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Abstract

Since the experimental realization of Bose-Einstein condensation in 1995, the field of ultracold
atoms has expanded rapidly, and has become an important arena for exploring diverse quantum
many-body physics, as highlighted by the experimental observation of quantum phase transi-
tions in the system of bosons in a periodic potential, which is described by the Bose-Hubbard
model.

Recently, ultracold atoms with spin degrees of freedom are actively studied because the
coupling between the internal spin degrees of freedom and the spatial degrees of freedom can
give rise to novel and interesting physics. A minimal model for studying such physics is the spin-
1 Bose-Hubbard model, which describes spin-1 bosons in a periodic potential. The model has a
spin-dependent interaction, which can be ferromagnetic or antiferromagnetic, and it is known
that although the ferromagnetic model resembles the spinless counterpart, the antiferromagnetic
model exhibits totally different features, which make the model much more intensively studied
compared with the ferromagnetic one.

However, the presence of an external magnetic field can change the situation, because the
positive quadratic Zeeman energy competes with the ferromagnetic interaction, which can give
rise to rich phases. In this thesis, we explore the ground-state and nonzero-temperature phase
diagrams of the spin-1 Bose-Hubbard model under an external magnetic field. To analyze the
model, we use an approximation method called the decoupling approximation, or equivalently,
the Gutzwiller variational ansatz.

It is shown that, in addition to the Mott insulator phase, the model possesses two superfluid
phases. Moreover, for large values of a spin-dependent interaction, the phase transitions be-
tween the two superfluid phases can be discontinuous. Such discontinuous phase transitions are
shown to survive at nonzero but sufficiently low temperature. The discontinuous phase transi-
tions are in clear contrast to the mean-field theory of weakly interacting spin-1 bosons without
a lattice, which predicts that the corresponding phase transition is continuous, signifying the
importance of the effect of strong interactions on the interplay between the spatial and spinor
degrees of freedom.
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Chapter 1

Introduction

1.1 Background

1.1.1 Ultracold atoms in optical lattices

It was about 70 years after the theoretical prediction by Einstein [1, 2] that Bose-Einstein
condensation was experimentally realized by several groups in 1995 [3, 4], which brought them
the Nobel prize in physics 2001 “for the achievement of Bose-Einstein condensation in dilute
gases of alkali atoms, and for early fundamental studies of the properties of the condensates” [5].
Since then, the field of ultracold atoms expanded rapidly [6, 7], incorporating various ideas and
techniques from such diverse fields of physics as AMO (atomic, molecular, and optical) physics
and condensed matter physics, and has become a unique and important arena for exploring the
physics of various quantum many-body systems [8, 9].

One of the main reasons that ultracold atomic systems enjoy such popularity is their high
controllability; the interaction between atoms can be tuned with the technique of Feshbach
resonances, and the geometry of the system can be tailored with various optical techniques.

In particular, by combining multiple laser beams, we can create diverse periodic potentials,
called optical lattices, which allow us to explore the physics beyond weak interaction approxi-
mations [9, 10]. Unlike conventional solid-state systems, systems of ultracold atoms in optical
lattices can be free of defects, thus opening up the possibility of studying the physics of strongly
interacting quantum many-body systems with unprecedentedly high precision.

A seminal example of this fact is the observation of the quantum phase transition between
the superfluid phase and the Mott insulator phase in the system of ultracold bosons in an
optical lattice. Jaksch et al. [11] have shown in 1998 that ultracold bosons in an optical lattice
can be described by the Bose-Hubbard model, which was originally introduced heuristically as a
way to describe the ground state and low-energy excitations of repulsively interacting bosons in
continuum space [12], and later, motivated by experiments on superfluid “He in porous media,
analyzed in the context of condensed matter physics [13]. The Hamiltonian of the model is
composed of two parts that compete with each other; the kinetic energy part which makes each
boson spread over the whole system, and the repulsive interaction part which tends to localize
bosons. The competition between these two terms is predicted to give rise to the quantum
phase transition between the superfluid phase, in which each particle spreads over the whole
system and hence is highly mobile, and the Mott insulator phase, in which each particle is
localized due to the on-site repulsive interaction. Using ultracold bosons and an optical lattice,
this phase transition was experimentally demonstrated in 2002 [14].



1.1.2 Spinor bosons

In the early days of researches of ultracold atoms, their internal degrees of freedom are frozen
due to magnetic traps used in experiments. However, by the implementation of optical traps,
bosons with spin degrees of freedom, which are called spinor bosons, can now be studied exper-
imentally [15, 16], and have attracted considerable interest because of the possibility they offer
of simulating quantum magnetism and exploring the interplay between the spatial degrees of
freedom and the spin degrees of freedom [17, 18] .

At first, studies on spinor bosons mainly dealt with a weak interaction regime [19, 20, 21,
22, 23, 24], where, at zero and low enough temperature, almost all the particles Bose-Einstein
condensate. Such studies revealed diverse quantum phases arising from the presence of the spin
degrees of freedom and a spin-dependent interaction.

More recently, as mentioned above, optical lattices allow us to explore the strongly interact-
ing regime of cold atoms, including spinor bosons. A minimal model for studying such physics
is the spin-1 Bose-Hubbard model [25] , which describes spin-1 bosons in an optical lattice. The
model resembles the Bose-Hubbard model for bosons without spin mentioned earlier, which is
called the scalar Bose-Hubbard model to distinguish it from the spinor counterpart. However,
the model involves a spin-dependent interaction term, whose sign depends on the specific atom
considered, and changes the qualitative features of the system drastically; for a negative sign,
the interaction is ferromagnetic, which maximizes the magnitude of the spin at each site, and
for a positive sign, the interaction is antiferromagnetic, which minimizes the magnitude of the
spin. For the ferromagnetic interaction, the zero-temperature phase diagram of the model is
known to be similar to that of the scalar model, in which the quantum phase transition is con-
tinuous. On the other hand, for the antiferromagnetic interaction, the phase diagram exhibits
distinct properties; Mott lobes with odd particle-number filling shrink, and the superfluid Mott
insulator phase transition is known to be discontinuous for even particle-number filling. With
such differences, the antiferromagnetic model is much more intensively studied compared with
the ferromagnetic counterpart [25, 26, 27, 28, 29].

However, the situation is expected to change in the presence of an external magnetic field,
where the competition between the positive quadratic Zeeman effect and the ferromagnetic
interaction gives rise to rich phases; the ferromagnetic interaction favors states with larger
spin, while the positive quadratic Zeeman energy penalizes such states. In systems without
a lattice, this competition is known to yield two superfluid phases and the continuous phase
transition between them [21].

To the best knowledge of the author, the ground-state phase diagram of the ferromagnetic
spin-1 Bose-Hubbard model in the presence of an external magnetic field remains largely un-
explored. Although there is a study on the unit-filling Mott insulator phase [30], the interplay
between the spatial and spin degrees of freedom has yet to be fully explored.

1.2 Our study

In this thesis, we study the ground-state and nonzero temperature phase diagrams of the spin-
1 ferromagnetic Bose-Hubbard model under an external magnetic field, using the Gutzwiller
variational ansatz, or equivalently, the decoupling approximation. We consider the positive
quadratic Zeeman energy, which competes with the ferromagnetic interaction.

For the ground-state case, we show that the competition between these two terms gives
rise to discontinuous phase transitions between two superfluid phases. In the presence of the



positive quadratic Zeeman energy, there arise two superfluid phases; the polar superfluid phase,
in which only the Zeeman sublevel ¢ = 0 particles are superfluid and the system possesses no
magnetization, and the broken-axisymmetry phase, in which all the three components are
superfluid, and the system exhibits nonzero transverse magnetization. Moreover, it was found
that for large spin-dependent interaction, which corresponds to the spin-1 hyperfine manifold
of Li, the phase transitions between the broken-axisymmetry phase and the other phases are
discontinuous for some part of the phase boundary, which is in clear contrast to the case without
an external magnetic field. Discontinuous phase transitions also occur when the quadratic
Zeeman energy is varied, contrary to the mean-field theory of weakly interacting spin-1 bosons,
in which the corresponding phase transition is continuous, implying the importance of the effect
of strong interaction on the interplay between the spatial and spin degrees of freedom.

For the nonzero temperature case, two superfluid phases are also observed. The discontin-
uous phase transition is shown to survive for sufficiently low temperature, but the region of
discontinuous phase transitions shrinks with the increase of the temperature, and for higher
temperature, the phase transitions become continuous.

1.3 Outline of the thesis

The present thesis is organized as follows.

e Chapter 2 reviews some basic results on ultracold bosons with the spin degrees of freedom.
We briefly discuss some single-particle properties, i.e., hyperfine spins and the Zeeman
effect, after which the derivation of the Hamiltonian for interacting spin-1 bosons is dis-
cussed in detail. Then, we apply the mean-field theory, which assumes the interaction is
weak, to the derived Hamiltonian, and discuss the obtained phase diagram.

e Chapter 3 is also a review chapter, which deals with optical lattices and ultracold bosons
in them. We first describe the way to construct periodic potentials using multiple laser
beams, and then we discuss the Bose-Hubbard models which describes bosons in optical
lattices, for both the spinless and spinful cases. In each case, after derivation of the
model, we discuss the ground-state phases of the system, focusing on the quantum phase
transition between the superfluid phase and the Mott insulator phase. In particular, we
emphasize the effect of the spin degrees of freedom, which alter qualitative features of the
phase transition drastically.

e Chapter 4 describes the model we study, i.e., the spin-1 Bose-Hubbard model with an
external magnetic field, and the method used to analyze it. After defining the model,
we describe an approximation method called the Gutzwiller variational ansatz, which
is known to be able to capture the qualitative features of the quantum phase transi-
tions in the Bose-Hubbard models. Although the method, being a variational method, is
conceptually transparent, in actual calculations we use a method called the decoupling
approximation, which is shown to be equivalent to the Gutzwiller variational ansatz.
Some details of numerical implementations are also discussed.

e Chapter 5 shows the results of this study, where both the zero-temperature and the
nonzero-temperature phase diagrams are shown. It will be shown there that the compe-
tition between the ferromagnetic interaction and the quadratic Zeeman energy gives rise
to two distinct superfluid phases, and moreover, the phase transition is discontinuous at



some part of the phase boundary, in clear contrast to the corresponding phase transition
in the system without a lattice.

e Chapter 6 summarizes the thesis, and discuss outlook.

1.4 Notes on the notations
Throughout this thesis, we use the following notations.

The size of a finite set
For an arbitrary finite set S, we denote the number of its elements by |S].

Complex conjugate
For an arbitrary complex number z, we denote its complex conjugate by z*.

Operators
In principle, we do not use the symbol hat (") to indicate operators.

Hermitian conjugate
For an arbitrary linear operator A on a Hilbert space, we denote its Hermitian conjugate
by Af.

State vector
In principle, we do not use the “bra-ket” notation. Thus, instead of |¢)) € H, we
write ¢ € H, where H is a Hilbert space.

Inner product
For an arbitrary Hilbert space H and v, ¢ € H, we denote their inner product by (¢, ¢).
We define the inner product to be linear with respect to the second variable and antilinear
with respect to the first variable.

Others
Important results are enclosed by boxes, and derivations are shown in between (*.") and
M. Lemmas used in these derivations are derived in between (-.) and OJ.



Chapter 2

Ultracold spinor bosons

In this chapter, we review some basic results about ground-state properties of spin-1 bosons.
Note that we do not consider optical lattices here.

e Section 2.1 discusses the properties of (alkali) atoms, where we describe the origin of the
hyperfine spin, and derive the expression for the linear and quadratic Zeeman energies,
which will be used in later sections.

e Section 2.2 is devoted to the derivation of the Hamiltonian of interacting spin-1 bosons. In
particular, we derive the spinor interaction by imposing the assumptions of the rotational
symmetry and the contact interaction on the general form of interaction Hamiltonians.

e The mean-field theory for weakly interacting spin-1 bosons is discussed in section 2.3,
where the ground-state phase diagrams and the properties of various phases are given.

The aims of this chapter are

e to introduce the Hamiltonian for interacting spin-1 bosons, which will be used to derive
the spin-1 Bose-Hubbard model in the next chapter, and

e to show the mean-field phase diagram of the ferromagnetic interaction case, in which the
competition between the ferromagnetic interaction and the positive quadratic Zeeman
energy gives rise to two superfluid phases and continuous phase transitions between them,
which will be compared with the results shown in chapter 5.

2.1 Atomic properties

In this section, we consider one-particle properties of an alkali atom. We describe the hyperfine
spin and the Zeeman effect, which are needed in writing down the one-particle Hamiltonian in
the next section.

2.1.1 Hyperfine spin

The total spin of an atom, F', is composed of the electronic spin s, the electronic orbital angular
momentum ! , and the nuclear spin I, and we write FF =1+ J and J = s + [.



Due to the presence of the hyperfine interaction, whose Hamiltonian is given by
th = AIJ, (21)

where A is a constant, which could be positive or negative depending on the atom, the atomic
ground-state subspace split into manifolds of states with definite total spin F', and their energy,
Err1,s, is given by
A

EF,[”]:§[F<F+1)—[(I+1)—J(J+l)], (22)
where I and J denote the spins of the nucleus and the electrons, respectively.
()

Assuming that the nucleus and the electrons have definite angular momentum
I and J, the Hamiltonian can be rewritten as

Hy = S [T+J)P?-1"-J° (2.3)

NSNS

[F?—I(I+1)—J(J+1)]. (2.4)

Thus, the atomic ground states split into manifolds in which states have a definite
total spin F’ in each manifold, and their energy, Er; s, is given by

The hyperfine energy splitting of alkali atoms

For alkali atoms, which are widely utilized in the field of ultracold atomic physics, J = 1/2 holds,
because all electrons except for one occupy the inner shell, and the remaining one occupies the
outermost s orbital. Thus, the atomic ground states split into two manifolds with F' = I +1/2.
The hyperfine energy splitting A Fy¢ of an alkali atom is defined by

AEhf = EI—}-%,I,%_EI—%,L (26>
1
= a(1+3) (27)

D=

2

In table 2.1, we list these quantities for several alkali atoms. It can be seen that for atoms
listed in the table, we have positive AEy¢ and consequently positive A. Thus, for these atoms,
the hyperfine states with F' =T — % lies lower in energy than those with F' = I + %

2.1.2 The Zeeman effect

The Hamiltonian and its energy eigenvalues

In the presence of an external magnetic field, atomic levels further split into levels with different
energies. The Hamiltonian which describes such system is given by

Hypin = AI-J +CJ® 4+ DI®), (2.8)

9



Atom s L J 1 F AEyw/(h-GHz) u/un
T 1/2 0 1/2 1/2 0,1 1.42 2.793
Li 1/2 0 1/2 1 1/2,3/2 0.228 0.822
i 1/2 0 1/2 3/2 1,2 0.804 3.256
2Na 1/2 0 1/2 3/2 1,2 1.772 2.218
SRb1/2 0 1/2 5/2 2,3 3.036 1.353
SRb 1/2 0 1/2 3/2 1,2 6.835 2.751

Table 2.1: Angular momenta and other physical quantities for alkali atoms used in cold atom
experiments. s: the electronic spin, [: the electronic orbital angular momentum, J: the total
electronic angular momentum, I: the nuclear spin, F: the total angular momentum of the
atom, AFys: the hyperfine splitting of the atomic ground state, and u: the nuclear magnetic
moment in units of the nuclear magneton py. Values are taken from table 1 of [17], and tables
3.1 and 3.2 of [6].

where C' and D are constants proportional to the external magnetic field B, and we take the axis
of the external magnetic field to be the third direction. In this section, we limit ourselves
to the case of J = 1/2, i.e., the case of alkali atoms, and I = 3/2. Then, the atomic
ground states now split into states with energy

3 1 3
E, = -A+ - =D 2.
2 1 + 2C+ T (2.9)
A 3 5, 1 5
EL:‘: = —Z + D :|: ZA —f‘ Z(A ‘f‘ C — D) s (210)
A 1
EO;N: = _Zi \/A2—|— Z(C—D)Q, (211)
A 1
E*Li = _Z_D:l:\/zAQ—i—Z(A—C—FD)Q, (212)
3 1 3
E, = -A--C—--D. 2.1
2 1473973 (2.13)

The first subscript of each E refers to the value of m; + m for the corresponding eigenstate,
where m; and m; are magnetic quantum numbers for the nucleus spin and the electronic
angular momentum.

()

The Hamiltonian can be rewritten as
1
Hypin = A | 1O 7O 4 S (T +17T7) | + CJ® 4+ DIB), (2.14)

where I* := I 4+ i1 and J* := J® 4 iJ? are ladder operators.

Because the Hamiltonian conserves the value of m; + m, we can consider sub-
spaces with different values of m; +m separately. Hereafter in this derivation, the
state with the magnetic quantum numbers m; and m; is denoted by ¢, 1, -

The cases with m; +m; = %2 are trivial and we get

3

3 1
Hspingbi%,i% = Ei?gb:l:%,:l:%’ Eig = ZLA + 50 + §D (215)

10



For m; +mj; = 1, we have

3., 1., 3 V3
Hspinqﬁ%’_% = (_ZA - 50 + §D) ¢% _% + 714@5%7%, (216)
1 1 1 3
Thus, Hgpyi, in this subspace can be expressed as
341 3 V3
( M-jCegp o ga ) 2.18)
SA 1A+lc+1p
where the basis are placed in the order of qﬁg L ¢%7%. Thus, we obtain its eigen-
values
A 3 1
E, 4= _Z+Di ZA2+4_L(A+C_D>2' (2.19)
The result for my + m; = —1 can be obtained by reversing the signs of C' and

D in the result for m; + my; = 1.
For m; +mj; = 0, we have

1 1 1
Hspinﬁb%,_% = (_ZLA - 50 + §D) Qb%’_% + A¢_%7%, (220)
1 1 1
Hepin®_1 1 = _ZA + 50 — 5D ¢_11+Ady o (2.21)
Thus, Hgpyi, in this subspace can be expressed as
—A-Llo+1ip A )
4 2 2 (2.22)
1 1 )
( A —%lA +3C —35D
where basis are placed in the order of ¢%’7%, ¢7%’%. Its eigenvalues are
A 1
EO,i = —Z + A2 + Z<C - D)2 (223)
[ |
Approximation: neglecting the D term
Physically, the constants C' and D are given by
C =gupB, D= —%B, (2.24)

where ¢ is the electronic spin g factor (¢ ~ 2.002), up is the Bohr magneton, and p is the
nuclear magnetic momentum !.

It can be shown that the constant D is much smaller than A and C, and can be neglected
for magnetic fields used in experiments.
()

! This usage is limited to the present chapter. Later, we use the letter 1 to denote the chemical potential.

11



First, let us consider |D/C|. Because the Landé g factor and I are of the order
of 1, and the nuclear magnetic momentum g is of the order of the nuclear magneton
pn (table 2.1), we have

D
2
eh

From their definitions, we have pp = 57 and py = fop, where e is the absolute

value of the charge of the electron, A is the Dirac constant, m, is the electron mass,
and m,, is the proton mass. Thus, we have

22\
~ 2N 2.25
H“B ( )

‘Q‘ SHN e 1073 (2.26)
¢ KB My

To compare D with A, we use the fact that AEys = 2A (see (2.7)), which gives

D /,LNB
— | ~ 2.2
\ A\ (2.27)

ABy

Because iy ~ 5x 10727] T~! and AEy; is of the order of 6 x 1072°] (see table 2.1),
we have

D

A

which shows that |D]| is much smaller than A for magnetic fields usually used in
ultracold atomic experiments, where B is much smaller than 17T.

~ 10T 1B, (2.28)

[ |
Based on this argument, we can approximate the atomic energy eigenvalues by
3 b
EQ ~ A (Z + 5) EQ,
1 3 1
E ~ A|l—-=+\/-+-(14+0)2?|=F
1,+ 4 4 + 4< —+ ) ) 1,4,
b? ~
E ~ Al —=+1/14+— | = E
0,4 1 + 1 0,45
1 3 1
~ _ - S p2 | =
E .. ~ A 4:I: 4—1-4(1 b)) E_ 4,
3 b ~
E_y (Z - 5) =: B,
where the effective magnetic field b is defined by
b C  2gupB
A AEy

and we assume A > 0, which is the case for atoms listed in table 2.1.

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

Figure 2.1 shows the plot of these energy eigenvalues as functions of b after the approxima-

tion.

12



energy/A

Figure 2.1: Approximate energy eigenvalues of the atomic Hamiltonian for I = %, J = % after
neglecting D, displayed as functions of the effective magnetic field b. Note that A > 0 is
assumed, and the energies are measured in units of A.

The linear and quadratic Zeeman energies

Usually, experiments on ultracold alkali atoms are carried out in relatively low magnetic field
where b < 1 holds. Thus, we can expand energy eigenvalues in terms of b and keep only a few
low order terms. Concretely, we have, for low-lying three states,

5 o—oa(2 Ly 3 5

B = A( T 32b>+(’)(b) (2.35)
~ 501, ,

Boo = A= -30)+00") (2.36)
_—_— 5 1. 3, ,

B = A( TR 32b)+(9(b). (2.37)

In the following sections, only the energy differences matter, and thus we can consider energy
eigenvalues after subtracting Ey _:

8 5 11

E,_—E_ = A (—Zb + 3—2b2) +O(b*) = —p+q + OB, (2.38)
8 . 1, 1

E,_—E_ = A <Zlb + 3—21)2) +O*) =p+q+ O1?), (2.39)

13



where we have defined

1 1
= -Ab= —gugB :
p : b 191sB, (2.40)
1 1 (gupB)®
= A= B2 92.41
1 32 16 AEy | (2:41)

and call p the linear Zeeman energy and ¢ the quadratic Zeeman energy.

2.1.3 Spin-1 bosons

In the next and later sections, we focus on the three low-lying states with energy EL_, E, and
E_1 0, and regard them as the internal degrees of freedom of a spin-1 bosonic atom 2.

2.2 Hamiltonian for spin-1 bosons

Based on the results in the previous section and symmetry discussion, we derive the Hamiltonian
for interacting spin-1 bosons [19, 20]. In 2.2.1, we show the single-particle Hamiltonian, and
2.2.2 is devoted to the derivation of the interaction Hamiltonian. The final result is summarized
in 2.2.3.

2.2.1 Single-particle Hamiltonian
According to the result of the previous section, the single-particle Hamiltonian Hy, is given by

Hg, = /Vdr UGZSW(T, o) {—%V2 +U(r) — po + qo? 1/;(7', o), (2.42)

where

e V C R? denotes the region in which particles reside, » € V represents the position 2,
o€ S8 :={1,0,—1} represents the spin index,

~

(r, o) is the field operator with position  and spin index o,

M is the mass of the atom,

U is the external potential,

e p and g are the linear and quadratic Zeeman energies defined in (2.40) and (2.41), where
we have subtracted the energy of the o = 0 level.

2In the presence of an external magnetic field, the total spin F' is not a good quantum number, i.e., Hgpin
and F' are not simultaneously diagonalizable. However, for a weak magnetic field, F' can be an approximate
good quantum number, and we regard atoms in these three levels as F' = 1 spinor atoms.

3Henceforth, the ranges of integrals are understood to be V' (or direct products of V) unless otherwise stated.
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2.2.2 Interaction Hamiltonian

Here we show that the interaction Hamiltonian can be obtained by imposing the following two
conditions on the general form of the interaction Hamiltonians:

e The interaction Hamiltonian commutes with the total spin operators, i.e., the interaction
is invariant under global spin rotations.

e The interaction occurs only between two atoms at the same position, i.e., the interaction
is a contact interaction.

Before showing the result, we first define several operators.

The particle-number density operator is defined by

)= di(ro)i(r,o). (2.43)

og€S

The spin density operators F(“)(r), where r € V denotes the position and a € {1,2,3}
denotes the direction, are defined by

= > S (e o)(r, 7), (2.44)

o,7€S

and spin-1 matrices S(® (a € {1,2,3}) are defined by

L, (010 ;[0 -1 0 10 0
SW.=—110 1|, S =—1[1 0 -1|, s®:=[0 0 0], (245
V23 1 0 0 1 0 00 —1

where it is understood that matrix indices are in the order of 1,0, —1 ¢, and o = 3 corre-
sponds to the direction of the quantization axis.
The total spin operator Ft is defined by

Bl = / dr E@) (7). (2.46)

“For example, S((ng can be written as S’S’l =005,r.
N )

Under these definitions, the interaction Hamiltonian is given by

15



1 . .
Fow = / dr [eo - A(r)alr) e B(r) - B(r) ], (2.47)
9o + 29 92— 9

co = % ¢ =2 - 2 (2.48)

where : - : denotes the normal ordering of creation and annihilation operators,

4mh?
gr ‘= Wi ar, (249)
M is the mass of the atom, and ap is the s-wave scattering length of the total spin-F
channel.
N J

The derivation is given below, which proceeds step by step. It assumes spin-1 bosons, but
the argument in step 1 and step 2 applies to general spinor bosons.

Step 1: Rewriting the general interaction Hamiltonian

First, we present the general form of the two-body interaction Hamiltonians.

\
In general, the two-body interaction Hamiltonian can be written as
1 it it ; ;
Hiy = 5 Z Ar1draVo, oy m,m (P11, T2) Y (11, 00) N (12, 02)8 (11, 7)Y (72, T2),
01,02,T1,72ES
(2.50)
where V' is a function, which can be assumed to satisfy
VO’1,O’2,T1,7'2 ('f‘l, TQ) = Vo’g,a’1,7’2,7’1 (r27 Tl) (\V/ r1,T2 € ‘/7 v 01,02,T1,T2 S S) (251)
without loss of generality.
/

To make the calculation easy, we rewrite the general interaction Hamiltonian in terms of
the composite spin of two spins.
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[

Let F € {0,1,2}, M € {—2,—1,0,1,2} be quantum numbers representing the magnitude
and the third component of the composite spin of two spins with magnitude 1, respectively.
Here we denote the Clebsch-Gordan coefficients by (F, M|oq,02), where 01,05 € S. If we
define

Apu(rira) = Y (F, Moy, 05)(r1,00)i(ra, 05), (2.52)
01,02€8
UF,M,F’,M/<7'17T2) = Z V01,0'2,T1,7’2(r17Ir2)<F7M|01702><717TQ|FI7MI>7(2'53)

01,02,71,72E€S
then we can rewrite the general interaction Hamiltonian as
1 2 2
Hiy = 5 /dﬁd’l“z Z Z Urarrr (1, TQ)AJJE”,M(Tla ro)Ap v (r1,72).  (2.54)
F,F'=0 M,M'=—2

In addition,

App(ra, ) = (=D App(r,m), (2.55)

UF,M,F’,M’(T%TI) = <—1)F+F/UF7M7F/’M/(T'1,'I°2> (256)

hold, and in particular, for odd F, we have Ap p(r,r) = 0.

-

The meaning of Ag (71, 72) will be shown in the next box.
()

From the completeness of the CG coefficients

2 2
SoroiOmacy = Y > {01, 04| F, M)(F, M|oy, 03), (2.57)
F=0 M=—
we have
Hint
1 o - . .
= 5 Z dridrVy, o0m rz(rl,’rz)w ("'1, Ul)w ("“27 Uz)w(”‘la 7'1>1P(7°27 7@258)

01,02,T1,72ES

= /d'f’ld'f’z Z Z Z Z Vgl 09,T1,T2 ’l"l, T'Q)

91,02, g} ,0h, F,F'=0M,M'=-2
1 T2€$ 7], THES

X<Fv M|01’02><0170_2|F7 M>1;T(r170-/1)1w(r270§>
X<F/7M/‘T{7T5><7—17TQ‘FlvM/>w(r177—{)w(r277—£) (259>

== /drldr2 Z Z Z vOl,UQ,Tl,TQ(r17T2><F7M‘0170-2><T17T2‘F/7M/>

FF'=0 M,\M'=-2 | 91,02,
T1,T2ES
X Z <01705|F7M>7$T(T17O-i)qvm(r%o-é)

/ /
01,05€S
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XY (L M )by, T ) (1, ) (2.60)
Tl TQES
2 2

1
= §/d’r1d’r2 Z Z UF,M,F’,M’(rlaTQ)A}‘7M<7417T2)AF’,M’(T1;r2>‘ (261)

F,F'=0 M,M'=—2

Next, we show the latter part. By noting the property

(F, M|og,01) = (=1)!(F, M|oy, 03), (2.62)
we have
Appr(re,m) = ZS<F,M|02,al>¢(r2,az)¢(r1,al> (2.63)
= (I)F > (F Moy, 00)i(r1,00)8(r2,00)  (2.64)
= (—1)F:1:;4€;1,rz)~ (2.65)

For U, the definition

Ury,pran (T2, T1) = Z Vag,al,m,n(Tz,7“1)<F7M|02,U1><7277'1|F/,M/> (2.66)

01,02,T1,72€S

and the properties

Vag,al,‘rg,n (r27 7‘1) = Vol,az,ﬁ,fg (7‘1, T2)7 (267>
(F,M|oy,01) = (=1)X(F, M|oy, 03), (2.68)
<T2,T1|F/,M/> = (—1)F/<7'1,T2|F/,M/> (269)
yield
UEM,F’,M’('PZ»Tl) = (—1)F+F (]}7‘7]\/[7}7/’]\4/(’l"l7 7’2). (270)
||

AE 1 (71, 72) can be regarded as an operator which creates a pair of two particles, one at 74
and the other at 75, with total spin (F, M). This can be seen from the following results, which
will be used later:

Let ®,,. be the vacuum state. Then, it follows that

a(r) Af,

w( JPrae = [6(r —71) + (1 —13)] Afo s (71, 72) Prae,
Ft(c?t)A}M<T17r2)
( )
o )

(2.71)
vac MA}M<T17T2)®V3,C7 (272)
(2.73)
(2.74)

r1, T2

KA
|

q)vac = \/(F:':M)(FiM+]-)AFM:H(TMTQ)(I)vaCa
vac F(F+ 1)AFM(T1aT2>(Dvac-

+ 7t
FtotAFM 1,72

ha
Il

tot T, T2
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Particle number density

From the definition of Ak 1 (71, 72), we have
ﬁ(T)ATF,M(Tb 72) Pyac

= Z <0'170-2|F7 M)Q/A)W’I",O')’QZJ('I“,O')@/AJT(TM0'1)772) (T270'2) vac (275)

0,01,02€S

- Z <01702|F,M)W(r,0)

0,01,02€S

~ ~

X ([”&(Tv U)a &T(Tlv 0-1)]1/?[(7'27 02) + wT(rlv 01)[2&(7'7 U)v W("‘Q, UQ)]) q)vac (276>
= Z <O’1,0'2|F,M>’(&T(T7O')

0,01,02€S
X (60,015(7" — Irl)’lﬁT(TQ, 0'2) + (50,02(5(7‘ — T2>¢T('f‘1, 0'1)) (Dvac (277)
= [J(r—r)+0(r—r2)] Y (o1, 0alF M) (1, 00)0 (2, 00) P (2.78)
01,0268
= [6(?”‘ - rl) + 5(?" - TQ)]ATF’M(Th TQ)CI)vac- (279)

The o = 3 component of the total spin
From the definitions, we have

Ft((j:)AJIrJ‘M(Th TQ)(I)VB,C
/ dr Y S o1, 0o|F, MY (r,0)d(r, 7)1 (r1, 01) 0T (r2, 02) Bae. (2.80)

0,7,01,02€S

Because

1&( )@T(rl,al)w(rmfh)@vac

= WJ(T 7), W(Tl,Ul)W(Tz,Uz)]q’vac (2.81)
= ([0 7). 00l (r0,00) £+ 01 (0, 00) [0, 7). (r0,09)] ) D (282)
= ( (’I‘ - Irl) Talw (7‘2, 02) + (5(7‘ - 7'2) TO'Qw (Tla Ul))(I)vac, (283)

it follows that
Ft(ooé)AL‘M(rla r2>q)vac

= [ ¥ SSonalR o)

0,7,01,02€S

X(6(r — T1)070, 0T (19, 02) + 0 (1 — 72)07.0,0 T (11, 1)) Prae (2.84)
= > (o1, 00| F, M)
01,02€S
x> (S0 (r, ) (1, 05) 4+ ST (72, 0)0 (71, 01) ) Pune (2:85)
o€S
= Z Z o,09|F, M) U(f)a—l— (o1,0|F, M) C(,Q)U}
01,02€S 0€S
xT(ry, 01)01 (2, 02) Pyae. (2.86)
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From the relation

Moy, 05|F, M) =Y [(0,05|F, M)S) , + (01,0|F, M)S$), ], (2.87)

01,0 02,0
gesS

which will be shown later, we obtain

Ft(oi)A}’M<r17T2)q)vac = M Z <01702‘F7M>¢T(IrlaO—l)éT(ero—Z)q)vac (288>

01,02€S

= MAL /(P 72) e (2.89)

Ladder operators
It follows from (2.86) that

Ft:gtA},M(rlv TQ)(Pvac

= > > o0l M)SE , + (01,0|F, M)SZ ]

01,0268 0€S
Xt (11, 010)01 (1, 02) Pyae. (2.90)

From the relation

V(EFM)(F+£M+1){o1,00| F, M £1) =Y [{0,09|F, M)S3, , + (01, 0|F, M)S% ] |

€S

(2.91)
which also will be shown later, we arrive at

ﬁ;;:gtAJIr:‘,M (Tl y T2 ) <I>Vac

= VEFMFEM+1) Y (o1,05|F, M £ 1) (r1,01)1 (12, 02) Py (2.92)

Ul,UQGS

= VEFM)(F£M+ 1AL 0 (11, 72) P (2.93)

The magnitude of the total spin
From the equalities
F(l) o Ftht + tht F(2) o Ftht - tht

tot T ) ) tot T 22 (294)
it follows that
i’ B(e))? R @ )2
Ftot - Z (Ftot ) - 5 (ﬂotﬂot + ﬂot tot) + <F tOt) ’ (295>
a=1
which, combined with (2.72) and (2.73) yields
. 9
FtotAJlr;’,M (Tlv r2>q)vac
1
= 5 [\/(F+ MY(F — M+ 1)/ (F — M+ 1)(F + M)+
V(= M)(F+ M+ 1)\ (F+M+1)(F - M)+ 2M?
XATRM(Tla TQ)(I)VELC (296)
= F(F + 1)ATF7M(rl>T2>q)vac' (297)
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Here we show equalities (2.87) and (2.91) used in the previous derivation:

-

M<0'1, 0'2|F, M>
= Y 0,02/ F,M)S$), + (01, 0|F, M)SD ], (2.98)

oc€ES ?
V(FFM)(F+M+1){oy,05|F, M £ 1)
= Y [{o,02| F, M)S}, , + (01, 0|F, M)S3, ] (2.99)

og€ES

-

()
We start from an equality for two-spins
[FM) = Y7 (n,mlF, M), ), (2.100)
T1,2ES

where 71, 5 refer to each spin, while F' and M refer to the composite spin, and
(11, 72| F, M) means CG coefficients.

By operating F(® @ I and I ® F® on this equation, and then taking the inner
product with |0y, 09), we obtain

(01,02| FV @ I|F, M) = ) (71,00 F, M) (01| F°|m) (2.101)
T1ES

= Y (o,09|F, M)SL, (2.102)
cES

(01,02 I @ FOIF, M) = > (01, 7| F, M) (02| F*|7) (2.103)
ToES

= Y (o1,0|F, M)SY,. (2.104)
oES

Summing up these equations yields
(01, 00| F@ @I +1® FYF M)
= Y [{0,02|F,M)SS, + (01, 0|F, M)SL),] . (2.105)

c€eS : ;
The equality (2.87) can be obtained by setting o« = 3, and the equality (2.91)
can be obtained by taking [(2.105) with o = 1] ¢ [(2.105) with o = 2].
[

For later convenience, we calculate matrix elements of Hj,:

<A},M(r17 r2)¢VaC7 HintA}/’M/(rll, TIQ)vaaC>

= Upppoar(ri,m2) [6(rs — 7)0(ry — 75) + (=1)F8(ry — 75)8(ry — )| (2.106)
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First, we show that

AF M(qh qZ)AFM(Tla TZ)@vac
= [(_ )F5(Q1 - 7“2)5((12 - ""1) + 5((11 - 7“1)5(‘12 - 7"2)]
X5F,F5M,M(I)V&c (2.107)

holds.
()
From the definition of the operator Ag (71, 72), we have
AF M(‘h, qQ)AFM(rlv'rQ)(I)vac
= > (F,Mloy,03) (0}, 05| F, M)

01,09
! !
01,05€S

x<(ay,01)1 (@, 02)0 (11, 01)0 1 (12, 05) Prae. (2.108)

Because

’lﬁ(qla UI)QL(qQ? 02>QZ}T<T17 Ui)tﬁ(’l"g, U;)q)vac
= [5((12 - 7"1)5((11 - r2)502,0’15¢71,aé
+0(q, — 71)0(qy — 72)0, 0,003 | Prac, (2.109)

it follows that

AF,M(qla Q2)A},M(7“1, 72)Prac
= Y [dlay —r)dla, = ra)(F, Mlov, o2} os, o1 |, M)

01,02€8

+(5(q1 - T1>6(q2 - T2)<F, M‘Ulu 02><017 UQ‘Fa M>:| (I)vac (2110)

= Z [(—1)Zﬁﬂ(5(q2 —71)0(qy — 1) (F, M|y, 02) (01, 03| F, M)

0’1,0’268
+(5(q1 - T1>6(q2 - T2)<F, M‘Ulu 02><017 UQ‘Fv M>:| (I)vac (2111)

- [(_1)1?5((11 —19)0(gy — 71) + (g, — 71)d(gy — 72)]
X0 p 70, i1 Prac- (2.112)

OJ
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From (2.54), we have

/d(hd(b Z U”,M,F/,M/(Qh‘b)

F N ,F' N’
X <A ((h» QZ)AFM(Tlv T2)(I)va07
Aﬁ (g1, qQ)AF’ M/("'p r2)q)vac> (2.113)
1
= 5/ dq,dq, Z Uf s, 1 (91 42)05, P05t 00 pOn1r
F.M F' M’
[ F5 CI1 - "‘2)6<Q2 - "“1) + 5(‘11 - Tl)‘S(‘h - "“2)]
X [ é(q, — 7"2)5(% - ""ll) +d(q, — 7"/1)5(% - ""é)] (2.114)
1
= §/d‘11dQQUF,M,F',M'(q1, q-)
< ()74 5(ay — ra)i(a; — r1)3(a, — r)S(a, — 7))

+(— 1)F5(q1 —1)0(qy —71)0(q; — 171)d(qs —75)
+( 1) (‘h - 7'2)5(‘12 - 7"/1)5(‘11 - 7'1)5(‘12 )
6(qy —71)0(qy — 1r2)0(qy — 1)d(qy — 13)] (2.115)
1 y
— 5( 1)F+F UFMF’ M/(’T'Q, 7“1)5(’]”2 — Té)é(’l"l — ’r'l)
1 ! /
+§(—1)FUF7M,F/7M/(7'2, r1)d(ry — 7))d(1r — 75)
1 .
+§(—1)F UF,M7F’7M’<T’17T2)5(T1 — 1“’2)5(’r2 - 7'/1)
1 / /
+§UF,M,F/,M’ (r1,19)0(ry — 7)) (1o — ) (2.116)
= UF,M,F’,M/(rb 7‘2)5(7‘1 - 7"1)5(7‘2 - 7”2)
+(—1)F,UF7M7F/7M/(T'1, 7“2)(5(7"1 — 7’/2)5(7"2 — ’l",l) (2117)
= UF,M,F',M'(Th?“Q)
X [5(7‘1 —r)d(ry — 1) + (—1)F/5('r1 —7r5)d(ry — 7'/1)] , (2.118)

where, in going from (2.116) to (2.117), we used (2.56).

Step 2: Imposing the two conditions on the interaction Hamiltonian

Having finished the preparation, we move on to imposing the two conditions stated at the
beginning of this subsection on the interaction Hamiltonian.

23



4 ™
We assume
" i X
[Hing, 0] = [Hing, F)] = [Hing, 2 =0 (2.119)

holds. Then, Ug s ar (71, 72) can be expressed as

UF,M,F’7M’("“1> T9) = 5F,F’5M,M'UF(’I“1, r3) (2.120)
by a function Up.
Thus, we have
1 2 F
Hiy = §/dT1dTQZUF(T17r2> Z A},M(TI7TQ)AF,M(T1>T2)' (2.121)
F=0 M=-F
\_ /

()

U is diagonal with respect to M.
Because Hi,; and Ft(,i) commute with each other, we have

<14}’1\4(,r17 TQ)(I)VB‘C’ Ft(ost)HintATF’,M’ (,’,/1’ rl2>q)vac

_ <A},M(r1, 79) @ e, Hin ES AL (0], r’z)cbvac> . (2.122)

Combining this equation with (2.72) and (2.106), we obtain

0 = (M - Ml) <A},M(r1> r2>q)vav:7 HintA}‘/7M/<r/1, Tlg)q)vac> (2123)
= (M — M"Up 000 (71, 72)
X [5(7“1 —)8(ry — ) + (=1)F5(ry — r)d(ry — 7“’1)} . (2.124)

Assuming M # M’ yields
0= UF,M,F’,M’(Tlv ’I"Q) |:(5(’l"1 — T/1>5(7°2 — 7“/2> + (—1)F/(5(7'1 — T'I2)(5<T'2 - 7'/1)] . (2125)

When 71 # 79, Upp v 00 (71, 72) must be zero, which can be shown by integrating r}over
a small neighborhood of 71, and 7/, over a small neighborhood of 7,.

When r; = r; =: r, we have
0 = Upgpran (7, 7) {1 + (—1>F’] 5(r — )3(r — 7). (2.126)

Thus, for even F’, Up p pr p (7, 7) must be zero. For odd F’, because Aps pp(r,7) =0, it
can be seen from (2.54) that Ug ps g pr (7, 7) can be set to be zero without changing Hiy.

U is diagonal with respect to F'
. 2
Because Hi,, commutes with F', ., it follows that

P
<A;’M(Tl’ T2)(I)V3C’ FtotHintA}",M<’rll7 TIQ)(I)vac

.2
- <A}1M(r1, 79)®yaer Hin Fooy Al 1 (7, r;)q>m> . (2.127)
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Combining this relation with (2.74) and (2.106), we obtain
0 = [F(F+1)— F(F +1)] <AFM(rl,r2)d>vaC,HlntAF, (r;,rg)q>vac> L (2.128)

When F # F’, we have

0 = <A}7M(r1,r2)<1>vac,HintA},7M(r’1,r’2)<Pvac> (2.129)
= UF,M,F',M(Tl, 7“2)
X [5(7«1 —)3(rg — ) + (1) 8y — )8 (r — r;)} L (2.130)

The same discussion as that in the previous paragraph yields Ug s g ar(71,72) = 0 when
F+F

U does not depend on M
From the results we have shown, U can be rewritten as

Up s (T1,72) = 0ppOpr e Up (11, 72) (2.131)
with a function Up . Because Hjy, and f?’tft commute, it follows that
<ATF,M(r1a r2)q)vacv Hintﬁicjc;tA}‘,M:Fl (rllv TI2)¢V%>

= (B AL (11, 72)Pne, Hiae Ay (7, 75) P ) (2.132)

It follows from (2.73) that

(LHS) = (F+M)(F¥M+1)

X < FM Tl,'l“g q)vacaHmtAFM(rla'rQ)q)vac> ) (2-133)
(RHS) = (F+M)(FFM+1)
X < o (71, 72) Puae, HlntAFM¢1(r1,r2)<I>V3C> : (2.134)
Thus, we can see that
<A}M(r1, 79) Dy, Hin Al 1y (7, r2)®vac> (2.135)

does not depend on M, and hence, from (2.106),
Up i (r1,m2) [6(r1 — 7))8(rs — 75) + (=1)76(r1 — v5)8(rs — 7)] (2.136)

also does not depend on M. Thus, Up (71, 72) does not depend on M. (When F is odd
and ry = ro, Up (71, 72) can be set to be zero. )
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Further, we assume that the system is dilute, so that the interaction can be approximated
by a contact interaction:

4 ™

By imposing Up(r1,72) = grd(r1 — T32), we obtain

F=0,2
AF,M(T) = AF,M(Ta ’I"). (2138)
Note that the summation over F' is restricted to even numbers.
Physically,
A h?
gr = M ar, (2.139)

where M is the mass of the atom, and ar is the s-wave scattering length of the total spin-F
channel.
N J

()

By plugging the expression for Ur into (2.121), we obtain

Hy = /ergp Z AFM r,r)Apy(r, 7). (2.140)
F=0

When F' is odd, Ap (7, 7) = 0, and hence the summation is restricted to even F.

Step 3: rewriting the obtained interaction Hamiltonian

Here, we rewrite the obtained interaction Hamiltonian (2.137) using more intuitively under-

standable operators.
We start by deriving two equalities:

~
Let :: be the normal ordering. Then,
sa(r)n(rs) ;
= ) i(r, 000 (ry, 02)(r1, 01) (2, 0) (2.141)
o1, 0’268
2 F
= Z AFM r1,72)Ap (T, 72) (2.142)
F=0 M=

ZF(T‘l) 'F('I”Q) .

= Z Zsﬂl TlS«(TC; Tsz 1, 01)1[) (""27 02)1&(7"1,7'1)1&(7“2, 7'2) (2.143)

01,02,71,72€S a=1

- Z EF<F+ 1) _2} Z ATF,M(TlaTQ)AF,M(T17r2)~ (2.144)

F=0 M=—-F
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In C? ® C3, the Hilbert space of two spin-1 spins,

1_2 Z |F, MY(F, M|

F=0 M=

holds, where the left hand side denotes the identity operator in C* @ C3.

(2.145)

First, let us think about the paricle number. By multiplying 1ZA)T(T1, 01)7,/;T(1°2, 09){01, 09|
from the left, multiplying |07, 05)1(ry, 0})(re, o)) from the right, and taking the

summation over oy, 0q, 0, 04, we get

(LHS) = Y 4(r, 000! (ra, 02)d(r1, 01)1)(ra, 02),
o1, 09€S
2 F

(RHS) = Z Z A;’M(Tl,TQ)AF,M(T'l,T'g).
F=0M=-F

(2.146)

(2.147)

Next, we consider the spin. Let f be the spin operators in C3, and define the

spin operators in C3 ® C? by f1 = f 1, f2 =I® f and ftot = f1 + f2 Then,
T . - A2 a2 2
f1‘f2:§[(f1+f2)2_f1_f2]:§ftot_2 (2~148)
From this relation and (2.145), we obtain
A ’n F
Fiofa=) {éF(FJrl) —2} S |F, M)(F, M|, (2.149)
F=0 M=—F

By multiplying z[ff(rl, al)qﬂf(rg, 09){01, 09| from the left, multiplying |, 7'2>p@(’r1, 7'1)@(7"2, T2)

from the right, and taking the summation over oy, 09, 71, T2, We get

DS

a=1 o01,09,71,72E€S

Sla) gla)

01,71~ 02,72

(LHS) =

~

<t (11, 00) 0 ("“2702)@5(”‘1771)1/3(”’2772)7
(RHS) = Z{ (F+1) —2}

(2.150)

Z AFM 7’177“2)AF7M(T'1,’I"2). (2151)

F=0 M=-F
[
The interaction Hamiltonian (2.137) can be rewritten as
1 R R A A
Hi = §/dr [co A(E)Ar) : der s F(r) - F(r) ;] , (2.152)
where Lo
co = %, ¢ = 2 3 P, (2.153)
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Equation (2.137) means

1
Hie = 5/dr oAb () Ao (r) + go Z AL (1) Ag ar () (2.154)
If follows from equations (2.142) and (2.144) that
2
ca(m)a(r) s = Abg(r)Aoo(r) + Y AL (r)Asw(r) (2.155)
M=-2
A ) 2
F(r)-F(r): = =245 (r)Aoo(r) + > Al (r)Asu(r).  (2.156)
M=-2
By comparing these three equations, we obtain
2 . .
w i) s + 2 B B
= oAl o(r)Aoo(r) + g2 Z Al () Az (r), (2.157)
which yields
1 2 — . .
Hint:§/dr lw:ﬁ(r)ﬁ(r): +22 390 F(r)-F(r):|. (2158
[
2.2.3 The full Hamiltonian
The full Hamiltonian for spin-1 bosons is given by
e N
/drszra [— V2+U(r) — po—irqaﬂzﬁ(r,a)
c€eS
1 . .
—|—§/dr [cozﬁ(r)ﬁ(r): Ve F(r) - F(r) ] (2.159)
- J
where
e the normal ordering is defined by
sa(r)a(r) ;
= ¢ ('I”,0'1)77ZJT(T',02)¢(T701)¢(T,02), (2160)
01,02€S
F(r)-F (1")
= ) 2501 S Bt (e, o)t (e, o) (r, )Y (r, 7),  (2.161)

01,02,71,72€S a=1
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Atom  ag/ap as/ap ¢ /co

i 39.1 4.9 ~ —0.7
BNa 50.0+1.6 55.0+1.7 ~0.03
8TRb  101.8+0.2 100.44+0.1 ~ —0.005

Table 2.2: The scattering lengths and the ratio of coefficients of the spin-dependent and the
spin-independent interaction for various spin-1 atoms (i.e., F' = 1 is assumed ). Scattering
lengths are shown in units of the Bohr radius ap ~ 0.529 x 1071%m. The values of scattering
lengths are taken from table II of [18] (**Na, ¥ Rb) and [31] ("Li), and the ratio is calculated

by c1/co = (g2 — 90) /(90 + 292) = (a2 — ao)/(ao + 2as).

e spin matrices S(®) are defined in (2.45), and

e the coefficients of the interaction part are defined by

2 _
Co 1= M, ¢ = 92— 90 (2.162)
3 3
and 2
T
gr ‘= i ar, (2163)

with ar being the s-wave scattering length of the total spin F' channel.

Hereafter, we assume ap > 0, which ensures ¢y > 0, i.e., the spin-independent interaction is

repulsive. On the other hand, the sign of ¢; can be positive or negative, depending on the atom.

In table 2.2, we list the scattering lengths of a few spin-1 alkali atoms *.

e When ¢; > 0, it is energetically favorable to minimize the spin, and we call the interaction
antiferromagnetic. For »Na (F = 1), its spin-dependent interaction is antiferromagnetic.

e when ¢; < 0, it is energetically favorable to maximize the spin, and we call the interaction
ferromagnetic. For 8Rb (F = 1)and "Li (F = 1), their spin-dependent interaction is
ferromagnetic.

As we will see later, the sign of the spin-dependent interaction greatly affects the physics of
the system.

2.3 The mean-field phase diagrams for weakly interact-
ing spin-1 bosons

In this section, we give the ground-state phase diagrams of spin-1 bosons by assuming the
following two conditions:

e the interaction between bosons is weak enough so that each ground state can be written
as the product of an identical one-particle state, and

e the trapping potential is negligible so that the ground states are uniform in space.

4Spin-1 Bose-Einstein condensation has been experimentally realized for 2Na (F = 1) [15] and 8"Rb (F = 1)
[16], and recently experimental efforts to realize that of "Li are underway [31].
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Based on these conditions, we restrict our variational states to be the products of an identical
one-particle state, and then minimize the expectation value of the Hamiltonian with respect to
this one-particle state.

2.3.1 The variational state and the expectation value of the Hamil-
tonian

In the mean-field theory for weakly interacting spin-1 bosons, it is assumed that the ground
state can be written as

‘Ij¢ == CI)vac (2164)
Al = /drz (r,0)0f(r, 0), (2.165)

where
e N € N represents the number of particles, and

e ¢ € L*(V,C3) is a one-particle wave function (or a condensate wave function), which is
normalized : [dr). _slé(r,0)> =1.

The normalization (W4, U,) = 1 is ensured by the equality [A(z),AL] = 1, which is in turn
ensured by the normalization of the one-particle wave function ¢. The variational state means
that all the IV particles are condensed into the same one-particle state represented by the wave
function ¢.

Using this variational state, we calculate the expectation value of the Hamiltonian.

\

The expectation value of the full Hamiltonian (2.159) with respect to the variational state
(2.164) is given by

E(¢) = /d'r {NZgb(r,a) {—%V2 +U(r) —po + qo°| é(r,0)

oc€ES

+n(r)? + ZIFr)P], (2.166)

where

n(r) = NY |¢(r,0) (2.167)

€S
F(r) = (FO(r), FA@r), FO(r)), (2.168)
FO(r) == N> S9¢"(r,0)p(r,7), (2.169)
o,TeS

and we assumed that N > 1 so that 1 — 1/N can be well approximated by 1.
N J

()
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It can be easily shown by induction that, for an arbitrary integer k£ such that
k>1,

W("ZU),(AL)’“] = ko(r,0) (AL, (2.170)
[15(7“1:01)1/3(7‘2=02)7(Ags)k] = ko(r2, 02)0(r1,01)(A})F!
+ho(ry, o) (AL (rg, 00)  (2.171)
hold. Thus, we have

P(r, o) (AL Pre = (1, 0) (AL P, (2.172)
D11, 00) (79, 02) (AL e = k(k = 1)¢(r1,01)8(r2, 02)
X (A2 P (2.173)

Using these equalities, we obtain
(W d(r,0)0s) = (D di(r,0) W) =0, (2174)
<\I/¢,¢ (T1,01)¢(7‘2,U2)‘1’¢> = N¢*(r1,01)d(rs, 02), (2.175)

<‘I’¢7¢T(7’1,U1>w(7’2,02)1;(7'3703)1;(7"4,04)‘1’0
= N(N — 1)¢* (’I"l, 0'1)¢*<T'2, O'Q)Qb(’l"g, 0'3>¢(7'4, 0'4). (2176)
Thus, we obtain ((-) is the abbreviation of (U, -W,))

</drz¢T r,o [—;}LWVQ%—U( ) — pa—i—qaZ] zﬂ(r,o)>

g€S
o _h_ 2 B 2
= N/draezsgzﬁ r.o [ QMV +U(r) pa+qa}gb('r,o) (2.177)
and

e [5 S~ (e, 0, 7Y, 00,

o,TES

Z Zs(gcpﬁs@ . <¢f o) (v, 02)¢(r,71)¢(r,72)>] (2.178)

01,02, a=1
T1, 7‘265

= N(N - /dr [CO Y ¢ (r,0)d" (r, 7)o (r, 0)g(r, 7)

o,TeS

01,02, a=1
T1, 7'268

Z Zsi‘f)nsa%cb T 01)¢*(r702)¢(r,ﬁ)¢(r,72)} (2.179)
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[Z S ¢*(r,0)e(r, )] (2.180)

o, TES

- l) /dr [@nQ(T) + C—1|F(r)|2] . (2.181)
[ |

Further, we assume that the trapping potential is negligible and that the one-particle state
is uniform in space.

\
Assume that the trapping potential U is zero, and that ¢(r,0) = ﬁx( o), where |V| is
the volume of the region V, and y is a function of spin indices satisfying > s |x(0)|* = 1.
Then, the variational degree of freedom is y, and the energy functional to be minimized
becomes
1 1
e(x) = E (—x)
NoAVIV]
¢ c
= Y (=po+qo®)|x(o) + gop + §p|f|27 (2.182)
ceS
where
N
p o= (2.183)
V]
Fo= (JO, f@ f)y. (2.184)
FO =y SN (a)x(r). (2.185)
o,TeS

The result follows directly from the assumption ¢(r,0) = WX(U) and (2.166).

2.3.2 The phase diagrams

By a straightforward but lengthy calculation, the energy functional £ (2.182) can be analytically
minimized with respect to y [17], and we can obtain the ground-state phase diagrams of the
system, which are shown in figure 2.2 [21]. As was already pointed out, the sign of ¢; crucially

affects the structure of the phase diagrams.
We first describe five phases and their properties which can be obtained from the minimiza-

tion procedure, and then turn to the phase diagrams.
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Figure 2.2: Ground-state phase diagram of uniform spin-1 bosons, within the mean-field the-
ory for weakly interacting bosons. Solid curves indicate discontinuous phase transition bound-
aries, while dashed curves show continuous phase transition boundaries, where the continu-
ity /discontinuity of a phase transition is judged by whether there is a jump of the spin expec-

tation value f.

The property of each phase

Here, y is denoted by a vector (x(1), x(0), x(—1)).

e The phase I and II are the ferromagnetic phases, in which all particles populate o = 1
(phase I) or 0 = —1 (phase II) states, and the system possesses the largest value of ’f(g‘) ‘

I:

II :

x = (¢,0,0) (6 € R),

f= (07 071)7

1 1
E=-—-p+tq+ 561,04— §COP’
x =(0,0,¢") (0 € R),
f= (07 07—1)7

1 1
e=ptq+sap+ 5ap-

2 2

It is natural that phase I (phase II) appears when the linear Zeeman energy p is large
(negatively large) enough, as can be confirmed from figure 2.2.

e The phase III is the antiferromagnetic phase, in which all the particles populate the

o = +1 states.

111 - X=<629+ w,o,ew

i)
cp)’

f = (07 07
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L=p/tar) _pé(qm) (0. €R),  (2.192)

(2.193)

(2.194)




e The phase IV is the polar phase, in which all the particles populate the o = 0 state. The
state does not possess magnetization.

IV: x=(0,e"0) (0 €R), (2.195)
f=1(0,0,0), (2.196)
€= %cop. (2.197)

The polar phase appears when the positive quadratic Zeeman energy ¢, which penalizes
particles in 0 = +£1 levels, is strong enough.

e The phase V is the broken-axisymmetry phase, in which the magnetization tilts with
respect to the axis of the external magnetic field, and the symmetry around the axis is
spontaneously broken.

V. oy= (ei(eo93)Q+p\/p2—q2+2lcllpq

2q 2|c1|pg

0 (¢? — p*)(P* + ¢ + 2|e1|pg)
4lc1|pg?

i60+05)1 — P [P — ¢* + 2|cilpg 00
€ 0,03 € R), 2.198
2q \/ 2|e1lpg ( ) (2.198)
£ — [ cosp, V(@ = PW* 1 2lerlpa)? — o]

2|ci]pg?

V(@ = p2)(p* + 2leilpg)? — ¢
2|01|Pq2

p(p® — ¢ + 2|01|PQ))

2|01|Pq2 ’

(P — ¢* 4+ 2q|ci]p)? | 1

_ L 2.200
€ Slalod? + 5cop (2.200)

sin 05

I

(2.199)

The phase arises as a result of the competition between the ferromagnetic interaction,
which energetically favors a larger spin state, and the positive quadratic Zeeman energy,
which penalizes the o = 41 spins.

The properties of each phase are summarized in table 2.3.

The phase diagram and phase transitions

e antiferromagnetic interaction
When ¢; > 0, the spin-dependent interaction favors the state with smaller |f|. In
the absence of an external magnetic field (p = ¢ = 0), the ground state becomes
x = (0,1,0), %@(1,0, 1), (which satisfy |f| = 0) or any states represented by spin ro-
tations of these states. (In fact, the latter can be obtained from the former by a spin
rotation. )
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Phase order parameter y magnetization f energy ¢ — %cop

I ferromagnetic (e,0,0) (0 0 1) —p+q+3c1p
II ferromagnetic (0, O, 6“9) —1) p+q+3cip
IIT antiferromagnetic (2.192) (O 0, Cfp) q— ;pr

IV polar (0,€",0 (0,0,0) 0

V  broken-axisymmetry (2.198) (2. 199) (2.200)

Table 2.3: Five ground-state phases of spin-1 bosons and their properties. 6,6. € R. The
roman numbers correspond to those shown in figure 2.2.

When p = 0 and ¢ < 0, the state y = \%(1,0, 1) is favored, and when |p| is increased,
the state follows the change by changing the population in the o = +1 levels (the anti-
ferromagnetic phase I1I) until it finally becomes ferromagnetic (the ferromagnetic phases
I and II). This phase transition is continuous as can be seen from table 2.3.

When p = 0 and ¢ > 0, the state x = (0,1,0) is favored (the polar phase IV). B
increasing |p|, the ground-state turns ferromagnetic at a threshold value (except for the
case in which ¢ is small so that the ground-state first becomes antiferromagnetic and then
ferromagnetic.). The phase transitions between the ferromagnetic phases and the polar
phase, and the phase transitions between the antiferromagnetic phase and the polar phase
are discontinuous.

e ferromagnetic interaction
When ¢; < 0, the spin-dependent interaction favors the state with larger |f|. In the
absence of an external magnetic field (p = g = 0), the ground state becomes y = (1,0, 0),
which satisfies |f| = 1, or any states represented by spin rotations of this state.

For a negative ¢, the quadratic Zeeman term is compatible with the ferromagnetic spin-
dependent interaction, and the mean-field ground state becomes y = (1,0,0) or (0,0, 1),
depending on the sign of the linear Zeeman energy p.

For a positive ¢, the quadratic Zeeman term penalizes the population in the o = 41 levels,
and competes with the ferromagnetic spin-dependent interaction. This competition gives
rise to the broken-axisymmetry phase V, in which the magnetization tilts with respect
to the axis of the external magnetic field, and the rotational symmetry around the axis
is explicitly broken. By increasing ¢, the transverse magnetization gradually shrink, and
the ground state continuously changes to the polar phase. This phase transition has been
experimentally observed [32, 33].
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Chapter 3

Ultracold bosons in optical lattices

In this section, we review some basic results on bosons in optical lattices, i.e., periodic potentials
created by laser beams. We consider both scalar and spinor bosons, emphasizing the phase
transition between the superfluid phase and the Mott insulator phase.

e Section 3.1 discusses two topics:

1. We describe the way to create periodic potentials with various geometries using laser
beams, and some examples including square/triangular lattices are shown.

2. To describe bosons in an optical lattice from the viewpoint of localized particles,
we introduce the Wannier functions, which will be used to derive the Bose-Hubbard
Hamiltonian.

e Section 3.2 deals with the scalar (i.e., spinless) Bose-Hubbard model, which describes
spinless bosons in optical lattices. We derive the Bose-Hubbard Hamiltonian using the
Wannier function introduced in the previous section, assuming deep lattice (i.e., the tight-
binding approximation) and low temperature (i.e., only the lowest band is considered).
After discussing two extreme cases, namely, the no-hopping (i.e. strong interaction) case
and the non-interacting case, we turn to the fascinating topic of the quantum phase
transition between the superfluid phase and the Mott-insulator phase, which we will
analyze using a simple approximation.

e Section 3.3 deals with the spin-1 Bose-Hubbard model, which describes spin-1 bosons in
optical lattices. After deriving the model, we examine its ground state properties in the
no-hopping case. Then, we again discuss the properties of superfluid to Mott-insulator
phase transitions in the model, emphasizing the distinction from the scalar case.

3.1 Optical lattices

3.1.1 Creating periodic potentials

First, we begin by discussing the single-particle problem with a uniform electric field. It is
known [6] that a time-dependent, spatially uniform electric field E(t) = E et 1 ) git
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changes the ground-state energy ! of an atom by

AE = —%a(w) (|E)*),, (3.4)

where
e «(w) is the polarizability of the atom 2 | and
e (-), denotes the time average over a multiple of the oscillation period of the electric field.

Here we assume that the oscillating electric field is off-resonant, i.e., hw # E,, — E,,,, where E,,
and FE,, denote arbitrary energy eigenvalues of the atom.

When the spatial variation of an oscillating electric field is much larger than the spatial
extent of the atom, we can assume that (3.4) holds locally, and view the energy shift as an

external potential

Ur) = —%a(w) <|E(r,t)|2>t. (3.5)

We show that, based on (3.5), spatially periodic potentials can be created by superposing
laser beams propagating in different directions. First, take

E(r,t) = ) Ejcos(k;-r—wt+d;) (3.6)
j=1
"1 , .
_ Z §E] [ez(kj-rfwt+5j) + efz(kj-rfwt+5j):| : (37)
j=1

'Here, the “energy eigenvalue” under an oscillating perturbation is defined by considering time-average as
follows: Let us expand the state 1 by

1/)(t) = ch(t>¢n7 (31)
where (¢p,), are energy eigenstates of the unperturbed Hamiltonian, and we assume that 1 (0) = ¢g. Note that,

without the perturbation, ¢, evolves as ¢, (t) = e *Ert/? where E,, is the energy eigenvalue of the state ¢,,.
Define the phase 6y (t) of the time-dependent coefficient co(t) by

0o (t) == %log co(t), (3.2)

where it is understood that 6 is defined to be continuous with respect to time t. Then, Ey, the “energy
eigenvalue” of ¢y under the oscillating perturbation is defined by

Ey:=—h lim 6o(IT)

l—ooleN T (3.3)

where T is the period of the oscillating perturbation.
2Generally, the polarizability is a tensor, but here we assume it is rotationally symmetric so that it can be
expressed by a scalar.
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where each E; € R? is a real vector denoting the direction of the electric field, and each k; € R?
is a real vector denoting the wave number of the mode. Then,

<|E (r,t |2>
_ = Z E E < i(kjr—wt+6;) _i_efi(k:j-rfthr&j)} [ei(k:]—/-wfwt+5j/) _i_@*i(k’j/'T*WtJr‘sj’)] >t(38>
,J’—l
. Z E E {ez[(k k1) r+08;—0; }+€ i[(kj—k ;) T+0;— /]} (39)
J,J’—l
= —ZyE|2+ZE Ej cos|(k; —kj) - T+ 06, — ;). (3.10)

J<Jj’

By subtracting the first term in the right-hand side, which does not depend on the position,
we obtain the potential 3

U( == ——O{ ZE E/COS k k]/)r+5]—5j/] (311)
i<y’
Thus, by choosing n, E;, k; properly, we can realize various lattice geometries. A few examples
are shown below.

One-dimensional lattice
To implement a one-dimensional lattice, we take n = 2, k1 = k, ks = —k, E, = E,, where
k € R3 with |E;| = 1 4, and for simplicity, §; = d». Then, by denoting r - k/|k| = z, we
obtain a periodic potential

U(r) = —%a(w) cos(2[k|z) (3.12)

whose period in space (or lattice spacing) is given by 7/|k| i.e., the half of the wavelength
of the laser light.

Three-dimensional cubic lattice
The two-dimensional case and the three-dimensional case are similar, so we treat the
three-dimensional case here. The idea is to reproduce the one dimensional case in three
directions. Here, we need n = 6 laser beams, and take

kl = —kg = kel, kg = —k4 = ]{362, k5 = _kﬁ = ]{363, (313)

where e; denotes the unit vector in the ¢ direction, and k denotes the magnitude of the
wavenumber. To avoid interference between beams of different axes, we take

E1 :EQICQ, E3:E4:€3, E5 :Eﬁzel. (314)

For simplicity, we take all J; to be zero. Then, we obtain the three dimensional cubic
potential

Ur) = —%a(w) [cos(2kx1) + cos(2kxy) + cos(2kx3)] (3.15)

with lattice spacing 7/k.

3This potential is different from the one in (3.4) by the constant +a/(w) Z;—;l |E;|?, but we slightly abuse
notation.
4E, and E; can be chosen arbitrarily as long as E, - Ey # 0.
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Two-dimensional triangular lattice
As a less trivial example, here we show how to construct a two dimensional triangular
optical lattice [34]. Here, we use n = 3 beams, with

ki = k(0,1,0), ko =k (—ﬁ 1 o) ks =k (ﬁ,—l o) (3.16)

27 2 27 2
E,=FE;=FE;=e;, (3.17)
and we set 9; = 0 for simplicity. Then, the potential becomes
U(r) = —%a(w) {cos(by - r) + cos(bs - ) + cos[(by + b) - 7|}, (3.18)
where
by := ko — ks = V/3k(—1,0,0), (3.19)
by := ks — ky = 3k (% —\/;, 0) (3.20)

are reciprocal lattice vectors. The corresponding direct lattice vectors are given by

4 V3 o1
: il 21
@ 3k ( 27 270) ’ (3.21)

4
= —(0,—1 .22
as 3k <O7 ) 0) (3 )
which satisfy a; - b; = 279, j, from which we can see that the potential forms a triangular

lattice.

Figure 3.1 shows optical lattice potentials discussed above. For more complex optical lat-
tices, see [35]

3.1.2 Bloch wave functions and Wannier functions

Here, we consider a one-particle problem under a periodic potential Uy. For simplicity, we
consider a finite lattice, whose lattice points are collectively denoted by A, and integrals are
understood to be over the whole lattice (not the whole space R%. ).

Bloch wave function

From Bloch’s theorem in condensed matter physics, we can write down energy eigenstates in
the form of

Do1e(1) = €Ty (7)), (3.23)

where

e k is a crystal wave vector in the first Brillouin zone, which is determined from the direct
lattice vectors,

e b is a label specifying the band, and
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Figure 3.1: Examples of periodic potentials. Here we assume « is positive, and the color bars
are in an arbitrary unit. Left: a square lattice, which can be obtained in a way similar to
(3.15). Right: a triangular lattice represented by (3.18).

e u is a function with the same periodicity as the periodic potential Uy.

We assume that the set of Bloch wave functions forms a complete orthonormal basis:

/drﬁ,k(’”)%',k’(”') = Obb Ok b (3.24)
Z¢bk )¢y (1) = 0(r —1'). (3.25)

Wannier functions

Bloch wave functions represents a particle extending over the whole lattice. To describe the par-
ticle in terms of localized states, we can employ another basis set called the Wannier functions
defined by

(3.26)

Wya(r) i \/%A‘ S Ty (),
k

where the summation is over the first Brillouin zone, and o € A °.
It follows from the properties of the Bloch wave function (3.24) and (3.25) that the set of
all the Wannier functions constitutes a complete orthonormal basis:

[ W W) = B 3.27

Z Wi o (r) Wi () = 8(r — 7). (3.28)

>Concretely, z € N?, and, if we denote the i-th component of = by z?, then r, can be expressed as r, =
Z;‘l:1 z’a;, where a; denotes primitive vectors of the lattice.
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Note that, because W ,(r + 7,) does not depend on z 6 the Wannier functions can be
expressed as

Wi (r) = Wi(r —ry), (3.29)
Wy(r) = \/ﬁ > duw(r). (3.30)

3.2 Scalar Bose-Hubbard model

3.2.1 Derivation

In this subsection, we derive the Bose-Hubbard model. Our starting point is the Hamiltonian
for scalar bosons interacting through a contact interaction

+5 [ardt )it n)ir)icr), (331

where Uy, represents the optical lattice potential, and Uy represents a trapping potential.
To derive the Bose-Hubbard Hamiltonian, we first define the boson creation/annihilation
operators from the Wannier functions;

Uy = / dr Wy, (r)d(r), (3.32)
af, = / dr Wy o(r)df (r), (3.33)

which, from the orthonormality (3.27), satisfy the bosonic canonical commutation relations
[ab,xa ab,ﬂ»"] = [az,gw aZ’,x’] = 07 [a’b,am CLZ,@,] = 5b,b’6a:,a:’- (334)

Then, we can rewrite the Hamiltonian (3.31) as
4 N
o = Z (_t23117714)322 + U:Ivjiﬁzz) azl,xlabz,m
b1,z1,b2,22
1
R DR i X AU A (3.35)
b1,21,b2,%2,b3,23,b4,24
where
h?

tla)sll’,la)é = / dTWl;kl (T - 7'301) [_mv2 + UL('T') ng ('I" — ’l"$2), (336)

ot = [ e Un W ), 3.7

uplebsbs = g / drWy (1 — 14 )Wy (1 — 70y )Way (1 — 70 )Wa, (1 — 74,). (3.38)
N~ /

6This property can be seen from the definition (3.26), the form of the Bloch wave function, and the fact that
Uy, Possesses the same periodicity as the lattice.
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From the completeness relation (3.28),

p(r) = Wia(r)ap,, (3.39)
b,x
Pi(r) =Y Wy,.(r)d], (3.40)

holds. Substituting these relations into (3.31) yields

. h?
H = Z {/ d'r'Wbl,;zl (T) {_Wvg + UL(’I"):| sz,xz (’l")} azhxlab%m

b1,x1,b2,72

LY [ / drwg;m<r>UT<r>Wb2,x2<r>] 0l by

b1,x1,b2,72

+g Z [/ drWy o (P)Wy, o (P)Why g (1) Wi, 2 ("“)}

b1,x1,b2,72,b3,%3,b4,74

T T
Xab1,1‘1 a’bz,];g a’b37$3 a’b47$4 (341)

Then, by using (3.29) and (3.30), and defining symbols as above, we obtain the
result.

Various models can be obtained by imposing different approximations on the Hamiltonian
[36]. Here we consider the simplest case:
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We impose the following three assumptions:
e All bands except for the lowest one, which we label as b = 0, can be neglected.

e The lattice potential is so deep that the Wannier functions are strongly localized at
each site (i.e., the tight-binding approximation).

e The trapping potential U changes much slowly in space compared with the lattice
potential Uy.

Then, the Hamiltonian (3.35) can be approximated by the Bose-Hubbard Hamiltonian

Hgy=— Y toyala, + > Viala, + an g — 1), (3.42)

€,y
neighboring
where
G = ag, / dr W (r)i(r), (3.43)
try = /d'rWO {——VQ%—UL( )} Wo(r —r,), (3.44)
Ve = Ur(rs), (3.45)
Up = g/dr|Wo(7’)\4, (3.46)
he = alag, (3.47)

and the first summation is restricted to neighboring sites x and .

()
From the first assumption, we neglect all the terms with b # 0, and the Hamil-
tonian can be approximated by

Z (—tey + Usy) al 0y + 5 Z T1,29,T3, mallalﬂmau, (3.48)
z,y 371 ,T2,T3,T4
where
ay = aog, (3.49)
tey = 120
h2
— _/drwg(r —7r,) [—WVQ +Ur(r)| Wo(r —r,), (3.50)
U,, = U= / AW (1 — 1) Up(r)Wo(r — 1), (3.51)
Ux1,xz,x3,x4 = U:f:)loag gcg z4
= g [arWitr - Wit = r)
XWo(r — ru )Wo(r — 7y,). (3.52)
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From the second assumption, t,,, U, ,, and Uy, 45 24,2, Tapidly decay as separa-
tions between different variables (x and y) become larger. Thus, we neglect

¢ Ux’y if # Y,

® Usizyuse, Unless 11 = wy = w3 = 14, and

e {,, unless z and y represent a pair of neighboring sites 7 .
We define

U =Uspow =9 / dr|Wo(r)|*. (3.53)

Further, from the slow variation assumptions on Up, we approximate the integral
(3.52) by Ur(r,). Then, we arrive at

Ui
_ Z tx’yalay + Z UT('rx)aLax + 70 alalaxax. (3.54)
neigl:fl’)g{)ring v v
[ |

3.2.2 Ground-state properties for two limits
Hereafter, we assume Uy > 0, and ¢,, > 0.
Non-interacting case (U = 0)
In the non-interacting, i.e., Uy = 0 case, it is easy to show that the Hamiltonian can be

diagonalized as follows:

"Because of the discrete translational invariance, the terms with x = y gives Const. x (Total particle
number), which does not affect the physics of the system.
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~
Let K be an appropriate finite set, (¢x)rex be a complete orthonormal basis of L?(A), and

(ex)kex be a family of real numbers which satisfy

— th,y¢k(y) + Vatr(z) = erdn(z) (Vo €A, k€ K). (3.55)

yeEA

(Because the equation has the form of the eigenvalue problem of a Hermitian matrix, such
(dr)kex and (e )kex exist. ). Let us define

ik =Y on(x) aq. (3.56)
TEA
Then, the Hamiltonian can be diagonalized as
keK
and a ground state, whose total particle number is NV € N, can be expressed as

) L (@) e
GS — ﬁ <CL0) vac) (358)

where ®,,. denotes the vacuum state.

%

In particular, if we take V' = 0 and consider the d-dimensional hypercubic lattice, we can
easily obtain the following results for the ground state.
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-~ The ground state for the d-dimensional hypercubic lattice ~

Let N be the total particle number. We also assume the hopping amplitude ¢, , for two
neighboring sites does not depend on x,y and can be written as ¢,, =t > 0. Let L be the
linear length (measured by the lattice spacing) of the lattice.

e The ground state is unique, and can be expressed as

1 N 1
_ =T =
Dag = Mo (a0> Dae, Qo = T EEA Ay (3.59)

The ground energy is —2tdN, and the energy difference between the ground state and
the first excited state is 2¢(1 — cos(27/L)). .

e For the ground state, Prob,(n|®gs), the probability distribution of the number of
particle n at site x € A, is a binomial distribution

N! 1\" I

which, in the thermodynamic limit, can be approximated by a Poisson distribution

an

n

Prob, (n|®gs) = e_ﬁ—', (3.61)
n!
where m = N/L%.
e The one-body correlation function satisfies
<<I>Gs, a];ay@gg) =n. (362)
\_ J

From these results, we can see
e there is no energy gap in the thermodynamic limit,
e the particle number at each site has a large fluctuation, and

e the state possesses the off-diagonal long range order (ODLRO) because (®gs, ala,Pgs)
does not decay even if x and y are largely separated from each other.

No-hopping case(t = 0)

In the no-hopping case, Fock states become energy eigenstates, where Fock states are defined
by

Ve e A (ng > 0), anzN}, (3.63)

FASIAN

IN = {’I’L - (nx)xGA

1 n
d, = — (al)" @yue (m € Iy). (3.64)
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Assume t,, = 0.

e &, (n € ZIy) are eigenstates of Hpy, and

U
Hp®p = En®pn, En=) {Vn 5 na(ne = 1) (3.65)
TEA

e For ®,,, Prob,(n|®,) (n € N) becomes a Kronecker delta:

Prob, (n|®y,) = 0, n (3.66)

e The one-body correlation function satisfies

(D, alayCD,J = 0y y Ny (3.67)
N J

For the simples case with V' = 0, the uniqueness of the ground state depends on whether
N/|A| is an integer or not.

\
Assume t,, =0, V, =0 (Vx,y € A) and that the particle number N satisfies
N =nc|Al +ny (ne € Z4,0 < n, < |A]). (3.68)
eground state
Let us take a configuration n that satisfies
ny = ne (Yo € A)ifn, =0, (3.69)
ng = neorn.+1 VeeA)ifn, #0. (3.70)

Then, the corresponding ®,, is a ground state of Hgy. We call the former case the
commensurate filling case, and the latter the incommensurate filling case. The ground
state is unique for the commensurate filling case, while ground states are degenerate
for the incommensurate filling case.

e ground-state energy
The ground energy Egg can be expressed as

U,
Eag = 7% [|A|(ne — 1) + 2n,] . (3.71)

e energy gap
The energy difference between the ground state and the first excited state is Uj.

N J

Thus, for the commensurate filling case,

e the energy gap exists in the thermodynamic limit,
e the particle number at each site is fixed, and

e the state possesses no ODLRO.
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For incommensurate case, it can be shown that linear combinations of the degenerate ground
states can possess ODLRO.

3.2.3 Superfluid to Mott-Insulator transition

Hereafter, we assume that t,, does not depend on x,y as long as they are neighboring sites,
and write ,, =1

We have seen in the previous subsection that the ground state of the non-interacting case and
that of the no-hopping case with commensurate filling exhibit completely different properties;
each particle spreads over the whole system in the former state, while each particle is completely
localized in the latter state.

When we have the Bose-Hubbard Hamiltonian with both terms being non-zero, there is a
competition between these two terms; it is energetically favorable to delocalize particles for the
hopping term, while it is energetically favorable to localize particles for the interaction term
8. This competition gives rise to a fascinating phenomenon; the quantum phase transition
between the superfluid phase and the Mott-insulator phase. The former phase is defined by
non-zero ODLRO, and it is known to have no energy gap, while the latter phase does not
exhibit ODLRO, and has a non-zero energy gap.

Let us first analyze the system using a simple approximation of the Gutzwiller variational
ansatz [37, 38]. To make the discussion simple, we consider the grand canonical ensemble at
zero temperature specified by the grand Hamiltonian KBH = Hgg— uN where p is the chemical
potential, and N is the total particle-number operator. We assume that the trapping potential
Ur is zero. We calculate its approximate ground state using a variational method, with the
variational states being the product of identical local states:

8We assume t > 0 and Uy > 0.
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e Gutzwiller variational ansatz for the ground state ~

To approximate the ground state, we use the following variational wave function W, 5

Von = QD e(n)ol, (3.72)
€A n=0
where
e the states |
) = (al)™ @) (3.73)
’ Ny

are local Fock states, and ®{2) stands for the vacuum state of the Hilbert space of a
single site x.

e Although the particle number can be infinite in principle, for simplicity we assume
that the particle number at each site is not larger than a given value n,,y.

e The function ¢ satisfies the normalization condition Y % [c(n)|* = 1.

Here, the function ¢ is the variational degree of freedom, and we search for such ¢ that
minimizes the expectation value of Kgy

(Wen, Kon¥en ). (3.74)
N J
The rationale behind this approximation is that, in both the non-interacting and no-hopping
limits, the corresponding ground states can be written in the form of (3.72), and hence it is
natural to assume that states in this form can interpolate these two limits, and can capture the
quantum phase transition well.
It is straightforward to show

n -1
1 " max
o <QIC,A, KBH\I/C,A> = —zt n+1en)c(n+1)
n=0
+7§( %n(n — 1) — un| |e(n)|? (3.75)
2 )

n=0

where z is the number of the nearest neighbor sites of a site, and we assume that this number
does not depend on the chosen specific site.
First, consider the ¢ = 0 case. It is easy to see the minimum is attained by

c(n) = nne; (3.76)
where n. € N is an integer satisfying °
Up(n. — 1) < p < Upne. (3.77)

This is nothing but the exact ground state for commensurate filling, and has no ODLRO, i.e.,
the state is a Mott insulator.

YWe assume p/Uy € Z for simplicity.
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Next, we examine the stability of this state against a small fluctuation in the particle-number
density, when ¢ is non-zero. Assume that ¢ takes the form of

c(ne+1)=e41, c(n.) =1/1—¢e3—¢2,, c(n) =0 (otherwise), (3.78)

where €41 > 0 are assumed to be small. Then, the expectation value of the grand Hamiltonian
becomes

1

T <\IJC’A, [A(BH\IJC7A> = [~Us(ny — 1)+ p — ztn.) e® | + [Upne — p — zt(n. + 1)] &3

-2zt nc(nc + 1)6_161
+const. + (higher order terms of €; and €_1). (3.79)

Thus, the Mott-insulator state is stable against small fluctuations in the particle-number density
if and only if the quadratic form

[~Us(ny — 1) + pu — ztng) €2, + [Uone — p — 2t(ne + 1)] e — 22ty /ne(n. + )e_1e1  (3.80)
is positive definite, which is equivalent to °

st _ Uy =) [p — (n — DU
UO U0+M

. (3.81)

If 2t/Uy is larger than the right-hand side of (3.81), then the fluctuation grows, and the ap-
proximate ground state exhibits non-zero ODLRO.

Figure 3.2 shows the result of numerical minimization ! of (3.75), which agrees well with
the boundary (3.81) obtained by the above simple argument. Note that here the ODLRO
can be decomposed into the product of the expectation values of a! and a,, and we call them
superfluid order parameters.

Although the analysis above is a simple one, various theoretical studies, including quantum
Monte Carlo calculations [39, 40], have confirmed that the analysis shown above captures the
qualitative feature of the phase transition well. For a summary and comparison of these studies,
see Table 2 of [10].

The quantum phase transition between the Mott-insulator phase and the superfluid phase
was experimentally realized [14], which is one of the cornerstones in cold atomic physics, opening
up the possibility of quantum simulation, where various quantum many-body Hamiltonians can
be implemented and compared with theoretical predictions.

0Here, we assume p + Uy > 0.

HPprecisely speaking, the result is obtained by the method called the decoupling approximation, which is
equivalent to minimizing the Gutzwiller variational energy (3.75. This fact will be shown in section 4.4). The
equivalence will be shown in section 4.4 for the spin-1 Bose-Hubbard model, but the same discussion applies to
the scalar case.
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Figure 3.2: Ground-state phase diagram of the Bose-Hubbard model within the Gutzwiller
variational ansatz. Left: Plotted in color is the superfluid order parameter (a,), which is zero in
the Mott-insulator phase, but non-zero in the superfluid phase. The white dashed curve denotes
the boundary (3.81) obtained by the simple argument, which agrees well with the numerical
result. Right: The hopping-amplitude ¢ dependence of the superfluid order parameter (a). It
can be seen that the transition is continuous.

3.3 Spin-1 Bose-Hubbard model

3.3.1 Derivation
In this section, we derive the spin-1 Bose-Hubbard model starting from the Hamiltonian

~

H = /drzw(r,a) {—%VQ + Ur(r) + UL(r) — po + qaz} U(r,o)

oeS
% / dr [cozﬁ(r)ﬁ(r); te: F(r) - F(r) } (3.82)
where
cn(r)n(r)
= ¢T<r7UI)I&T(ru0-2>1[}<r70-1)77;(,r70-2)7 (383>
01,02€S
F(r)-F(r)
3
= > ) S 88 i)l (v, o) U (r, ) (r, 7). (3.84)

01,02,71,72€S a=1

Because the derivation can be done in almost the same way as the scalar case, here we only
show the sketch of the derivation.
First, we define the creation/annihilation operators of spin-1 bosons at lattice points from
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the Wannier functions:
o= [ AW (P)i(r.0), (3.85)
A,y = / drWyo(r)i'(r, o), (3.86)

which, from the orthonormality (3.27), satisfy the bosonic canonical commutation relations
[0 O r.07] = [0 4 O 1 ) =0, [0 Oy g1 1) = OO0 (3.87)

Then, the Hamiltonian (3.82) can be rewritten as

4 ™

_ E b1,b2 b1,b2
H - ( t:rl T2 + le :tg)abl 1, o'lab27$27(72

b1,b2,x1,72,01,02

+Y (—po +q0)a) . yabas

bx,0

§ : E : § : b1,b2,b5,b4 T
+_ 0,21,22,23,24 bl,ml,aabg,xz 7 b3, 3,0 Ay, 4,7 (388)

b1,b2,b3,b4 T1,T2,T3,T4 O,T

bl7b2,b3,b4 (o) a
+_ Z Z Z Z 2,x1,%2,73, IJC4SU1 71502,7'2

b1beyb5,b4 21,22,T3,T4 01,02,T1,T2 «

Xall@l,o'laz2,$2,02ab375‘73771 Aby,z4,725 (3.89)
where
b1,b N h 9
ghbe = / drW; (7 — 72, {—mv +UL(r )1 W, (r — 12, (3.90)
Ut = [ AW = e U Wi = 1), (3.0)
Ug;fiﬁ;fzm = O / erb*l (T - rrl)Wl;; (’I" - Tﬂcz)Wbs (T - rws)szL (T - rm)v (392)
Uglzélljiy’cb;:f;:m = O /dTWbt (’I“ - T$1)Wl;; (T - r$2)Wb3 (T - Tz3)Wb4 (’l" - ’I”M). (393)

Substituting the relations

Zbe abxoa (394)

Zsz abxo" (395)
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which follows from the completeness relation (3.28), into (3.82) yields

H =YY {/erb*l’rl(r) [—%VQ + UL(’I’)} Wbm(r)}

bi,bo 1,22 ©

]
X ab1 , L1 ,Ua’b2 X2,0

305 S [ W)

bi1,b2 1,72 O

+3 DY (0o +40%)a] , 00
b T o
+C?O Z Z Z / dTWJl,Il (T)Wl;kz,mz (T)Wb&% (T)WIM,L&L (’I")

b1,b2,b3,b4 x1,72,23,24 O,T

] T

X abl ,T1 ,O’ajbz , T2, T abS » L3 :Tab475’3477'

S X W 00 ()W, ()W ()

b1,b2,b3,b4 x1,22,23,24 01,02,T1,T2 «

xS4 S af i (3.96)

02,72 a’bl ,T1,01 a’bg , 2,02 Qbg 23,71 Aby,z4,72-

-

By imposing exactly the same assumptions as in the scalar case, we obtain the spin-1
Bose-Hubbard model

H = - Z Z eyl oy + Z Vafiy + Z Z(—pa + q0*) N g
oy g x x o

neigh{soring

Uo L Us .

+5 I (e — 1) + = ; (82 —2n,), (3.97)
where
Aro = aO,x,a:/er&m(T)@E(r7g)7 (398)
h2

t%y = t%,(g]/ = —/d’l”W;(T’ — T'I) {—WVQ + UL(”'):| Wg('f‘ — ’I"y), (399)
V, = Upl(ry), (3.100)
oo = A 000, Ngi= ) fpg, (3.101)
UO = Co/d’r’|W0(’f')|4, U2 = Cl/d'l"|W0(T')|47 (3102)
S@ .= ZS&Q@LG%,T (3.103)

It is easy to confirm the result for terms except for the last term. Here we look
at the last term. After the approximation, which is almost the same as the scalar
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case, it becomes

3
1
561 / drr-|W0 (,r) ’4 Z Z Z S((T?,)Tl Stg'j,)Tg al,ol al,o’z a’mﬂ'l axyTQ (31O4>

r oa=1o01,02,71,72

The result follows from the fact that

Z Z 0'1 7'1 0'2 T2 l‘o‘lalagalea’.’L’Tz (3105)

a=1 01,02,71,T2

- Z Z 01 ‘F1 02 7'2 lol (am,naL,aQ - 571,02) Az, 1y (3.106)

a=1 01,02,71,T2

3
= > (W)’ ZZSUP S\al ,a. (3.107)
a=1

a=1o,T,p

= 82 2p,, (3.108)
where we used 22:1 Zp Séf“)S,S?‘T) = 2007
|

Hereafter, we assume that the hopping amplitude ¢, , for two neighboring sites does not
depend on x and y, and denote it by ¢. Also, in this chapter, we consider the case of V, =
0(VzeA)and p=gq=0.

3.3.2 Ground states for the ¢t = 0 case

First, we consider the ¢ = 0 case to capture qualitative features of the ground state [28]. Because
the Hamiltonian is now reduced to the sum of a local Hamiltonian at each site, we can consider
the single-site grand Hamiltonian

Ko = —n(h— 1)+ —(8% — 27) — un, (3.109)

where we drop subscripts for lattice sites. From the fact that the grand Hamiltonian commutes
with 72 and S, we can diagonalize it using the simultaneous eigenstates of 7, 8%, S®), whose
eigenvalues are n, S(S + 1), M, respectively, where [24]

e for evenn, S can be S =0,2,4,...,n, and for each S, M can be M =-S5, —-5+1,...,S,
and

e for odd n, S can be S =1,3,5,...,n, and for each S, M can be M = -5, -S+1,...,5

For the state specified by n, .S, M, the corresponding eigenvalue of the grand Hamiltonian can
be written as

K(n,S) = (; (n—l)—l—%[S(S—i—l) — 2n| — pn. (3.110)

Using this expression, we calculate ground states as follows.
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Ferromagnetic case
For the ferromagnetic interaction (Us < 0), K(n,S) can be minimized with respect to S
by taking S = n, which means that the ground state maximizes the magnitude of spin.
The state with the particle number density n attains the minimum only if

Kn+1,n+1)> K(n,n), K(n—1,n—-1)> K(n,n), (3.111)
which is equivalent to
(n — 1)(U0 + UQ) < pu< n(Ug + Ug) (3.112)
Note that Uy + Uy > 0 holds from the assumption of positive ag, as (see subsection 2.2.3).
Antiferromagnetic case
For the antiferromagnetic interaction (Us > 0), the value of S which minimizes K(n, S)
depends on whether n is even or odd. If n is even, S = 0 is the minimizer, which means

that the ground state forms a spin-singlet. On the other hand, if n is odd, S = 1 is the
minimizer.

The state with n being odd and S =1 is a ground state only if

K(n+1,0) > K(n,1), K(n—1,0)> K(n,1), (3.113)
which is equivalent to
Note that 2U; < Uy holds from the assumption of positive ag, as.

The state with n being even and S = 0 is a ground state only if
Kn+1,1) > K(n,0), K(n—1,1)> K(n,0), (3.115)

which is equivalent to

Figure 3.3 summarizes these results. Note that for the antiferromagnetic interaction, the
odd Mott lobes shrink as U, /Uy is increased, and finally disappear in the limit of Uy /Uy — 1/2.

3.3.3 Superfluid to Mott-insulator phase transitions

Similarly to the scalar case, the spin-1 Bose Hubbard model also exhibits superfluid to Mott-
insulator transitions when the hopping amplitude ¢ is changed. However, we will see that the
nature of the phase transition is greatly affected by the presence, especially the sign, of the
spin-dependent interaction.

Ferromagnetic case
For the ferromagnetic interaction, the superfluid to Mott-insulator phase transition is
known to be quite similar to the scalar case; the phase diagram resembles that of the
scalar case except for the value of the chemical potential, and the phase transition is also
continuous. Figure 3.4 shows the phase diagrams obtained by the Gutzwiller variational
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Figure 3.3: Phase diagram of spin-1 Bose-Hubbard model at the atomic limit (¢ = 0). Solid
lines denote phase boundaries, while the dashed line denotes the boundary between the antifer-
romagnetic case and the ferromagnetic case. For the ferromagnetic interaction, the ground state
exhibits ferromagnetism with S = n, while for the antiferromagnetic interaction, the ground
state has spin S =0 (even n) or S =1 (odd n). It can be seen that, for the antiferromagnetic
interaction, the odd n region shrinks as Us/Uj is increased.
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Figure 3.4: Ground-state phase diagrams of the ferromagnetic spin-1 Bose-Hubbard model,
where Uy /Uy = —0.7. Left: The t— p phase diagram. Right: The ¢t dependence of the superfluid

order parameter. In each panel, plotted as the superfluid order parameter is /> _ (aU)Q. The

t — i phase diagram resembles that of the scalar Bose-Hubbard model, and the phase transitions
are continuous.

ansatz 12, and a quantum Monte Carlo study of a two-dimensional system has shown the
same behavior (see figures 1 and 7 in [41] ). Also, it has rigorously been shown that the
ground state exhibits ferromagnetism [42].

Antiferromagnetic case

For the antiferromagnetic interaction, the phase diagram changes drastically from the
scalar case. First, as can be anticipated from figure 3.3, odd Mott lobes shrink compared
with even Mott lobes. For even lobes, bosons form spin-singlets with S = 0, and for odd
lobes, S = 1. Moreover, it is known from various calculations [27, 41] that the phase
transition between an even Mott lobe and the superfluid phase is discontinuous for small
values of Uy /Uy, while the transition between an odd Mott lobe and the superfluid phase
is continuous. Figure 3.5 shows the phase diagrams obtained by the Gutzwiller variational
ansatz 3.

12Precisely speaking, it is obtained by the decoupling approximation, which is equivalent to the Gutzwiller
variational ansatz. The equivalence will be shown in section 4.4.
13See the previous footnote.
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Figure 3.5: Ground-state phase diagrams of the antiferromagnetic spin-1 Bose-Hubbard model,
where Uy /Uy = 0.1. Left: The t — p phase diagram, where odd Mott shrink compared with even
lobes. Right: The t dependence of the superfluid order parameter. In each panel, plotted as the

superfluid order parameter is /> <aa>2. It can be seen that the quantum phase transition
between odd Mott lobes and the superfluid phase can be discontinuous.
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Chapter 4

The model and analyses

In this chapter, we present the model, and discuss in detail the methods that we utilize for
analyzing the model.

e In section 4.1, we present the model we analyze, and establish the notation. As discussed
in the previous chapter, we are interested in the competition between the ferromagnetic
interaction and a positive quadratic Zeeman effect, and we introduce such terms in the
model.

e In section 4.2, we discuss an approximation method called the Gutzwiller variational
ansatz, whose idea is to restrict our variational states (wave functions or density matrices)
to products of local states.

Although the method is conceptually straightforward, implementing this method directly
for spinor systems is numerically inefficient. To cope with this problem, we instead use an

equivalent and numerically low-cost ! method, which will be described in the next section
2

e In section 4.3, we describe an approximation method called the decoupling approximation,
3 in which we decouple hopping terms between different sites. The method will be shown
to be equivalent to the Gutzwiller variational ansatz in the next section.

e In section 4.4, we show the equivalence between the Gutzwiller variational ansatz and the
decoupling approximation. Based on this result, we employ the decoupling approximation
as our method to analyze the model.

e In section 4.5, we turn to the problem of numerical implementation of the decoupling
approximation, including the basic algorithms we use, concrete expressions for the matrix
elements of the grand Hamiltonian, and some numerical tricks.

IThis point will be discussed in subsection 4.5.1.

2The reason why a section on the Gutzwiller variational ansatz, which we do not use directly later, is
included is that it is more conceptually transparent compared with the decoupling approximation described in
the subsequent section. Based on the equivalence discussion in section 4.4, we use the decoupling approximation
to do our calculations. Those who are not interested in the Gutzwiller variational ansatz can skip this section
and section 4.4 altogether.

3Some authors use phrases with the word “Gutzwiller” to mean the decoupling approximation [43, 44].
However, here we use the word “Gutzwiller” only for the Gutzwiller variational ansataz, for clearly distinguishing
the two methods.
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4.1 The model

4.1.1 Setting

Basic settings

e Let A be a finite lattice, on which we load our bosons, and let |A| be the number of lattice
sites.

e Define B C A x A to be the set of all bonds with order, i.e., for different sites x and y
(x,y € A, x # y) we distinguish (x,y) from (y, x). We assume that bonds are symmetric,
ie., (z,y) € B implies (y,z) € B.

e By N, := {y € Al(z,y) € B}, we denote the neighborhood of a site x € A, and by
zp := |Ng|, we denote the number of sites neighboring the site .

e We consider bosons with spin 1. Thus, for a given quantization axis, we denote the set
of magnetic quantum numbers by § := {—1,0, 1}.

Observables

e We define the boson annihilation and creation operators by a,, and a;fw, where z €
Ao eS.

e Particle-number operators are denoted by

Neo = al,aax,g (xeNoedl), (4.1)
e = Y fpe (z€N), (4.2)
o€eS

where 7, , means the number of particles with magnetic quantum number o at site z,
and n, means the number of particles (regardless of their magnetic quantum number) at
site .

e We denote the spin operators by

S, = (S0.50.50). 43

S = Y S9dl a,, (z€Aae(1,2,3}), (4.4)
o,TeS

St = SW4is® (zeN), (4.5)

where S means the operator of the a component of the spin at a site x. Spin matrices
S@ (a € {1,2,3}) are defined by

g . L

V2

10 . (0 10
01|, S =—1[1 0 —-1], S®:=10 0
10 V2 \j 00

O = O
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where it is understood that matrix indices are in the order of 1,0,—1 %, and o = 3
corresponds to the direction of the given quantization axis. For the total spin, we define

Stot = <Stot7 St(c?‘zv St(gt)> ) St(:t) = Zszga) (Ck € {17 273})7 Stfgt = ZS;E = St(;t):l:zst(gt)

TEA TEA

(4.7)
States
e We define sets of particle configurations by
T = {n=Nyo)rcroes | VT €A, Yo €S (N2 >0)}, (4.8)
Iy = {nez > nw:N}, (4.9)
rEN,0ES

where 7 is the set of all configurations, and Zy is the set of all configurations whose total
particle number are N.

e For a configuration n € Z, we define n, 1= > _sNeo, Mo = (N1, May, Na—1), Which
refer to the local configuration at site x.

e Forz € Ao € S, we define e, , € Z by (€,0)yr = 01,400r, and for o € S, we define e,
by (€s)r = dyr. In other words, they are “unit vectors” in configuration space.

o & .. denotes the vacuum state.

e We define our orthonormal basis composed of Fock states by

ﬁlg% \/_ D (4.10)
e We define our Hilbert space by
Hy = Span{®, | n €Iy} (4.11)
H = éHN (4.12)
N=1

4.1.2 The grand Hamiltonian

We work in the grand canonical ensemble with chemical potential i, and consider the following
grand Hamiltonian K

K= —t Z axgay,g—l——zm(ﬁx 1)+ UQZ SQ—Qnm —i—ZZ —po+qo°) iy o — uan.

(z,y)eB e zEA zeN oS xEA

c€S
(4.13)
The meanings and the properties of terms and coefficients are as follows:

4For example, 51(732 can be written as S,(,37)- = 000,r.
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o The first term —t ), )en aLUay,g represents the hopping between different sites, and we
cES
call ¢ the hopping amplitude, or simply the hopping. We assume that ¢ > 0.
e The second term % > sea Na(fy — 1) means the spin-independent interaction, where the

coefficient Uy is defined by Uy = 222 [ dr|[Wy(r)|*, and satisfies Uy > 0 because we
assume gg, gz > 0 °.

e The third term % Y owen (Si - 27%,,3) stands for the spin-dependent interaction. The na-
ture of the interaction crucially depends on the sign of the coefficient U,:

— If Uy < 0, it is energetically favorable to make the spin at each site larger, and the
interaction is called the ferromagnetic interaction;

— if Uy > 0, it is energetically favorable to make the spin at each site smaller, and the
interaction is called the antiferromagnetic interaction.

Note that the ratio

1
22 471’

0

Us _ 92—60 _ o 1
Uo got2g2 22+1 2

- % (4.14)

is}

satisfies Us/Up € (—1, 1) because g2/go € (0,00). In our analysis, we assume U < 0.

e The fourth term > _, > _o(—po + qo?)n,, represents the Zeeman energy induced by
the external magnetic field. Here, we assume that we take the quantization axis in the
direction of an applied external magnetic field.

— The first term with the coefficient p € R represents the linear Zeeman energy, and

— the second term with the coefficient ¢ € R represents the quadratic Zeeman energy.

In our setting, where the total magnetization along the axis of the applied magnetic field is
conserved, the linear Zeeman energy can be gauged out. Thus, in our actual calculations,
we set p = 0. Also, we assume ¢ > 0.

Note that ¢ > 0 and Uy > 0 causes the competition between the kinetic energy and the
repulsive interaction, and the assumption of Uy < 0 and ¢ > 0 ensures the competition between
the ferromagnetic spin-dependent interaction and the positive quadratic Zeeman energy.

Later, we sometimes decompose the grand Hamiltonian into two parts: the hopping part
and the local part which are defined by

K = Hup+ Y Kica (4.15)
xEA
Hyop = —t Z alvaay,g, (4.16)
(z,y)eB
oeS
. UO A /A U2 2 ~ 2\ A ~
Kipew = 7nx(nm - 1)+ > (8% —2n,) + Z(—pa + GO )Ny e — pTy. (4.17)
ocS

5W)p is the Wannier function for the lowest band, and for the definitions of go and go, see subsection 2.2.3.
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4.2 The Gutzwiller variational ansatz

As a way to analyze the grand Hamiltonian presented in the last section, here we describe
an approximation method called the “Gutzwiller variational ansatz” [37, 38]. The idea of
this approximation is that we restrict our variational states (density matrices, for non-zero
temperature cases) to products of local states. The rationale behind this restriction is that in
both non-interacting and no-hopping limits, we can describe the corresponding ground states
by this form of wave function

Although the method, being a variational method, is conceptually transparent, we have an
equivalent and numerically efficient ¢ approximation method, which will be described in the
next section and will be used later.

4.2.1 The ground state

. Gutzwiller variational ansatz for the ground state ~
To approximate the ground state, we use the following variational wave function W, 5

\I/c,A - ® Z C(nm)q)gfz)v (4'18>

€N My 1,M2,0,Mz,-12>0
Ng,1+Ng,0+t Nz, —1 <Nmax

where

e the states ]

/Mo

(I)gf) =

c€ES

(al,)"" B (4.19)

vac

are local Fock states, and QDSQ; stands for the vacuum state of the Hilbert space of a
single site x.

e Although the particle number can be infinite in principle, for simplicity we assume
that the particle number at each site is not larger than a prescribed value n.y.

Here, the function c is the variational degree of freedom, and we search for such ¢ that
minimizes the expectation value of K

<foc,A, K\IJA> (4.20)

In short, as a variational wave function, we take the product of an identical local state, and
we change this local state to attain the minimum of the variational energy ¢ .

?Although we concentrate on spatially uniform cases, the Gutzwiller variational ansatz can be extended
to non-uniform cases, where each local state is site-dependent, i.e., ¢ in the variational state (4.18) is
replaced by site-dependent functions ¢, as was done in [11] for calculating spatial profile of the ground
state of the scalar Bose-Hubbard model in a harmonic trap.

N J
As was already stated, this form of the wave function can describe the ground states for
both the non-interacting limit and the no-hopping (i.e., strong interaction) limit. For the no-

6This point will be discussed in subsection 4.5.1.
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hopping limit, this is trivial. For the non-interacting limit, note that the exact ground-state
wave function can be approximated by the product of local coherent states , which is of the
above form.

4.2.2 Non-zero temperature

Before discussing the non-zero temperature version of the Gutzwiller variational ansatz, first
note the following fact:

e Variational principle for density matrices ~

For a Hermitian matrix A, define
fa(X) :=Tr(XA) + Tr(X log X), (4.21)
where the domain of f is defined to be
{X : matrices with the same shape as A | X : positive semidefinite, TrX =1}, (4.22)

i.e., the set of all density matrices.
Then, it is known [45] that

oA
Xy ==—— 4.23
AT Tpe-A ( )
is the unique minimizer of the function f4, and
fa(Xa) = —Tre ™ (4.24)
N J

If we set A to be fx (grand) Hamiltonian, the minimizer is the (grand) canonical ensemble,

and the minimum x% corresponds to the free energy.

Gutzwiller variational ansatz for non-zero temperature
4 A

To approximate the equilibrium state, we use the following type of variational density

matrices:
b= @ (4.25)

TEN

where p is a density matrix of the one-site system.
We choose p which minimizes the function

1 - 1
Ji(Prot) = Efﬁf{(ptot) = Tr(pwot ) + BTI"(Ptot log prot) (4.26)

"For an arbitrary few-body observable (i.e., observables which can be written as a product of [ annihila-
tion/creation operators, where [ € N is much smaller than the total particle number, or linear combination of
them ), the expectation values with respect to this state and the exact ground state coincide in the thermody-
namic limit, provided that we take ¢, the coherent state eigenvalue, to be the square root of the particle number
density.
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4.3 The decoupling approximation

In this section, we describe an approximation method called the decoupling approximation
[46, 47], in which we decouple the hopping term between different sites. As it will be clear
in the next section, the method is equivalent to the Gutzwiller variational ansatz, but the
decoupling approximation is much more numerically efficient 8.

4.3.1 The decoupling procedure

In the decoupling approximation, we approximate the hopping term as follows :

a;rx,aay,a = [ ¢;kc,a + (ajc,g - ¢;,a)] [Dy.0 + (Ay0 — Pyo)] (4.27)
= ¢;kc,a¢y,o + ¢:c7o‘ (ay,a - ¢y,a) + Oy (a’lp' - ¢;,a)

+ (ay.0 — Py0) (a;rc,a - ¢;,a) (4.28)

= ¢Z,a¢y,o + ¢;,a (ayo = Gyo) + byo (a;rc,a - ¢;,a) (4.29)

= Gyotl, + B oy — O obyo (4.30)

where ¢, ,, called “superfluid order parameters”, or the expectation value of a,,, will be
determined self-consistently later. In deriving the third line, we have neglected the last term
in the second line by assuming that the fluctuation represented by the term is small.

Because we consider uniform systems only, we assume that the superfluid order parameters
¢z do not depend on the position x:

QSCC,U = ¢a (431)
Also, we assume that z, does not depend on the site z ? and write z. Then, we have
> dlaye = ) (d0al, + Saye — [60]°) (4.32)
(z,y)eB (z,y)€B
= 2, Z afw + zp) Z ayo — 2|A||dg|? (4.33)
TEA yeA
= =z Z (Cbaajc,o + ¢Z§%,a - |¢0|2) (4-34)
TEA
and
K~ Z _th (¢aaT + Cb*axa - |¢0|2) + %ﬁx(ﬁx - 1) + % (82 - 2ﬁz) (435)
x,0 o', 2 2 T
zEA ceS
+ > (=po + q0%) iy — pritg | - (4.36)
c€eS

Thus, the problem reduces to the single-site problem with the grand Hamiltonian f(dc(qﬁ)
given by

8For detail, see subsection 4.5.1.
9This assumption holds for different types of lattices including the d-dimensional cubic lattice and the
triangular lattice
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-~ The decoupled grand Hamiltonian ~

> Up ., . U. .
K () = —ztz (¢oal + dras — |¢o|?) + EOn(n -1+ 72 (8% —2n)
oES
+ Z(—pa + qo*)hg — pi, (4.37)
cEeS

where ¢ collectively represents ¢, ¢g, ®_1, and we omit the index x which represents sites.

J

The ground state

The approximate ground state under the decoupling approximation is obtained self-consistently
as follows:
-~ The approximate ground state ~

Choose a set of superfluid order parameters ¢ such that the ground state of f(dc(gb), Ve
satisfies the self-consistent condition

b = (U, a50g) (Vo €S). (4.38)

If we have multiple ¢’s that satisfy the condition (4.38), then we choose the one whose
corresponding ground state 1 gives the smallest value of <¢¢, ch(¢)¢¢>. Then, Wy :=

& ,ca Vg is the approximate ground state.

J
Non-zero temperature
e The approximate density matrix ~
Choose a set of superfluid order parameters ¢ such that the density matrix p,, defined by
Py = :Le—m%dcw), =, = Tre #Kac(@) (4.39)
—¢

satisfies the self-consistent condition

¢o = Tr(agpg). (4.40)

If we have multiple ¢’s that satisfy the condition (4.40), then we choose the one which gives
the smallest value of the free energy —% logZg. Then, piot := @,cp Pg is the approximate
equilibrium state.

J

4.3.2 Rephrasing the self-consistency condition in terms of the min-
imum of the (free) energy functional

In the last subsection, we have given the self-consistent conditions that determine the approx-
imate states.
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Here, we show that these conditions can be rephrased in terms of the minimum condition
of the (free) energy functional, which will be used later to visualize and clarify the properties
of phase transitions [48, 49].

The ground state

. The minimum condition for the energy functional ~

Define the energy functional K by
K(¢) = min <¢, ch(¢)¢> . (4.41)
For each ¢, let 14 be the state ¢ that gives the minimum of <w, ch(¢)w>, ie.,

Vg = argmin,, <1/), ch(¢)¢> ) (4.42)
Note that 1) is the ground state of the decoupled grand Hamiltonian Kao():

Kae(@)hg = K(p)tbg. (4.43)

Assume that 1) is differentiable with respect to ¢. Under these assumptions, the following
two are equivalent:

e ¢’ is a stationary point of K.

® 1,0 satisfies the self-consistent condition (40, as1g0) = ®° (Vo € 8).

- J
()
The result follows directly from the Hellmann-Feynman theorem.
Let
To = Rego, Yo 1= Imdy. (4.44)
Then,
0K _ OK 4
axg (d)) - <77Z}¢7 81’0 (¢)¢¢>> (445)
= —zt (<w¢'7 ai¢¢> + <w¢7 aaw¢> - 21’0’) y (446)
oK _ af(dc
Yo (9) = <¢¢, Yo (¢)¢¢>> (4.47)
= —at (Z <w¢7 al¢¢> —1 <77ZJ¢7 aaq/)¢> - 2.%) (448)
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Thus, it follows that

¢ is a stationary point of K. (4.49)
8130 (¢ ) - ayg <¢ ) =0 (va € S) (450)

— VoeS§:
<77/J¢0, CLJ@/J¢0> + <’17D¢0, al¢¢o> = 21‘2 and

<¢¢0, agw¢o> - <w¢0, a2w¢0> = Q’iyg (4.51)
= (Pg0, aelg0) = T + iy = P (4.52)
u

Using this property, [48] and [26] analytically calculated phase boundaries between the
Mott insulator phase and the superfluid phase for the scalar Bose-Hubbard model and the spin-1
antiferromagnetic Bose-Hubbard model, respectively, by evaluating K (¢) perturbatively, where

the hopping term is treated as a perturbation, up to fourth order in superfluid order parameters
10

Non-zero temperature

e The minimum condition for the free energy functional ~
Define )
J(p) = 3 log 2y, Zg = Tre Plac(®) (4.53)

Then, the following two statements are equivalent:
e ¢ is a stationary point of J.

e ¢ satisfies the self-consistent condition ¢% = Tr(agpgo)-

N J
()

Let
Ty := Redy, Yy :=Imao,. (4.54)
Then,
0J 10 1 0=
- __ log =, = — 4.55
8xg(¢) B oz, 08 =¢ BZ¢ 02, (4:55)
L [0 sk - Ly | 9BaclD) siace) (4.56)
5E¢ axo E¢ 8270
1 N
= —Tr [—zt(ai, +a, — 21:0)6*5ch(¢>)} (4.57)
=¢
= Tr[—zt(al + ay — 22,)pg] , (4.58)

9However, the result in [26] for even Mott lobe does not coincide with the result obtained by direct mini-
mization of the Gutzwiller variational energy, as pointed out in [27], because the sixth order terms should be
considered to describe the first order phase transition within the decoupling approximation, which occurs for
even Mott lobes.
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8_%(¢) = _Eﬁ_ygl()g E¢ = — =y 000 (4.59)
- _ i Tr |:ie_6kdc(¢):| _ ;Tr 8ch(¢) e—ﬁf(dc(d))] (4.60)
P26 19Ys Zo Yo
= :iTr [—zt(al +a, — 2xg)efﬁffdc(</>)} (4.61)
= Tj[—zt(ial — iy — 2Ys)po) - (4.62)

Thus, it follows that

@° is a stationary point of .J. (4.63)
aJ o0J
7 (@) =5 =(@") =0 (W ES). (4.64)

— Voed§:
Tr(aj,pd,o) + Tr(appyr) = 2z, and

—Tr(al pyo) + Tr(aspye) = 2iyy. (4.65)
= Tr(a,pg) =22 +iyo = 0. (4.66)
|

4.4 The equivalence of the Gutzwiller variational ansatz
and the decoupling approximation

In this section, we show that the decoupling approximation and the Gutzwiller variational
ansatz are basically equivalent.

4.4.1 The ground state

e The equivalence for the ground-state case ~

We assume that at most ny,., particles can populate each single site.

L. Let @, cn Y° be a state obtained by the Gutzwiller variational ansatz. Then, )°
satisfies the self-consistent condition of the decoupling approximation, i.e., 1" is the
ground state of Kg.(@°), where ¢2 := (1°, az1°).

2. For an arbitrary superfluid order parameter ¢ and an arbitrary single-site state ¢
that satisfy (¢, a,v) = ¢, (Vo € S), the following equality holds:

<® w,ff®w> — A (¥, Kacl@)) (4.67)

TEA zEA

From these two statements, it follows that a state obtained by the Gutzwiller variational
ansatz can be obtained by the decoupling approximation.

()

J
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Recall that the grand Hamiltonian can be written as

f( = Hhop + Z Kloc,z

FASIIN

(4.68)

Let ¥ be an arbitrary single-site state, and ¢ be an arbitrary superfluid order

parameter. We rewrite <®x€A z/1,f(®xeAw> and (¢, Kqc(¢)Y), and

equality connecting these two quantities.
On one hand, we have

<®¢,f(®¢> A (—ztzw ) K>

TEA €A c€eS

where (-) := (¢, - 1) and subscripts standing for sites are omitted.
On the other hand, we also have

<1/}ach = _th ¢O’ > |¢0’| ) <Kloc>
c€S

The hopping term can be rewritten as
Qba(a:rr) + ¢ (as) — |¢0|2 = <ajr><a0'> ((a0) — ¢o) (< 0'> gb;)
= (al){as) = [ag) — dol*,
which yields

<¢,f(dc > = —ztz + (Koc) + zt2| ay) — bol?.

oeS oeS
By comparing (4.69) and (4.73), we obtain

(6 Kael$)) = |A|<®w<®w>+zt2| Jag) — ol

ceS

The result 2 follows directly from this equality.
We show the result 1. Define

@2 = (VY a, ") (Vo €8).

derive an

(4.69)

(4.70)

(4.74)

(4.75)

If suffices to show that ¢ = argmin <1/}, ch(¢0)w>. Let ¢ be an arbitrary single-

site state. Then, from the equality (4.74), we have

<w,f(dc(¢0)w> = <®¢,K®w> +2t Y (W, agth) —
TzEA TEA oceS
> Ru’ KR’ ) + 23 (W, ants) -
|A’ TEA TEA c€eS
Z ®1/}0 K®1/JO
|A| TrEA TzEA

= <¢O» ch(¢0)¢0> :

from which the result 1 follows.
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4.4.2 Non-zero temperature

. The equivalence for the non-zero temperature case ~

We assume that at most n,., particles can populate each single site. We also assume
that the approximate ground states in the Gutzwiller variational ansatz and the decoupling
approximation can be determined uniquely in each procedure.

For an arbitrary single-site state p, define

) A 1
Jje(p) == Tr[pKac(®)] + BTrp log p. (4.80)
Recall that )
Ji(pror) = Tr(pron ) + ETr(ptot log prot ). (4.81)

1. Let @, p° be the state obtained by the Gutzwiller variational ansatz, i.e., @, 5 p°
be the state that minimizes J (®xe A p). Then, p° satisfies the self-consistent condi-
tion of the decoupling approximation, i.e., for ¢¥ := Tr(p%a,), the following relation

holds: X
o e~ PKac(¢°) 489
P = e @) (482)
It should also be noted that
. 1 aE (a0
o (1) = = log [ Tre @) | = () (4.83)

holds, where J is defined in (4.53).

2. For an arbitrary superfluid order parameter ¢ and an arbitrary single-site density
matrix p that satisfy the self-consistent condition Tr(pa,) = ¢, (Vo € S), we have

Jolr) = 7377k (@ p) . (484)

From these two statements, it follows that the state obtained by the Gutzwiller variational
ansatz is equal to the state obtained by the decoupling approximation.

()

J

Recall that the grand Hamiltonian can be written as

K = Hyp+ Y Kigea (4.85)

FASIIN

We denote Tr(p -) by (-).

Let p be an arbitrary single-site state, and ¢ be an arbitrary superfluid order
parameter. Like the ground-state case, we begin by rewriting Jz(&),c, p) and
Jo(p), and derive an equality connecting these two quantities.
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On one hand, we have

J i (@ p) = (@ pK) + —Tr ® plog <® p)] (4.86)
TEA TEA TEA zEA

1
= |A][ =2t > (al){as) + (Kic) + =Trplog p (4.87)

€S B

where subscripts standing for sites are omitted. On the other hand,

1

= —ztz oo (a as) — |0)?) + (Kioe) + ETrplogp (4.88)
€S

holds.
The hopping term can be rewritten as

dolal) + &7 las) — 66 = (al)(as) — ((ao) — ¢5) ((al) — ¢5)  (4.89)
|

= ({ab){as) = {as) = dol? (4.90)
which gives
: 1
Je(p) = —ztz + (Kjoc) + ﬂTrplogpqL th ITr(pay) — ¢ |14.91)
o€S o€eS
= ]A\ <® p) + ztz ITr(pay) — ¢s*. (4.92)
TEA o€eS

The result 2 follows directly from this equality.
To show the result 1, it suffices to show that p” minimizes jgo(-) because this
condition and the variational principle for density matrices ! yields
o e~ BKac(¢°)
=——\ 4.93
p Tre—BKac(¢°) ( )

In addition,
. 1 — 2
Jg0 (po) = ——log [Ire 6ch(¢)} = J((bo) (4.94)

holds immediately from the form of p°. Thus, we concentrate on showing that p°
minimizes jgo(-).
Let p be an arbitrary single-site density matrix. Then, it follows that

Jeo(p) = \A| (® p) + th I Tr(pas) |2 (" (4.92))  (4.95)

TEA oS
S <®p>+th\Tr(paa)—¢3\2
zEA oS
( p” minimizes Jz (®,cr 7)) (4.96)
> |A| (gp ) (4.97)
= Jjoo(p”) (. equality (4.92) and ¢ = Tr(p a,)) (4.98)

HSee the box enclosing 4.23).
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which shows that p° minimizes jgo(-).

4.5 Numerical calculation

So far, we have discussed two approximation methods and equivalence between them, and con-
centrated on their conceptual aspects. In this section, we turn to a more practical problem, i.e.,
the problem of solving the self-consistent equations. Here, we discuss the details of numerical
methods that are used to solve the self-consistent equations.

In 4.5.1, we discuss costs required for solving the Gutzwiller variational ansatz and the
decoupling approximation, and describe why we use the decoupling approximation rather
than the conceptually straightforward Gutzwiller approximation.

Subsection 4.5.2 describes the basic framework of the calculation.

In 4.5.3, we show concrete forms of matrix elements of the decoupled grand Hamilto-
nian, and their derivation. Matrix elements shown here will be plugged into programs to
numerically solve the self-consistent equations.

In 4.5.4, the method of accurately determining phase boundaries, a binary search algo-
rithm, will be described.

In 4.5.5, we briefly touch on some numerical tricks that are used for the calculation of
the non-zero temperature case.

Subsection 4.5.6 is a short note on the implementation.

4.5.1 Why do we use the decoupling approximation?

Before delving into the detailed discussion on how to numerically solve the self-consistent equa-
tions, we first make a few comments on the numerical costs required to deal with the Gutzwiller
variational ansatz and the decoupling approximation, and thereby clarify why we employ the
decoupling approximation rather than the conceptually straightforward Gutzwiller variational
ansatz.

In numerically solving the variational problem with the Gutzwiller variational ansatz, we
have to carry out minimization over high-dimensional space; d,,,, -dimension for the zero
temperature case, and d,,_, (d,,... +1)/2-dimensional space for the non-zero temperature
case, where d,, . _is the dimension of the Hilbert space corresponding the single-site system
with its particle number less than or equal to n,... The concrete expression for d is
given by

Tmax

Mmax

L s 4 1)+ 2) (e + 3), (4.99)

Mz
max 6
because the number of ways of allocating n., particles to four states, i.e., three spin

indices (1,0, —1) and a state “none”, is

max + 3 ' ].
(nn '3‘) = (1o + 1) (e +2) (i +3). (4.100)
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For example, we have

Mmax |1 2 3 4 5 6 7
d 4 10 20 35 56 84 120

Mmax

e On the other hand, in implementing the decoupling approximation, we have to care about
only three variables, i.e., superfluid order parameters. This number, three, of course does
not depend on n,ay.

Thus, it can be seen that for typical value of ny.. > 2, the decoupling approximation
is much easier to handle, and we choose this method to numerically obtain the approximate
ground (or equilibrium) state.

4.5.2 The basic procedure

We solved the self-consistent equations iteratively as follows:
1. Choose the initial value of ¢ randomly.

2. Diagonalize K(¢), and

e for the ground-state case, obtain its ground state .

e for non-zero temperature case, obtain the corresponding density matrix
5= e=BK®) [ Tye=BK(®),

3. From the obtained state, calculate ¢ by ¢, = <@E, a(,z/;> or ¢, = Tr (pay,) .

4. Iterate 2 and 3 until ¢ converges within a prescribed numerical precision.

To avoid being trapped by local solutions, we start the iteration from randomly chosen
different initial values (¢), and select the solution with the lowest grand energy. In performing
the numerical calculation, the maximum particle number per site n,,.., whose specific value
will be chosen to be large enough that the physics will not be affected 2.

4.5.3 Matrix elements

For the numerical calculation, we need matrix elements of Kqc(¢p) (for a given value of ¢) with
respect to a specific set of basis. Here, we take local (i.e. single-site) Fock states as our basis,
and give the expression for the matrix elements.

Recall that the decoupled grand Hamiltonian Kq.(¢) is

. Uo. .. U R
Kac(@) = —ztz (¢oal + dra, — |¢o|*) + 7071(71 —1)+ 72 (8% —2n)
geS
+Z(—pa+qa2)ﬁo — P (4.101)
oES

128pecific values of nmax Wwill be shown in the next chapter.
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In this section, we use the following simplified notations (because we only consider single-site
problem here) :

n = (ny)ses, (4.102)
1
o, = || = (al )" D.., 4.103
Ul;[s \/n—g!(aa) (4.103)
o e Z”U~ (4.104)
gES

Then, the matrix elements are given by

e Matrix elements of the decoupled grand Hamiltonian ~

<(I)n7 ch(¢)q)n’>
- _th (\/n_ﬁgbadn—e[,,n’ + Vs + 1 ¢35n+eg,n’ - |¢U|25n,n’)

o€eS

Ui
nn—1)+ Z(—pa + qo*)ng — /m] On.m/

+
2 og€ES

U
+72 [(nl — n_1)2 + (2n0 — 1)(n1 + n_l)] (Snﬂ/

+2\/n0(n0 — 1)(711 + ]_)(TL_l + ]‘)6’"4-‘(-61-}—671—26077‘!,/
+2\/n1n,1(n0 -+ 1)(710 -+ 2)5nfelfe_1+2eo,n/} (4105)

= -z Z (\/n_0¢05n—ea,n’ +Vne +1 ¢ 0nte,n — |¢0’25n,"')

oesS

U
+ {—On(n -1+ Z(—pa + qoH)ng — un
2 o€eS

Uz | V(g = 1) + D1 + Dinser e rzeom
+\/n1n_1(n0 =+ 1)(n0 —+ 2)5n—61—6—1+260,n’i| . (4106)
N J
()
hopping term
It is easy to show
<(I)n7 a:r;q)n’> = <@0(I)n7 q)n’> = Vs <®n7607 (I)n/> =V nadnfeg,n’a (4107>
(P, aoPp) = (al®p, Pr) = Vg + 1 {Ppie,, Prr) = V1o + 10nte, mr, (4.108)
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from which we obtain

<(I)na —zt Z (Qbaajr + ¢Z% - |¢0|2) (I)n’>

c€eS

= _th (\/E¢05nfeg,n’ + Ve + 1¢:-5n+eg,n/ - |¢o"25n,n/) . (4109)

oES

local term (except for the spin-dependent interaction term)
This term can be easily treated because it is diagonal:

Uo R
<<I>n, 5 —n(n—1)+ Z —po + qo?) i, ;m] (IJn/>

o€eS

_ | U 2

= 7n(n —-1)+ Z(—pa + qo)ng — pn | dp - (4.110)
oeS

spin-dependent interaction term
Note that the term can be rewritten as

Z ZSUO;)HSUQ T2 01 Z’QaTlaTQ (4111)

01,71, =1
02,T2€S

(See equation (3.105).).

(O, (8% —27) )
= ((8*—2n) @y, Dpy) (4.112)

- Z Z SL(T?:)H St(fg?m] <a171 a:rrz Qry Oy P, q)n’> (4.113)

01,T1, La=1
02,72ES

1
— Z 5\/(1 + 0-1)(2 — 0'1)(1 — 0'2)(2 + 0'2>50171,7'1502+1,T2

01,71, b
02,T2€S

1
+§\/(1 —01)(2+01)(1 +02)(2 = 02)05, 41,71 00517,
+010900, 1, 009.75) <aT al Uy Uy Py, P > (4.114)

g1 702

o1, Tl 0'2 T2

( From a straightforward expansion of Z Sl gla) >

a=1

- Z [\/(1 +01)(2—=01)(1 —02)(2 + 02)00,-1.,109+1,7

01,71,
09,72€S

+0102501,71 60’2,7’2]
o1 agaT1aTg(I)n> Cbn’> (4.115)
= Z \/ 1401 (2_01)<1 _02)(2+02>501 1,71 02+1 T2 <aal 02aT1&72q)n:(I)n’>

01,71,
o2, TQGS

+ Y oo {al alag, 00,00, O) . (4.116)

o1, 02ES

x (al a
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The second term can be rewritten as follows

Z 0109 <a:r,1 afmaala@@n, <I>n/>

0’170'268
= Z 0103 ((al ap,al ag, — 00y 050! a5y) Py ) (4.117)
01,0'265
= Y 0102 (N0, Ne, = Gor.0000,) (P, D) (4.118)
01,02€S
2
— (Z gng> — Z 1y | Onmy (4.119)
€S ceS
= [(mi —n-1)® = (n1 + n_1)] G- (4.120)
For the first term, note that the summand is zero when oy = —1 or g5 = 1, which enables
us to write
Z \/(1 + 01)(2 - 01)<1 - 02)(2 + 0—2)501—1,7'1502-&-1,7'2 <a:r71a3;2a7’1a72q)n7 (I)n’>
01,71,
O'Q,TQGS

- Z Z VI +01)(2—=01)(1 = 02)(2 4 09) <a21a22a01,1a02+1®n, CI>n/> (4.121)

01=002=—1

= 2 <aia$a0a1¢)n, <I>n/> + 2 <a1a11a0a0¢)n, <I>n/>

+2 <a$a$a,1a1<bn, <I>n/> +2 <agatla,1a0<bn, <I>n/> (4.122)
= 2no(n1 + n_1)0nn

+2v/n9(ng — 1)(n1 + 1)(n_1 + 1) {Pnierrey—2e0: Prr)

+2v/nin_1(no + 1) (1o + 2) {Pn—e,—e_1+2¢0: Prr) (4.123)

= 2ng(ni +n_1)0pn
+2v/ng(no — 1)(n1 + 1)(n_1 + 1)0nsey4e_,—2e0m
+2v/n1n_1(no + 1) (1o + 2)0n—ey—e_, +2e0m'- (4.124)

Thus, we finally arrive at
(O, (8% —20) )
= [(n1—n-1)>+ (2ng — 1)(n1 + n_1)| Gnw

+2\/n0(n0 - 1)(711 + 1)(”—1 + 1)5n+el+e_1—2eo,n’
+2v/n1in_1(no + 1) (no + 2)0n e, —e_, +200m/- (4.125)

4.5.4 Binary search

We are mainly interested in the £ — p phase diagrams. To obtain the phase diagram in the t —
space, we solve the self-consistent equations for each point of the mesh in the parameter space.
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As to phase boundaries, they can be obtained by plotting the superfluid order parameters
calculated for each point in the mesh, and choosing the point where the order parameters
changes from 0 to non-zero values. However, there is a more accurate way to determine the
phase boundary; a binary search algorithm that we describe below.

Usually, superfluid order parameters grow monotonically with the hopping amplitude ¢ (This
property is numerically confirmed for the parameter ranges we considered. ). Then, we can
use binary search to locate the phase boundary across which the value of ¢, (for a specific
o) changes from 0 to a non-zero value, and distinguish discontinuous phase transitions from
continuous phase transitions as follows (Here, we denote zt/Uy by x):

1. Fix the value of chemical potential .

2. Choose a sufficiently large z,, and set x; = 0. It is assumed that, at * = x;, we have
¢, = 0, and at z = x, we have ¢, # 0.

3. Set x. := (x, + x;)/2. Solve the self-consistent equation at = = x., and obtain ¢,. What
we do next depends on whether ¢, = 0 or not 3.

o If ¢, # 0, the desired value of x is located at the left of z., and we substitute z, for
Ty

o If ¢, = 0, the desired value of x is located at the right of x., and we substitute x.
for x;.

4. Tterate step 3 until x converges within a prescribed numerical precision 4. The final value
of x. represents the location of the boundary.

5. Whether the phase transition is continuous or not can be judged as follows: Define ¢,
and ¢; as the values of ¢, corresponding to the final value of x, and z;. If the phase
transition is continuous, we have |¢,| ~ |¢;|. On the other hand, if the phase transition
is discontinuous, |¢,| deviates from |¢|. '

4.5.5 Some notes on the non-zero temperature case

For the non-zero temperature case, its numerical calculation requires a few tricks.

Expression instead of trace

We denoted the expectation value of an observable O with respect to a density matrix by a trace
of the product of O and a matrix exponential. However, we use the following implementation
because it is faster:

1. First, diagonalize the decoupled grand Hamiltonian, and denote eigenvalues and the corre-
sponding eigenvectors by A1, Aa, ..., A, and ¢!, 2 ... " Define U := (¢, %, ... "),
where each 1 is regarded as a column vector. Denote the j-th component of the eigen-
vector ¢ by i, from which Uy; = 1/ holds.

13Because we have inevitable numerical error in numerical calculations, the condition ¢, # 0 is replaced by
|¢U‘ > ¢thresh7 where we took (bthresh =10""%

14We took the criteria to be 107*

15Tn our calculation, we take this threshold to be ~ 1072
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2. Then, (O), the expectation value of O can be expressed as

TrO —BK ] i,O i\ ,—BA\;
(0) = ;r;w :ZZ@% ewﬁzj’ (4.126)

Ez]k(w ) kake P

= S~ o (4.127)

_ D ik U;;OpUpie™ (4.128)

a D€ '
(UD);:0:4.Up e P

— Zl,j,k( ) J ]k k (4129>

> e

>_i(UTOU )jie ™
- S (4.130)

3. In addition, the thermodynamic potential J can be calculated from

J = —% log (Z emi) . (4.131)

Subtracting the ground-state energy

Although the above expressions are analytically correct, they will cause problems when they
are directly implemented. This is because, for large /5 (i.e., low temperature),

e if all the eigenvalues \; are large, the Boltzmann factors are so small that numerically
they are judged to be zero, which causes the zero division problem.
e if there are small (i.e., negatively large) eigenvalues \;, the Boltzmann factor will cause
overflow.
To remedy this situation, we subtract the ground energy from eigenvalues as follows: Define
€:=min)\; (4.132)
and, rewrite
> (UTOU) e P 3, (UTOU) e Ai—e)

0)= doie P a D€

(4.133)

and

J = ——log( 5526 A= E) (4.134)
= 8——log (Ze Ai ) (4.135)

4.5.6 Implementation

Methods described so far are implemented by python, with numpy and scipy. Especially, as
to the diagonalization routine, scipy eigh function is utilized. Data visualizations are done by
matplotlib.

All calculations are run on my laptop or cluster computers of the Ueda group.
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Chapter 5

Phase diagrams in the presence of a
quadratic Zeeman effect

In this chapter, we present the results obtained by the method described in the previous chapter.

e In section 5.1, we first present the results for the ground state i.e., T' = 0 case. It will be
shown that, by exerting external magnetic field, we have two distinct superfluid phases
in addition to the Mott-insulator phase, and, for the parameter set corresponding to "Li,
discontinuous phase transitions between two superfluid phases occur.

e In section 5.2, we present the results for the non-zero temperature case will be presented.
It will be shown that discontinuous phase transitions similar to those found at T = 0 also
occur at for low temperatures.

e Based on these results, in section 5.3, we compare our results with previous studies, and
discuss their physical implications.

5.1 Ground-state phase diagrams

In this section, we discuss ground-state phase diagrams, i.e. the T'= 0 case.

e First, in subsection 5.1.1, we show the ¢t —p plane phase diagrams, which show the presence
of two superfluid phases.

e Then, the ¢t dependence and the ¢ dependence are examined in subsections 5.1.2 and 5.1.3,
where discontinuous phase transitions between the two superfluid phases are clearly seen.

e Finally, in subsection 5.1.4, we present ¢ — i phase diagram which was obtained by the
binary search algorithm described in section 4.5.4, and shows whether the transition is
continuous or discontinuous.

In calculating results throughout this subsection, the maximum number of particles per site,
Nmax, 1S taken to be ny.« = 7, which is confirmed to be sufficient for numerical convergence in
the parameter regime studied here (see appendix A).
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5.1.1 t— u plane phase diagrams
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Figure 5.1: Ground-state phase diagrams for (Uy/Uy, q/Uy) = (—0.7,0.1) ("Li ). Upper left:

|do|, upper right: |¢1|, lower left: transverse magnetization M, := \/(S(1)>2 + (S@)? where
the white dashed curve shows the boundary obtained from the data of ¢, which coincides with
the boundary across which M;, changes from zero to non-zero, and lower right: the entire phase
diagram, where dashed lines represent the slices taken in figure 5.3, SF stands for superfluid,
MI stands for Mott-insulator, and n in each Mott-lobe represents particle number densities.
Contrary to the case without a quadratic Zeeman effect, there are two phases (polar and BA) in
superfluid phase, and the lower-left plot shows that transverse magnetization arises in the BA
phase. The magnetization parallel to an applied magnetic field is always zero (within numerical
errors).
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Figure 5.2: Ground-state phase diagrams for (Us/Up, q/Us) = (—0.005,0.0085) (5’ Rb ). The
same description as figure 5.1 applies.

Figures 5.1 and 5.2 show the obtained observables and phase diagrams in the ¢t — y plane for
(Uy /Uy, q/Up) = (—0.7,0.1) and (—0.005, 0.0085), respectively. Note that the former parameter
set corresponds to the hyperfine spin-1 manifold of “Li, while the latter to the hyperfine spin-1

manifold of 8"Rb.
In each figure:

e The upper panels show the magnitude of superfluid order parameters |¢,|. Note that
because of the inversion symmetry *, we have |¢| = |¢_1].

e We find that no longitudinal magnetization arise along the axis of the external magnetic

field, and thus we only plot the transverse magnetization M, := \/ (SMY? 4 (522 which
is shown in the lower left panel of each figure. The white dashed curve is the boundary

'In performing the self-consistent calculation, we did not make any assumptions about the relation between
¢1 and ¢_1. The relation |¢1| = |¢—1] is confirmed from the obtained data.
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across which |¢;| changes from zero to non-zero value 2.

e The lower right panel shows the phase diagram obtained from the data of superfluid order
parameters (¢1, ¢, ¢—1). Dashed lines correspond to slices taken in figure 5.3.

From the lower left panel, it can be seen that the white curve coincides with the boundary
across which M, changes from zero to non-zero value. Thus, we have two distinct super-
fluid phases in our system, and following the convention for the mean-field theory of weakly
interacting spin-1 bosons, we call

e the superfluid phase in which only the 0 component is superfluid and no magnetization
is present, the polar superfluid phase, and

e the superfluid phase in which all the 1,0, —1 components are superfluid and transverse
magnetization is present, the broken-axisymmetry superfluid phase.

5.1.2 Hopping amplitude (¢) dependence
Discontinuous phase transitions

Although the obtained ¢ — u phase diagrams for "Li and 8"Rb apparently look similar, a closer
look reveals that order parameters behave in quantitatively different ways.

2Numerically, we set a threshold value.
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Figure 5.3: The hopping dependence of order parameters (for fixed chemical potential p). The
left scales show |¢,|, the magnitude of superfluid order parameters , and the right scales show
the transverse magnetization M. The parameters used are (a) Uy/Uy = —0.7, q¢/Uy = 0.1,
and (b) Uy/Uy = —0.005, ¢/Uy = 0.0085. For phase transitions between the polar and the
broken-axisymmetry superfluid phases, the panel (a) shows discontinuous phase transitions,
while panel (b) shows continuous phase transitions. Discontinuous phase transitions between
the broken-axisymmetry superfluid phase and the Mott-insulator phase should be interpreted
with caution (see text for details).

Figure 5.3 shows the hopping amplitude (t) dependence of order parameters ¢, and M,
where the left scales show ¢, and the right scales show M,,. The upper panels show the results
for "Li, while the lower panels show the results for 8"Rb. Slices are taken along the dashed lines
shown in the lower right panels in figures 5.1 and 5.2.

It can be seen that, for "Li, i.e., in the upper panels, we have discontinuous phase transitions
between two superfluid phases, while for 8’Rb, i.e., in the lower panels, we only have
continuous phase transitions between superfluid phases in the parameter range we consider.
Although we have discontinuous phase transition between the broken-axisymmetry superfluid
phase and the Mott-insulator phase for both cases, this result should be interpreted with caution
(See subsection 5.3.1).

The energy functional: metastability

To clearly visualize and confirm the observed discontinuous phase transitions from a different
point of view, here we show plots of energy functional K (¢), which is defined by

K(¢) = min (. Kac(9)0) (5.1)
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Recall that in section 4.3 we have shown that stationary points of K correspond to solutions
to the self-consistent equations of the decoupling approximation. Thus, if K has multiple local
minima, it indicates that we have discontinuous phase transitions.

Figure 5.4 shows the plot of K as a function of ? |¢;| and |¢g|. For clarity, we only plotted
values below a certain threshold value. The values of K are shifted so that 0 in the grayscale
bars correspond to the threshold value, and the bars are in an arbitrary unit. The white circle
in each panel indicates the global minima.

The left panel corresponds to the polar superfluid phase, while the right panel to the broken-
axisymmetry superfluid phase. It can be clearly seen from the figure that K has two local
minima, whose presence shows metastability and accompanying discontinuous phase transitions.

Zt/Uo =0.036 oo zt/UO =0.0362 oo
1-0.4 —0.5
1-0.8 -1.0
-15

|61
|61

e
{ 4.5
0'%.0 0.2 0.4 0.6 0.8 O'((:').0 0.2 0.4 0.6 0.8 .

Figure 5.4: K(¢) := miny, (¢, K(¢)1), where, by the assumption of the inversion symmetry
1] = |¢_1], @ can be written as (|¢1]e?, |pol, |¢1]€?) and the minimum with respect to 6§ has
already been taken numerically. White circles stand for global minima. For clarity, values above
a given threshold value are not plotted, and the grayscale bars are in an arbitrary unit. It can
be seen that there are two local minima, indicating metastability and the ensuing discontinuous
phase transition. Uy /Uy = —0.7,q/Uy = 0.1 and p/Uy = 0.756.

5.1.3 Quadratic Zeeman energy (¢) dependence

Discontinuous phase transitions between two superfluid phases can also be observed when the
external magnetic field is varied. The upper panel of figure 5.5 shows that with an increase
in the quadratic Zeeman coefficient ¢, the system undergoes a discontinuous phase transition
from the broken-axisymmetry superfluid phase to the polar superfluid phase. The lower panels
of figure 5.5 also show metastability and the accompanying discontinuous phase transition.

3Here we assume the inversion symmetry |¢;| = |¢_1|. Then, by using a global phase shift and a rotation
around the applied external magnetic field, we can write ¢ = (|¢1]e®, |po|, |¢1]€??), where § € R. The minimum
with respect to 6 has already been taken numerically before plotting K.
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Figure 5.5: Upper : Superfluid order parameters (left scale) and the transverse magnetization
(right scale) as functions of ¢/U, for Uy /Uy = —0.7,2t/Uy = 0.0372, and p/Uy = 0.819. A
discontinuous phase transition occurs at ¢/Uy =~ 0.116. Lower : K (¢) (see the caption of figure
5.4 for detail).

5.1.4 ¢ — p phase diagrams (revisited)

So far, we have seen that, within our approximation scheme of the decoupling approximation,
the spin-1 Bose-Hubbard model with the quadratic Zeeman effect has discontinuous phase
transitions between the broken-axisymmetry superfluid phase and other phases.

Based on this observation, in figure 5.6, we show phase boundaries obtained by the binary
search method described in subsection 4.5.4. In the figure, black circles indicate the bound-
aries across which discontinuous phase transitions take place, and white circles indicate the
boundaries across which continuous phase transitions occur.

It can be seen that the increase in ¢ results in the increase of the polar superfluid phase
region, and that the discontinuous phase transitions occur between two superfluid phases,
and between the broken-axisymmetry phase and the Mott-insulator phase (although the latter
should be interpreted with caution?). Also, we can see that discontinuous phase transitions
occur only when the transition point is close to the Mott-insulator phase.

4See subsection 5.3.1.
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Figure 5.6: The ground-state phase diagram for (Uy/Uy, q/Uy) = (—0.7,0.1),(—0.7,0.2), and
(—0.7,0.3), where phase boundaries are determined by the binary search algorithm described
in section 4.5.4. White circles denote the boundary across which continuous phase transitions
occur, while black circles denote the boundary across which discontinuous phase transitions
occur. It can be seen that discontinuous phase transitions between two superfluid phases occur
when the boundary is close to Mott lobes.
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5.2 Phase diagrams at non-zero temperature

In this section, we show the results for the non-zero temperature case, and compare them with
those for the zero temperature case. Throughout this section, we consider smaller particle-
number densities compared with the previous section to decrease the numerical cost. For that

aim, we take p to be smaller compared with the previous section, and set ny.. = 5 and
(Uy /Uy, q/Us) = (—0.7,0.02). The choice nya, = 5 is confirmed to be sufficient (see appendix
A).

As was done in the last section, we examine the t — p phase diagrams, the ¢ dependence,
the g dependence, and finally the effect of temperature.

5.2.1 t— u phase diagrams

Figure 5.7 shows the obtained observables and phase diagram in the t — p plane, where the
temperature is kg7 /Uy = 0.02. The panels are read in the same way as the panels in figure
5.1.

Similarly to the zero-temperature case, it can be seen that, the system possesses the normal
bose liquid phase ° and the two superfluid phases, i.e., the polar superfluid phase and the
broken-axisymmetry phase.

5The normal bose liquid phase corresponds to the Mott-insulator phase in the ground state. The distinction
comes from the fact that, for non-zero temperatures, compressibility takes a non-zero value.
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Figure 5.7: Equilibrium state phase diagrams for (Us/Uy, q/Uo, kT /Uy) = (—0.7,0.02,0.02)
("Li ). Upper left: ¢, upper right: ¢, lower left: transverse magnetization M, :=

\/ (SMY? + (S@)? where the white dashed curve shows the boundary obtained from the data
of ¢1, which coincides with the boundary across which M;, changes from zero to non-zero,
and lower right: the entire phase diagram, where SF stands for superfluid. The magnetization
parallel to an applied magnetic field is always zero (within numerical errors).

5.2.2 Hopping amplitude (t) dependence

The upper panel in figure 5.8 shows the hopping amplitude (¢) dependence of the order param-
eters ¢, and M., where the left scales show ¢, and the right scales show M;,. It can be seen
that we have discontinuous phase transitions between the two superfluid phases.

The lower panels visualize this discontinuous phase transition more clearly. In analogy with
figure 5.4, we plot the thermodynamic potential J(¢) defined by

J(@) = —% log Tre #Kac(9), (5.2)
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In section 4.3, we have shown that stationary points of J correspond to self-consistent solutions
obtained by the decoupling approximation. Thus, the presence of multiple local minima in-
dicates the occurrence of metastability and the accompanying discontinuous phase transition.
Plotted in the lower panels are J as a function of |¢y| and |¢;|, where the white circle indicates
the global minimum in each panel. The presence of two local minima, one corresponding to
the polar superfluid phase and the other corresponding to the broken-axisymmetry phase can
clearly be seen.

0.8 /Uy =0.13 ‘
0.7
0.6}
o
< %3
— o4l
<°
— 0.3l
=
0.2
0.1}
0%cs 0.09 012 015 20
2t /U,
. : zt/.UO .:0'0.94 : : 0.00 . Zt/.UO :,0'0945 . . 0.00
030 | 4 -0.15 -0.25
-0.50
-0.30
-0.75
-0.45
— R -1.00
S <
-0.60 ~1.25
-1.50
-1.75
-0.90
-2.00
-1.05

Figure 5.8: Phase transitions at non-zero temperature. Upper : Superfluid order parameters
(left scale) and transverse magnetization (right scale) as functions of zt/U. A discontinuous
phase transition occurs at zt/Uy ~ 0.094. Lower : J(¢). By the assumption of the inversion
symmetry |¢1] = |¢_1|, ¢ can be written as (|¢1]e, |¢ol, |¢1]e?) and the minimum with respect
to 0 has already been taken numerically. White circles stand for the global minima. For clarity,
values above certain thresholds are not plotted, and the grayscale bars are in an arbitrary unit.
In all panels, Us /Uy = —0.7,q/Uy = 0.02, u/Uy = 0.13, and kT /Uy = 0.02.
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5.2.3 Quadratic Zeeman energy (q) dependence

In figure 5.9, we examine the ¢ dependence of the order parameters. The upper panel shows
the occurrence of the discontinuous phase transition at ¢/U; ~ 0.0256, and the lower panels
visualize the presence metastability.
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Figure 5.9: Upper : Superfluid order parameters (left scale) and the transverse magnetization
(right scale) as functions of ¢/Uy. A discontinuous phase transition occurs at q/Uy ~ 0.0256.
Lower : Lower : J(¢). For detail, see the caption of figure 5.8. In all panels, Us/Uy =
—0.7, 2t /Uy = 0.095, 1 /Uy = 0.13, and kT /Uy = 0.02.

5.2.4 The effect of temperature

Finally, we examine how the temperature affects the nature of phase transitions in this system.
Figure 5.10 shows the t—p phase diagrams obtained by the binary search algorithm described
in section 4.5.4, where white circles show the continuous phase transition boundary, and black
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circles show the discontinuous phase transitions boundary. The temperature is varied between
0 (the upper left panel) and kgT'/Uy = 0.05 (the lower right panel).

For a sufficiently low temperature, the phase diagram resembles that of the zero-temperature
case, where we can see two superfluid phases and the normal bose liquid phase, and discontin-
uous phase transitions occur between the two superfluid phases, when the boundary is close to
the normal bose liquid phase. However, by raising the temperature, we can see that the region
of discontinuous phase transition shrinks, and finally disappear, i.e., phase transitions between
different phases become continuous.
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Figure 5.10: The non-zero temperature phase diagrams for (Us/Uy, ¢/Uy) = (—0.7,0.02), where
phase boundaries are determined by the binary search algorithm described in section 4.5.4.
White circles denote the boundary across which continuous phase transitions occur, while black
circles denote the boundary across which discontinuous phase transitions occur. It can be seen
that, as the temperature is increased, discontinuous phase transition region shrink, and finally
disappear.

5.3 Discussions

5.3.1 On the Mott-insulator phase

Our calculation shows that the Mott phase exhibits no magnetization and that the phase transi-
tions between the Mott phase and the broken-axisymmetry superfluid phase are discontinuous.
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However, as already stated, this result should be interpreted with caution. This is because the
decoupling approximation cannot treat the effect of the hopping term in the Mott-insulator
phase correctly, which can be easily seen from the decoupled grand Hamiltonian (4.37); in the
Mott-insulator phase, where ¢, = 0, the hopping term vanishes, and its effect is completely
ignored.

A previous study treated the unit-filling Mott-insulator phase by an effective spin model and
a field theory [30], which shows that, inside the Mott lobe, there are two phases, namely, the
XY-FM phase and the Ising nematic phase, where the rotational symmetry around an applied
external magnetic field is broken in the former phase, but not in the latter phase. The presence
of such a phase transition inside a Mott lobe suggests that the discontinuous phase transition
from the Mott-insulator phase to the BA superfluid phase predicted in our calculation might
be an artifact of the decoupling approximation. Further analyses about these phase transitions
and the entire phase diagram remains to be explored.

5.3.2 Comparison with previous results on spin-1 bosons

We have found that the ferromagnetic spin-1 bosons in optical lattices can exhibit, in addition to
the Mott-insulator phase, two superfluid phases and that discontinuous phase transitions occur
between these two superfluid phases when various parameters including the hopping amplitude
and the quadratic Zeeman energy are varied. Although the presence of two superfluid phases
is expected from previous studies on ferromagnetic spin-1 bosons without a lattice (see figure
2.2), where the presence of two superfluid phases is shown on the basis of mean-field theory for
weak interaction, the discontinuous phase transition we have found for the system with lattices
is in clear contrast to the prediction for the system without a lattice; mean-field analyses for
the latter system predict continuous phase transitions between these two superfluid phases.

We note that discontinuous phase transitions between two superfluid phases occur only
when the boundary is close to the Mott-insulator phase, and that continuous phase transitions
occur when the hopping is so large that the boundary is far from the Mott-insulator phase.
(See figures 5.6. ). This is not only consistent with the fact that the corresponding phase
transitions are continuous for weakly interacting bosons, in which almost all the particles par-
ticipate in the superfluidity, but it also suggests that the presence of a considerable portion of
the non-superfluid component is crucial for the occurrence of discontinuous phase transitions,
highlighting the role of the interplay between the spatial degrees of freedom and the spin degrees
of freedom.

5.3.3 On the experimental realization

The discontinuous phase transitions between two superfluid phases predicted in our calculation
can be experimentally observed by examining the presence of hysteresis, as was recently reported
for the antiferromagnetic spin-1 bosons in an optical lattice [29]. Here, we discuss this topic,
using experimental parameters of "Li (F' = 1), where U, /Uy ~ —0.7, for the three-dimensional
cubic lattice.
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model parameters

First, we note that, for the three-dimensional cubic lattice, the model parameters can be ex-
pressed as (equations (23) and (57) in [10])

2
Uy = 4\/27TER$$3/4, (5.3)
U, = 4\/27rERa23_/\a0x3/4, (5.4)
4
t = ﬁER[Bg/LLB_zﬁ, (55)

where

e ay and as stands for the s-wave scattering length of the total spin-0, and 2 channels,
respectively,

e the optical lattice potential Uy (r) is expressed as Ur(r) = Vo 3.0, sin?(k; -r), and |k;| =:
k, A :=2mw/k (note that the lattice spacing is not A\, but \/2.),

o Ep:=Rh*k?/(2M), where M is the mass of the bosonic atom, and
o v :=1V,/ER.

Here we calculate the value of U, for later calculations.
For "Li (F = 1), we have [31]

ap = 39.1ap, ay = 4.9ap, (5.6)
1%
A =1064nm, —- < 100, (5.7)
Eg
which gives
Up ~ 1.37 x 1073 x 2*/4]. (5.8)

()

Using parameters given above and the values of physical constants

Planck constant h ~ 6.626 x 107%4] - s, (5.9)
Atomic mass M, ~ 1.6606 x 10~*"kg, (5.10)
47T€0h2

Bohr radius ag =

~0.529 x 107m, (5.11)

mee?
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we have

12

Uo

2
4\/2wERWx3/ 4

k2 ag + 2a4
4 /2 SO T a2 3/4
oM 3y ¢

2 h2 ag + 2@2 3
o0 T 2L 3/4
ER VAR U
9 6.632 x 10-68J2 . &2
=5
3V T TX 166 x 10 2Tkg
(39.1+2 x 4.9) x 0.520 x 107 0m
X X T
1.063 x 10 15m3
2 6.632 x (39.1 + 2 x 4.9) x 0.529
22
g Ve 7% 1.66 x 1.06
137.3 x 1073 x 2%/4]

1.37 x 10731 x 23/47.

(5.12)
(5.13)

(5.14)

(5.15)

y 10_68_10+27+18 X x3/4J<516)

(5.17)
(5.18)

Note that, once scattering lengths and the lattice wave length are given, the value of =
determine ¢/Uj as 7 ~ e WVT X 2,767 x 102,

t 3
o 3 s A
Uy 7T\/§ ag + 2as
VI 1.06 x 10~°

~ e VT % 2767 x 102

X
72 (39.1 42 x 4.9) x 0.529 x 1010

(5.19)

(5.20)
(5.21)

Thus, for the three-dimensional cubic lattice, where z = 6, if we fix zt/Uy ~ 0.1, which is a
typical value for observing the phase transitions mentioned in earlier sections, then x must be

x ~ 20 — 30.

The strength of the magnetic field

Because the magnetization parallel to an applied magnetic field is conserved ¢, and hence the
linear Zeeman effect can be gauged out, the quadratic Zeeman effect can be easily tuned with
an external magnetic field.

The value of ¢/Uy ~ 0.1 used in previous sections corresponds to B ~ 0.6G.

6For alkali atoms, it is known (see table I of [18]) that the magnetic dipolar-dipolar interaction, which breaks
the angular momentum conservation, is sufficiently small so that the total angular momentum is conserved for
typical experimental time scales. For example, [32] experimentally showed that, for F' = 1 manifold of 8"Rb,
the magnetization along the axis of the applied magnetic field is conserved for approximately 1 second.
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()

The definition of the quadratic Zeeman energy is (see (2.41))

1 (gupB)?

== 5.22
where
e ¢ ~ 2 is the electronic spin g factor,
o up~9.27x 1072 J T~ ! is the Bohr magneton,
e B is the strength of the external magnetic field,
e AF); is the hyperfine energy splitting.
For "Li , we have AFy; ~ h x 0.804GHz (See table 2.1. ), which gives
1 2 x 9.27 x 10724JT-1 B)?
g = Lx - (2X927x ) (5.23)
16 0.804 x 109571 x 6.63 x 10734 - s
9.272
= 10748 79834(BT1)2] 5.24
4% 0.804 % 6.63 (BT™) (5.24)
~ 4.03 x 107%*(BT1)2J (5.25)
Thus, we have
4.03 x 10723(BT1)?
4 o . (BT") (5.26)
Uy 1.37 x 10731 x g3/4
~ 2.94 x 10® x 271 (BT 1)?, (5.27)
and hence
g a3 »
B={/—x—x107"T 5.28
Us 201" (5.28)
If we use x ~ 20, q/Uy ~ 0.1, then, the magnetic field should be
B ~ 0.6 x 107*T = 0.6G (5.29)
|

The required value of magnetic field (several hundred mG) is experimentally realizable [32].

Temperature

As to the temperature, the system should be cooled as low as kgT' /Uy ~ 0.3, which corresponds
to T' ~3 nK.

()
From (5.8) for Uy and the value of the Boltzmann constant kp ~ 1.3806 x
107%J/K, we have

Up  137% x107%)
kg~ 1.38x 10-8J/K
~ 0.9932%* x 107°K. (5.31)

(5.30)
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and

ksT U,

T = B2 5.32
U T (5.32)

kT
~ 2B 0.9932%* x 108K, (5.33)

0

which, for z ~ 20, gives

kT
T ~ % x 0.993z%* x 107K (5.34)

0

kT
~ P2 %939 x 107°K. (5.35)

Uo

Thus, kT /Uy ~ 0.03 corresponds to 7' ~ 3nK.

|

Although the temperature is much lower than usual BEC transition temperature (hundreds
of nanokelvin), it is not experimentally unreachable, as exemplified by the realization of cold
atomic systems with temperature less than 6 nK [50].

Initial state preparation

In our results, the magnetization along the axis of the applied magnetic field is always zero,
which correspond to experimental settings where initial states have zero magnetization (note
that the magnetization along the axis of the applied magnetic field is conserved).

Such initial states, including pure ¢ = 0 condensate, can be prepared by several experimental
techniques, as described in literatures [32, 51]

Measurement

Discontinuous phase transitions predicted in our study can be experimentally tested by exam-
ining the presence of hysteresis, which signifies metastability and accompanying discontinuous
phase transitions.

Similar measurements were recently performed for the spin-1 hyperfine spin manifold of
23Na [29], which is described by the antiferromagnetic spin-1 Bose-Hubbard model. In the
experiment, the depth of the optical lattice is changed in two ways; in the first case, the lattice
depth was gradually raised to the value at which TOF imaging was performed, and in the
second case, the lattice depth was first raised to a large enough value and then lowered to the
value at which TOF imaging was performed. It was shown that the transition points for two
cases estimated from the condensate fraction as a function of the final lattice depth, which is
calculated from the TOF image, do not coincide with each other, signifying the presence of
hysteresis.

In addition to TOF imaging, the transverse magnetization can also be directly measured,
as was done in [51] for F'=1 8"Rb.
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Chapter 6

Summary and outlook

6.1 Summary

In this thesis, we have studied the ground-state and nonzero-temperature phase diagrams of
the ferromagnetic spin-1 Bose-Hubbard model with an external magnetic field, which describes
spin-1 atoms such as “Li and 8’Rb in an optical lattice. In addition to the competing effect of
the kinetic-energy term and the repulsive interaction term, which induces the phase transition
between the superfluid phase and the Mott insulator phase, the model also involves yet another
competition between the ferromagnetic interaction and the positive quadratic Zeeman energy,
which is known to give rise to two superfluid phases in the corresponding weakly interacting
spin-1 system without a lattice.

As a mean to analyze the system, we described the Gutzwiller variational ansatz, whose
essence is to restrict variational states to products of local states. The rationale of this approx-
imation is that the ground states for both the no-hopping and non-interacting limits can be
written in this form, and that it is natural to expect that this form of state can also capture
the physics of intermediate parameter region, in which phase transitions occur. However, in
our actual calculations, we have employed the decoupling approximation, which was shown
to be equivalent to, and much more numerically efficient compared with the Gutzwiller varia-
tional ansatz In the decoupling approximation, we decouple the hopping term which connects
different lattice sites, and reduce the problem to a single-site problem with mean-field order
parameters, which are to be determined self-consistently. To obtain the phase diagrams, we
have numerically solved the resulting self-consistent equations by iteratively diagonalizing the
single-site Hamiltonian which include the mean-field order parameter.

For the zero-temperature case, we have found, in addition to the Mott insulator phase, two
superfluid phases; the polar phase, which shows no magnetization, and the broken-axisymmetry
phase, which exhibits nonzero transverse magnetization. Further, we have found that, for
the strong spin-dependent interaction corresponding to the "Li, the phase transition between
these two superfluid phases can be discontinuous, i.e., the superfluid order parameters and the
transverse magnetization have nonzero jumps at the transition point on some part of the phase
boundary in the ¢ — p phase diagram. Discontinuous phase transitions are also found when
the quadratic Zeeman energy is varied, in clear contrast to the mean-field theory prediction
for weakly interacting spin-1 bosons without an optical lattice, where the corresponding phase
transition is known to be continuous. To clarify that these discontinuous phase transitions
seen in our calculations are not due to numerical artifacts, we have also examined the energy
function as a function of the superfluid order parameters, and confirmed metastability and
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ensuing discontinuous phase transitions. We have found that discontinuous phase transitions
between the two superfluid phases occur only when the boundary is close to the Mott insulator
phase, which is consistent with the mean-field theory prediction for weakly interacting spin-1
bosons in which almost all particles participate in a superfluid.

For the nonzero-temperature case, we have found that the system also exhibits the above
mentioned properties, i.e., two superfluid phases with different magnetic properties and discon-
tinuous phase transitions between these two phases, for low enough temperatures. However,
with the increase of temperature, the region of discontinuous phase transition gradually shrinks,
and for higher temperature, the phase transitions become continuous.

6.2 Outlook

6.2.1 Quantum Monte Carlo calculation

As we already pointed out, the decoupling approximation on which we rely has the drawback
of completely neglecting the effect of the hopping term in the Mott insulator phase. Thus,
physics inside Mott lobes cannot be properly predicted by the decoupling approximation. To
firmly verify the discontinuous phase transitions between two superfluid phases predicted in our
research, and to explore the whole phase diagram including the Mott insulator phase, various
quantum Monte Carlo methods [52] are promising, because bosonic systems are free of the sign
problem.

The idea of quantum Monte Carlo methods ! is to sample quantum states according to the
weight represented by the Boltzmann factor and evaluate observables using many samples of
quantum states. Important properties of quantum Monte Carlo methods are that it is exact
except for statistical errors which converge to zero as the sample number is increased, and that
it is numerically much more efficient compared with the exact diagonalization, which requires
exponentially large computational resource as the particle number increases.

Recently, quantum Monte Carlo calculations of spin-1 Bose-Hubbard model in two-dimensional
square lattice was performed in 2013 [41], confirming various properties predicted by diverse
methods including the decoupling approximation; for the ferromagnetic interaction, the model
exhibits ferromagnetism over the entire phase diagram, and the phase transition between the
Mott insulator phase and the superfluid phase is continuous, while for the antiferromagnetic
interaction, the phase transitions is continuous for odd Mott lobes, but discontinuous for even
Mott lobes, when U /Uy is small enough. The same method are expected to be directly appli-
cable to the system with an external magnetic field.

6.2.2 Experiment

The discontinuous phase transitions predicted in our calculation can be probed experimentally
by examining the presence of metastability and the accompanying hysteresis, as was recently
done [29] for the spin-1 hyperfine spin manifold of ?*Na, which is described by the antiferromag-
netic spin-1 Bose-Hubbard model. There, Jiang et al. performed TOF imaging after varying
the lattice depth in two ways; in the first case, the lattice depth is monotonically raised, and in
the second case, the lattice depth is first raised to large enough value, and then lowered. It was

'Here we exclude variational Monte Carlo, which is nothing but a variational method.
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shown that the transition points for two cases calculated from the TOF image do not coincide
with each other, signifying the presence of hysteresis.

Recently, experimental efforts to realize ultracold spinor "Li gas are actively underway [31],
and the temperature required to observe the discontinuous phase transitions is predicted to be
not far beyond the current experimental techniques. It is our hope that the predictions made
in this the present thesis will be tested experimentally in the near future.
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Appendix A

nmax dependence

As was described in chapter 4, in our calculations, we assume that the particle number at each
site is not larger than a prescribed value 7,ay.

Here, we show that the truncation does not change the physics within the decoupling ap-
proximation, by showing that phase diagrams do not change when n,,, is further increased.

A.1 T =0 case

First, we show results for ground-state cases.

Figure A.1 shows the ¢t — u phase diagram for (Uy/Uy, q/Uy) = (—0.7,0.1) (c.f. figure 5.6,
where ny,.c = 7), and figure A.2 shows the ¢ — u phase diagram for (U /Uy, q¢/Uy) = (—0.7,0.02)
(c.f. figure 5.10, where nyax = 5).

Both figures show that increasing n,,.x beyond the values used in chapter 5 does not change
the phase diagrams significantly, showing that the values used in 5 are sufficient.

A.2 T >0 case

Here, we show results for nonzero temperature.
Figure A.3 shows the ¢ — u phase diagram for (Uy/Uy, q/Uy, kgT/Uy) = (—0.7,0.02,0.025).
It can be seen that increasing n,,.x beyond ny.., which is the value used in chapter 5, does
not change the phase diagrams significantly, showing that n,,., is sufficient.
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Figure A.1: Ground-state t — u phase diagrams for different values of ny.,, which are shown in
the figure. White circles denote the boundary across which continuous phase transitions occur,
while black circles denote the boundary across which discontinuous phase transitions occur. No
significant change can be seen with the increase of ny.y, signifying that the value ny., = 7,
which was used in section 5.1, is sufficient for capturing the physics of the system within the
decoupling approximation. U, /Uy = —0.7 and ¢/Uy = 0.1.
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Figure A.2: Ground-state t — u phase diagrams for different values of ny.,, which are shown in
the figure. White circles denote the boundary across which continuous phase transitions occur,
while black circles denote the boundary across which discontinuous phase transitions occur. No
significant change can be seen with the increase of ny.y, signifying that the value ny., = 5,
which was used in section 5.2, is sufficient for capturing the physics of the system within the
decoupling approximation. U, /Uy = —0.7 and ¢/Uy = 0.02.
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Figure A.3: Nonzero temperature ¢t — p phase diagrams for different values of ny.y, which
are shown in the figure. White circles denote the boundary across which continuous phase
transitions occur, while black circles denote the boundary across which discontinuous phase
transitions occur. No significant change can be seen with the increase of n,,,x, signifying that the
value n,.c = 5, which was used in section 5.2, is sufficient for capturing the physics of the system
within the decoupling approximation. Uy /Uy = —0.7, q/Uy = 0.02, and kT /Uy = 0.025.
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