, and U, = U}, can be realized with 41K atoms in the two lowest
hyperfine states a = |[F = 1,m = 1) and b = |F = 1,m = 0) (it is understood that
the hyperfine quantum numbers are used only as labels at high magnetic fields). At
By ~ 675G the above mixture is predicted to feature a relatively narrow Feshbach
resonance (8B = 0.15G) between unlike states, while for like particles the scattering
lengths are approximately constant across the narrow resonance and equal to each
other (a, ~ ap ~ 60ag) [64]. Therefore, with a magnetic field near By it is possible
to tune U,;,, with minimal changes in U, and U,. For a heteronuclear mixture of
a =*'K and b =%"Rb in a square lattice, tunneling rates can be made nearly equal
with an appropriate choice of the lattice step. For example, for a lattice step d = 380
nm, at lattice strengths such as 5 < U, /1, < 30, we have 0.85 <1t,/t, < 1.15 and
the ratio U, /U, = 0.58 is constant. Typical values of the tunnelling amplitude are
trp/kp = 2.08 nK for Rubidium and 7 /kg = 17.9 nK for Potassium.



Chapter 2

The worm-algorithm Quantum
Monte Carlo

In this chapter we analyze the Quantum Monte Carlo Algorithm used for the simula-
tion that led to the results of this thesis. The Quantum Monte Carlo algorithm used
for this thesis is a Path-Integral quantum Monte Carlo technique based on the famous
Worm-algorithm Quantum Monte Carlo developed by Prokof’ev et al. in 1997. This
algorithm is carefully described in the papers Worm algorithm quantum Monte Carlo
[53] and Exact, complete, and universal continuous-time worldline Monte Carlo
approach to the statistics of discrete quantum systems [54]. Both articles discuss a
Quantum Monte Carlo technique developed by Prokof’ev et al. from Russian Re-
search Center Kurchatov Institute, Moscow in late 1997. The former one it generally
presents the quantum Monte Carlo scheme used showing some simulations results
of a pure bosonic Hubbard model in 1D. The latter enters more into details of the
quantum Monte Carlo (QMC) algorithm developed, providing more information
about how actually the simulation is performed. Furthermore they clearly show
how this wordline quantum Monte Carlo procedure, can be formulated directly in

continuous time, making the scheme exact.

Prokof’ev et al. in 1997 came up with a brand new quantum Monte Carlo
algorithm named “Worm” Algorithm quantum Monte Carlo. This algorithm has a
particular wordline approach based on imaginary time that allows it to work with
non-zero winding numbers and within the grand canonical ensemble. Quantum

Monte Carlo procedures in general suffers from significant shortcomings such as the
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presence of systematic error due to artificial time discretization, restriction to the
simulation with the zero winding numbers, fixed number of particles in the system
that restrict simulations within the canonical ensemble only... And more in general,
problems related to the numerical nature of the procedure as the well known sign
problem, the slow accumulation of statistics when calculating correlation functions of
operators not present in the initial Hamiltonian; computation time strongly dependent
on the system size, and a general small acceptance rates in update procedures for
system described by Hamiltonians with different energy scales. Even though no
MC scheme has been found so far capable to overcome all these problems, the cited
Worm algorithm QMC has been proven to efficiently remove some of the limitations
listed above. Within this approach it is indeed possible to run simulations in grand
canonical ensemble, and explore non-zero winding number configurations. This
allows the possibility to take into account the contribution of a transition from an
initial bosonic Fock state |@¢,...¢; > to a final state |17,...1, > where the set
{Mx} being obtained by cyclically permuting {¢;} M times (with M the value of
winding number). The possibility to evaluate a much larger configuration space it is
by itself quite important, but can be considered way more crucial if we understand
that the possibility to evaluate transition with M # 0 it allows as a matter of a fact,
to measure somehow the delocalization of the system. If we think at the transition
probability of the system from an initial state |njn;...n; > to the same final state
|ny(¢)ny(t)...np(¢) > after time

< nlnz...nL\nlnz...nL(t) >=< nlnz...nL\fJ(t)\nlnz...nL >=

i
=< n1n2...nL\e’ﬁHt]nlnz...nL > (2.1

If we split the time in N time intervals Az, the transition probability (2.1) gets

_if
<nny...ngle hH’|n1n2 g >=

_Iif _if _if
=<nny...ngle iHA =3 HADL ﬁHAtN|n1n2...nL >=

i

. in Cin
=< nlnz...nL|e_hHAt1He_hHA’2]I...He hHA’N]nlnz...nL> (2.2)

Recalling the completeness relation definition

I=Y Y .Y |kk.. ke ><kiky.. kg, (2.3)
ki=0k;=0 k=0
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and substituting it in eq.(2.2) we obtain:

< nlmL|e_éHAt1]Ie_%HAt2]1. ..

“YY..Y Y V..
t1=0%=0 t1,=0 k1=0ky=0 k=0

N1=0/=0 jr=0

< 711..L|€_%HA’1 lt1.L >< tl..L|e_%HAt2|kl..L > < j1..L|€_%HAtN|n1..L > (24)

Where the multiple sums run over all the possible configuration of the system from
time O to ¢ and each product
%I:IAl‘z

< ”1,.L|€_%ﬁAt1|tl..L ><1.ple” ki > < j1..L|€_%ﬁAtN\n1..L > (2.5)

is a possible path or configuration that leads the system from the initial state at time 0
to the same final state at time 7. We’ve just shown that the transition probability may
be expressed in terms of sum of all the infinite possible transitions that could lead
the system to the specified final state. And this is somehow exactly how the Monte
Carlo simulation works, summing together different contribution of each possible
configuration in order to evaluate the expectation of value of different physical
quantities. Obviously within the context of a numerical simulations, just a finite
number of this possible paths are summed in order to have a converged estimate
of the quantity wanted. For each one of those paths (2.5) can be computed the
number of permutation M the system undergoes from it’s initial state to the final
one. This number is called the "winding number" and it’s intimately related with
the considered configuration. By collecting all the computed winding number of
all the different configurations summed, one can obtain the distribution of winding
numbers among all the different configurations. It is then clear that if the main
contribution to the evaluation of the probability of the system to remain in the same
state (eq.(2.4)) is given by those configuration with large value of M, this would
lead us to the conclusion that the particles of the system described by that state may
have an intrinsic delocalized behaviour. Otherwise, if the main contribution is given
by state whose M = 0 or small in general, that might means that the particles of
the system tends to stay in the very same configuration as the time goes by. This
information in terms of winding number, and more in general, the possibility to have
an algorithm capable to explore those configurations with M # 0, can be therefore

very peculiar for the simulation of highly delocalized and strongly correlated systems
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such as Bose-Einstein Condensates (BEC) and exotic phase transitions in ultra-cold

atoms.

Another interesting feature that comes out quite naturally from this new sim-
ulation scheme is a way more efficient calculation of the Green function at finite
temperature. Despite other quantum Monte Carlo procedures experience a slow
accumulation of statistics when computing this quantity, this new technique is able to
solve this problem by formulating a new local update procedure in terms of motion
of two worldline discontinuities (the so called worm).

2.1 Worm Algorithm Quantum Monte Carlo

The Worm Algorithm Quantum Monte Carlo [53, 54] is a Path-Integral Monte Carlo
(PIMC) technique based on the so called imaginary time approach. PIMC are in
general imaginary time Quantum Monte Carlo in which is possible to evaluate the
expectation value of the partition function and other physical quantities at finite tem-
perature T. According to the rules of Statistical Quantum Mechanics, the expectation

value of a general observable operator O is given by:
<0 >=Tr(pO) (2.6)
Where p is the density operator, defined as:

—Tr(e Pl (2.7)

With B = ,{BLT the inverse temperature and F the grand canonical potential operator
defined as
F=H-uN=H-p) a. (2.8)

—ih— = [H, 0] (2.9)

Whose general solution is:
0w =0/ 00, (2.10)
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where A
Oy =e ™ (2.11)
is the time evolution operator.
By making a change of variable = —% one can rewrite equation 2.9 in the so
called imaginary-time picture.
Ao .
— =H,0 2.12
Where the imaginary-time evolution become
O(p) = U3, 0Up) (2.13)
with
Upy=ePH (2.14)

the imaginary-time evolution operator.

It can now be easily seen that the density operator defined by (2.7) not only satis-
fies (2.12) and (2.13) but it is exactly proportional to the imaginary-time evolution
operator (2.11). This allow one to treat the finite temperature problem, and compute
the expectation of value of hermitian operators related to physical quantities at finite
temperature, as an imaginary-time evolution. Furthermore, it can be rigorously
shown that this imaginary-time scheme allow an easy and correct evaluation of the
ground state too. If we consider for example the Hamiltonian operator Hy repre-
sented in a given complete orthonormal basis {|o >} of Fock’s states and taking as

zero energy scale the ground-state energy &:

I‘i() = ﬁ — & = Zsaajxaa — & (2.15)

o
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And we compute the expectation values of Hy using (2.6)

:3 IA'IO
e A
H -
7 0 )

1 T a2 1 ) VoY
==Y <ale PHHjja >= -} < ale PH#) (1 - g)|a >=
Z o Z o

< Hy >=Tr(pHy) = Tr(

1 A~ ~ N
==Y <ale PH-2f|o > —@Z < ale PH-®)1o > (2.16)
Z o Z o

Where Z = Tr(efﬁ(ﬁ’g(’)) is the partition function and follows directly by the ex-

pression (2.7). Hence |o > are eigenstates of H by hypothesis the expression (2.16)
becomes:

a 1 _ _ N 80
H — — B(etx €) oa/H|a _ - —ﬁ(ea—&‘o) —
< Hp > ZZe < oHa > ZZe < ola>
:—Ze (€a—)g,, <a]oc>——Ze (ea—€0) —
I3
:_Zg o Blea—&) ZOZe—B(ea—sO)_
:_ZS e EOC 80 8026 806 80

:—Zs ¢ Plea—e0) —& =

_ % Y ege Blea®) _ g (217)

(04

Where the definition of the partition function Z has been used in the second term of
2.17. One can suddenly notice, that in the limit B — oo the expectation value of Hy
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it is exactly zero.

. 1
lim <Ho>= lim ~ 3 ege Plee®) —g=

Brtee Bt 245
= BgToo m ;gae_ﬁ(ga—eo) ey =
B ﬁgrfrloo e—Bleo—2) 1 Zl‘,,‘_l o—B(e—¢0) (gge Pleome0) + O;l gqe PlEa—e)) _ gy =
e L cae M) e =
- ?10(80“)) —&=¢&—-&=0 (2.18)

as the terms e P(Ea/i—%) go to zero when 8 goes to infinity and «/i # 0 because
of the exponential dumping (due to the real exponent ) . While for /i = 0 the
exponent value is exactly zero, forcing the term to be exactly one. Using the relation
(2.17) with the result (2.18) is now possible to define a way to compute the value of

the energy ground state simply as

&= lim_ % ;sae_ﬁ(g‘”—s()) (2.19)
That means that within this picture one can get the tool to correctly evaluate the
expectation of value of a given operator (observable) at the system ground state (if
B — o0), as well as the correct behaviour of the quantum system at finite temperature.
Furthermore, when the imaginary-time evolution is computed by means of a Monte
Carlo simulation, as the imaginary-time variable f is not "imaginary" anymore
(B € N), this new picture allows to avoid the well known sign problem that affect

others quantum Monte Carlo schemes.

2.1.1 General Principles

Prokof’ev et al. in their worm algorithm quantum Monte Carlo, developed the
discussed imaginary-time scheme starting from the interaction picture. They wrote

the grand canonical Hamiltonian operator H of the system as a sum of two parts:

H=Hy+V (2.20)
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Where Hy is the diagonal part, and V the off-diagonal part. The Hamiltonian H is
chosen in a given representation corresponding to the full set {|oa >} of eigenstate
of Hy, such that Hy|a >= E4|a >. They defined then the imaginary-time evolution
operator (2.14) in its iterative expansion form (the Matsubara time evolution operator)
following the standard rules of many-body quantum field theory in the interaction

picture:

5 R B
e PH — eﬁHOTexp{ - / V(r)dt} (2.21)
0

Where T is the time ordering operator. And V(7) = ™oy e~ 7Ho i the imaginary-
time dependent interaction potential in the interaction representation. Writing in its
explicit form the Matsubara evolution operator

6 =Texp{— ff V(t)dt} one gets exactly the expression found in the paper of
Prokof’ev et al. [53, 54].

. B
6-]1—/0 dtV(t)+...
B T . R
--~+(—1)'"/0 drm.../ozdrlv(fm)...v(fl)—i—... (2.22)

It is possible to define V as a sum of elementary Hermittian operators Q;, whose

action on any state of the set {|cc >} results in another state from the same set.
v=Y0 0, =0,  Oila>=—gyuls)|y> (2.23)
S s $ s dya Y
N

This allow to rewrite the Matsubara operator(2.22) as:

B
6':11—;/0 d10,(7) + ...

B T N ~
Y <_1)M/0 dfm.../() d110y (Tn) ... 05, (T1) +... (2.24)
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Which in components representation turns

B A
Oay =< Q|6|y >=< a|l|y > —Z/O dt < a|Qs(t)|y>+...

B (%) R .
ek Y (—1)’”/0 drm.../o dty < a|Qs,,(Tm) ... Os (T)|y >+ =

S1seeesSm

B
= 5057,—1—2/0 dfqay(s)eT(E“_EV)—i—...

(2.25)

Where {E} are the energy eigenstates of Hj. As we have seen above the average
of any observable can be computed thanks to the relations (2.6,2.7) in terms of the
imaginary-time evolution. It is therefore sufficient to estimate the matrix element
(2.25), to be able to completely describe the state of the system under inspection.

According to the expression (2.25) each element oy of the operator & can be written
as a sum of different contribution

() (1) 2) (m)
Where the single m — th contribution AG(B)™ correspond to the multiple sum and

integral

Ac™  — o [P 24 ) ) 207
oty = X 1" [ dn [Can < alQy @) 0 (@)l @27

51 ,...7Sm

given by splitting the imaginary-time interval [0, 8] in m subintervals 7}, (j € [1 +m]).

(—1)" < @10y, (Tn) - Oy (T >= Gy (5)e™ Ea ) gy (s1)7 En
(2.28)
The general term (2.28) of the series (2.27) represent a sort of path in imaginary-time
that the system can follow to get from its initial state |@ > to the final state |y >.
The m — th contribution is therefore given by the sum of all the possible path of m
imaginary-time steps, that allow the transition from |a > to |y >.
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The Worm Algorithm Quantum Monte Carlo developed by Prokof’ev et al.,
performs an estimate of such a form of the Matsubara imaginary-time operator
(2.25), in terms of evaluation of the multiple sums and integrals(2.27). The Monte
Carlo simulation is used to estimates the value of the singles contributions (2.27)
by generating and summing together the contribution of different paths. A sort of
random walk is performed in order to generate at each MC step the new trajectory
contribution to be added to the current estimate of the Matsubara operator. To do so
the series (2.27) is represented by introducing the notion of a "kink of type s;" which
is characterized by a time 7;, a matrix element of gqy(s;) and a diagonal energy
difference Eqy = Eq — Ey. The Monte Carlo procedure consists then in a number of
rules, or updating procedures, which describes how to go from a trajectory to another
by changing the number of kinks, their types and time position. Hence a generic
state | > of the system is represented as a Fock state in the occupation number
representation.

la >= |nginga-.-nar > (2.29)

the transition operators Qy, (). ..Qy, (1) from a state to another can be expressed
as a succession of creation and annihilation sub-processes on different modes i € [1 +
L). In such a context, where the state of the system is expressed in terms of occupation
number, the trajectory or path described by (2.28) can be visualized graphically by
a sort of Feynman-like diagram named worldline such the one displayed in figure
(2.1). The worldline represent the path in imaginary-time (from 0 to ) described by
the state in terms of its occupation numbers, i.e. their change in imaginary time. All
the procedures that alter the number, type and positions of the kinks in a worldline
actually changes the shape of the worldline pictured in figure (2.1). The entire Monte
Carlo process can be seen indeed as a random generator of worldlines, capable to
sum together the contribution of these sort of Feynman Diagram to the estimate of
a set of established physical quantities. However, such a set of procedures need to
be chosen very carefully in order to guarantee that the resulting statistic does really

correspond to that introduced by eq. (2.25).
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Fig. 2.1 Example of a worldline representing the path of the Fock state of the system in
imaginary-time (from O to ). Labels i € [1,2,3,...8] refers to the mode occupation number
{ng;} of the state (2.29). The width of the solid line is proportional to the mode occupation
number n¢;, and dashed lines are empty modes (ny; = 0).

2.1.2 Update Procedures and Statistics

A Monte Carlo technique estimates a generic multiple sum and integral, thanks
to the "law of large numbers", by simply averaging over the statistics of different

configurations.

B )
Z /0 dTm.../O dTi8s, s (T1- - Tn) foyoy (T1 oo Tn) =

S1---Sm

. 1
=N1£I+1°oﬁzl:gz(Tl), L={si1---Simp, Ti={T1-- - Tim} (2.30)

with f;, s, (T1...7y) the probability density distribution and N the number of sam-
plings.
In the algorithm from Prokofe’ev et al. the multiple sums and integrals (2.27) are
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estimated in a similar way (2.30):

m m B TZ A A
Aoéyzﬁ): Y (1) /0 drm.../o Aty < a|Qs, (Tw) ... Os, (11) |y >=

S1ye-e9Sm

B a 5, (5)... Oy
_ Z (_l)m/o dTm---/O d,cl<a’Qsm(Tm) QI(T])W>fs,...sm(fl---fm)%

fsl...sm(fl .. -Tm)

~ lz < alQ(m)|y>

SNETTAm) QuTy) = Oy, (Tim) .- O, (1) (231)

Where the algorithm at each Monte Carlo step update the sum over the index / by
randomly generating the new path < ct|Q;(7;)|y > through a random implementation
of kink-motions and kink-modifications procedures; adding then the new contribution
updating the new value of the average (2.31) (and the related physical quantities:
expectation value of physical operators computed thanks to the Matsubara Operator,
e.g. energy, number of particles...). In order to assure that the annihilation and
creation procedures used to move and generate new kinks, satisfies the required
statistics, a Metropolis method is used to reproduce the correct sampling of the
probability distribution f;(7;) of the paths. The Metropolis method assures that
the random generation of a general path follows a given probability distribution by
satisfying a proper balancing condition (2.32). To understand how the Metropolis
method has been implemented for the "worm algorithm" QMC, let us start by
considering a very general case for a creation and an annihilition procedures involving
the modification of n kinks of a given type s;...s, and at a given imaginary-time
instant {7y ...7,}.

Creation The creation procedure involve two steps:

1. One first consider the probability W(7;...1,) of the creation of a set
of n kinks of a given type, at a particular n-dimensional time instant
{7)...7,}. This probability is arbitrary but chosen nonzero at every

physically meaningful configuration of kinks.
2. The second step is to accept with probability P,..(7; ... T,) or reject the

proposed set of n kinks.

Annihilation The annihilation procedure is much simpler as the set of n kinks can
be either removed with probability Py (7 ... T,) or remain untouched.
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By both considering the probability density A,(7;...1,) of finding a configuration
with the specified n kinks (for creation procedures), and the probability Ag of finding
a configuration without the specified n kinks (for annihilation procedures). Together
with the probability p. and p, of addressing the 2 procedures (creation and annihila-
tion respectively). One finds that the equation of balance of the two sub-processes

is:
PAW(T1 ... Ty)Pace(T1 ... Ty)d Ty . . .dT) = padAn(Ty ... Ty)Prem(T1 ... T0), (2.32)

that states the equivalence of processes that can creates/annihilates n kinks. Adding

the considerations on the statistical interpretation of equation (2.25):

dAn(t)...7;)

n
A =dt,...dT anivl.(si)eMEarEw). (2.33)

=1

Combining (2.32) and (2.33) we finally get the self-balancing condition of the two
processes:

W(T ... Ty)Pacc(T1 - Tn)  Pa v (Eq,—Ev,) &
=— v (8i)e 4T = R(Ty ... Ty). (2.34)
ot et £

This result allows us to write the probability of acceptance or removal of a given

randomly generated set of n kinks as:

R(7...71) ifR(T .
, 1. T) S W(T...T);
Pree( . 5) = | Wy TR B SWE5)
1, otherwise.
WEem) i Ry ... 1) > W(T)...T,):
Prem(rl---fn) = R(7)...1) ( 1 n) - ( Lo n), (2.35)
1, otherwise.

As discussed above every procedure of creating/modifing a given set of kinks
can be expressed in terms of creation and annihilation procedures. These two
procedures can be adressed respectively with probability p. and p, providing the
possibility to create more complex procedures. Below are described in summary the
possible update procedures that the algorithm performs in order to efficiently visit

the configuration space.
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Kink motion Is that class of procedures that do not changes the number of kinks in
the worldline. In this procedures a kink is moved in imaginary-time. Firstly is
decided randomly an imaginary-time step 7o. Then the kink is removed from
its position in Ty and another kink is created in another arbitrary position 7y €
[T1,T2]. Where 7; and 7, are the nearest lower and upper kinks respectively, in
imaginary-time.

Creation and Annihilation of kink-antikink pairs A procedure where a pair of
kink-antikink is created or destroyed. It follows straightforward from the
general guideline explained above in terms of creation and annihilation proce-
dures. This kind of update routine alters the number of kinks in a worldline
by a factor of four as the each kink process added or deleted modifies two
kink labels gy, (s;). For this reason one passes from a number of kink Nj,p,;
in a worldline to a number N;,;,; + 4 after the pair is added (for creation).
While from a number of kink Njp.; to Njgpe; —4 when the pair is removed.
Hence in general the probability to adress a creation/annihilation process in a
given place is uniform and is o< 1/Nj,p,;, the ratio p,/p. in (2.34) are modified
depending on the fact we are creating or annihilating the pair.

Pa Niabel

= (creation)
Pc Nigper +4
Niaber —4
Pa _ Mabel 77 apnihilation) (2.36)
Pc Niabel

From this point, it comes out quite naturally how annihilation and creation
processes adress probability are different in general.

Motion/Modification of worldline discontinuities Are those procedures that in-
sert discontinuities in the worldline, and practically alters the numbers of
particles of the system. They allow to explores those configurations with
M # 0 and simulate quantum statistic among configurations with different
numbers of particles, i.e. to work in the grand canonical ensemble. We refer

to this procedures more accurately in the next section.
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2.1.3 A Worm in a worldline

In this final section we discuss those update procedures that are the main character-
istic and literally names this Quantum Monte Carlo algorithm. These procedures,
as mentioned above, allow to explore the contribution of nonzero winding numbers
worldline and simulate the system with different particle number configuration. This
gives the possibility to accumulate statistics from configuration of the system with
different number of particles and work indeed in the grand canonical ensemble. In
general, most of the QMC algorithms that works in grand canonical ensemble try to
attempt the goal of exploring configurations with different number of particles by
inserting fixed discontinuities in the worldline. A discontinuity is in general inserted
at a given fixed imaginary-time 7| and then removed at imaginary-time 7. The
algorithm performs then standard modification procedures of the worldline exploring
the contribution of different configurations with those two fixed discontinuity. When
enough statistics is collected, the position of the discontinuities is changed and the
calculation is repeated. For each position of the discontinuities is computed the
contribution of different configuration to the Matsubara operator (2.22) together with

the Green function ¥ (i, j, 71, 2 ):

mTr(eﬁﬁoTadi(ﬁ )d]T(TZ))
(2.37)

Where T is the imaginary-time ordering operator, and H represents in this case the

G(i,j, 11, ) = Tr(pTai(11)d; (r2)) =

grand canonical Hamiltonian with the term — N included. The Green function (2.37)
gives exactly the transition probability of creating a kink at 7; end destroying another
at Tp. It is the average value of the operator d;(7;)d;"(72) computed throughout the
relation (2.6) using the Matsubara operator.

The knowledge of the Green function contributes to the evaluation of the correla-
tors of field operators and enables us to find a whole series of physical characteristics
of a system. Formally, the only difference between the statistics given by eq. (2.22)
and the Green’s function is that there are two extra kinks. Hence one has the
possibility of calculating the Green’s function in a unified process, together with
standard thermodynamic averages. Unfortunately, the mechanism discussed above
is extremely slow and suffers from slow accumulation of statistic. Prokof’ev et al.
showed how it is possible to overcome this drawback and find a more efficient way to

compute the Green’s function of the system. They come up with a rather simple idea,
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they proposed to simply introduce the possibility to move the discontinuities rather
then keep them fixed. They called this method a "worm" algorithm as a disconnected

worldline resemble a worm. They suggested:

What if instead of sampling different trajectories around the dead worm, we will
make it "alive” and sample different trajectories through the motion of worldline

discontinuities?

In this way, the algorithm can accumulate statistics more efficiently by randomly
choose from a wider class of procedures without the need to split the calculation be-
tween steps of imposed fixed discontinuities. Naturally it comes out that procedures
that alters just the shape of the worldline, without touching the discontinuities, will
contribute more to the evaluation of the evolution operator; while those that handle
the creation/annihilation and motion of discontinuities will contribute more to the
computation of the Green’s function. Within this context below are summarized the
set of procedures that involves discontinuity motion, creation and destruction both in

space and in imaginary-time.

Creation and Annihilation of two worldline discontinuities This procedure cre-
ate/annihilate two discontinuities (particles) in a given place of a worldline:
di(m )ai"( Tp) or dﬁ(rl )di(72). When a particle is deleted at imaginary-time T;
another is created at time 7, > 7;. If at time 7| the particle is created, another
is destroyed at time 7. The annihilation procedure deletes discontinuities and
makes the trajectory closed. It can be applied, say, when the "head" and the
"tail" are on the same site and there are no other kinks between them. The
opposite procedure creates a short straight worm (thus seeding a new worldline,

or a gap in an existing worldline).

Jump / Reconnection This procedure corresponds to the shift of the worm end in
space by inserting/deleting a kink to the left of the discontinuity annihilating
a particle (the "head") and to the right of the discontinuity creating a particle
(the "tail").

Shift in time This is a trivial procedure of choosing another time position for the

discontinuity on an interval between the two adjacent kinks.
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Prokof’ev el al. finally show that the above discontinuity handling procedures natu-
rally include those listed in the prevoius section (kink motion, and kink-antikink pair
creation/destruction) pointing that: "One can even completely ignore all the other
update procedures, such as moving other kinks and working with kink-antikink pairs,
probably at the expense of being less efficient, but still remaining accurate, complete,

and universal".

The general scheme of this Worm Algorithm Monte Carlo is in summary really
simple: at each Monte Carlo step, by choosing from different update procedures
according to a proper probability, a new worldline is generated and added to the
estimate of the Matsubara operator. Parallely, different physical quantities are
computed and their estimate updated. Strictly speaking, by simply moving the head
and the tail of the worm among the wordline, new configurations are explored and
used to compute the average of the desired physical observables. Here, head and
tail of the worm act exactly as annihilation y(;) and creation IV(Tr) field operators
respectively. Furthermore, by collecting statistics of the presence of head and tail in
every single site 7 it is possible to estimate all those physical quantities related with

the local creation and annihilation operators a;r and q; (e.g. single-site occupation
T

numbers (7;), correlators (a; a;) etc. ...).

The main physical quantities that can be computed with this algorithm are then
the mean energy of the system, the mean number of particles, the Green function,
the winding number distribution, the mean occupation number of each lattice site,
different possible density-density correlators. .. However, it is always possible to
handle the different procedures implemented, make modifications, and compute
different physical observables whose computation was not physically implemented
in the original version of the code. This feature enhance considerably the capability
of the algorithm initially thought by Prokof’ev et. al. opening it to a wide range of
possible applications.

2.2 The 2-worm Algorithm

The Quantum Monte Carlo algorithm used in this thesis is the 2-worm algorithm
Quantum Monte Carlo [40], a modification of the original worm algorithm described
above that allows the quantum-mechanical statistical study of a mixture of 2 bosonic



42 The worm-algorithm Quantum Monte Carlo

species trapped in an optical lattice. In this version of the code, a second worm is
introduced in order to explore the configurations of the Fock space of the second

bosonic species.

Here the presence of the two worms, gives the possibility to estimate the expecta-
tion values of all those physical quantities related to the annihilation and creation
operators of the two bosonic species: a;, alT, b; and biT. By simply moving head
and tail of the two worms across the lattice and the imaginary time steps, different
configurations are generated and used to compute the quantum-statistical averages
of the desired physical quantities, both global (e.g. (H), (N,), (Np) ...) and local
(e.g. (nai), (np;) -..).

2.3 Final remarks

The discussed Monte Carlo technique is very useful in order to understand properties
of the ground state of the system under simulation, as well as its mean behaviour at
finite temperature. The possibility to work with non zero winding number and the
efficient method adopted to evaluate the Green function of the system increase its
potential and make this scheme very useful for the study of many-body quantum
systems at very low temperatures. Furthermore, the extreme flexibility and the possi-
bility to easily add to the algorithm the computation of desired physical observables
adapting it to the needs of different physical problems, easily explain the reasons of

the success of this algorithm in the world of quantum simulation.



Chapter 3

The twin-species model Phase
Diagram

In this chapter we reconstruct the ground-state phase diagram of two bosonic twin
species trapped in a two-dimensional, square, optical lattice. The results and the
discussions contained in this chapter have mainly been published in the paper [55].
A system of two bosonic species trapped in an optical lattice is well described
by the Bose-Hubbard model shown in chapter 1. In the past, countless papers
joined the effort to reconstruct the ground state phase diagram of this model [55]-
[26]. However, as can be noticed by Hamiltonian 1.82 the phase diagram of the
2-components Bose-Hubbard model can be extremely complicated as it depends,
in principle, on at least seven degrees of freedom: ¢4, t5, Uy, Up, Uyp, Ug, and Uy.
However, despite the great efforts made in these years, the entire picture is far
from being complete. A considerable work is still required in order to unravel the
complete structure of the phase diagram. Within this spirit, this chapter focuses
on the investigation of the ground-state phase diagram restricted to the so-called
twin-species case (see chapter 1). The twin-species model is that symmetric case
where the two bosonic components features equal hopping parameters t, =1, =1,

equal intra-species interactions U, = U, = U, and equal number of particles N, = Nj,.

We initially compute the phase diagram by considering a homogeneous lattice
(periodic boundary conditions) at total integer filling n = N/M = 1 where, N =
N, + N, is the total number of particles and M is the number of lattice sites (i.e.
one particle per lattice site). We then move away from this initial symmetrical
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condition by adding increasing level of complication in order to explore more general
situations and include effects characterizing real systems. This is done for example
by studying the behaviour of the phase diagram at generic non-integer filling and
population imbalance. Or by relaxing the homogenous lattice hypothesis by applying
an external harmonic confinement in order to simulate more realistic situations closer

to experimental realizations.

We show in the present chapter how the twin-species BH phase diagram exhibits a
rich variety of exotic quantum phases such as double super fluids, supercounterflow,
demixed superfluid and demixed Mott-Insulator. Demixed phases are quantum
phases characterized by spatial separation of the two species in the lattice. In
literature, demixing effects have been widely studied in the context of continuous
systems [66—72], while a smaller effort have been devoted to the study of systems in a
lattice of both Bose-Fermi mixtures [73, 74] and Bose-Bose mixtures [1, 82, 22, 65].
Besides the derivation of the ground state phase diagram, one of the central topic
we want to focus on in this chapter is indeed the investigation on the conditions
under which these phases can be stabilized and detected. We introduce for such a
task a suitable demixing parameter and we exploit particular off-diagonal correlators
which allows to design experimental observation of the various phases through
time-of-flight images.

The chapter is organized as follows, we first briefly review the model and method
used for our investigation, we then move to the description of the reconstruction of
the phase diagram for the homogeneous twin species model at total filling n = 1.
We analyze here in details the different quantum phases that arise from the phase
diagram and the method used for their detection. We then move to study both
phase diagram and demixed phases for generic non-integer filling factors. We also
study supercounterflow in the case of population imbalance (N, # N) and find that
SCF is stabilized as long as the condition n = 1 is satisfied, although the superfluid
response in the counter-flow channel does depend on the population imbalance.
Finally, we study the system in a trap where the local filling factor imposed by
the presence of an external harmonic trap, leads to the formation of spatial shell
structures of mixed/demixed configurations depending on the interplay between inter-
and intra-species potentials.
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3.1 Method and Model

For the sake of clearness we remind here the Hamiltonian of the twin-species Bose-
hubbard model describing a mixture of twin bosonic species trapped in a uniform,

two-dimensional (2D), square optical lattice.

H=Hy+Hy+Uguy Y_nainp (3.1
i

where U, is the inter-species repulsion, n,; ;; is the number operator at site i for

species A and B, and
U T
H.= Eznci(nci —1) =1} clej— ) Meinei (3-2)
i (ij) ¢

with ¢ = a, b denoting the bosonic species, and operators c;, cj satisfying the standard
commutator [ci,c:f] = 1. Parameter U represents the common intra-species repulsion,
t is the hopping amplitude for the two bosonic twin-species, and U, = U, (Uei =
Ue — wH?iz) the chemical potentials in the homogeneous (trapped) case. Chemical
potentials . are chosen to be U, = U, = U to satisfy the symmetric balanced
population requirement (N, = N;,) of the twin-species model; this condition is relaxed
when we study the super counterflow phase in presence of population imbalance. The
symbol (ij) refers to summation over nearest neighboring sites. Unless otherwise
noted, we work at zero temperature and integer total filling n = N/M = 1 where,
N = N, + N, is the total number of particles and M = L? is the number of sites
for a lattice of linear size L (in unit of the lattice step a which we set as our unit
length). The lattice topology is chosen to be square (four nearest neighborhood)
and homogeneous (periodic boundary conditions). Obviously, we relax the latter

condition when we analyze the system in a trap.

In this chapter, we explore the phase diagram of model (3.1) as a function of U /1
and U,y /t with particular emphasis on the supercounterflow and demixed phases.
Our results are based on large-scale path-integral quantum Monte Carlo simulations
by a two-worm algorithm [40] (see chapter 2 for details). Unless otherwise noted,
we perform simulations for system sizes L = 8,16,24,36 and we work at inverse
temperature 3 = L/t which ensures that the system is in its ground state.
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3.2 Ground state phase diagram at n = 1

The ground-state phase diagram of the twin-species model (3.1) at integer total
filling n = 1 is shown in FIG. 3.1 in the U/t vs U/t plane. As shown in the phase
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Fig. 3.1 Ground-state phase diagram of twin bosonic species trapped in a uniform optical
lattice at n = 1. Four phases are stabilized: double superfluid (2SF), supercounterflow (SCF),
demixed Mott-Insulator (dMI), and demixed superfluid (dSF). Symbols mark the phase
boundaries as calculated from Monte Carlo simulations (see text). Whenever not visible,
error bars lies within the symbol size.

diagram of FIG. 3.1 we found the presence of four different quantum-phases and
a demixing effect whenever the inter-species potential U, /t become stronger than
the intra-specie interaction U /¢. The demixing effect, also known in literature under
the name of phase segregation or phase separation, consists in a spatial separation
between the two bosons species in the lattice. We now describes the four quantum
phases found in the phase diagram of FIG. 3.1.
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Double Superfluids (2SF) is a quantum phase in which both bosons species coexist
in a superfluid state. In this phase, the phase coherence imposed by the
superfluid states leads to a uniform density of the two bosonic components
among the lattice sites. This is due to a constant value of the mean occupation
number (ng;) = (np;) = %, while the non-zero quantum fluctuation (n2) # 0
(c = a,b) and the gapless excitation spectra reflect the superfluid character of
the two components. The 2SF phase features two U (1) broken symmetries and
is characterized by order parameters (a) # 0 and (b) # 0, or, equivalently, finite
stiffness of the total superfluid flow po # 0, and finite stiffness of the relative
superfluid flow pscr # 0 (see subsection 3.2.2 for details and definitions of
the superfluidity stiffnesses).

Demixed-SuperFluid (dSF) A double superfluid phase where the two bosons species
are spatially separated on the lattice (they complementary occupy different
portion of the lattice). The property of the two superfluids are the same as
those described for the 2SF phase with the only difference lying in their spa-
tial distribution. The dSF features two U (1) broken symmetries, but the two
species occupy different regions of the lattice. Therefore, in this case the mean
occupation number are (n,;) = n and (ny;) = 0 ({ny;) = 0 and (ny;) = n) for

the lattice site occupied by species A (B).

Demixd-Mott-Insulator (dAMI) is a quantum phase in which the two bosonic species
are two spatially separated Mott-Insulators. A Mott-Insulator is an incompress-
ible, insulating quantum phase featured by an energy gap between the ground
state and first exited states. While the dSF is characterized by two U(1) broken
symmetries over spatially separated regions, in the dMI these symmetries are
restored, that is, the system loses its off-diagonal long range (anisotropic)
correlations and becomes insulating. In this phase quantum fluctuations are
totally forbidden (n%) = 0 (¢ = a,b) and the mean occupation number can

assume only integer values (n.;) =n € N.

Super Counterflow (SCF) is a quantum phase where the mixture globally behaves
as a Mott-Insulator but low-energy transport is allowed as non-dissipative
superfluid of particle-hole pairs [1]. Strictly speaking, the name super coun-
terflow [1] come from the presence of two finite superfluid currents of the
two species in opposite directions (two counter-superfluids). The SCF phase
restores one U (1) broken symmetry and is characterized by order parameter
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{ab®) # 0 while (a) = 0 and (b) = 0, or, equivalently, zero total superfluid
stiffness, pior = 0, and finite relative superfluid stiffness, pscr # 0.

As we previously mentioned, the demixed phases are characterized by spatial
separation of the two components. This phenomenon is observed whenever U,;, > U
(as found in [1] within the isospin picture of bosonic mixtures for the Mott region).
A heuristic derivation of this condition for the case of generic filling factor is given in
subsection 3.2.1. In agreement with [75], we find that demixing is observed as soon
as Uyp/t > U/t for any value of U /t. In a demixed phase the density distribution
of the two components is anisotropic on the lattice with density maxima of one
species corresponding to density minima of the other (each site can be occupied
either by bosons of species A or B, but never by both at the same time). This is
even clearer by looking at the density maps of FIG. 3.2 where we can compare the
typical density distributions of different quantum phases. In FIG. 3.2 are displayed
the quantum-statistical average of the particle number (n;), (np;). The x and y axis
denote the x and y coordinates on the lattice. The color code is displayed on the
the right bar. Panel a) refers to the 2SF case where the density of each species is
uniformly distributed in the lattice, corresponding to the spatial coexistence of the
two species. Panel b) and c) refer to the dSF phase and dMI phase respectively. Here,
we clearly see that the two components occupy spatially-separated regions with well
defined boundaries of a few lattice steps of thickness where the two components
coexist. By comparing panel b) and c) of FIG. 3.2 we can notice that, in the double
Mott case, the boundaries between the regions occupied by the two species tend to
be rough and irregular, and compenetration between the regions is more pronounced.
The reasons that lead to this evidence seems to be suggested by the reduced mobility
of bosons in the dMI phase due to the stronger interaction regime in which this phase
is stabilized (dMI phase is stabilized for higher value of U/t and U/t than the
dSF phase). In FIG. 3.2 we neglected to plot the density map of the SCF phase as
it results perfectly identical to the density map of the 2SF phase (panel a)). The
particle-hole superfluidity of the SCF phase leads the mean occupation numbers of
the two species to be identical and equal to n/2 (as in the 2SF phase), this classifies
the SCF as a mixed phase from the mixing/demixing point of view.

As a final comment to the phase diagram of FIG. 3.1, it is worth noting that
both 2SF and dSF are conducting phases, while dMI and SCF are insulating phases,
although SCF supports flow in the so-called particle-hole channel. In order to reach
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Fig. 3.2 Quantum-statistical average of the particle number (), (np;). The x and y axis
denote the x and y coordinates on the lattice. The color code is displayed on the the right
bar. Panel a): 2SF phase at U/t = 10, U, /t = 7 with density uniformly distributed in
the lattice. Panel b): dSF phase at U/t = 15, U,;, /t = 20 with two components occupying
spatially-separated regions of the lattice. Panel c): dMI phase at U/t = 20, U/t =22
with two components occupying spatially-separated regions of the lattice. Compenetration
between the two regions is noticeable.

the insulating phases, both intra- and inter-species interactions have to be strong
enough. Indeed, for U,,/t < 13.5 (U/t < 15.5) the 2SF (dSF) phase is stable for
arbitrarily large U /t (Uyp/1).

3.2.1 Derivation of the condition for demixing

The mixing/demixing effect can be interpreted in a simple way for the dSF-SF
transition at generic filling factor. In a perturbative framework, where the energy
contribution of tunneling processes is assumed to be negligible, one should compare
the energy of the ground-state with the two species spatially separated to the energy

of the ground-state where the two species coexist within the lattice. When the two
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species occupy spatially separated regions of the lattice #Z, and %),, we assume that
M, (M) sites of %, (%),) are occupied by bosons A (B), with r, (r,) sites containing
n+1 (m+ 1) bosons, and M, — r, (M}, — rp) sites containing n (m) bosons. Note
that the total number of sites is given by M = M, + M,, while the total number of
particles is N, = M n+ r,, Nj = Mpm+ rp,. The nonuniform filling in %, and %,
reflects the SF character of the two species. The resulting energy reads:

U, U,
Ey =5 "Man(n—1)+ TbM;,m(m— 1)
4+ Ugrgn+Uprpm — UyNg — UpNp, 3.3)

where the U,,-dependent term is absent due to the spatial separation of the two
species. The mixing effect is described by: a boson is lost from each site of %,
(%)) occupied by n+ 1 (m+ 1) bosons while r, (r,) sites appear in %, (Z%,) with m
bosons B and one boson A (n bosons A and one boson B). U,;, interaction term is
now activated and the resulting energy is

U, U,
Ey = —'Man(n—1)+ 7”M,,m(m —1)
+  Uap(ram~+rpn) — taNo — UpNp . (3.4

This mutual exchange of bosons between %, and %), represents the mixing process
with the lowest-energy cost in the minimum-energy scenario. The condition Ey < E},
(justifying the transition from the uniform ground state to the demixed state) implies
that Uy, (rym + rpn) > Uyrgn + Uprpm which reduces to the well-known condition
U, > U for n = m and U, = Up,. This elementary argument is valid in the SF regime
due to its semiclassical character. Although the condition for demixing U,;, > U
seems to hold in general for any value of the interactions Uab/t and U /t, this
simple treatment cannot be extended to the transition from the dMI-SCF phase where
quantum correlations and hopping processes play a preminent role.

3.2.2 SCF phase transitions

The Super Counterflow phase is a global Mott-insulator phase where mobility is
allowed as superfluidity of particle-hole pairs. The detection of the transition to a

SCF phase is achieved by measuring the superfluidity stiffness [76] in the channel
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of super-counterfluidity. This is possible by performing a change of variable in the
definition of the winding numbers. As shown in chapter 2 the winding numbers are
physical quantities that carry the information of both the amount of delocalization and
long-range correlation of a given boson field gﬁc(?) (¢ = a,b). Winding numbers are
defined as topological quantum numbers and are associated to a particular evolution
in imaginary-time of the configuration representing the lattice (see chapter 2). In
two-dimensions they are a vectorial quantity and they are computed along both
the spatial directions x and y. The winding number W, = (WX, W?) numerically
describes the net number of times the N, bosons of a species ¢ = a,b wound around
the periodic cell along a given direction (x and y) in imaginary-time (they note how

many times periodic boundary conditions have been invoked).

As any quantum-mechanical physical observable, the winding numbers, from the
physical point of view, are described by a proper quantum operator and can be known
only in statistical terms by measuring their expectation value (Wc) and the quantum
fluctuation <WCZ) (their variance). In terms of quantum simulation, expectation
value and variance of W, are computed by collecting statistics of all the possible
values of the winding number W, from different configurations’evolution generated
throughout the simulation. The QMC algorithm during the simulation collects the
statistical distribution of possible winding numbers, and compute expectation values
and quantum fluctuations of W, by measuring the statistical mean and variance of
such a distribution. What plays a central role in measuring the delocalization (and
therefore correlation) of a bosonic species C = A, B is the expectation value of the
fluctuation (W?) of the winding number operator (¢ = a,b). If (W2) =0 ((W2) #0)

it means that the species C is localized (delocalized).

As mentioned above, in order to investigate the presence of the SCF phase, it is
useful to define the new set of winding number WS = Wa + Wb and Wd = Wa — Wb
where W, and W, refer to winding numbers of species A and B respectively. The
superfluidity stiffness in both total (WS), and relative (Wd) channels are then defined

as:
172
_ ) (3.5)

PSCF = —=q— (3.6)
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where (W?), (W?) are the computed mean values of the W2 and W operators that
give information proportional to the width of the quantum fluctuations of the new
set winding numbers (width of the winding numbers distribution). For the sake of
notation, from now on, we will refer to @; and @, to identify particular winding

number values in the statistics of the winding number operators W, and W,.

The 2SF phase is characterized by relatively large and finite values of both <WS2)
and <Wdz) (and therefore pror and pscr). This is due to the isotropic long-range
correlation of both bosonic species through the entire lattice. For the SCF phase this
is no longer the case, the presence of only the particle-hole superfluidity and a total
filling factor equal to 1, forces indeed only counter-superflow of different particles to
be allowed, resulting in a statistical relevant collection of configurations featured by
s = 0 (W, = —y). On the other hand, along the SCF' channel we still measure long
correlation length due to the presence of the particle-hole super-counterflow. In the
SCF regime MC-simulations show equivalence in the occurrence of winding number
of species A and B @, = —m;, whenever @, is observed (as the only possible total
winding number is @; = 0). This forces the statistic of the winding number w, to go
identically to zero, whenever w;, is odd. The winding number w, distribution is here
characterized by the very unique behaviour in which only even winding numbers are
allowed (see left panel of FIG. 3.4). This fact can be understood by looking at the

system

w, =0 o, +w,=0 W, =—0
S N a b N a (3 (3'7)
w; =k O =0,— 0, =k w; =20, =k

where k is integer by winding number definition. System (3.7) has clearly integer

solution w, and @y, if and only if w; = k is even.

Another limit situation that can provide useful information on the quantum phase
of the system is when both p;,; = 0 and pscr = 0. In this case the system is in the
dMI phase as it features short-range correlation and the superfluidity signature is
missing in all the possible channels. In particular, the change from a finite pscr to a
pscr = 0 is the signature of a transition from a SCF phase to a dMI phase. From the
simulative point of view this transition is well visible by looking at the distribution
of the collected statistics of the W; winding number. In the SCF-dMI transition this

distribution undergoes a change passing from the exotic behaviour of the SCF phase
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(left panel of FIG. 3.4) to the Dirac-delta-like behaviour of a Mott-Insulator phase
(right panel of FIG. 3.4).

In summary, evidence of both transitions concerning the SCF phase (2SF-SCF
and SCF-dMI) can be achieved in terms of changes in the superfluidity stiffness
(3.5) and (3.6). In Fig. 3.1, solid circles correspond to the 2SF-SCF transition. This
transition belong to the (2+1)-XY universality class. Transition points are found
using standard finite-size scaling of pyy as it can be seen FIG. 3.3 where we plot
the scaled total superfluidity as a function of interaction U/t for system sizes
L =8,16,24,36 and U /t = 20. The curves corresponding to different sizes intersect
at the critical point U, /t = 14.9 +0.1. Both 2SF and SCF are stable for U, < U.

The empty circles in Fig. 3.1 correspond to the SCF-dMI transition. Upon
entering the dMI the system restores the U(1) broken symmetry characterizing the
SCF. In order to detect the transition to the dMI phase has been measured the pscr
across the transition line and the parameter A illustrated in the next section for the
detection of the phase separation between the two species. Similarly to the 2SF-dSF
transition (see next section for details), we observe an increase of about three orders
of magnitude in A, while pscr goes to zero, resulting in a shrink in the winding

number distribution to delta-like behaviour as seen in FIG. 3.4.
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Fig. 3.3 Scaled total superfluidity py as a function of the inter-species interaction U, /1 for
system sizes L = 8,16,24,36 and U /t = 20. The intersection between curves corresponding
to different system sizes gives the transition point for the 2SF-SCF transition.
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Fig. 3.4 Winding number distribution of W, for the SCF phase (U/t =20, U/t =19.5 -
Left) and for the dMI phase(U /¢ = 20, U, /t = 22 - Right).
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SCF phase under population imbalance

We stop now to briefly show in this short subsection how the SCF phase behaves in
the presence of population imbalance. As previously shown the SCF phase can be
stabilized at n = 1 for sufficiently strong values of U /¢t but U < U,;,. To perform this
study we keep fixed the total number of particles N in order to satisfy the condition
n = 1, but we tune single-specie chemical potential u, and p; independently, in
order to achieve different population for the two bosons species N, # N,. Here we
are interested in showing that SCF still exists with non-zero imbalance although its
robustness depends on the latter. In Fig. 3.5 we plot pscr for different values of ratio
N /N,. We observe that SCF remains robust also for large population imbalance

although the largest superfluid response corresponds to the balanced case.
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Fig. 3.5 Super-counterfluidity stiffness as a function of N, /N, (U /t =20, U/t = 17 and
L = 24). Dashed line is a cubic polynomial least-square fit, while dotted lines represent
one-o deviation contours from the fit.

3.2.3 Transition to a demixed phase

According to Boninsegni et. al. the phase separation of bosons species in continuous

<Na>—<zvb>]2

systems can be efficiently detected by the demixing parameter D = [ NOTF N
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described in [66]. In this work we propose an alternative parameter more suitable
to lattice systems capable of describing with an high degree of rigourousness the
transition to a demixed quantum phase. The demixing parameter we chose for such

a task is: | . Ny

eyl

; ai bi

where (n.;) is the quantum-thermal average of the density of component ¢ = a, b at
site i. Parameter (4.1) is basically a lattice average of the square of the imbalance
of the local species’ density and is proportional to the expectation value of the
single site isospin <S’Zi)2 operator of the underlying SU(2) algebra'. Moreover,
unlike the parameter D, A can also be measured experimentally (see chapter 5
for details) as it measures the average imbalance of the two population among all
the lattice sites. Parameters D works well from the theoretical point of view in a
simulative background within the grand canonical ensemble picture. In that context,
the demixing condition leads to a depopulation of one of the two species, measurable
as a global population imbalance by the D parameter. However, depending on the
expectation value of the entire species populations (N,) and (N,), parameter D
cannot work in a real experimental realization of the twin-species model where the
total number of bosons of each species are conserved and the condition N, ~ N,
is satisfied. Relying on local quantities (n.;), demixing parameter A (4.1) does not

suffer this drawback.

The phase transition between 2SF and dSF (squares in FIG. 3.1) is detected by
studying the behavior of the A parameter. In Fig. 3.6 we show A as a function of
U/t forU/t =5,U/t =10, U/t = 15, circles, squares, triangles respectively. A
jump of four orders of magnitude is clearly visible when U, /t ~ U /t signaling the
onset of the demixed phase dSF at the expense of the 2SF. The large increase in
A underlies a strong evidence of an uniformity change in the species’ distribution.
Since the two species have been found to lie in a superfluid state both below and
above the diagonal of the phase diagram (pror # 0 and pscr # 0), the jump in A
clearly reveals the presence of a transition to the demixed superfluid phase. The same
method has been applied to detect the transition from the mixed to the demixed phase

in the strong interaction regime, namely, from the SCF phase to the dMI phase. It has

"Holstein and Primakoff [77] shown that spin lattice systems are equivalent to lattice boson
systems, therefore Hamiltonian (3.1) can be rewritten in terms of isospin operators SX,-, fyi, and S‘Z,-.
The isospin operators along the z pseudo-direction are defined as S; = w, their expectation value
is therefore proportional to the population imbalance of each lattice site.
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Fig. 3.6 Demixing parameter A as function of U,/ for U/t = 5,10, 15 (circles, squares,
triangles respectively) across the 2SF-dSF transition. A jump of four orders of magnitude
is clearly visible when U, /t ~ U/t signaling the onset of the demixed phase dSF at the
expense of the 2SF.

been found that even in the strong interaction regime the A parameter as a function
of U, /t manifests a step-like behaviour indicating the evidence of a transition to a
demixed phase (dMI).

The dSF phase becomes unstable towards a dMI phase upon increasing the
intra-species interaction (triangles in FIG. 3.1). We compute the phase boundary
by verifying the drop of the SF density of each component for system sizes L =
8,16,24. While the dSF is characterized by two U(1) broken symmetries over

spatially separated regions, in the dMI these symmetries are restored, that is, the
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system loses its off-diagonal long range (anisotropic) correlations and becomes
insulating. Investigating the details of this phase transition is challenging. Finite-size
scaling of the SF stiffness cannot be performed in proximity of demixed regions since
the statistics of winding numbers is affected by the topography and the topology of
the regions themselves, both of which depend on the initial conditions. If the shape
of the demixed regions is connected and restricted to a region that do not cross the
periodic boundaries, the computation of the winding numbers returns always zero,
leading to the conclusion that the superfluidity in that region is absent. This makes
the possibility to distinguish dSF and dMI phases strongly dependent by the topology
of the demixed regions. In order to avoid this problem the long-range (short-range)
correlation featuring dSF (dMI) phase has been checked through the computation of

auxiliary density-density correlators:
Ee(d) = (W (D) Pe(r')) = [r|=rand |¥'|=r+d (3.9)

where ¢ = a, b denotes the species C = A, B. If correlators &.(d) are different from
zero for large distances d, the species C = A, B features long-range correlation and
therefore is superfluid.

3.2.4 Time-Of-Flight Images of the different phases

We compute the momentum distribution for the different quantum phases that arises
from the phase diagram of FIG. 3.1. Momentum distribution are computed according
to the relation [78]:

nek = | Pue) E Zeik(r"_r-") <c§cj> (3.10)

i,J

through the computation of the correlators <c:fc ;) for species ¢ = a,b. Where P 1s
the Fourier transform of Wannier function ¢ (r), which we do not compute here. If
interactions of particles during the flight can be neglected, momentum distribution
are proportional to the Time-Of-Flight (TOF). TOF images are those absorption
images that arises from interference between particles when the confining potentials
are turned off and particles are let to propagate in space; they can be obtained

experimentally by standard absorption imaging techniques.

In figure 3.7 we show the computed momentum distributions for species ¢ = a, b.

TOF profiles along x and y lattice directions within the first Brillouin zone are plotted
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in FIG. 3.7 for the 2SF (panel a)), dSF (panel b)), SCF (panel c)) and dMI (panel d)).
Note that the TOF image of SCF corresponds to the one of the particle-hole pair. The
insets show the corresponding quantum-statistical average of the density of the two
components within the lattice. We observe different profiles featuring the different
quantum phases with an evident detectable anisotropy of distributions n along the
x— and y—direction for dSF. This is expected due to the anisotropy of the spatial
separation and represents a clear experimental signature of the dSF. On the other
hand the TOF image of dMI doesn’t reflect anisotropy of spatial separation due to the
absence of off-diagonal long range order. In general, we observe no differences in
the momentum distributions between the two species. By looking at the momentum
distribution of dMI we notice that it features a much broader response in momentum
if compared with the other quantum phases where some sort of superfluidity is
present. This is basically due to the Heisenberg Uncertainty Principle: in dMI the
high localization of particles results in a broader response in momenta, while in SF
phases (or counter-superfluid phases like SCF) the high delocalization leads to a

sharper and extremely localized response in momentum space.
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Fig. 3.7 Momentum distributions 7y in the first Brillouin zone for double superfluid 2SF
(panel a)), demixed superfluid dSF (panel b)), supercounterflow (panel ¢)) and demixed
Mott-Insulator (panel d)). The insets show the corresponding quantum-statistical average
of the density of the two components within the lattice. The demixed phases dSF shows an
evident anisotropy along the x— and y—direction. This is expected due to the anisotropy of
the spatial separation.

3.3 Ground-state phase diagram for non-integer fill-
ing

Away from commensurate total filling neither the dMI nor the SCF phase can be
stabilized. For non-integer total filling n the phase diagram of model (3.1) becomes
much simpler featuring only two quantum phases: a demixed superfluid phase
whenever the condition U,;, > U is satisfied, and a 2SF phase otherwise. In FIG. 3.8
we plot the ground state phase diagram for non-integer filling. As can be noticed
by the diagram itself, non-integer fillings lead to the stabilization of only superfluid
phases independently to the strength of the interaction Uy, /t and U /t. Furthermore,
we will show briefly that, although weakening for n < 1, the presence of a transition
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to a demixed phase along the diagonal U,;, = U seems to have a universal nature and
be independent on the filling factor of the system.
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Fig. 3.8 Ground-state phase diagram of twin bosonic species trapped in a uniform optical
lattice for non-integer total filling n. Only two phases are stabilized: double superfluid (2SF)
and demixed superfluid (dSF).

We now want to show the properties of the dSF phase as a function of the total
filling n. We find that demixing effects are still present at n < 1 although the spatial
separation between the two components A, B is not as pronounced as for n > 1. This
can be seen in Fig. 3.9, where we plot the demixing parameter A as a function of n
(circles). A substantial drop in the value of A is observed for n < 1. This is due to
the presence of large regions in the lattice where A and B overlap, as shown in the
left inset of Fig. 3.9 where we plot the quantum statistical average of the densities of
the two species at n = 0.3. This overlap region results from enhanced hopping of
particles which is responsible for larger fluctuations of (n, ;). For comparison, in
the right inset of Fig. 3.9, we show the species densities at n = 1.3. A net spatial
separation between A and B is observed. Despite this substantial drop in the value
of A for n < 1, we find that A is still a good indicator that demixing has occurred.
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Indeed, A values in the 2SF phase (triangles in Fig. 3.9) are still orders of magnitude
smaller than in the dSF phase. These results suggest that demixing effects can be
observed in the presence of an external harmonic trap where a variation of n within
the trap is present.
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Fig. 3.9 A parameter as a function of total filling n for dSF (circles, U/t = 10, U, /t = 15
and L = 24) and 2SF (triangles, U /t = 10, U, /t =7 and L = 24) phases. Insets represent
the average densities of the two components for n = 0.3 (left), n = 1.3 (right).

3.4 Harmonically Trapped system

In order to provide further information for the case of non-commensurate filling, we
move now to analyze the system in non-homogeneous conditions in the presence of

a harmonic trap. This also allows to simulate in a more realistic scenario, closer to
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real experimental realizations, giving us the opportunity to improve our grasp on the

experimental realizations of real finite-size systems.

In the following we consider balanced populations (N, = N,). We basically
show that even in the trapped case, demixed phases appears in both strong and
weak interaction regimes whenever U, > U. Furthermore, in the strong interaction
regime (corresponding to the SCF and dMI regions of FIG. 3.1) due to presence of
a radially variable filling factor, spatial shell structures can arise. The presence of
a harmonic confinement induces a variable filling profile in the lattice, the profile
manifests the same circular symmetry of the trap and features a decreasing filling
factor moving radially outward from the center of the trap (center of the lattice). If
the interactions are strong enough, insulating phases can be stabilized in proximity
of integer local-filling factor, this lead to the appearance of spatial shell structures
where shell of insulating phases (AMI or SCF) intercalates shell of superfluids phases
(2SF or dSF).

In the presence of a harmonic potential, the chemical potential of species ¢ = a, b,

occurring in the Hamiltonian (3.1) transforms according to
Hei = He — O (3.11)

where wy is the strength of the harmonic trap (expressed in unit of the hopping
amplitude ), and 7; the position vector of lattice site i. As anticipated above, this
leads to a variable local filling factor ny through the lattice, allowing us to explore
in a more complete way the influence of the filling variation on the phase diagram
of the system. As we showed in the section 3.3, demixing persists away from
filling n = 1, as long as U,, > U. This is even more evident in the trapped case. In
figure 3.10 we show the density map of a demixed superfluid in which a harmonic
confinement forces the mixture to occupy only the central regions of the lattice with
radially decreasing filling. In the right panel of figure 3.10 we display the demixed
density profiles of the two species for a radial section perpendicular to the interface
between the two superfluids. It is evident that demixing persists at any value of the
radial coordinate and for different values of the filling. It is worth noticing that, as
predicted in [72] for a mixture of two Bose-Einstein condensates in a harmonic trap,

the overlap energy is minimized when the boundary is a straight line.

For higher values of the inter- and intra-species potentials, within the SCF region
of the phase diagram (FIG. 3.1), we observe the presence of the well-known spatial
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Fig. 3.10 dSF phase (U /t = 10, U/t = 15, N, = 639, N;, = 641) confined in a Harmonic
trap (wy/t = 0.12). Left-Panel shows density maps for both species over the entire trap.
Right-Panel shows a radial section of density maps, perpendicular to the boundary.

shell structure [79-81]. For increasing total number of particles in the system,
we observe a spatial structure in which shells of 2SF phase intercalate SCF-phase
shells, depending on the value of the local filling factor. The different panels of Fig.
3.11 show density profiles for different values of N = N, 4+ NV, but same parameters
U/t =20,U,/t =17 and wy /t = 0.12. From top to bottom, radial profiles of total
density with increasing boson number are displayed. By increasing N, the spatial
shell structure appears, revealing the alternate shells of the two phases, with the
SCF characterized by a density plateau. The plateau are due to the incompressible
character of the Mott-Insulator-like phases (SCF is a global Mott-Insulator). We do
not observe a plateau at n = 2 in agreement with reference [82] where the formation
of SCF phase at double-commensurate filling is observed for larger values of U /t.

Always in the strong interaction regime, but for values of inter-species interaction
stronger than intra-species one, the system exhibts spatial shell structure featuring
evidence of tiny shell of dMI phases intercalating phases of dSF. Again, the incom-
pressible character of dMI phases is revealed by the presence of density plateau in
the total density profile for integer local-filling. This can be noticed in FIG. 3.12
where we plot density map (left panel) and density profile (right panel) along the
radial direction for a mixture stabilized for U/t = 20, U, /t = 24 trapped with a
harmonic potential strength of @y /t = 0.12. The roughness and irregularities of
the demixed regions can be understood in terms of the presence of the dMI phase.
High values of interactions U /t and U,;,/t play a prominent role in determining the

final shape of demixed regions both in the homogeneous and in the trapped case. If
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Fig. 3.11 Radial profiles of total density n, for increasing number of particles at U /1 = 20,
Uab/l‘ =17 and (J)H/t =0.12.

the conditions to stabilize a Mott-Insulator phase are satisfied, the high-energy cost
and the reduced mobility (reduced hopping) featuring this kind of phases freeze the
density distributions to a configuration really close to energy minimum but maybe
not exactly the absolute one.
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Fig. 3.12 Density maps (left panel) and density profile along the x axis (y = 0) for a harmoni-
cally trapped mixture simulated at U /t = 20, U, /t = 24 and oy /t = 0.12.

3.4.1 TOF images in the trapped case

By computing correlators (c?c ;) for both species ¢ = a, b, according to the relation
(3.10), we obtained the momentum distribution of the two boson species also for the
harmonically trapped case. In FIG. 3.13 we show the computed TOF images and
associated density maps for three different interaction regimes. The different panels
of FIG. 3.13 show the density maps (upper pannel) of species A (green) and B (blue)
and TOF images of species A (central panel, green) and species B (lower panel,
blue). Leftmost panels shows a mixture featuring a spatial shell structure with a
plateau of SCF surrounded by a central and an outer shell of 2SF. The corresponding
profile of this case is shown in the lower panel of FIG. 3.13, in this case U /t = 20,
Uup/t = 17 and @y /t = 0.12. Central panels show a trapped mixture in a 2SF phase
U/t =10, Uy /t =7 and wy/t = 0.03) while the righmost case is a situation in
wich dSF phase is stabilezed in the trap (U /t = 10, U, /t = 15 and wgy /t = 0.03).

As can be seen in FIG. 3.13, also in the trapped case the TOF images in which
SCF and/or 2SF are stabilized (left and central column) exhibit similar behaviour
due their isotropic superfluid character. The circular symmetry of the momentum
distributions is due to the circular symmetry of the trap. When the demixing effect
take place, we see that even in the trapped case a strong anisotropy in momentum
distribution appears along the direction of maximum confinement. This is mainly
due to the presence of the “hard-wall” between the two bosons species, that lead
to interference between propagating and back-propagating matter waves of each
species field along that direction of confinement. This provide by itself an interesting

feature as it would allow to probe the presence of such a phase in real experiments.
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Fig. 3.13 Density maps (upper panels) of specie A (green) and B (blue) and computed TOF
images of species A (green-central panels) and B (blue-lower panels) for three different
interaction regimes. Left column: 2SF/SCF spatial shell structure for U/t = 20, U/t = 17
and @y /t = 0.12. Central column: 2SF trapped phase for U/t = 10, U/t =7 and @y /t =
0.03. Right column: dSF trapped phase for U/t = 10, U,y /t = 15 and oy /t = 0.03.



Chapter 4

Phase Separation at finite
Temperature

In this chapter we analyze the twin-species model at finite temperature paying
particular attention to the influence of temperature fluctuations on phase separation
and demixed phases. The results and discussions contained in this chapter have
mainly been published in the paper [56]. As explained in chapter 2, the worm
algorithm quantum Monte Carlo, exploiting its imaginary-time picture, allows us to
explore quantum-thermal statistical averages of different physical quantities capable
of describing our lattice-bosons system. By choosing an inverse-temperature 3
sufficiently large (typically B = L/t), one can explore the properties of the ground-
state of the system. On the other hand, by simulating at smaller fs it is possible
to estimates the expectation value of different physical observable O (described by
the operator O) that are proportional to the quantum-thermal average: (e"ﬁH O>
that is the definition of “expectation value” of operator O in its quantum-statistical-

mechanical formulation.

By simulating at finite temperature, we are interested in exploring the role of the
temperature in the stabilization of demixed phases and quantifying how temperature
fluctuations affect the demixed phases observed in the ground-state. What we find is
that temperature fluctuation tend to compete with and eventually destroy demixing.
This reveals interesting thermometric properties that can be exploited experimentally
in order to achieve information on the temperature of the system. In the next chapter
we will carry on this idea and we will show how it is possible to exploit the demixing
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parameter described in the section 3.2.3 to measure the temperature in ultra-cold

mixtures (see chapter 5 for details).

To perform this analysis we work at finite temperature in both the weak (WI) and
strong interaction regimes (SI). We refer to weak (strong) interaction that range of
U /t, U/t where 2SF/dSF (SCF/dMI) phases can be stabilized in the ground state of
the homogeneous twin-species model at n = 1. Within the weak interaction regime,
we initially work at integer fillings and periodic boundary conditions (homogeneous
case). We then move to consider the trapped case, studying the appearance of the
spatial-shell structures, the relation between demixing and Time-Of-Flight images
at finite temperature, and the interplay between temperature effects and demixing
properties. Finally, we repeat the study in the strong-interacting regime for the
trapped case, showing that, even within this scenario the thermometric properties of
A are preserved.

4.1 Temperature-dependent mixing in a homogeneous

case

We start our analysis at finite temperature in the homogeneous case. We work with
periodic boundary conditions and integer fillings considering in particular, n = 1 and
n = 2. The two cases correspond to N, + N, = L? and N, + N, = 2L?, respectively,
where L is the linear size of the lattice (in unit of the lattice step a). Also in this case

we consider the case of twin-species model described so far.

As we have shown in the previous chapter, the ground-state (7' = 0) phase dia-
gram of a mixture of twin bosonic species trapped in an optical lattice, at total filling
n = 1, features a demixed superfluid phase (dSF) and a demixed Mott-insulator (dMI)
phase when the interspecies interaction becomes greater than the intraspecies repul-
sion, and a double-superfluid phase (2SF) or a supercounterflow (SCF) otherwise
(see FIG. 3.1 in chapter 3).

To study the effect of temperature fluctuations, we first focus on the transition
2SF-dSF, since this can be observed for any choice of the filling factor [55], while
the transition from dMI-SCF requires an integer value of the filling factor.
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In order to quantify demixing effects, we compute the parameter A defined in
the previous chapter (see section 3.2.3). For the sake of clearness we report here the

definition of the parameter

1 N Ap N2

A=—Y [—<”‘”> <”b’>] , @.1)
M & L(ng) + (npi)

where the sum runs over all the M = L? lattice sites; A ranges from 0, if all sites are

equally populated, to 1, for complete demixing.

4.1.1 Total filling n = 1

We initially start our study at total filling n = 1. We simulated the system for different
temperatures, and different values of the inter-species interaction U, /t. We found
that temperature fluctuations tend to destroy the order brought by the demixing effect,

leaving remarkable signatures of it in the behaviour of the A parameter.

In FIG. 4.1 we plot A as a function of inter-species interaction U,y /¢ for different
temperatures in the range 0.042 < 7/t < 1 and at fixed U/t = 10. At lower tem-
peratures, a step-like increase in the value of the demixing parameter A signals the
onset of strong demixing in the system. As the temperature is increased, thermal
fluctuations become more prominent and the mixing of the two components is re-
stored even for U, > U. A curves and their uncertainties in FIG. 4.1 are obtained by
averaging multiple-run QMC simulations with different random-generators seeds
and different initial conditions. The observed fluctuations are essentially due to

transitions between equally stable states.

FIG. 4.2 shows A as a function of T/t for different values of inter-species
interaction U, /t and at fixed U/t = 10. The main plot, which refers to the dSF
phase, shows a pronounced dependence of A on temperature: a drop in A of three
order of magnitudes within a relatively small range of temperatures. On the other
hand, for the 2SF phase (inset of FIG. 4.2), A remains approximately of the same
order of magnitude (and orders of magnitude smaller than in the dSF phase) with
increasing T'. The strong dependence of A on T/t displayed in FIG. 4.2 supports its
application as a thermometer. The idea to exploit demixing as a mean to measure the
temperature of the system can be practically realized by an experimental estimate of

the A parameter (see chapter 5 for details).
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Fig. 4.1 Parameter A as a function of Uy /1 at different temperatures 7' /¢ at total filling n = 1
(lines are guidelines). Simulations performed for U/t = 10 along 2SF/dSF phase transition.
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Fig. 4.2 A-parameter as a function of temperature 7' /¢ for different values of the inter-species
potential Uy, (lines are guidelines). Simulations performed for U = 10, n = 1 along 2SF/dSF
phase transition.



74 Phase Separation at finite Temperature

4.1.2 Total filling n =2

For total filling factor n = 2, the larger energy penalty associated with the overlap
between components leads, in general, to a more evident demixing [55] character-
ized by a neat spatial separation between the two species. This robustness against
miscibility results in a stronger robustness against temperature fluctuations than at

lower filling factors.

In FIG. 4.3 we plot A for n = 2 as a function of U, /¢ for the same interaction
(U/t = 10) as in FIG. 4.1 but a larger temperature range. At n = 2 parameter A
manifests an apparent similar behaviour against temperature with respect to the one
at n = 1. However, a comparison with FIG. 4.1 shows that, at n = 2, a significant
increase in temperatures is needed in order to destroy demixing. This is further
demonstrated in the density maps of FIG. 4.4. FIG. 4.4 shows quantum-statistical
average of computed occupation number per lattice site for n =1 (left) and n =2
(right) performed under same interactions and temperature conditions (U /¢t = 10,
Ugp/t =14 and T /t = 0.5).

In FIG. 4.5 we plotted A as a function of T/t for n =2 and U,, > U. By
comparing FIG. 4.2 and 4.5 it is possible to appreciate the strong dependence of A
with the temperature. This suggests that the presence of temperature fluctuations
tends to destroy the spatial demixing of the two species and, how the strength of
the inter-species interaction Uy, plays an important role in contrasting this effect.
In both figures it can be easily noticed as a stronger repulsion between the two
species (Ugp) leads to a slower decrease of A(ry curves. On the other hand, this

temperature-dependent mixing effect seems to be retarded in case of higher filling.

This behavior can be understood by observing that, for U,;, > U, increasing the
filling factor further inhibits the start of the mixing process of the two components. In
this sense, the minimal mixing action consists in displacing a single boson a (b) in the
domain of components B (A). For n = 2, the heuristic calculation of the free-energy
cost for creating a double pair ab gives AF = 2(U,, — U)(n— 1) — Tkgln(L*/4).
The mixing temperature is found to be kgT = 2(U,, — U)/In(L*/4). For n = 1,
the mixing process begins with the formation of a single pair ab and a hole. This
entails AF = U, — TkgIn(L*/4) and kT = U,,/In(L*/4). In both cases, using
the parameter values of 4.5 and 4.5 gives kgT /t ~ 1 in agreement with numerical

results. The dependence on the lattice size L reflects the finite-size character of our
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Fig. 4.3 A-parameter as a function of Uy, at different temperatures 7 /¢ at total filling n = 2
(lines are guidelines). Simulations performed for U = 10 along 2SF/dSF phase transition.

model. The temperature at which the first pairs ab crop up is proportional to Uy,

thus confirming the inhibition of the mixing effect for increasing U,.
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Fig. 4.4 Density maps for a dSF phase at U/t = 10, U/t = 14 and T /t = 0.5 computed at
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Fig. 4.5 A-parameter as a function of 7'/t for different values of U,,/t > U (U /t = 10) at
total filling » = 2 (lines are guidelines).
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4.2 Temperature-dependent mixing in a trap

In order to consider a more general and realistic scenario, we extend our investigation
to a generic filling factor by relaxing the homogeneity assumption and study the
system in a harmonic trap. In the presence of a harmonic potential, the chemical

potential of species ¢ = a, b, transforms according to
=2
Uei = Ue — OHT; 4.2)

where @y is the strength of the harmonic trap (expressed in unit of the hopping am-
plitude ¢), and 7; the position vector of lattice site i. This leads to a space-dependent
local filling factor n;y through the lattice, allowing us to explore in a more complete
way the influence of the temperature on the interplay between mixed/demixed phases

in condition of generic filling factors.
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Fig. 4.6 Density maps for decreasing temperature (left to right). The mixture (U /t = 10,
Uap/t = 15) is trapped in a harmonic potential of strength cy /t = 0.03.

As shown in chapter 3, the presence of the demixing effect is not affected a priori
by the application of a harmonic potential as far as the condition U, > U is satisfied.
At sufficiently low temperatures the demixing effect in the trap manifests itself
through the occurrence of a sharp and straight boundary between the two species
(see FIG. 3.10 in chapter 3). This represents the minimum-energy configuration for
a demixed system in a trap, as originally predicted by [72] for continuous systems.

We consider then a mixture trapped in a harmonic potential for different tem-
peratures. In general, we see that even in the trapped case temperature fluctuations
tend to destroy the demixing effect. This phenomena is well visible in Fig. 4.9
where we plotted from left to right several density maps for decreasing value of the
temperature (U /t = 10,U,p/t = 15,0y /t = 0.03 and N ~ 1670). It can be easily seen
as increasing temperatures lead to a progressive destruction of the spatial demixing
between the two species.
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Fig. 4.7 Density maps (first row) and their section at y = L/2 along x-direction (second
row) for temperatures 7'/t = 1.00 (left column) and 7' /¢ = 0.06 (right column). The mixture
(U/t =10, U, /t = 15) is trapped in a harmonic potential of strength @ /f = 0.03.

For intermediate temperatures this effect give rise to spatial shell structures (see
FIG. 4.9 and 4.7) in which a central demixed phase (dSF) is surrounded by a shell of
mixed phase (2SF). In the first row of FIG. 4.9 it is well visible that the temperature-
induced mixing effect first appears where the density is lower (that is in the outer
shell) and in the proximity of the boundary separating the two species. Such an
effect is due to the larger entropy associated with demixing in these regions. For
sufficiently large temperatures we detected the presence of a third surrounding shell
of a Normal-Fluid (NF) phase. As expected, the thickness of the NF shell increases
for increasing temperatures (see below section 4.2.2 for details).
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The fact that we find a demixed phase at the center of the trap where the local
filling is higher, and a mixed phase in the surrounding shell where the local filling
is lower, confirms what we have found in the homogeneous case, in which higher
fillings (center of the trap) manifest stronger robustness to the temperature-dependent
mixing effect. However, it is worth stressing that, even if this mixing effect reaches
its maximum in the outer shell, it is not restricted only to that region. Indeed, in
general it extends to the entire lattice. This can be seen by looking at the lower row
of FIG. 4.7 in which a section of the density map of the two species is plotted for
y = L/2 along the x-direction. From Fig. 4.7 it can be noticed as in the case of shell
structure (left panel), when the density of a species reaches its own maximum, the
other does not go identically to zero as it does in the completely demixed case (right
panel). A partial but finite mixing of the two species is present everywhere in the

lattice.

In FIG. 4.8 we show the behaviour of the A parameter as function of 7' /7 for the
trapped case for U/t = 10, U,,/t = 15 and a harmonic potential strength g/t =
0.03. Each A curve in the plot corresponds to a series of different simulations for
different temperatures with the same number of bosons N in the system. Even in the
trapped case, the parameter A very well quantifies the degree of spatial separation
of the two species as well as the mixing effect induced by quantum fluctuations.
Slightly higher number of bosons in the system confirms the robustness against
temperature mixing effect at higher filling. Furthermore, we notice that the jump of
A over the considered range of temperatures in the trapped case is smaller than in
the homogeneous one (about one order of magnitude). Larger local densities at the
center of the trap imply larger interactions energies thus reducing the boson mobility

and their mixing degree.
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Fig. 4.8 A parameter as a function of 7'/t in the trapped case (U /t = 10, U/t = 15 and
oy /t = 0.03) for different total boson number N (lines are guidelines).

4.2.1 TOF images at finite temperature

In search of additional experimental signatures of the temperature-driven transition
from the dSF to the 2SF phase, we computed the momentum distributions 7. =
|D(xe) 2, ek(ri—r)) (cjcj> [78] for species ¢ = a, b.
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Fig. 4.9 Density maps (first row) and computed TOF images for specie A (second-row) and
B (third-row) for decreasing temperature (left to right). The mixture (U /t = 10, U/t = 15)
is trapped in a harmonic potential of strength @y /t = 0.03.

In second and third row of FIG. 4.9 we plotted the momentum distribution
of species A (second row) and B (third row) for a trapped mixture at decreasing
temperatures (left to right). By increasing the temperature in the system, we observe
how the abrupt changes in the momentum distribution marks the appearance of the

spatial shell structure and the mixed phase.

This dramatic change is outlined in FIG. 4.10 where we plot together density
and momentum distribution of both species for a spatial shell structure configuration
at T/t = 1.00 (left column) and a completely demixed one at T/t = 0.06 (right
column). Both FIG. 4.9 and FIG. 4.10 are obtained by simulating the system with
N =~ 1670 £ 3% bosons, and for interactions U/t = 10, U,,/t = 15 and @y /t =
0.03. We observe the disappearance of the interference pattern of the single-species
momentum distribution as soon as the phase coherence is restored over the entire
lattice by the presence of mixed superfluid species. As shown in FIG. 4.7, the
presence of a spatial shell structure implies a residual mixing of the two bosons
species over the entire lattice. The fact that the two species are superfluid on
the entire lattice, forces phase coherence among all the lattice sites producing no
interference pattern when the optical lattice is turned off. On the other hand, when
the “hard-wall” characterizing the spatial separation of the demixed phase is present,
the phase coherence is restricted to the portions of the lattice where a single species
is confined. This produces the interference pattern shown in the TOF images of FIGs.

4.9 and 4.10. Such patterns are essentially due to the interference of propagating
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Fig. 4.10 Density maps (first row) and computed TOF images for specie A (second-row) and
B (third-row) for temperatures 7'/t = 1.00 (left column) and 7'/t = 0.06 (right column). The
mixture (U /t = 10, U, /t = 15) is trapped in a harmonic potential of strength @ /r = 0.03.
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and reflecting waves bouncing back from the “hard-wall” separating the demixed

species.
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TOF images of meta-stable states

By using TOF images it is possible to understand if the demixed system is in the
ground state configuration or in a meta-stable state close to it. The minimum-energy
configuration in a harmonically trapped system, is characterized by a straight bound-
ary between the two species [72] (e.g. see right panel of FIG. 4.10). However,
in Bose-Hubbard systems [83, 84] there exists infinitely-many local minima fea-
turing meta-stable states whose energy is really close to the ground-state. These
states are characterized by configuration of the mean occupation numbers slightly
different from the minimum energy configuration. These configuration features in
general irregular or multiple boundaries between the two species. By computing
the TOF images of such non-equilibrium configurations, we find that the irregu-
lar/multiple boundaries of the demixed configuration leads to irregular and more
complex interference patterns. Two example of these configurations are reported
in FIG. 4.11. In the two panels we display the TOF images of both species A (cen-
tral column) and B (right column) of two different systems with N ~ 1453 (Upper
panel) and N ~ 1644 (Lower Panel), respectively. Both simulations are performed at
T/t=0.042,U/t =10, U/t = 15 and g/t = 0.03.
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Fig. 4.11 Metastable configurations and related momentum distributoins of species A (central
column) and B (right column). Simulation performed with N = 1453 (Upper panel) and
N ~ 1644 (Lower Panel) at 7'/t = 0.042, U /t = 10, U/t = 15 and wy /t = 0.03

4.2.2 Normal fluid Phase Transition

For sufficiently high temperatures, the outer (spatial) shell is filled with a normal
fluid (NF). In order to check the presence of the NF phase we computed the field-field

correlators:

(W)= Y, ¥ (e 43)

ir|rj|=r j:rj—rj|=d

for species ¢ = a, b. These are obtained from correlators (cjc ;) by grouping together
all the sites i at a given radius r (from the center of the trap) and all the sites j at
a given distance d = |r; —r;| from the sites i. In the right column of FIG. 4.12 we
show the behaviour of correlators (4.3) of species A for increasing temperatures.
Due to symmetry, the correlators of species B manifest the same behaviour and
therefore are omitted. For the sake of completeness, the left column of FIG. 4.12
displays the corresponding density maps. FIG. 4.12 shows that for low temperatures

the field-field correlation is spread uniformly all over the occupied lattice sites. On
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the other hand, we notice that for sufficiently high temperatures the system manifests
long-range correlation in a disk-like region around the trap center, and short-range
correlation for larger radial distances. In particular, long-range correlations suggest
the presence of superfluid phases (dSF and 2SF) in the central disk-like region, while
short-range correlations suggest the presence of an external NF shell in the outer
portion of the lattice. We notice as well that spatial-shell structures features an

increasing thickness of the NF shell for increasing temperatures (last two rows of
FIG. 4.12).
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Fig. 4.12 Field-Field correlator (¥.(r)"¥.(d)) (in arbitrary units) of a single bosonic species
(c = a) for increasing temperatures (right column), and their associated density maps (left

column).
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4.3 Strong interaction regimes

As did in chapter 3 at zero-temperature, we now move on considering the trapped
system within the strong interaction regime. We run several simulations at finite
temperature. The simulations are performed in the temperature range 7'/t = 0.042 =
3.33 and for each case the density maps and the demixing parameter A are analyzed
and estimated. We find that much richer spatial shell structures arise in the strong
interaction regime, and that even in this case phase separation is progressively

destroyed by temperature fluctuations.

In figure 4.13 we plot the parameter A as a function of temperature 7'/t for
stronger values of U/t and Uy, /t (U/t =20, Uyp/t = 24 and wy/t = 0.12). We
notice that even in the strong interaction regime A manifests a decreasing behaviour
as a function of temperature. By comparing FIG.4.8 and FIG. 4.13 we notice that A
undergoes a way smaller jump through the same range of temperature in the high

interaction case.

In figure 4.14 we show that spatial shell structures arise also for larger values
of interaction U/t and U,,/t. However in these regimes, as shown in FIG. 3.1,
the phase diagram exploits different quantum phases depending on the filling. In
particular, for our selected value of U/t = 20 and U, /t = 24, at zero-temperature,
and integer local filling, the system is expected to be in dMI state. The presence
of such a phase can be noticed from the appearance of constant and integer density
plateau in the total density profiles shown in FIG. 4.14 (second row plots, black-
solid lines). The incompressibility of dMI phase lead to regions of constant integer
filling. If the thickness of these plateau is small enough, the incompressibility of
the Mott-Insulator is capable to counteract the action of the external harmonic trap
that would impose a much smoother density profile. Such a phase can be observed
in the regions of integer filling (density maps at 7'/t = 0.25 and T /t = 0.06 in FIG.
4.14). As discussed in chapter 3 the strong interaction and very low temperatures
are responsible for the fragmented structure of these density maps, and they are
intimately related with the metastable character of these configurations.

Furthermore, at higher temperatures (left columns in FIG. 4.14) in the outer
regions, we find a mixed phase forming a thin shell with a n = 1 plateau, suggesting
the presence of a SCF phase in that region. The SCF is by definition a mixed phase,
but with that global Mott-Insulator character that could provide the incompressibility
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Fig. 4.13 A parameter as a function of 7 /¢ for a trapped system in the strong interaction
regime (U /t = 20, Uy, /t = 24 and @y /t = 0.12). Simulations are performed with N ~ 1916
particles.

responsible for the formation of constant density plateau. The problem is that,
according to the phase diagram of FIG. 3.1, at T/t ~ 0, the SCF shouldn’t be
stabilized for value of U, /t above the diagonal U,;, = U. However, the SCF at U, >
U can be made accessible by temperature excitations, since the energy separation
between the dMI and the SCF is of the order of ~ |t?/U — 12 /U, +U — Uy [1, 2].
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Fig. 4.14 Density maps (first row) and density profiles (second row) of species A (green) and
B (blue), for decreasing temperature (left to right) in the SI regime: U/t = 20, U, /t = 24
and trapping potential strength @y /t = 0.12. Density profiles (n.) are computed along
the horizontal axis through the center of the trap. The total density profile is also shown
(black-solid line).



Chapter 5
Thermometry of ultra-cold mixtures

In this short chapter we illustrate a method for thermometry of a binary bosonic
mixture trapped in an optical lattice. Our proposal, based on the fundamental
principle of miscibility, works both in the weakly- and the strongly-interacting regime.
This method has been proposed to the scientific community and has been published

in the paper: “Thermometry of Cold Atoms in Optical Lattices via Demixing" [56].

Thermometry in optical lattices can be very cumbersome, a fact often limiting
the comparison between theoretical and experimental findings is the lack of reliable
estimators capable of extracting information on the temperature of this kind of
systems. In general, measuring fundamental parameters, such as temperature, in
strongly correlated quantum gases can be far from trivial. The physical reason is
that the primary thermometric quantity used in cold atoms experiments, namely
the momentum distribution, in strongly correlated regimes is often dominated by
quantum rather than thermal fluctuations, thereby becoming quite insensitive to
temperature variations. Furthermore, if compared with continuous counterparts
where the typical condensation-temperatures range around the order of magnitude of
about 10% nK, optical-lattice systems, due to their stronger-confinement, are expected
to feature temperatures two order of magnitude lower (on the order of the tunneling
amplitude 10° = 10! nK). The extremely low expected temperatures, the difficulty
to obtain reliable thermometric estimators together with fact that this is the regime
where “quantum magnetism” is expected, make this issue extremely attractive and
fascinating.
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In the last few years, this challenge stimulated numerous theoretical proposals and
experiments [42]. Within the well-understood weakly interacting regime, two main
standard approaches have been carried out capable of measuring the temperature in
optical lattice system. This is done in general through sample subsets [43, 44, 85, 47],
or by measuring in-situ local density fluctuations with high-resolution imaging [34—
39]. On the other hand, within the context of bosonic mixtures several seminal
work have been reported. With a rubidium condensate, demixing between two spin
components was induced by a magnetic field gradient and the width of the interface
region was used to estimate the temperature [43]. Recently, the spin waves, or
‘magnons’, in a spinor Rb condensate were used to reduce the entropy per particle to
values as low as 0.02 kp [48], an order of magnitude below the values required for
the onset of magnetic phases [86]. However, the measure of the temperature in the

so-called strong interaction (SI) regime still lack of reliable estimators.

In this chapter, we want to propose a thermometry technique for ultra-cold
quantum mixtures in optical lattices based on the demixing of two mutually repulsive
components. In the previous chapter (chapter 4) we have shown that temperature
fluctuations compete with, and eventually destroy, demixing. The idea is to take
advantage of this competition to propose a route for thermometry by employing
the same global demixing estimator A defined in chapter 3 which can readily be

measured and used to determine the temperature.

5.1 A-thermometer

Let’s now move on designing our new thermometric technique. For doing so we
first need to briefly review the thermometric property of parameter A. In chapter
4 we have shown that A parameter, in both trapped and homogeneous conditions,
exhibits a decreasing behaviour as a function of the temperature 7' /z. For the sake of
clearness, in the two panel of FIG. 5.1, we report the behaviour of parameter A as a
function of temperature 7' /¢ and inter-species interaction Uy, /¢, in the homogeneous
case, for n =1 (left panel) and n = 2 (right panel). The strong dependence of A on
T displayed in the dSF phase describes very well the competition between the phase
separation and the temperature fluctuations and motivates the basic idea of extracting

the temperature from the measurement of the demixing parameter.
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Fig. 5.1 Parameter A as a function of temperature 7' /¢ and interspecies interactions Uy, /1,
at U/t = 10. Total filling n = 1 (left panel) and n = 2 (right panel). Points show numerical
results.

Furthermore, in chapter 4, we outlined that at n = 2, much higher temperature
are required in order to destroy demixing, showing that robustness against miscibility
results in a stronger robustness against temperature fluctuations. In this sense, larger
filling factors shift the operating range of the proposed thermometer towards higher
temperatures. This provides an interesting scenario as in a real experimental setup,
a harmonic trap is always present leading to non-uniform local filling profiles with
central fillings in general higher than one.

In order to properly design a thermometric technique for real experimental
applications, is therefore necessary to move to consider the harmonically trapped
case. As seen in chapter 4, also in this topological scenario, the A has been proven to
remarkably being able to return a reliable estimate of the temperature. Furthermore,
A seems to work well not only in the weakly- but also within the strongly-interacting
regime. We can therefore use QMC simulations to physically implement our A-
thermometer.

By simply running simulations at different finite temperatures, within the correct
settings of the inter-species and intra-species interaction U b/t and U /t, and loading
an established number of particles in the system, it is possible to estimate for each
simulation, the value of the parameter A and link it to the value of the temperature
under which the simulation has been performed. If one is now able to measure
experimentally the parameter A (see subsection 5.2 below), by knowing the number
of particle in the system, and the parameter under which the experiment has been
performed (the value of ¢, U, and U,;,), he would be able to link the measure of A
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to the value of the temperature in the optical-lattice system. In FIG. 5.2 we plot

35 T(A)
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Fig. 5.2 A-thermometer: Temperature as a function of the parameter A in the trapped case.
Solid lines: @y /t = 0.03,U/t = 10,U,/t = 15; black dashed line: @y /t =0.12,U/t =
20,U,p/t = 24.

the 7 VS A curves for both weak- and strong-interacting regime, obtained by the
simulations shown in chapter 4 (see FIG. 4.8 and 4.13 for details). By exploiting
the curves of FIG. 5.2 it is possible to link directly an experimental measurement
in A with the corresponding measure of the temperature of the system 7'(A). This

constitutes by itself the essence of our thermometric technique.

The range of measurable temperatures detectable with this technique can be
expressed in Kelvin by knowing the value of the common hopping amplitude ¢ of the
twin-species. As shown in section 1.4.1, typical experimental tunneling amplitude for
Rubidium and Potassium are: gy, /kp = 2.08 nK and tx /kg = 17.9 nK. In table 5.1
we report the temperature-range of the A-thermometer shown in FIG. 5.2 measured

in Kelvin by considering the tunneling amplitude listed above.
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T/t | Tgy [nK] | Tg [nK]
0.042 | 0.08 0.75
0.5 1.04 8.95

1 2.08 17.90
1.5 3.12 26.85

2 4.16 35.80
2.5 5.20 44.75

3 6.24 53.70

Finally, our currently proposed thermometry technique can be validated by
parallely measuring the temperature through an ordinary accepted technique [87].
This can be done by first considering the case of a moderately shallow optical
lattice where, due to the sufficiently weak interspecies interaction, each species is
superfluid and the temperature can independently be determined by their momentum
distribution. Once the tare has been taken over, we can move forward to consider
a deeper optical lattice, thus SI regimes, for which we lack of reliable temperature
estimators other than the direct microscopic observation of particle-hole pairs. As we
just showed above, within this regime, our proposed thermometry technique seems

to prove a remarkably effective tool.

5.2 Experimental measure of A

The demixing parameter A defined in chapter 3 relies on single-site occupation

numbers (n;):

M = L(ng) + (np;)

For this reason, an experimental measurement of A can be obtained directly from high

A iz[<nai>—<l’lbi>]2' (5.1

resolution microscope images [34-39]. However, being a global observable, A does
not require knowledge of the local densities and is also obtained by spectroscopic
techniques. Indeed, the number of sites occupied by both species can be detected
by driving transitions sufficiently narrow in energy, involving either the internal
atomic states, such as microwave transitions [88], or the external degrees of freedom,
such as in band spectroscopy [89]. In practice, the task is eased in proximity of the
interspecies Feshbach resonance enhancing U,;,. We focus on hyperfine transitions

for sake of concreteness: if the interactions between final states are negligible with
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respect to U,y,, a microwave field with a frequency shift ~ U,,¢m with respect to
the bare hyperfine splitting will drive transitions in all lattice sites with occupation
numbers (ng,n,) = (¢,m) or (m,¢). A measurement of the transferred atoms yields
the relative number of the lattice sites, f(¢,m), with the given fillings. Once all the
f(£,m) values are deduced from the microwave spectrum of transferred atoms, the
demixing parameter is readily obtained as

Aep= Y, F(lsm)(€—m)*/(€+m). (5.2)
(¢,m)



Chapter 6

Analytic solution of the 2-sites BH
model with the Bogoliubov approach

In this chapter we focus on the investigation of a simple two-sites BH model from
the analytical and numerical point of view. This model describes the simplest but
not trivial system where mixtures of different atomic species can be loaded in the
trap formed by a double-well potential. Two-well systems has been experimentally
realized by Albiez and co-workers in 2005 [90] by superposing a parabolic trap with
a sinusoidal linear potential. From the theoretical point of view, this system has been
widely explored within the mean-field approach to analyze the atomic counterpart
of the Josephson effect in superconductor-oxide-superconductor junctions [91], the
dynamical stability of binary mixtures [92, 93], different types of self-trapping
solutions [94], the effectiveness of the space-mode description within the Gross-
Pitaevskii picture [95, 96] and the Rabi-Josephson regime [97].

In the following we explore the low-energy properties of a two-species mixture
confined in a double-well potential. The model describing this system is therefore
a two-species Bose-Hubbard Hamiltonian defined on a two-site lattice. We first
numerically diagonalize the Hamiltonian in the zero-temperature regime. We then
use the numerical results to approach analytically the investigation of the low-energy
regimes within the Bogoliubov approximation. The diagonalization is performed
in both the strong-interaction (|U,| > U) and in the weak-interaction (|U,| < U)
regime, by identifying weakly-occupied modes in the space-mode picture and in the
momentum-mode picture, respectively. We considered here both the attractive and
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repulsive inter-species interaction cases. We reconstruct the low-energy spectrum,
comparing the latter with the numerical eigenspectrum, and provide an approximate

form of weakly-excited states.

Despite the simplicity of the system, we find that the most fundamental properties
of the mixing/demixing phase transitions shown in the previous chapters also arise
in this simple model. By keeping fixed the intra-species interaction U, variations
of inter-species interaction U, produce significant changes in the structure of the
ground state. On the repulsive side (U, > 0), increasing U, drives the ground state
from the uniform state (delocalization regime with mixed species) to a symmetric
superposition of states exhibiting a macroscopic space separation (demixing) of the
two species, passing through an intermediate configuration where the delocalized
state and the symmetric demixed state coexist. On the other hand, in the attractive
case (Uy, < 0), the uniform ground state features configurations in which bosons of
different species tend to macroscopically populate the same site (localization regime
with mixed species). Within this analysis, by reconstructing the low-energy spectrum
we find that the mixing/demixing transition features a spectral collapse reflecting the
dramatic change of the dynamical algebra of the model Hamiltonian.

The chapter is organized as follows. We first briefly review the two-sites BH
model, we then move to the discussion of the numerical results and to introduce the
analytical diagonalization method used.

The results and the discussions contained in this chapter have mainly been
published in the paper [57].

6.1 The 2-site 2-species BH Hamiltonian

Recalling what we showed in chapter 1, the two-species Bose-Hubbard Hamiltonian

for a two-site system is defined as:

c=a,b

A=) H.+Hy, (6.1)
:a7

with U
Hc = jc[ﬁcl (ﬁcl - 1) +ﬁ02<ﬁ62 - 1)] — I (CTCZ +C;CI);
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and
Ny T T T T
H,, =Uy, (a1a1b1b1 —|—a2a2b2b2) .

Where i, = cch,- is the number operator of bosonic species C = A, B in the site
i = 1,2. The operator ¢; = a;(b;) annihilates a boson of species A (B) in the ith site
(i=1,2, with 1 (2) representing the left (right) well), U, is the amplitude of the intra-
species onsite interaction, 7. is the tunneling amplitude, and U, is the interspecies
interaction amplitude between bosons in the same well. Boson operators a;, af, b;
and bl.T, in addition to [ai,a;] =0;j = [bi,bj] with j = 1,2, satisfy the commutators
lai,b;] =0, and [a,—,b;] = 0. For each species, the total boson numbers N, commute
with H implying that N, = N, + N,» and Nj, = Nj + N are conserved quantities.
Also in this case, we work within the twin-species approximation, assuming species
A and B with the same mass, the same intra-species s-wave scattering length, and
experiencing identical double-well and harmonic confinements. In the following, we
thus sett, =1, =t and U, = U, = U, that is, the components A and B have the same

hopping parameter and intra-species interaction.

6.2 Numerical analysis

We numerically solve the eigenvalue equation associated to Hamiltonian (6.1)

FI|‘/’>n =Eu|¥)n (6.2)

for fixed numbers N, and N, of bosons of species A and B, respectively. In this case
the Hamiltonian can be represented by a M x M matrix with M = (N, +1)(N,+1) in
the basis |7, /)1 ® [Ny —i,Np — j)gr with i € [0, N,] and j € [0, N,]. For each eigenvalue
E,, withn=1,2,...,M, the corresponding eigenstate |y), has the form

Ng Nb

V=Y Y Calis )i, j)1INa— i,Np = )2 (6.3)
i=0 j=0

In the ket |i, j)z, i () is the number of bosons of species a (b) in the left well,
while in |N, — i, N, — j)r, Ny — i (N}, — j) is the number of bosons of species A (B) in
the right well. Since we focus our attention on the ground state (n = 1), we simplify
the notation by setting Cy (i, j) = C(i, j).
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When both the intra- and the inter-species interactions are zero, the ground state
of Hamiltonian (6.1) is given by the product of two atomic (or SU(2)) coherent states
(see, e. g., [98], [99)]).

1 af +ai\" (bi b\
— A2 0,0)]0,0), , 6.4
|docs) NN 7 7 |0,0)1]0,0), (6.4)

where |0,0)|0,0), is the state with no bosons. Coherent states of this form usually

describe the superfluid phase for large #. /U, where bosons are uniformly distributed

on the lattice and thus totally delocalized.

If one assumes that the intra-species interactions U,, U), are essentially negligible
with respect to the (absolute value of the) inter-species interaction |Uy|, the ground
state of the Hamiltonian is essentially formed by a symmetric superposition of two
states with macroscopically populated wells. Its form depends on the sign of Uy;,. In
particular, for U,;, > 0 (repulsive inter-species interaction), the ground state has the

form
1

V2

whereas for U, < 0 (attractive inter-species interaction) the ground state is

190u) 2= = (INa: 0110, Np)2 +10, Ny} 1 [N, 0)2 ) (6.5)

00,)" = 7= (10 N5)110.0)2 +10.0)1 [N Ny ) 66)
\/§

In FIGs. 6.1, 6.2 and 6.3, we show the ground state of Hamiltonian (6.1) for
different values of U,,. The left panel of FIG. 6.1 represents the ground state
when boson-boson interactions are zero, namely, U = U,, = 0. This situation
corresponds to the atomic coherent state (6.4). As shown in the right panel of the
same figure for which U, = 0 and U = 0.1¢, the distribution |C(i, j)|> becomes
narrower as soon as the on-site repulsive interaction is switched on. By keeping
fixed U = 0.1¢, a finite and repulsive interaction U, balances this effect and causes
the broadening of distribution |C(i, j)|*> which becomes more and more pronounced
when Uy, is increased, as the left panel of the first row in FIG. 6.2 shows. By
further increasing the interspecies repulsion, the ground-state structure exhibits a
transition to a configuration characterized by the coexistence of a delocalized state

(well represented by state (6.4)) and the two localized states |N,,0)7|0,N,)g and
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Fig. 6.1 Ground-state coefficients |C(i, j)|* vs i (left occupation numbers of species A) and j
(left occupation number of species B) for U, =0, U = 0 (left panel), U = 0.1 (right panel)
and boson numbers N, = 30, N, = 40. Energies in units of ¢.

|0, Np)1|Na, 0)g. Such an effect (already observed for bosons in a three-well potential
with ring geometry [100]) is well visible in the first row (right plot) of FIG. 6.2.

This coexistence (where the ground state losses its coherence) is destroyed by a
sufficiently-strong interspecies repulsion. In this case, the ground state becomes the
symmetric superposition of (macroscopic) localized states described by state (6.5)
and well illustrated in the second row (right plot) of FIG. 6.2. In correspondence
to the same value of the on-site interaction U but with attractive interspecies inter-
action (U, < 0, see FIG. 6.3), distribution of |C(i, j)|? displays the same changes
characterizing the repulsive case when Uy, is increased. FIG. 6.3 clearly shows that
sufficiently strong inter-species attractions give rise to a superposition having the
form of state (6.6) describing localized mixed species.
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6.3 Diagonalization through Bogoliubov approach

The analysis of section 6.2 about the different regimes characterizing the ground state
provides useful information for studying the spectrum of the model Hamiltonian

through the Bogoliubov approach.

In the two strong-interaction regimes (|U,| > U,) relevant to U, > 0 (repulsive
interaction) and Uy, < 0 (attractive interaction), the macroscopic localization effects
illustrated in FIGs. 6.2 and 6.3, respectively, show how for U,;, > 0 one observes an
almost complete spatial separation of the two species strongly localized in different
sites, whereas for U,;, < 0 one has an almost complete merging of the two species
localized at the same site. This allows one to identify weakly-occupied modes and

thus to implement the Bogoliubov scheme.

A more complicated situation is found in the regimes |U,;| < U, (again including
the cases Uy, < 0 and U,, > 0), where the two bosonic species are completely
delocalized and the boson populations essentially exhibit the same size in the two
wells. In this second case, the correct approach for diagonalizing the Hamiltonian is
found by looking for macroscopically-occupied modes within the momentum-mode

picture.

6.3.1 Weak-interaction regime |U,;,| < U,

We start by discussing the diagonalization scheme in the repulsive case of the weak-
interaction regime (|U,;| < U,) involving delocalized populations and species mixing.
Since the two species are almost equally distributed in the two wells a simple way to
recognize weakly-occupied modes [101] is to introduce momentum-like operators

.~ (a1+a)
A= —-—"" 6.7
N (6.7)

. (a1—a)
_ %) 6.8
a N (6.8)

s (b1+D2)
= —-——— 6-9
B NG (6.9)

and P

f)‘ = M (6.10)
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Note that the boson-number conservation is now given by the relations

Na :Nal +Na2 :NA +NOC7

(6.11)
Np = Np1 + Ny = Np+Ng.
The Hamiltonian (6.1) in the new mode picture take the form:
H= U;’b VNalNp (& + &) (B + BT) + 21N + 21,5
1 %Na(& +af)?+ %Nb(ﬁ +B7)?+K, (6.12)
where the terms depending on N,, N, are grouped in the constant
K:%(Nj—NaH%(Ng—NbHUngaNb—tN, (6.13)

and third-order (or higher-order) terms have been neglected. We notice that in
the current regime (|U,| < U,), modes A, B are macroscopically occupied, (Ng >
N, Np > Ng) and can be regarded as complex parameters within the Bogoliubov

approximation. The application of this scheme provides the diagonal Hamiltonian
Ap=K-2t++/Rg 20 &+ 1)+ ,/Rg 2BTB+1), (6.14)

where K = Y., , Uc(N? — N.) /4+Uu NNy /2 — tN, and 1, = 1, = t has been as-
sumed. The symbols Ry and Ry are defined by

Royp=tit+u+D)/4], D= \/A2+4U§bNaNb : (6.15)

with signs — (4) corresponding to Ry (R[;), u=U,N,+UpNp, and A =U,N, — UpNp,.
Note that, we have tacitly assumed U, N, > U,N,. In the opposite case UpN, < U,N,
the definitions of Ry, Rg are simply exchanged.

The eigenvalues read

E(Na,Nﬁ):K—2z+\/R_a(2Na+1)+\/17,3(2Nﬁ+1) (6.16)
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and the corresponding energy eigenstates
|E(No,Np)) = |Na)INE)U "S0Sp|Ne) [Ng ) (6.17)

are obtained by mixing the squeezed Fock states S¢|Ny) and Sﬁ INg) (S¢ and Sﬁ are,
in fact, squeezing operators) through the SU(2)-group rotation U. We remand to our
paper [57] for the detailed calculations.

As far as 4t +u > D, the quantity R, is positive and the contributions to the
spectrum relevant to Ny and Ng are both discrete. A dramatic change in the energy
spectrum emerges when Ry — 0. By rewriting the condition 4¢ +u > D in the
form U,U, +A; > U 517, and observing that A, = 8¢(¢ + u)/N,N;, ~ 0 for bosonic
populations large enough, this effect takes place when

UUp— U2 — 07 (6.18)

The latter formula reproduces for U, = U, = U (twin species) the well-known
mixing condition U = U, characterizing bosonic mixtures and derived heuristically

in subsection 3.2.1 for large-size lattices.

For Ufb approaching the product U,U, from below, the inter-level separation for
the ar-mode spectrum tends to vanish thus determining, for U 3,9 = U,U,, the transition
to a continuous spectrum (spectral collapse). Hamiltonian (6.12) (emerging from
the Bogoliubov approach and leading to the diagonal form (6.14)) thus predicts a
spectral collapse of the energy levels for Ujb — U,Up. This mechanism is discussed
in detail in [101] and [102]. The resulting macroscopic effect (also observed in Ref.
([103])) can be interpreted as the hallmark of the transition from the mixed-species
regime (illustrated in the first row, left panel of FIG. 6.2) to the demixed regime
involving, for Uy, > 0, the spatial separation of the two species (illustrated in the
second row, right panel of FIG. 6.2).

The left panels of FIGs 6.4 and 6.5 corresponding to the repulsive and the
attractive case, respectively, describe the eigenvalues of the 2-species Hamiltonian in

the weak-interaction regime |U,p| < U.

Such figures clearly show the excellent agreement between the eigenvalues pro-
vided by equation (6.16) and the eigenvalues determined numerically. By following
the same “Bogoliubov vs numerics” path, it is interesting to check if the expected

transition to a continuous spectrum (spectral collapse) discussed above, is observed.
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Fig. 6.4 Case U, > 0 with U, = U, = U. Left panel: U,, < U. Black triangles: eigen-
values obtained numerically. Green dots: Eigenvalues obtained by Eq. (6.16), (Ng,Ng) =
(0,0),(1,0),(0,1),(1,1),(2,1),... correspond to the energy level n = 1,2,3,4,5,... (n=1
denotes the ground state). Right panel: U, > U. Black triangles: eigenvalues ob-
tained numerically. Green dots: Eigenvalues obtained by Eq. (6.23), (N1,Np) =
(0,0),(0,1),(1,0),(1,1),(1,2),... correspond to the energy level n = 1,2,3,4,5,.... All
the quantities are dimensionless. Lines are for eye-guide.

To this end we have calculated the exact eigenvalues of model (6.1) for two cases
described in Fig. 6.6 by the squares-solid (red) line (U,;, << U) and circles-dashed
(black) line where the interspecies interaction U, ~ U. The latter case represents
the limit U, U, — Ujb — 0" with U, = U, = U (see formula (6.18)). The comparison
of the two lines clearly shows how the continuous character of the energy spectrum
emerges in the limit U — U,;, — 0.

The change U,, > 0 — U,, < 0 does not affect the essence of the previous
scheme so that the same conclusions can be found, in the attractive case, when |Uyy|
is increased and the demixing effect illustrated in FIG. 6.3 takes place.

The dramatic change of the algebraic structure of H reflecting the occurrence
of the spectral collapse suggests that a different mode picture must be used when
|Uzp| > U in order to get the Hamiltonian into the diagonal form. This is discussed

in the next subsection.
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Fig. 6.5 Case Uy, < 0 with U, = U, = U. Left panel: |U,,| < U. Black triangles: eigen-
values obtained numerically. Green dots: Eigenvalues obtained by Eq. (6.16), (Ng,Ng) =
(0,0),(1,0),(0,1),(1,1),(2,1),... correspond to the energy level n = 1,2,3,4,5,... (n=1
denotes the ground state). Right panel: |U,| > U. Black triangles: eigenvalues ob-
tained numerically. Green dots: Eigenvalues obtained by Eq. (6.33), (N1,Np) =
(0,0),(0,1),(1,0),(1,1),(1,2),... correspond to the energy level n = 1,2,3,4,5,.... All
the quantities are dimensionless. Lines are for eye-guide.

6.3.2 Strong-interaction regime |U,;| > U,

As far as the strong-interaction regime (|U,p| > U,) is concerned we begin by con-
sidering the repulsive case (U, > 0). For Uy, sufficiently larger than U, the two
bosonic species are spatially separated. Their boson distributions feature therefore

two possible forms

Ngy << Ngi =Ny, Npi << Npp =Ny,
(6.19)
Npy << Np1 =2 Np, Ny << Ny~ Ng,

where two bosonic modes are macroscopically occupied and N, = N, + N, with
¢ = a,b are conserved quantities. Such configurations are totally equivalent under

the exchange of the site-1 and site-2 populations.

Within this two possible scenarios the effective Hamiltonian involving modes a;

and b read

Ay = C(NayNp) + 68,0 + 0Ny — t./Na (@ +az) —ty /Ny (b +b1),  (6.20)
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C(Na,Ny) = Z U, (NZ )  Gy=UgpNy—U,N,, Gy=WN,—UsN,.

(6.21)
The opposite case N,;; << N, and Ny << N, leads to the effective Hamiltonian

Ay = C(Ny,Ny) + 6,841 + 0,0 — 14/ Ny (@] +a1) — tp\/Ny (b +b2) . (6.22)

The two Hamiltonians are then diagonalized through the Bogoliubov approach by
considering the maximally-occupied modes according to the two cases (6.19). We
remand to [57] for the detailed calculations of the diagonalization process through
the Bogoliubov scheme.

For the first configuration of bosons (6.19), corresponding to the case in which

Hamiltonian A ~ H;, the energy eigenvalues are found to be

E{(Ng2,Np1) = Eg(Na,Np) + Oy Nao + 0 Np1 (6.23)
with )
U t~N,
Eo(Na:Np) =}, |5 (NE=Ne) = <=1, (6.24)
c=a,b Oc
and
0q = UwpNp —UagNg, 0 = UzpNg — UpNp . (6.25)

Note that the general conditions U, # U, and t, # t;, have been kept since they do
not affect the diagonalization process. The eigenvalues of the 2-species Hamiltonian
in the strong-interaction regime |U,,| > U are illustrated in the right panel of FIG.

6.4 in the repulsive case.

Also in this case, the eigenvalues provided by equation (6.23) and the eigenvalues
determined numerically show an excellent agreement. The eigenstates corresponding

to the eigenvalues (6.23) are

|E1(Np1,Ng2)) = |Na1)|2p1,Np1) |2a2, Na2) |Ni2) (6.26)
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(recall that Ny = N — Np; and N,; = N, — Ng) where the two generalized Glauber
coherent states [104]

1261, Np1) = D(2p1)INp1) s |22, Na2) = D(2a2)|Nu2) (6.27)

incorporate the displacement operators D(z,,) and D(zp1). The latter ensure the
reduction of Hamiltonian A to the diagonal form for z,5 = t,1/N,/0,, and zp; =

1pv/Np/ Op.

Formula (6.23) shows that the lowest energy state of the double-well system is

found for Np; = Ny = 0 which gives
|E1 (070)> = |Na> |ZbL>|ZaR>|Nb> . (6.28)

In this case |zp1,Np1) and |z42,N42) reduce to two Glauber coherent states |z;1) and
|z42) implying that the minimum-uncertainty relation of boson operators reaches its
optimized form in the ground state.

The same diagonalization scheme can be applied to the case N1 < Ny, Ny <K
Np1 and implies the approximation H ~ H; described by formula (6.22). In this case
the eigenvalues and the eigenstates of H are found to be

E>(Na1,Np2) =~ Eg(Ny,Np) + 64 Na1 + 03 Nipa (6.29)

and
|E2(Nar,Npr)) = |zar, Nar)|NbL) INar) |26R s NpR) - (6.30)

Following the same lines as before, it is possible to determine the conditions z,; =
ta\/Ny4/ 04, and 73 = t,\/N,, / 0, taking the Hamiltonian into the diagonal form. For
N,1 = Ny = 0 the lowest energy eigenvalue is achieved which satisfies E,(0,0) =
Ey(Ng,Np) = E1(0,0) and is associated with |E>(0,0)) = |z41)|Na)|Np)|2p2) again
containing two Glauber coherent states. Due to the degeneracy of the Bogoliubov
spectrum (eigenvalues (6.23) and (6.29) are identical), the obvious form of the
ground state (gs) is thus given by

) = 5 (IE0.0)+ [E:0.0)). 631)
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which well reproduces qualitatively the behavior of the ground state illustrated in the
second row of FIG. 6.2 for U, sufficiently larger than U. Weakly-excited states can
be derived together with their eigenvalues by constructing suitable symmetrized com-
binations of equal-energy states |E+(q,p)) = (|E1(q,p)) £|E2(p,q)))/V/2 where
Ny = N, = g and Ny = Np; = p. The degeneracy characterizing such states, well
known for a system of two symmetric wells with a single atomic species [105], can
be removed by applying to states |[E4 (g, p)) the approximation scheme developed in
reference [106] for a double-well potential.

20— L B B R A ‘ ‘ ‘ T
225F ]
-25 —U/J=0.01,Ww/jJ=0.001 | - o
-27.5 -
30f
325}
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n

Fig. 6.6 Numerical calculation of the energy levels of model(6.1). N, = 30, N, = 40,
U,/t =U,/t = U/t =0.01. The spectral collapse is illustrated by comparing the spectrum
for Uy, /t = 0.001 (squares-solid) and U,,/t = 0.0098 (circle-dashed). Horizontal axis:
Excitation number n. Vertical axis: eigenvalues E, of Hamiltonian (6.1) in units of .

We now move to consider the attractive case in the strong interaction regime.
Here the two bosonic species features a mixed and coupled state in which both
bosonic fields tend to occupy the same lattice site leaving the remaining one empty.
In the strongly-attractive interaction regime, namely for |U,;| sufficiently larger than

U and U,, < 0, the two configurations describing the ground state of the system are

Ny << Ng1 ~N,, Ny << Npy ~Np,
(6.32)
Ngit << Ngp =Ny, Npi << Np =Ny,

where both the possibilities entail the localization of the two species in one of the
two wells. Due to the attractive interaction the macroscopically occupied modes are
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those corresponding to the same well for each population. The Hamiltonian of the

system in this case features the eigenvalues
E3(Na2,Np2) == Eo(Na; Ny) + Gu Naa + 0 Nai (6.33)

The equivalent spectrum found by exchanging left and right populations is given by
the formula:
E4(Na1,Np1) =~ Eo(Na,Np) + 04 Na1 + 03 Np1 (6.34)

where
Eo(Ng,Np) = Eo(Ng,Np) — |Ugp|NaNp. (6.35)

here E is given by Eq. (6.24) and the inter-species interaction U,y has been replaced
with |U| in 0, and oj,. The right panel of FIG. 6.5 illustrates the Bogoliubov
spectrum (6.33) and the numerical spectrum for the two-sites BH model in the
strong-interaction attractive case |U,,| > U, U, < 0. As in the repulsive case, an
excellent agreement characterizes the Bogoliubov and numerical eigenvalues (at

sufficiently low energies).

6.3.3 Range of validity of the Bogoliubov approximation

To better illustrate the range of validity of the Bogoliubov scheme, we compare
the Bogoliubov and the numerical spectrum for a number of energy levels (n = 40)
larger than that of FIGs. 6.4 and 6.5. FIG. 6.7 shows that their agreement remains
qualitatively satisfactory when 7 is increased. Deviations become more and more
visible for n larger than n ~ 30, but overall the Bogoliubov eigen-energies well
reproduce the numerical ones. Both the case U, < U (left panel) and U,;, > U (right
panel) are considered for U,;, > 0. The same results can be shown to hold in the
attractive case. For |U,,| > U and large number of bosons, the agreement between
the exact numerical diagonalization and the Bogoliubov scheme can be estimated by

calculating the relative error as a function of parameters 6, and oj. This is defined

by
Zn(En_EnB)z
AE, = 2 6.36
\/ Y, E2 (630

where E,, and E, g refer to the levels obtained numerically and from the Bogoliubov

spectrum (6.23), respectively. FIG. 6.8 shows the dependence of AE,, from ¢, and
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op at fixed W > 0 and U. 6, and 0}, can be varied by increasing the boson number
N since o, = (3U,, —2U)N/5 and o), = (2U,, —3U)N/5 with a fixed population
ratio N, /N, =2/3 (see (6.25)). The rapid decreasing of AE,, for large N (in Fig. 6.8,
o0, =8, 0, = 1 correspond to N = 130) highlights that, in the semiclassical limit, the
Bogoliubov spectrum approaches the numerical one (the same results are found in
the attractive case U, < 0).

It can be noticed that, the only caveat in applying the Bogoliubov scheme
concerns the ratio N, /N, and U /U,;,. A careful choice of the latter quantities must
be done in order to avoid possible diverging behavior of the constant energy (6.24).
On the other hand, this pathology does not affect the Bogoliubov spectrum found in
section (6.3.1) for |U,| < U.
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Fig. 6.7 In these panels we show that the agreement of the Bogoliubov and the numerical
spectrum remains satisfactory even for a larger number of energy levels. Deviations become
more and more visible for n larger than n ~ 30. Both the case U,, < U (left panel) and
U,y > U (right panel) are considered for U,;, > 0.
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Fig. 6.8 Relative error AE,, described by formula (6.36), as a function of 6, (upper panel)
and oj, (lower panel), for U,y = 0.169, and U = 0.1 (see eq. (6.25)). Both ¢, and o}, are
varied increasing N with N, /N, = % The two panels show how the Bogoliubov spectrum
approaches the numerical spectrum in the limit N > 1.



Conclusion

In this thesis we reported on the work carried out during my years of PhD and
published in the papers [55-57]. Motivated by recent studies on two-components
systems, we have investigated the properties of ultra-cold bosonic mixtures. We
mainly focused on mixture of a twin-species bosonic mixture trapped in a 2D optical
lattice. We studied the system under different lattice topologies and filling factor
conditions. The study has been largely carried out by means of path-integral quantum
Monte Carlo simulations by the two-worm algorithm. When the complexity of the

model allowed it we also provided some numerical and analytical results.

We have reconstructed the ground-state phase diagram for the twin species model
at integer total filling n = 1. We observed different quantum phases depending
from the interplay between inter- and intra-species potentials. We have observed a
demixed superfluid phase and demixed Mott-Insulator phase when the inter-species
interaction becomes greater than the intra- species repulsion, and a double superfluid
phase or a supercounterflow otherwise. We have focused our investigation to deter-
mine under which conditions these quantum phases can be stabilized and detected,
paying particular attentions to the features of demixed quantum phases. Demixed
phases, feature spatial separation of the two components on the lattice and manifest

themselves experimentally with anisotropic time of flight images.

On the other hand we showed that, the T = 0 phase diagram for generic non-
integer filling factors exhibits a much simpler form leading to the stabilization of
only two-quantum phases, namely: demixed superfluid for U,, > U and double
superfluid otherwise. In this situation we studied also the properties of phase sepa-
ration, showing that stronger filling results in a sharper signature of the demixing
between the two components. In order to provide more reliable results closer to
real experimental setups, we moved to consider the system trapped in a harmonic
potential. We did this in both the weakly- and strongly-interacting regimes. We
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found that, even in the trapped case, the demixed quantum phases can be stabilized
as far as the condition U, > U is satisfied, and that if the interaction is weak enough
only superfluid-like quantum phases are allowed. This results in mixtures either
completely double-superfluids or completely demixed superfluids depending on the
ratio between inter- and intra-species interaction. Furthermore, we found that within
the strong interaction regime, the local filling factor imposed by the presence of the
trap leads to the formation of spatial-shell structures where different quantum phases
can coexist within the trap. In this regime shell of incompressible supercounterflow
and demixed Mott-Insulator phases have been found intercalated by shells o double
superfluid or demixed superfluid.

We then studied the system at finite temperature showing that temperature fluctua-
tions progressively destroy spatial separation between the two species with signatures
visible also in the momentum distribution. We performed the study both in the ho-
mogeneous/trapped conditions and we showed how this competition between phase
separation and thermal fluctuations can be very well described by the behaviour of
the demixing parameter A. In both weakly- and strongly-interacting regimes the
parameter A is suppressed in a temperature range of the order of the tunneling energy
suggesting its application as a thermometer. We then proposed a new route for ther-
mometry of strongly-correlated binary mixtures capable to exploits the thermometric
properties of the experimentally-measurable demixing parameter in order to obtain
information on the temperature of the system. This method seems to be capable
of working on a broad range of interaction regimes. It can be tared and validated
through independent techniques, and it seems to be particularly suitable in the regime
where “quantum magnetism” is expected. This feature is of a particular interest as,
with the recent observations of anti-ferromagnetic correlations, reliable thermometry
in optical lattices for strongly-interacting regimes is sorely needed to advance the

field of ‘quantum magnetism’ with ultracold atoms.

Finally, we investigated the system of two bosonic components in a double well
potential (well described by a four space-mode BH model) by applying the Bogoli-
ubov approach. We showed how the fundamental properties of the mixed/demixed
phase transitions can be derived analytically also for this simple model, and how this
transition is directly related to and well represented by the change of the algebraic
structure characterizing the model Hamiltonian. This is witnessed by the spectral col-

lapse of the eigenvalues spectrum. Furthermore by solving the problem numerically,
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we showed how the Bogoliubov approximation well reproduce the exact energy

spectrum determined numerically and the correct value of the ground-state energy.
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Appendix A

Derivation of %

As shown in equation (1.72) the kinetic part 77 of the hamiltonian .7 describing a
weakly interacting Bose-gas trapped in a periodic potential takes the form:

Ky =Y €, (k)b bu (A.1)

nk

where €, (k) are the Bloch eigenvalues derived explicitly from the Bloch Theorem. If
the single particle states are extremely localized in space, then the expression for the

Block eigenvalues reduces to

en(k) =28, ) [1—cos(asks)] (A.2)

rex,y,z
where a, is the period of the lattice in direction » = x,y,z. Is now possible to swap

from the Bloch basis to the Wannier basis representation

1 _it-R:
by = ——apie ", (A.3)
Xi" VM



126 Derivation of 7%

by substituting (A.3) into (A.1), the hamiltonian %% becomes:

—

o =Y. en(k)b)ybui = Zen(k)ﬁl/[ Zalieimi Z anje TR —

-

:_Zzzzgn an]e Re
- Zzzama”JM Zgn %I_é 7C"ﬁf =
:Zzzam’“m 228,,[3 ZCOS arky k(Ri=Rj) —

—ZZZanlanj6€n Ze’k (Ri=R;)

—

—ZZZaman]MZ28nZCOS arky)e ™ RR) = Sy + Ay (A4)

»1
,\>c¢

where

—

Sy = ZZZamanJ68n Ze’kﬁ —kRj) (A.5)

— -

Sy = — ZZZaman]MZ28anos ark,)e™ Fi=K)) (A.6)

—

Solving 91 we notice that ; ¥z e* R=Rj) = & by definition of the Fourier Series.
A = ZZZamanJ&n = 6Z£n2amam = 6an2nm (A7)

Term /4y
gy = - ;;;a;an s gzgn ;cos@,kr)em—fw _
_ _;;;agianjn%;zen . cos(ark;)

X eﬁé‘ ([axixitetayiyity+azizii;] = [ax jxitc+ay jyily+az jzit;]) —

- _ al i 2€n cos(a,k, lk (X apiyiiy — Zlalll”l), (A.8)
ni JM
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where indexes r and / run over the three spatial directions x, y and z

A ==L L tyns g L 260 L eos(ak el 210 =
n i j T

eiarkr 4 efiarkr

:_Zzza;(u‘a"j]‘l/[228"Zf€iz£’al(iljl)ﬁl. (A.9)
no i j z

r

Using the fact that the scalar product kil =k by definition

ia -k, —iark, o
le’Zlﬂll(’l—]l)kl _

N 1
A== LY Yy Y26 ¥
noi j % r

= — Z Zzaj;ia’ljﬂ Z €, Z(ezarkrel):z ar(ii—ji)ki + e larkr ol al(l]—Jl)kl>

r

1 . o . o
= — ZZZaZ—nan_]M Z gn Z(elZ[ a[(l[*][+6[r)k/ + elZl a/(llfjlf@r)k/) (AlO)
n 1 ] 7{‘

-
Analyzing the terms

i ia(ii— ik &)k _ y ik (Ri= Ly ar (i) iiy) (A.11)

re{xy,z} re{xy,z}

we notice that Y, a;(j; + &, )i = R Jrs denotes nothing more than the coordinate of
the two nearest neighbor (41 lattice step) of the site j along the direction r = x,y, z.

We can then rewrite the term (A.11) in a more compact form as

—

e Tiali—ikSh -y SR Ri—R;,) (A.12)

re{xyz} re{x,y.z}

The Hamiltonian term %%2 takes then the form

i_k"(féi_ﬁjri)) (A13)

T

. 1 T(R—R.
Ao = LYY anmY eny (R e
n i j % r

where R, and R;, are the nearest neighbor sites of j along the direction r = x,y,z
in position +1 site and —1 site respectively.

- -

A = ~YE Ve n L@ E ) FEED) a1
no i j rjc‘



128 Derivation of 7%

Exploiting again the property of the Fourier series that Al/lzz ek (Ri—Ri) — & we
obtain

iy ==Y LY apanjen} (8, +8ij, ) =
noi j r
==Y a) (Yay, aj+Ya, ay)=
n

Joory Jr_
=-Y &Y aa; (A15)
L)
where (i, j) denotes the sum over nearest neighboring sites.
The Hamiltonian term 77 is finally obtained buy putting together our results

%:f%%)l+%2:6zgnzﬁni_zgnZazianj (A.16)
n i no (L))



Appendix B

Derivation of the Two-Species
Bose-Hubbard Model

The derivation of Hamiltonian (1.82) is obtained by the expansion of the field
operators of the two-species Hamiltonian (1.64) in the Wannier spatial-mode basis.

The Hamiltonian of a mixture of two weakly-interacting bosonic gases (1.64) was

written as
S = Ko+ Vo + Koy + U+ W, (B.1)

with

. . n? .

S = [ EER] - 3TV R, (B.2)

2m

By = 22 [ @ (0P H0) (B.3)

. . 1> .

ey, = / d%\yg(z)[—%VMV(})}%@), (B.4)

A U At &

B = 2 [ EEOABE)P B.5)

V= Us [ @@ THT 0 B) B.6)

By grouping 4, %, and 4y, %, such that

Hy = Ao+ Uy (B.7)
Hy = Ao+ U (B.8)
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we clearly notice that A, and A, if expanded in the Wannier representation, give as
result the single-species Bose-Hubbard Hamiltonian derived in the previous section
(they are the same as (1.66)).

~ Ui . .

Ha = —ta Y aiaj+ =Y riaiiii—1) (B.9)
(i.J) i

A i U o

%Z=—%Zh%+72%ﬁw4) (B.10)

(i.J)

with 7, = &y, (t, = €y) the hopping amplitude of species A (B), and U, = Uy,
(U, = Uyp) the intra-species interaction of species A (B). The derivation of the
Two-Species Bose-Hubbard Model is then accompished by simply expanding the

two-body inter-species interaction term (B.6).

Derivation of % . Let’s start by expanding the two bosonic field-operators in the

Wannier basis
. = Y Wuil®au, (B.11)
ni
(@) = Y Wi (®)bmj. (B.12)
mj

The new expression are then inserted in (B.6)
W =Usp [ @rW 080T =

—Un LYY [ W W (OW; (W (a1, s, (B13)

ni lr mj gs

using the fact that [ d3xW? ()W, (X)W 1B Wes (¥) = Birjs Onimg

WA = UabZZZZ 5irjs6nlmgajzl’alrbz1jbgs =

ni Ir mj gs

=Uu Y aianib)bni = Usp Y Anaifinpi.  (B.14)
ni

ni

Restricting ourselves to the single-band approximation we get

W =Uuw ) Aaifiyi (B.15)
i
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If we substitutes now (B.9), (B.10) and (B.15) into (B.1) we obtain the Two-
Species Bose-Hubbard Hamiltonian (1.82) described above:

~ U .
I = %Znai(nai — 1) — 1, Z a:faj—i—
i (i.j)

Uby oofn + A
+ Tbani(nbi — 1) — 1y Z bi bj + Uy Znainbi (B.16)
i (i.J) i
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