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Summary

The Gross-Pitaevskii equation (GPE), which is a particular mean field theory
and approximates the binary interactions between particles by a Dirac function, has
gained considerable research interest due to its simplicity and effectiveness in de-
scribing the Bose-Einstein condensation (BEC). However, the validity of the theory
is limited to the low energy and low density assumption. For improvement, higher
order interaction (HOI) (or effective range expansion) as a correction to the Dirac
function has to be taken into account, resulting in a modified Gross-Pitaveskii equa-
tion (MGPE). Though the MGPE has been used in many physical problems, there
have been only a few mathematical analysis and numerical studies for it. And that’s
where my work comes in.

The main purpose of this thesis is to study the MGPE mathematically and
numerically. Besides, the fundamental gap problem and the energy asymptotics of
the nonlinear Schrodinger equation will be considered as two minor problems in the
end.

The thesis mainly contains three parts. The first part is to investigate the MGPE
systematically both in theory and in practical computation. The dimension reduc-
tion problem for MGPE, especially the comparison with the problem for the GPE

case, will be shown first. A new phenomenon is discovered which is totally different

vil
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from the GPE case and anti-intuitive because of the HOI term. Convergence of
the dimension reduction will be established. For ground states, we will prove the
existence and uniqueness as well as non-existence, which is a direct generalization
of the problem for the GPE case. And the limiting behavior of the ground states for
problem with box or harmonic potential in different parameter regimes will be classi-
fied in details. The HOI term introduces new Thomas-Fermi (TF) approximations,
and different Thomas-Fermi approximations are proposed, theoretically analyzed
and numerically tested. Besides, different schemes for computing the ground state,
including the methods generalized from the GPE case and a novel method proposed
by us, will be written explicitly. In particular, convergence and accuracy of our new
method will be analyzed and numerically tested. For the dynamics of the MGPE;,
we will analyze the well-posedness, the dynamics of quantities in describing BEC
and possible finite time blow-up. Finally, the time-splitting method is adopted for
the computation of the dynamics.

The second part is to consider the fundamental gap problem for the GPE. Both
the whole space problem with a harmonic potential and the bounded domain prob-
lem with a box potential will be studied in details. Asymptotic results as well as
the numerical tests will be proposed. Problems with periodic boundary conditions
(BCs) and Neumann BCs will also be considered. We discover that the dependence
of the fundamental gaps on the interaction strength for the bounded domain prob-
lem and the whole space problem are completely different. Besides, the dimension
of the eigenspace corresponding to second lowest eigenvalue for the linear problem
will affect the fundamental gaps for the nonlinear problem significantly. Based on
the asymptotic results for special cases and some numerical tests, we will propose a
gap conjecture for the GPE under a more general external potential.

The third part is to study the ground state approximations and energy asymp-
totics of the nonlinear Schrodinger equation in three limiting regimes of the param-
eters. We try to write out the approximate ground state and corresponding energy

as explicitly as possible. One major finding is that for the 1D problem, a bifurcation
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in the ground states is observed under either a box potential or a harmonic potential

when the power of the nonlinearity goes to oc.
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Chapter

Introduction

1.1 Bose-Einstein condensation (BEC)

Bose-Einstein condensation (BEC) is a state of matter of a dilute and ultra-
cold gas of bosons with temperature close to 0K or —273.15°C. In such situation, a
large fraction of bosons occupy the lowest quantum state, obeying the Bose-Einstein
statistics, which makes macroscopic quantum phenomena apparent. The state was
predicted by Albert Einstein [58,59] in 1924-1925 by adapting Satyendra Nath Bose’s
statistics [38] ,and was first realized in laboratory in 1995 for 8"Rb, by E. Cornell
and C. Wieman’s group in JILA by combining the laser cooling and the evaporative
cooling techniques together [4]. In the same year, another two experimental achieve-
ments were reported by the Ketterle’s group in MIT for 2Na [57] and Hulet’s group
in Rice University for “Li [39]. The breakthrough in experiments greatly inspired
researchers in atomic physics community and condensed matter physics community
because one can now measure the microscopic quantum mechanical properties in
a macroscopic scale by optical means with the help of BEC. Besides, certain BEC
system exhibits superfluidity and superconductivity [74,84], which implies the close
relation between superfluidity and BEC. Since then, numerous efforts have been
devoted to the area, and the numerical simulation has been playing an important

role in understanding the theories and the experiments.



1.2 The Gross-Pitaevskii equation (GPE)

Mathematically, the most natural way to describe BEC is via the many body
Hamiltonian. In the typical experiments of BEC, the ultra-cold bosonic gases
trapped in an external potential are dilute and weakly interacting, and therefore
the major properties are governed by the weak two-body interactions [54,90, 93].
The N-body Hamiltonian can be written as [76,79]

N 2
D)
Hy = Z (_2AJ + V(Xj)> + Z Vint (X5 — Xi), (1.1.1)
Jj=1 m 1<j<k<N
where x; € R® (j = 1,...,N) are the positions of the particles, m is the mass

of a boson, A; is the Laplace operator with respect to x;, V(x) is the external
trapping potential, Viy(x; — X,) denotes the binary interaction between particles,

and Wy (xy,...,Xy,t) is the wave function for the BEC, satisfying

/RSN Uy (%1, . xw, )2 dx = 1, (1.1.2)

where X = (x3,...,xn) € R3N. The dynamic of the system is then governed by

the Schrodinger equation
ih@t\IfN(xl, Ce ,XN,t> = HN\I/N(Xl, ...,XN,t), (113)

where h is the reduced Plank constant and ¢ = y/—1 is the complex unit.

1.2 The Gross-Pitaevskii equation (GPE)

The N-body system (1.1.3) is solvable, but is usually extremely computational
expensive due to the large number of particles in the system, and therefore inappro-
priate for practical use. Simplification of the model will be needed, and one choice
widely used is the Gross-Pitaevskii (GP) theory.

For the trapped BEC system, the GP theory, which is a special case of the mean
field approximation/theory and was proposed in the 1960s by Pitaevskii [92] and
Gross [67] independently, is quite popular in the computation due to its effective-

ness and simplicity. The main idea of mean field theory (MFT) is to replace all



1.2 The Gross-Pitaevskii equation (GPE)

interactions to one body by an average or effective interaction, sometimes called
a molecular field. This reduces a multi-body problem into an effective one-body
problem, which significantly reduces the computational cost. In the GP theory, we
approximate the binary interaction as the two-body Fermi contact interaction, where
the interaction kernel is taken as the Dirac delta function with a single parameter,

1.e.

Vint (%5 — i) = god(x; — xx), (1.2.1)

where §(-) is the Dirac distribution and go = % with as to be the zero energy

s-wave scattering length [79]. This is the heart of the mean field GP theory for
BEC [79,80,93], and the approximation is valid only when the temperature is low
and the gas is dilute. For BEC, all particles are in the same quantum state and we

can formally take the Hartree ansatz for the many body wave function as
N
Uy (X, ..., XN, t H (x5, 1), (1.2.2)

with the normalization condition for the single-particle wave function as ||1)(x, t)||3 =
Jrs [(x,t)[*dx = 1. Based on (1.2.1) and taking the Hartree ansatz (1.2.2), the

energy of the BEC system can be written as

B) = N [ [a 1900 +VG0lte O + 25 Ll t>|4} dx % NE(),

where F(1) is the energy per particle which approximates ¥>1 by for large NV

and is defined as

Bw) = [

R3

And then the Gross-Pitaevskii equation (GPE) is derived by the variation of
E()

e VUG OF + VEOWEe O + Janlutx ol dx (123)

= 2B 9 v + N O] v, (12

2m

where h, m, go have been defined before, and |1 (x, )]s = 1.
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When the trapping potentials are strongly anisotropic, we can perform the di-
mension reduction of the GPE for BEC as shown in [10,14,36,93] and the GPE (1.2.4)
in 3D can be formally reduced to two dimensions (2D) or one dimension (1D) for the
disk-shaped or cigar-shaped BEC [108], respectively. In fact, after nondimension-
alization [14], the resulting GPE can be written in a unified form in d-dimensions
(d =1,2,3) with x € R? (denoted as x = x € R for d = 1, x = (x,y9)" € R? for
d=2and x = (z,y,2)7 € R3 for d = 3) as

1
i) = =5 V24 V(x) + BlYf*| v, >0, x€RY, (1.2.5)

where ¢ = (x,t) is a dimensionless complex-valued wave function, V(x) is a
dimensionless real-valued potential, S is a dimensionless constant describing the
interaction strength.

It can be shown that the dimensionless GPE (1.2.5) conserves the total mass,

i.e.
N(t) = /R W(x, t)Pdx = N(0) =1, >0, (1.2.6)
and the energy per particle
1
B(C,t) = [ [3IV0F + VGOl + Jlult| éx = Bue,0). (127

The ground state ¢, := ¢,(x) of the GPE (1.2.5) is defined as the minimizer of
the energy functional (1.2.7) under the constraint (1.2.6), i.e. find ¢, € S, such that

Eyi= E(0,) =min B (6), (1.2.8)

where S is defined as

S:={olll6l =1, E(6) < oo} (1.2.9)

In addition, the ground state ¢, can also be characterized as a solution to the
following nonlinear eigenvalue problem, i.e. Euler-Lagrange equation of the problem

(1.2.8),

pp = —;V2+V(X) + Blo|?| ¢, (1.2.10)
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under the normalization constraint that ¢ € S, where the corresponding eigenvalue

(or chemical potential) u := p(¢) can be computed as

1= E() + g /R 6| dx. (1.2.11)

It is obvious from the definition that the ground state is an eigenfunction (or
stationary state) of (1.2.10) with the least energy, while it is possible that there are
other eigenfunctions of (1.2.10) with energies larger than that of the ground state.
Any other eigenfunctions of the GPE (1.2.10) under the constraint (1.2.6) whose
energies are larger than that of the ground state are usually called the excited states
in physics literatures [14,54,93]. Specifically, the excited state with the least energy
among all excited states is usually called the first excited state, which is denoted as
1.

One thing worth mentioning here is that, in the repulsive interaction regime,
the eigenfunction of (1.2.10) with the least energy is also the eigenfunction with the
least chemical potential. In other words, if the eigenstates of the GPE (1.2.5) with
B >0, limx—40 V(x) = +00 and the constraint (1.2.6) can be ordered according
to their energies as gzﬁg, o7, ¢5,... satistying E,(p) = E(d)g) < Ey(B) = E(qﬁf) <
E(¢5) < ..., it can be shown that p,(3) := w(@5) < pa(B) = 1(¢?) [43]. We apply
the super-index (8 here to indicate the first excited state gbf depends on the value of
B. Therefore, the fundamental gap for chemical potential is well defined as long as
the fundamental gap for energy is well defined.

The GP theory has been verified to predict many properties of BEC quite well,
and it has been the fundamental mathematical model to understand BEC up till now.
Numerous efforts have been devoted to studying the GPE both theoretically and
numerically. For the GPE itself, two problems are mostly studied mathematically,
the ground state and the dynamics.

For ground states, Lieb et al. [77] proved the existence and uniqueness of the
ground state in 3D and a more general result for 1D, 2D and 3D was shown in [14].
As for the computation, various numerical methods have been proposed. One of

the most popular method for computing the ground state is the gradient flow with
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discrete normalization (GFDN), which is also known as the imaginary time method
in physical literatures [9,18,51]. Numerous numerical tests have verified the accuracy
and efficiency of the method. Other schemes include a Runge-Kutta spectral method
with spectral discretization in space and Runge-Kutta type integration in time by
Adhikari et al. in [88], Gauss-Seidel-type methods in [49] by Lin et al., a finite
element method by directly minimizing the energy functional in [29] by Bao and
Tang, a feasible gradient type method and a regularized newton method by Wu,
Wen and Bao in [32], and so on.

For the dynamical part, the well-posedness, dynamical properties, finite time
blow-up and solitons of the GPE have been studied in [14,44, 103] and references
therein. For the computation, a lot of numerical methods have been proposed and
an overview can be found in [14]. Several commonly used methods that are accu-
rate and effecient include the time-splitting sine pseudospectral method [21-23,33],
time-splitting finite difference method [30, 111], time-splitting Laguerre-Hermite
pseudospectral method [28], conservative Crank-Nicolson finite difference method
(12,13, 49], semi-implicit finite difference method [12,13], etc. The comparisons
between different numerical methods can be refered to [6, 14, 31, 48, 86, 105] and

references therein.

1.3 Problems to study

In this section, I will briefly introduce the three problems to be studied.

e The first problem, which is also the main problem, to be studied in this thesis

is to analyse the modified Gross-Pitaevskii equation (MGPE),
1
O = —§v2 +V(x)+ Byl = V([ | v, t>0,xeR? (1.3.1)

where ¢ 1= ¢(x,t) is a complex-valued wave function, V(x) is a given real-

valued potential, 5 and ¢ are dimensionless constants describing the interaction
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between particles and d = 1, 2, 3. The details for the derivation of the equation

can be referred to Chapter 2

We aim to lay a theoretical foundation of the MGPE (1.3.1) and propose
efficient and accurate numerical methods for the computation. Chapter 2,
Chapter 3, Chapter 4 and Chapter 5 study the MGPE (1.3.1) from different
aspects, including the dimension reduction problem, theory and computation

of the ground state and dynamics.

e The second problem is to study the fundamental gaps of the GPE (1.2.5) which

are defined as

0p(8) == E(¢}) — B(6)) >0, 6,(8) = u(ef) — u(¢) >0,  (1.3.2)

where aﬁg and gb’f are the ground state and the first excited state of the GPE
(1.2.5) for a given . We are interested in finding a uniform lower bound with
respect to all >0, i.e.

0y == érzl% e(h), 0 = inf §,(8). (1.3.3)

B>0

We aim to study 0z(5) and 6,(3) asymptotically and numerically for two
special cases, i.e. the GPE (1.2.5) with a box potential or a harmonic potential,
to shed light on the fundamental gap problem under a more general external
potential. The effect of the interaction strength [ under a fixed external

potential will be focused on and new gap conjectures will be proposed.

e The third problem considered in the thesis is the ground state approxima-
tions and energy asymptotics of the dimensionless time-independent nonlinear

Schrédinger equation (NLSE) in d-dimensions (d = 1,2, 3) [10,14,21,54,93,103]

AV 4 B0 | 600 =polx),  x€NCR,  (134)
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where ¢ := ¢(x) is a complex-valued wave function satisfying ||¢|2 = 1, V(x) is
a given real-valued potential, 5 > 0 and o > 0 are dimensionless constants de-
scribing the interaction strength and nonlinearity, respectively. The eigenvalue

i = (), also named as the chemical potential, is defined as [10, 14, 54, 93]

of -
u(6) = B(@)+ 25 | 16 %dx. (1.3.5)
where E := FE(¢) is usually called the energy and defined as [14, 103]
1
B(0) = [, [5IV000P + VoG + oG0P dx. (130

The ground state can be defined in the same way as in (1.2.8). We aim to find
the energy asymptotics for two cases, either letting 5 — 0 or oo with fixed

o > 0, or letting 0 — oo with fixed 5 > 0.

1.4 Scope of the thesis

As shown in the previous section, we will build a theoretical foundation of the
MGPE (1.3.1), considering both its ground state and dynamics, and propose numer-
ical schemes suitable for the computation. The fundamental gap problem for the
GPE and the energy asymptotics for the NLSE will also be studied in this thesis.

The thesis is organized as follows. Chapter 2 is devoted to the dimension re-
duction problem for the MGPE. We will introduce the dimensionless MGPE in 3D
under a harmonic potential. Then we derive rigorously one- and two-dimensional
mean-field equations for cigar- and pancake-shaped BECs with higher-order interac-
tions (HOIs), respectively. We show how the HOI modifies the contact interaction
of the strongly confined particles. Numerical results will be provided to show the
accuracy of our results.

Chapter 3 is devoted to characterizing the ground states of BEC with HOI, mod-
eled by the MGPE (1.3.1). In fact, due to the appearance of HOI, the ground state
structures become very complicated. We establish the existence, uniqueness and

non-existence results under different parameter regimes, and obtain their limiting
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behaviors and/or structures with different pairs of HOI and contact interactions.
Both the whole space case and the bounded domain case are considered, where dif-
ferent structures of the ground states are identified. In addition, for both box and
harmonic traps in 1D, 2D and 3D, we obtain explicitly the analytical Thomas-Fermi
(TF) densities and corresponding energies, together with numerical validation.

In Chapter 4, we propose and compare several numerical schemes for computing
the ground state. We will firstly review the widely used methods for the GPE, i.e.
the gradient flow method and a gradient-type method by directly minimizing the
discretized energy, and generalize them to the MGPE case. And then a new scheme,
which minimizes the discretized energy via density formulation, will be proposed.
One obvious benefit by using density formulation is that we change the original
nonconvex problem to be a convex optimization problem. But we will also have a
disadvantage that the nonlinear term is not well defined in the region where density
is almost zero. As a result, regularization is needed. The convergence problem and
the efficiency of our new scheme will be studied in details. We will write out each
scheme explicitly and analyze the basic properties of the schemes. Numerical tests
will also be performed to test the efficiency and accuracy of our schemes.

In Chapter 5, we analyze the dynamical properties of the MGPE both theo-
retically and numerically. In particular, we would like to see how the HOI affects
the dynamics. In theory, we show the dynamics of the quantities like momentum
and center of mass. For a problem with a harmonic potential, a special type of the
exact solution will be constructed. We will also show conditions of possible finite
time blow-up. As for the computation, we adopt the time-splitting method to the
MGPE, and numerical tests will be provided.

Chapter 6 mainly focuses on a special problem, i.e. the fundamental gap prob-
lem for the GPE. We study both asymptotically and numerically the fundamental
gaps in energy and chemical potential of the GPE with repulsive interactions under

different trapping potentials including box potential and harmonic potential. Based
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on our asymptotic and numerical results, we formulate gap conjectures on the fun-
damental gaps in energy and chemical potential of the GPE in bounded domains
with the homogeneous Dirichlet boundary condition, and in the whole space with a
convex trapping potential growing at least quadratically in the far field. We then
extend these results to the GPE on bounded domains with either the homogeneous
Neumann boundary condition or periodic boundary condition.

Chapter 7 is about the ground state approximations and energy asymptotics of
the NLSE (1.3.4). One limiting case is to let 5 — 0 or oo with ¢ > 0 fixed, and the
other limiting case is to let ¢ — oo with 5 > 0 fixed. Two special external potentials
are considered, the box potential and the harmonic potential. Though most results
are just generalizations of the GPE case, it is worth noticing that a bifurcation is
observed in the ground state when the power of the nonlinearity goes to oo for both
choices of the external potentials.

In Chapter 8, conclusions are drawn and some possible future studies are dis-

cussed.



Chapter 2

BEC with Higher Order Interactions

2.1 Introduction

The treatment of effective two-body contact interactions has been proven to be
successful, but it is limited due to the low energy or low density assumption [60]. In
the case of high particle densities or strong confinement, there will be a wider range
of possible momentum states and correction terms should be included in the GPE
for better description [3,63]. In [53,60], a higher order interaction (HOI) correction
to the pseudopotential approximation has been analyzed, and gives the new form of

the binary interaction between atoms as

Vinlz) = g0 [3(2) + 2 (0(2) V2 + V23(2))] (2.1.1)
where z = x; — X5 and gy = mﬂ?“s is the contact interaction strength with as being

AsTe

the s-wave scattering length. HOI correction is given by the parameter g; = o _ 5

with r. being the effective range of the two-body interaction. When r, = %as, it is

for the hard sphere potential.

2.2 The modified Gross-Pitaevskii equation (MGPE)

In this section, we derive the MGPE and get its dimensionless form in 3D. Anal-

ogous to the derivation of the GPE (1.2.5), we show briefly how the HOI correction

11
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to the pseudopotential approximation modifies the GPE by following the procedure
in [63]. It is obvious that we only need to study the term for the HOI correction.

For simplicity, we introduce

Hnoa = % [0(x1 —x2) V2, + V2 d(x1 —x2)] . (2.2.1)

By changing x;, %5 to be R = (x; +x3)/2,r = x; — Xy, integrating over r and doing
integration by parts when necessary, we get
L 000,05 (00, 6) Bt (1, )06, ) da
R3 xRR3
_ 9091 7 r vim_Zt 2 2
=S [ SR+ LOUR = 1) [3()VE + VE)]
Y(R + g (R — g t) drdR

4
9o 272 2
= 20 V() dR.

= 0 [ [PV — BT + POV — (V)] dR

Now substituting (2.1.1) into the N-body Schrodinger equation (1.1.3) with the N-
body Hamiltonian defined in (1.1.1), and then taking the Hartree ansatz (1.2.2) and
applying the results computed above, we can rewrite the energy of the BEC with
HOI as

N -1
2

B) = N [ [ao 1900 + Veolte 0 + 25 Lol o)
N -1

4

+ Gog1 [ (x, )PV ([ (%, 1)*) | dx ~ NE(¥),

where E(1)) is the energy per particle which approximates N — 1 by N for large N

and is defined as

) = [

a0 ([0 1+ Lo )PV 1)) | ax

And then the modified Gross-Pitaveskii equation (MGPE) [53,63,64,108], is derived
by the variation of E(1)) as

h2
5 Ve + V[ (x, 1)

2
iR = {—;nv? V() + Noo ([ + 921v2|¢|2)} 0, 120, x €R®, (2.2.2)
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where x € R? is the Cartesian coordinate vector, A is the reduced Planck constant,
m is the mass of the particle, V' (x) is a real-valued external trapping potential, gg, g1
have been defined before and |1 (x,t)||2 = 1.

To nondimensionalize the MGPE (2.2.2), we consider a special but commonly
used external potential, i.e. the harmonic potential which is defined as

m
Vho(X) = 5(%20302 + Wiy + wiz?), (2.2.3)

where w,, wy, w, are trapping frequencies in x-, y-, and z- direction.

In order to nondimensionalize the 3D MGPE (2.2.2), we introduce [10, 14]

i— 27 % — i’ QL()}, f) = $§/2¢(X, t), f/(fg) = £ V(x), (2.2.4)

ts T ma?

where t,, x, are the scaling parameters of dimensionless time and length units,
respectively, satisfying h = ma?/t,. Plugging (2.2.4) into (2.2.2), multiplying by
t2/(ma?), and then removing all; we obtain the following dimensionless MGPE in

3D,

, 1
10y = —§V21/1 + V(x)1 + BlY|* — SV [¢|*, (2.2.5)
where = 74“9{1“5, § =2 (%2 — “22&)

i i - 1 - /T
For the 3D harmonic potential (2.2.3), we may choose t; = -, z; = \/WTJO

with wy = min{w,,w,,w,}. Introducing v, = Yy = :’—z and v, = =, and the

dimensionless trapping potential is given by

V(x) = 5 (vie® +7py° +122°), xeR (2.2.6)

DO | —

2.3 Dimension reduction

In this section, we study dimension reduction problem for the MGPE (2.2.5).
In many experiments, a strong harmonic trap is applied along one or two direc-
tions to confine (or suppress) the condensate into pancake or cigar shape, respec-

tively. In such cases, the usual Thomas-Fermi (TF) approximation for the full



2.3 Dimension reduction 14

three-dimensional (3D) case becomes invalid. It is then desirable to derive the effec-
tive one- (1D) and two-dimensional (2D) models, which offers compelling advantage
for numerical computations compared to the 3D case.

We present effective mean-field equations for trapped BECs with HOI in one and
two dimensions. Our equations are based on a mathematically rigorous dimension
reduction of the 3D MGPE (2.2.5) to lower dimensions. Such dimension reduction
has been formally derived in [14,20,26,42,99,115] and rigorously analyzed in [24,36],
for the conventional GPE, i.e. without HOI. While for the MGPE, to our knowledge,
this result has not been obtained, except for some preliminary works [108, 110],
where the Gaussian profile is assumed in the strongly confining direction following
the conventional GPE case. Surprisingly, our findings suggest that the Gaussian
profile assumption is inappropriate for the quasi-1D BEC with HOL.

In the derivation of the quasi-1D (2D) model for the BEC with HOI, we assume
that the leading order (in terms of aspect ratio) of the full 3D energy is from the
radial (longitudinal) wave function, such that the BEC can only be excited in the
non-confining directions, resulting in effective 1D (2D) condensates. Based on this
principle, we show that the longitudinal wave function can be taken as the ground
state of the longitudinal harmonic trap in quasi-2D BEC, and the radial wave func-
tion has to be taken as the Thomas-Fermi (TF) type (see (2.3.2)) in quasi-1D BEC,
which is totally different from the conventional GPE case [108,110]. We compare
the ground states of the quasi-1D and quasi-2D BEC with the ground states of the
full 3D BEC and find good agreement. In particular, our ground states are good ap-
proximations to those of the full 3D MGPE in regimes where the TF approximation
fails.

For simplicity, we only consider the cylinder symmetric case in this section where

we introduce w, = w, = w, and define the aspect ratio of the harmonic trap as

v = wr/w,. (2.3.1)
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2.3.1 From 3D to 1D

Intuitively, the energy separation between stationary states is much larger in the
radial direction than in the axial direction, and it is possible to freeze the radial
motion of BEC [66]. As a consequence, the wave function of the system is in the
variable separated form, i.e. it is the multiplication of the axial direction function
and the radial direction function.

First, we present an effective mean-field equation for the axial wave function of
the BEC with HOI, by assuming a strong radial confinement. In order to derive the
mean-field equation for the axial wave function, we start with with the dimensionless
3D equation (2.2.5). In the quasi-1D BEC with HOI, the 3D wave function can be

factorized as

P(x,t) = 2P xop (2, y)Pip(2, 1), (2.3.2)

with appropriate radial state function xop and pop € R. Once the radial state
X2p is known, we could project the MGPE (2.2.5) onto the axial direction to derive
the quasi-1D equation. The key to find such ysp is the criterion that, the energy
separation between stationary states should be much larger in the radial direction
than in the axial direction, i.e. there is an energy scale separation between the radial
state xyop and the axial wave function.

For the conventional GPE, i.e. § = 0, a good choice for yyp is the Gaussian
function [14], which is the ground state of the radial harmonic trap, as xap(r) =
\/ge_ﬁ. The reason is that the order of the energy separation between states of
the conventional BEC is dominated in the radial direction by the radial harmonic
oscillator part, which is O(), much larger than the interaction energy part if § =
O(1). Alternatively, it would be possible to use variational Gaussian profile approach
to find xop(r) [99]. In a similar dimension reduction problem for cold fermion
gases [2], the profile yop is chosen based on comparison between energy levels of
the harmonic oscillator and Fermi energy. For BEC with HOI, the extra HOI term

contributes to the energy. Thus, a more careful comparison between the kinetic
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energy part and the HOI energy part is needed.
Substitute (2.3.2) into Eq. (2.2.5), we can get the equations for 1;p for appro-

priate pop as

Drap(ert) = |50+ Vin(2) + ilunol? — 51 0ulin)| vap,  (233)

where Vip(z) = 322,

B =8 [[ heol'dedy + 6 [[ 19 |xep|?dudy, (2:3.42)

b =6 / / Ixap|dady, (2.3.4b)

and V| = (0, Gy)T. It remains to determine yop and we are going to use the criteria
that the energy separation scales are different in different directions. In order to do
this, we need calculate the energy scale in z direction. Hence, we take the stationary

states (ground states) of (2.3.3) as

Pip(z,t) = e 1Pl p(2). (2.3.5)

Combining Egs. (2.3.2) and (2.3.5), following the way to find Eq. (2.3.3), we can

derive the equations for yap(x,y) as

1
H2DX2D = _§V1X2D + VQD(T)XQD + 52|X2D|2X2D - (52(V2L|X2D|2)X2D7 (2-3-6)

where V3 = 0,, + 0y, the radially symmetric potential Vop = %(a@ +y?),

B =8 [1oipl'dz + 5 [ [o-lérp Pdz, (2.3.7a)

5y = 5/ 61| dz. (2.3.7b)

To determine the frozen state xap, we need minimize the energy of Eq. (2.3.6),
while parameters [, and ds depends on ¢1p. So actually, we need solve a coupled
system simultaneously for ysop and ¢;p. To this purpose, we will consider the
problem in the quasi-1D limit as v — oo. Intuitively, transverse direction is almost
compressed to a Dirac delta function as v — oo, so that a proper scaling is needed

to obtain the correct form of yop.
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We will determine y,p via a self consistent iteration as follows: given some [,
and dy, under proper scaling as v — o0, (i) drop the less important part to get
approximate xap, (ii) put y2p into Eq. (2.3.3) to determine the longitudinal ground
state ¢1p, (iii) use ¢1p to compute [y and dy, and then (iv) check if it is consistent.

In the quasi-1D regime, v — o0, similar to the conventional GPE case, due
to the strong confinement in transverse direction, the ground state solution ¢;p is
very flat in z direction, as both nonlinear terms exhibit repulsive interactions. It is
easy to get the scalings of [|0.|p1p|*|?dz = O(L™3), [|é1p|'dz = O(L™'), where L
indicates the correct length scale of ¢1p. Therefore 5y and d5 are of the same order
by definition, since I — oo in the quasi-1D limit.

For mathematical convenience, we introduce € = 1/,/7 such that ¢ — 0*. In the
radial variable, introduce the new scale 7 = r/c® and W(7) = €*xap(r) such that

7~ O(1) and ||w| = 1, then (2.3.6) becomes

Vid | @y 6
2€2a 25472(1 €2a €4a

HopW = VA ([of*)w. (2.3.8)

Notice that the term [/e*w? can be always neglected compared to the last
term since 3 ~ 0y and €7@ < £73% as ¢ — 07. On the other hand, 3, and J, are
both repulsive interactions while only the potential term confines the condensate.
Thus, the correct leading effects (HOI or kinetic term) should be balanced with the

potential term. Now, we are only left with two possibilities:

= ~ . . 72 ~ = ~ .
Case I, — 55 V2110 is balanced with term 5w, and 22 V2, (|@[?)1) is smaller.

4 02

In this case, e2¢ ~ £472% So we get a = 1. Besides, we also need £72% > &, Le.

(52 < 52.

i ~ ~ . . =2 ~ = ~ .
Case 11, ﬁ%Vﬁ(!w[z)w is balanced with term 5=z, and —%%VQLUJ is much

02
64@

smaller. In this case, ~ ﬁ and e72° K ﬁ, ie. o <1 and 6y ~ 8274,

We will check if the scaling is consistent for each case.

Case I. Since a« = 1 , we have xop as the ground state of the radial harmonic
oscillator,

1 2
e 2527
2

Xzp(r) = (2.3.9)

e
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and

1 1
4 _ 22 _
//|X2D| dady = o2’ //|VJ_(|X2D| )|"dxdy vy

Recalling f; and ; in Eq. (2.3.4), the parameters are in TF regime I (cf. sec-

tion 3.3.2), so in z direction we can get the approximate solution from section 3.3.2

as:
()2 = 2%), 361\
S R S = — 2.3.1
(le 2ﬁ1 ) < ( 9 > ) ( 3 O)
By definition of dy (2.3.7b), we obtain
30 (2 )3
5 :5/ gy = 20 2.3.11
2 |p1p|"d= 5 (351> ) (2.3.11)
while
22 0
By ~ 5// |V L (Ix2n|?)|"dady = — (2.3.12)

Combining (2.3.11) and (2.3.12), we get 6, = O(e3). But this contradicts the
requirement that d, < 2. Thus Case [ is inconsistent.
Case II. As §5 term is more significant than the kinetic term, we solve usp =

r?/2e* — 65V |xap|?* within the support of x2p(r) and get

1
(R? —r?), ( 302 )6
van(r) = =y, = e a= 505 (2:3.13)
Hence, we know
2
3 302 \3
// [X2p|*dzdy = 10, (27&;) ; (2.3.14)
1 (36, \3
212 2
= — ] . 2.3.1
//|VL|X2D| [“ddy 20922 (27r€2) (2:3.15)

Again, recalling 8; and d; in Eq. (2.3.4), the parameters are in TF regime I (cf.
Sec. 3.3.2), so in z direction we can get the approximate solution from Sec. 3.3.2 as
Eq. (2.3.10). Using ¢1p(2) in Eq. (2.3.10), we can compute

35 (2 \?
— 47, _
(52 = 6/‘¢1D’ dz = 5 (351) s (2316)
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while
3\5 6
618 [ 1VubanlPdsdy = (5 )~y 2:3.17)
T/ 2e363
5 1 6 8 6
Combining (2.3.16) and (2.3.17), we find 8, = 2570020 ) ~ 21 70777 . Notic-

1 we get a = 6/7, and it satisfies the other

ing the requirement that §, ~ %~
constraint o < 1. Thus, Case II is self consistent, and it is the case that we should
choose to derive the mean field equation for the quasi-1D BEC. (31, §; can be ob-
tained as in Eq. (2.3.20).

To summarize, we identify that the energy contribution from the HOI term
(2.3.6) in transverse direction is dominant when v > 1. It shows a completely
different scenario compared to the conventional GPE, in which the transverse har-
monic oscillator terms are dominant. The explicit form for the transverse radial
state function xop(r) for the quasi-1D BEC with HOI is determined as

X (I y) ~ ’7(R2 _7‘2>+ r = /$2 +y2 (2 3 18)
2D\ 4, 4\/2_(5r ) ) e

1 5 1 4 2

_ 35, \©6 _ 237x74 A 3767
where R = 2 (27&) , 0p = N
w757

8
7

: and (f); = max{f,0}.

With this explicit form of the approximate solutions, we can further get the
leading order approximations of chemical potential and energy for the original 3D
problem. It turns out that ,ugD =Y %,uzp and ESD ~ %uw, where pop is computed
approximately as before.

It is worth pointing out that the determination of the radial state yap(r) is
coupled with the axial direction state (see (2.3.4)). Therefore, a coupled system
of the radial and axial states is necessary to get more refined approximate density
profiles for ground states, as compared to the above approximation xap(r).

In the axial z direction, multiplying (2.2.5) by x2p and integrating the z,y
variables, we obtain the mean-field equation for the quasi-1D BEC with HOI as

i0rp(2,t) = —;azzww+V1D(Z)¢1D+51W1D|2¢1D—51(azz|¢10’2)¢w, (2.3.19)
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5% 3 12 3% ﬁ’yg
= — ST~ T 2.3.20
=T T e (2:3.208)
10
) = — 53t (2.3.20D)
4.5777
From Eq. (2.3.19), it is observed that the HOI provides extra repulsive contact

interactions in the quasi-1D BEC. More interestingly, the first term in [; suggests
that the contact interaction is dominated by the HOI part.

If the repulsive contact interaction dominates the dynamics in (2.3.19), we could
neglect the kinetic and HOI parts to obtain an analytical expression for the quasi-
1D BEC with HOI. This agrees with the usual Thomas-Fermi approximation for
the conventional quasi-1D BEC, and its validity is shown in Sec. 3.3.2 (referred as

region I). In such situation, the approximate density profile is given as:

. (2=,

ST (2.3.21)

nip(z) = [Y1p]

where 2* = (3%)%

In Fig. 2.1, we compare the ground state densities of quasi-1D BEC with HOI
determined via (2.3.19) and the numerical results from 3D MGPE in (2.2.5) by
integrating over the transversal directions. As shown in the figure, our proposed
1D equation, Eq. (2.3.19), and (2.3.18) describes the BEC accurately in axial and

radical direction separately, while the traditional Gauss approximation totally fails.

2.3.2 From 3D to 2D

In this section, we consider the BEC being strongly confined in the axial direc-
tion, which corresponds to the case 0 < v < 1. Accordingly, we choose rescaling
parameters used in (2.2.5) as wy = w,, x5 = \/m, and we work with the dimen-
sionless equation (2.2.5).

Similar to the case of quasi-1D BEC, we assume that the wave function can be

factorized in the quasi-2D case as

P(x,t) = 7P (2, y,t)x10(2), (2.3.22)
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Figure 2.1: (quasi-1D ground state) Red line: approximation (2.3.18) in radical
direction and numerical solution of (2.3.19) in axial direction. Blue line: traditional
Gauss approximation in radical direction and corresponding numerical solution in
axial direction. Shaded area: numerical solution from the original 3D model (1.3.1).
The corresponding ~’s are given in the plots. For other parameters, we choose

B=1,8=20.
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for appropriate longitudinal state y1p(z) and pi1p € R.
Plugging Eq. (2.3.22) into Eq. (2.2.5), we can get the equations for ¢,p with

appropriate p1p as

. 1
iOap(z,y,t) = {—Qvi + Vap(x,y) + Baltbap|* — 62(V1 [¢2p]?) | b, (2.3.23)
where the radially symmetric potential Vap(r) = 372 and
B =8 [ Papl'dedy +6 [ 10.)xip P Pdz, (2.3.24a)
Sy =16 / Ix1p|*dzdy. (2.3.24b)

It remains to determine y;p and we are going to use the same idea as that in the
quasi-1D BEC. In order to do this, we need calculate the energy scale in the r

direction. Hence, we take the stationary states (ground states) of Eq. (2.3.23) as
Pap(r,t) = e~H2P gy p(r). (2.3.25)

Combining Eq. (2.3.22) with Eq. (2.3.25), we can derive the equations for xip(2)

as

fapX1p = =50:2X1D + Vin(2)xap + Bilxip*x1p — 61(0.:|x1p]*)x1p, (2.3.26)
where Vip(z) = %,

B =8 [ |6apl'dz + 5 [ V1 Jéan Pdz, (2.3.27a)

01 = 5/|¢2D|4dz. (2.3.27b)

We proceed similarly to the quasi-1D case. For mathematical convenience, de-
note £ =,/ such that £ — 0*. Rescale z variable as Z = z/e, w(Z) = €2 x1p(z)

for some o > 0. By removing the tildes, Eq. (2.3.26) becomes

Hipw = —L@zw + iw + éw?’ - i((‘)ZZ]w]?)w. (2.3.28)
282a 25472a co 83a

Assuming that the scale is correct, then w will be a regular function, independent

of £ so that its norm will be O(1). Now, we will determine the scale. Intuitively, by
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the same reason shown in the quasi-1D case, the term f—;w?’ can always be neglected

compared to the HOI term. In addition, the potential term is the only effect that
confines the condensate, and can not be neglected. As a result, there are only two
possibilities:

. . 2 .
Case 1. —28%82211) is balanced with term s=zw, and g,)—la(ﬁzz\wp)w is much

4=2a S0 we get o = 1. Besides, we also need

smaller. In this case, 2% ~ ¢
_92a I s
19 > 3 1.6 01 < €.

. . 2 .
Case II. g—la(aZZ]wP)w is balanced with term 5=z w, and —ﬁazzw is much

smaller. In this case, jTla ~ 54—12a and e 72 < 54—%&’ ie. @ <1andd ~ e
Now, we check the consistency of each case.
Case I. Since a = 1, we can obtain y;p(2) as the ground state of the longitudinal

harmonic oscillator as

1\7 _.2
X1p(z) = < ) e 22 (2.3.29)

Te2

and the following quantities can be calculated:

1 1
4 217/2
dz = — / dz = ——. 2.3.30
[ halds = —— . [IthaoPPdz = ——; (2.3.30
By examining (5 and dy in Eq. (2.3.23), we find (35 is dominant as ¢ — 0" and the
ground state ¢op(r) can be obtained as TF approximation in the parameter regime

I as shown in section 3.3.2,

1
(R =)y B (452>4
Gap(r) = % , where R = - ) (2.3.31)
Then we can compute
2
Ydady = 9.3.32
// |¢2D| xray 3\/77_627 ( )

[ 1960wy = (2:3.33)

E.
Having ¢op, we can check the consistency of Case I. By the definition of §; in
Eq. (2.3.27), we get

0y = 5//|¢2D|4d$dy S

3v 7752’

(2.3.34)
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while it follows from the definition of 3y in Eq. (2.3.24),

828 [ I(hvanl) Pz = =

Combining Egs. (2.3.34) and (2.3.35), we obtain &, = 2,/2 (21)% % = O

™
vlw
~—
|
)
—~
)
N~—

which satisfies the requirement for §;. Thus, Case I is self consistent.

Case I1. In this case, we solve equation y;p = Z; —810..|x1p|* within the support

264

of x1p and get

(- (EP=2), Zﬁ_<%&&>é
X1D%) = 2e2,/66; N 2

Then we have the identities as

2 (45\3 1
/|X1D|4d2 =63 <2> (5451> ° (2.3.36)

/I(leDIQ)’Ide = 221 <425>§ (5451)*% : (2.3.37)

In the quasi-2D limit regime, i.e. 0 < ¢ < 1, by the definitions of ; and dy in
Eq. (2.3.24), we find f3; is dominant and ¢op can be obtained as the TF density in
parameter regime I shown in section 3.3.2, which is exactly the same as Eq. (2.3.31).

Similar to the previous case, we can calculate

20
where
25 (453 s
By ~ 5/| (Ix1p|>)|?dz = 51 <2> (') °. (2.3.39)

5 12
Combining Eqs. (2.3.38) and (2.3.39), we can get & ~ 2 (1%2)7¢7. But the

ba=1 50 we get o = 8/7. This contradicts the other requirement

requirement is §; ~ ¢
that o < 1. In other words, Case II is inconsistent.
In summary, only Case Iis consistent and x;p should be chosen as Eq. (2.3.29).

Thus, mean-field equation for quasi-2D BEC is derived in Eq. (2.3.41) with given
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constants in Eq. (2.3.42). In this way, we find that the leading order energy sepa-
ration in z direction is due to the longitudinal harmonic oscillator, while the cubic
interaction and HOI parts are less important. This fact suggests that the ground
mode of the longitudinal harmonic oscillator, i.e. a Gaussian type function, is a
suitable choice for x1p(z). To be more specific,
X1p(z) ~ (1)4 e, (2.3.40)
™™

and pyp ~ 1/27.

Substituting (2.3.22) with (2.3.40) into the MGPE (1.3.1), then multiplying
(1.3.1) by x1p and integrating the longitudinal z out, we obtain the mean-field
equation for the quasi-2D BEC with HOI as

iathD = _;vngD + ‘/2D(xa Z/)¢2D + B2|¢2D|2w2D - 52(V2|¢2D’2)¢2D; (2341)

where Vap(z,y) = 5(2* +»?) and

3 5 5
Oy = )
S T 2T iy

Similar to the quasi-1D BEC case, HOI induces effective contact interaction in

fa = (2.3.42)

the quasi-2D regime, which dominates the contact interaction (5 part). We then
conclude that even for small HOI ¢, the contribution of HOI could be significant in
the high particle density regime of quasi-2D BEC.

Analogous to the quasi-1D BEC case, we can derive the usual Thomas-Fermi
(TF) approximation when the repulsive interaction Sy dominates the dynamics, and
the analytical density for the quasi-2D BEC with HOI reads as

RQ 2
nap(r) = |Yap|* = (Zﬁ;a)* r=ya2+y? (2.3.43)

1

where R = (%)4.
In order to verify our findings in this section, we compare the quasi-2D ground
state densities obtained via Eq. (2.3.41), TF density (2.3.43) and the numerical

results from 3D MGPE (2.2.5) by integrating z out. The results are displayed in
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Figure 2.2: (quasi-2D ground state) Red line: approximation (2.3.40) in axial direc-
tion and numerical solution of (2.3.41) in radical direction. Blue dash line: Thomas-
Fermi approximation of (2.3.43) in radical direction. Shaded area: numerical so-
lution from the original 3D model (1.3.1). The corresponding +’s are given in the

plots. For other parameters, we choose § =5, = 1.

Fig. 2.2. The BEC is broadened compared to the analytically predicated profile
because of the effective repulsive interaction from the HOI. Thus, in the regime of
small or moderate interaction energy S5, the usual approach to BECs with HOI via
conventional Thomas-Fermi approximation fails. On the other hand, it turns out
that our proposed 2D equation, Eq. (2.3.41), is accurate for quasi-2D BEC in the

mean-field regime at experimentally relevant trap aspect ratios ~.

2.4 The d-dimensional MGPE

As shown in the previous section, we might need the MGPE in 1D and 2D as well

in practice. In fact, the MGPE (2.2.5) under a harmonic potential can be written
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in a unified form in d-dimensions (d = 1,2,3) with x € R? (denoted as x = z € R

ford=1,x= (z,y)T € R? ford =2 and x = (z,y,2)" € R3 for d = 3) as
10y = —1v2+V( 2 SV3y|? > R4 2.4.1
o = [~ 2V V() 4 BlUE — OV v >0, x e R (2.4.1)
where

L(via? +13y* +1322), d=3,

V(x) =1 3(112* +139), d=2, (2.4.2)
syia?, d=1,

where 71,72, 7y3 are dimensionless trapping frequencies in x-, y-, and z- direction, 8
and ¢ are two dimensionless real constants for describing the contact interaction and
HOI strengths, respectively.

Another commonly seen potential is the box potential, which is defined as

0, xeq.
V(x) = = (2.4.3)
00, X €&,

where Q@ C R? (d = 1,2,3) is a bounded domain. In this case, the MGPE can be

written as the following equation defined in the bounded domain €2,
1
i0p) = —§v2 + Bl — V3P| ¥, t>0,x€Q, P|ogg = 0. (2.4.4)

We can change V' (x) to be some other potentials such as optical lattice potential
and double-well potential as well. We refer to [11,14,93] and references therein. For
the rest of this paper, we assume that V' (x) is a general given real-valued function,
and without loss of generality, we assume V' (x) > 0 for external potentials that are
bounded from below.

For the d-dimensional MGPE (2.4.1), we can show that it conserves the total

mass , i.e.

N(t) = /Rd W(x,t)2dx = N(0) =1, t>0, (2.4.5)
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and the energy per particle, i.e.

E(w(-,t)):/ B|V¢]2+V(X)|w\2+§|w\4+g|VW!2\2 dx = E((-,0)). (2.4.6)

Rd

The proofs can be referred to section 5.1.
The ground state ¢, := ¢4(x) of the MGPE (2.4.1) is defined as the minimizer
of the energy functional (2.4.6) under the constraint (2.4.5), i.e.

¢y :=argmin E (¢), (2.4.7)
pes

where S is defined as

S:=A{ollolla=1, E(¢) < oo}, (2.4.8)

and E, = E(¢,) is call the ground state energy. The existence, uniqueness and
nonexistence of the ground state will be shown in Chapter 3.
The ground state ¢, can also be characterized as a solution to the following

nonlinear eigenvalue problem, i.e. Euler-Lagrange equation of the problem (2.4.7)

o = | ~3V2 4 V) + Blof - 5V (249

under the normalization constraint ¢ € S, where the energy and the corresponding

eigenvalue (or chemical potential) p := p(¢) can be computed as

B(0) = [, 51968 + VOolo + Gl + 5[ V1o | ax, (24.10)
1= E(¢)+ /Rd (gw‘ + g ]V\¢|2(2> dx. (2.4.11)

Later, we will start from the d-dimensional (d = 1,2,3) MGPE (2.4.1). In
Chapter 3 and Chapter 4, I will focus on the theory and computation of the ground

state, respectively. In Chapter 5, the dynamics will be focused on.



Chapter 3

Mathematical Theory for Ground States

3.1 Introduction

In this chapter, we aim to build a theoretical foundation of the ground state of
the modified Gross-Pitaevskii equation (MGPE) (2.4.1). For ground state, instead of
considering the MGPE (2.4.1), we usually consider the time-independent nonlinear
eigenvalue problem (2.4.9) via the normalized time-independent wave function ¢(x)

satisfying

[6(x)[l2 = 1, (3.1.1)

with energy and chemical potential defined as before in (2.4.10) and (2.4.11).

The MGPE (2.4.1) has been found in many applications and the MGPE (2.4.1)
with 0 = 0 has been thoroughly studied in literatures and we refer the readers to
[10,14,93] and reference therein. However, there have been only a few mathematical
results for MGPE (2.4.1), including the local well-posedness of the Cauchy problem
[87,94], existence of solutions to the time independent version of (2.4.1) [81,82], the
stability of standing waves [52], spectral method for (2.4.1) [85], etc. To the best
of our knowledge, all the known mathematical results for the MGPE (2.4.1) are
not based on the application in BEC and thus have different setups in the trapping

potentials and/or parameter regimes. On the contrary, some physical studies for

29
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the MGPE (2.4.1) have been carried out with the application in BEC, such as
the ground state properties [63,106], the dynamical instabilities [95,96], etc. Very
recently, we have studied the dimension reduction of the MGPE from 3D to lower
dimensions [98].

In this Chapter, we will present our mathematical results [15] on ground states of
BEC based on the MGPE (2.4.1), including the conditions for exsitence, uniqueness
and nonexistence of the ground state, classifying the limiting behaviors of the ground

state in different parameter regimes and prove them rigorously in mathematics.

3.2 Existence, uniqueness and nonexistence

For simplicity, we introduce the function space

X ={pe H'®Y

ol = lolP + 19912 + [, VG0l dx < oo}
The ground state ¢, := ¢,(x) of a BEC modelled by MGPE (2.4.9) is defined as the

minimizer of the energy functional (2.4.10) under the constraint (3.1.1), i.e.

¢y :=argmin E (¢), (3.2.1)
pes

where S is defined as
S={pe Xl|l¢] =1, FE(¢p)<oo}. (3.2.2)

Since S is a nonconvex set, the problem (2.4.7) is a nonconvex minimization problem.

The following embedding results hold [14].

Lemma 3.2.1. Under the assumption that V(x) > 0 for x € R? is confining poten-

tials, i.e. ]%im essinfix<p V(x) = 0o, we have that the embedding X — LP(R?) is
—00

compact provided that exponent p satisfies

p€2,6), d=3,

pE[2,00), d=2, (3.2.3)

pE 2,00, d=1.
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In 2D, i.e. d =2, let C}, be the best constant in the following inequality [112]

IV A2 1/ 2 o)

Cy = n
b 0#£feH! (R?) Hf”%‘l(ﬂ@)

= - (1.86225...). (3.2.4)

Then for the existence and uniqueness of the ground states (2.4.7), we have

Theorem 3.2.1. (Existence and uniqueness) Suppose V(x) > 0 satisfying the con-
fining condition, i.e. |x1\i£>noo V(x) = 400, then there exists a minimizer ¢, € S of
(2.4.7) if one of the following conditions holds

(i) § >0 when d =1,2,3 for all § € R;

(11) 0 = 0 when d =1 for all B € R, when d =3 for B > 0, and when d =2 for
6> —C.

Furthermore, €@, is also a ground state of (2.4.7) for any 0 € [0,27). In
particular, the ground state can be chosen as positive and the positive ground state
is unique if § > 0 and B > 0. In contrast, there exists no ground state of (2.4.7) if
one of the following holds

(i) § <0

(17’) 6 =0 and < 0 when d = 3; and 6 =0 and 5 < —C}, when d = 2.

The results also apply to the bounded connected open domain @ C R? case,
i.e. V(x) = +oo when x ¢ Q. In such case, for any 6 > 0, there exists Cq > 0
(depending on Q) such that when 5 > —0/Cq, the positive ground state ¢, of (2.4.7)

1S UNILqUeE.

Proof. The case with ¢ = 0 is well-known [14,80] and thus is omitted here.

(i) In order to prove the existence, we assume § > 0. By the inequality [78]

IV|p(x)|| < |Vo(x)], ae xcRY (3.2.5)
we deduce
E(¢) = E(|¢]), (3.2.6)

where equality holds iff ¢ = e|¢| for some constant § € [0,27). It suffices to

consider the real non-negative minimizers of (2.4.7). On the other hand, for any
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¢ € S and denote p = |¢|?, Nash inequality and Young inequality imply that

4

T C
[Lottax < o[ px)ax| ™ |9I6P 135 < =+ Vol V>0
Rd R4 £
Thus we can conclude that E(¢) (¢ € S) is bounded from below

B0) > [, (51708 +VealoP + 5 [VIoP[') ax—c.

Taking a nonnegative minimizing sequence {¢, 52, C S, we find the ¢,, is uniformly
bounded in X and there exists ¢, € X and a subsequence (denote as the original

sequence for simplicity) such that
n = Poo In X, (3.2.7)

Lemma 3.2.1 ensures that ¢, — ¢, in LP with p given in the lemma. We also have
V|on|* = V|deo|?> in L2 Hence we know ¢, € S with ¢, being nonnegative.

Under the condition § > 0, we get
T o
E(¢oo) < liminf E(¢n) = min E(¢), (3.2.8)

which shows that ¢, is a ground state.

For the case § > 0 and § > 0, we can prove the uniqueness of the nonnegative
ground state. In order to do so, denote p = |¢|?, then for ¢ = VP € S, the energy
is

E(J/p) = /Rd Byvm? +V(x)p + §p2 + g V| | dx. (3.2.9)

The sum of first three terms in the energy F(,/p) is strictly convex in p [14,80], and
the last term is also convex because it is quadratic in p and § > 0. Hence, we know
E(\/p) is strictly convex in p and the uniqueness of the nonnegative ground state
follows [14,80]. In addition, from regularity results (see details in Theorem 3.2.2
below) and maximal principle [78,80], we can deduce that the nonnegative ground

state is strictly positive.
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(ii) Secondly, we prove the nonexistence when ¢ < 0. Choosing a non-negative
smooth function ¢(x) € S with compact support and denoting . (x) = e~%%p(x/e) €

S, we have

1 I6; ) 2
E(pe) = /Rd {252 Vol? + V(ex)lol + 5 glel* + 5554 VIl } dx. (3.2.10)

From the above equation, we see that lim+ E(p.) — —o0 if § < 0 and there exists
e—0

no ground state.
(iii) In the case with V(x) = oo for x ¢ ), we know ¢, € H}(2). Using Sobolev
inequality, there exists Cq > 0 such that

1fllz2 ) < CallV fllz2@)- (3.2.11)

Denote p = |¢|?, then for ¢ = \/p € S, and we claim the energy E(,/p) is convex in
p for p > —35/Cq. To see this, we only need examine the case € (—Cqd,0). For
any ,/p; € S with p; € Hj(Q) and 6 € [0, 1], we have

0E(/71) + (1~ O)E(/7z) — EG/ops + (1—0)po)
> 260—6) (Bllpr — ool + 5V (o1 — ) )
> 260-6) (=319 (o~ po)|” + 8190 — pa)IP) =

where we used the fact |V/p[|* is convex in p. This shows E(,/p) is convex when
g > _c%' The uniqueness follows. In the general whole space case, the energy
functional E(,/p) is no longer convex and the uniqueness when § < 0 is not clear
(see recent results obtained by Guo et al. in [68] about the uniqueness when § = 0

with small |3]). O
Concerning the ground state of (2.4.7), we have the following properties.

Theorem 3.2.2. Let 6 > 0 and ¢, € S be the nonnegative ground state of (2.4.7),
we have the following properties:

(i) There exists a > 0 and C' > 0 such that |p,(x)| < Ce o x € R%,

(i) If V(x) € L2 (RY), we have ¢, is once continuously differentiable and YV,

is Hélder continuous with order 1. In particular, if V(x) € C*, ¢, is smooth.
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Proof. (i) We show the L* bound of ¢, by a Moser’s iteration and De Giorgi’s
iteration following [82]. From the fact that ¢, € S minimizes the energy (2.4.10), it
is easy to check that ¢, satisfies the Euler-Lagrange equation (2.4.9), which shows
that for any test function ¢ € C§°(R?), the following holds for ¢ = ¢, and pu = u(¢p,)

L. Bw Vo + V(x)ép + 266V - W’@} dx = [ =8I0 o0 +pov] dx
R R
(3.2.12)

Using the Moser and De Giorgi iterations, we will prove that any weak solution
¢ € XN{E(p) < oo} of (3.2.12) is bounded and decays exponentially as |x| — oo.
In detail, we first observe that by an approximation argument, the test function ¢
can be any functions in X such that [pa |p|*|Vé|* dx < 0o and [z [9|*|V|? dx < oo.

Firstly, we show that for all ¢ > 1, [za(1+ ¢*1)|V¢|? dx < co. Choosing gy = 12,
since V¢? € L? and ¢ € H*, we can get that ¢ € LP(R?) for p € [2,¢9] and d = 1,2, 3.
Let M > 0 and

M, o(x) > M,
Pu(x) = ¢(x), |6(x)| < M, x € R,
—M, o(x) < —M,

and take ¢ = |gn|? 1y as the test function. Plugging ¢ = |¢a|? ¢y into
(3.2.12), we obtain

(@0-3) [, (5+200) lowl"*To - Voudx-+25 [ ooulon["Vol? dx
Re \ 2 Rd
+ [ vosouloul®tdx = [ (<8160 + o) loa|* our dx.
Letting M — oo, we get
20~ 2)8 [ |6PVoax+ [ VEolePax < [ (18116 + lullol?) dx.
(3.2.13)

which shows [pa |07 V¢[? dx < co with ¢ = © — 1. So V¢?™' € L? and for ¢; =
6G = 3qo = 36, ¢ € LP(RY) for p € [2,¢q1] and d = 1,2,3. Then, the Moser iteration
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can continue with ¢; = 37qp, and ¢ € L% (R?) (it is obvious when d = 1,2) which
verifies our claim. In particular ¢ € L? for any p € [2, 00).

Secondly, we show that ¢ € L*(R?) and limy o ¢(x) = 0 by De Giorgi’s
iteration. Denoting f = —03|¢|?¢ + pué and choosing the test function p(x) =
(£(x))?(p(x) — k)4 with & > 0 in (3.2.12), where (g(x)); = max{g(x),0} and £(x)

is a smooth cutoff function, we have
[ (5 + 200+ 28000 = 1)1 ) 1EPI9 (0 = B4+ VOO IEPolo ~ )
= [ 214+ 466%) (6 = K)1£9 (0 — k)1 - VE+ f€5(6 — k)] dx
Cauchy inequality gives that
[, (145676 = k)1€V (6 — k). - VE dx
<e [+ AVG— k) dx+C. [ (1+6)VER(S - k)2 dx

Now choosing sufficiently small € > 0 and defining the function ®5(x) = (14 ¢)(¢ —

k)., we can get

[ VanPePax < c [ VePatdx+C [ Ifl(o— k)& dx (3.2.14)
Rd ]Rd Rd

and

/ V(60,2 dx < C/ IVE[2D2 dx + C/ £1(6 — k)1 €2 dx. (3.2.15)
]Rd ]Rd ]Rd

Since f = —Bl¢|%¢ + pg € LI(RY) for any 2 < g < oo, we can proceed to obtain
L> bound of ¢ by De Giorgi’s iteration. Let B,(x) be the ball centered at x with
radius r > 0, and we use B, for short to denote the ball centered at the origin. For
0 <r < R <1, we choose C§° nonnegative cutoff function {(x) = 1 for x € B,(xq)
and {(x) = 0 for x ¢ Bg(xo) such that |[V{(x)| < = Since for large ¢,

L1716 = 1) dx < e flaall (6 = R)sglol{@ig > 017, (3:2.16)

where |A| denotes the Lebesgue measure of the set A, for any £ > 0, we have by
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Holder inequality and Sobolev inequality in 2D and 3D

[ 16— k)€ ax
R

< Cleflall V(6 = k)1 &) [{@xg > 0}[5
< el V(& — k)OI + Celle I3 {86 > 0}[F
< Ae(|| V(@R |1* + 2|| @ VE|1?) + Co|Ef |30 [{PrE > 0}

5_2
3 q,

Thus, from the above inequality and (3.2.15), we arrive at

IV @) < C (10T + IEF 131 {06 > 0}F7H)

Since @, € HJ(B1(x)), we conclude by Sobolev inequality that,

IE@k||? < (|41 26| {DrE > O} < C(d)|| V(£ |12 [{D1E > O} 5.

By choosing ¢ = 3, (3.2.17) and (3.2.18) imply that

le@xl? < € ([2xVEIH{PRE > O} + 1355, o) {PRE > O}F) .

Denote
A(k,r) = {x|x € B.(x0), ¢(x)> k}.

For k> 0and 0 <r < R <1, we have

A 2
A(k,r)

(3.2.17)

(3.2.18)

(3.2.19)

(3.2.20)

5
(R—r)? /A(k,R) Dhdx + Ak, B> ”fH%%Bl(xo))] - (3.2.21)

We claim that there exists C' > 0, such that for k = C’{||f||L3(Bl(xO))+ (1 +

¢)¢||L2(Bl(xo))} :

/ 7 dx = 0.
A(k,3)

Taking h > k > kg and 0 < r < 1, we find A(h,r) C A(k,r) with

/ ®2 dx < ? dx.
A(h,r) A(k,r)

(3.2.22)

(3.2.23)
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In addition, since @, = (14 ¢)(¢ — k)4, we have

_ _ _ 1 2
A, = 1B,(x0) {9~k 2 h = K} < (s /AW) o2 dx.

Choosing £ <r < R <1, from (3.2.21), we get

d? dx
/A(h,r) h

1 ) ; .
=¢ (Ui’—7“)2 /A(h,R) @ dx + || Fll o3, o | A (P R)\) A, R)|3

C 1 1112551 (o)) 3
S - 4 1(X0 / (I)2 d ) 7
(h— k) ((R —r2 " (h— k) ( Aty

and

C 1 1112351 (x0)) 3
1@nll 25, (x0)) < (R L ) 1P 2 50

— T

(h— k)3
Denote the function
X(k, 1) = [P 22(B, (x0))-

For some value of k£ > 0 to be determined later, we define

1 1 1
k‘l:<1—21>k, 7"[25—‘—%, l:O,1,2,...,

then k; — kj_ = % and ri_; —r; = 21% From (3.2.25), we find

V)

l

]
ol

(X(klflarlfl))g

w\m‘

2! N
x(ky, ) <C (2”1 + Hﬂ‘LZ:(BI(D))>

< k
§2C||f||L3(Blé o) T 2% (x(ki_1,711))5.

Then, we prove that there exists v > 1 such that

ki
x(ki,mi) < M 1=0,1,2,...
f)/

(3.2.24)

(3.2.25)

(3.2.26)

(3.2.27)

(3.2.28)

We will argue by induction. When [ = 0, it is obvious true. Suppose (3.2.28) is true

for [ — 1 with [ > 1, i.e.

5 (x(Ko,70))3 . X(koﬂ“o)_

k. , T 5
X(ki-1,m1-1) < W = (x(ki_1,mio1))8 < 2 o
"}/3
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Then, we have

x k
i, r) 20 e £Eo% )t

l

ot

. X(kO’ TO)
’Yl

J 5

x k
<207 (x (o, ro) I 1o £

|

g
Let us choose v > 1 such that ’y% — 25. Now we want to pick k sufficiently large
such that

203 1Nl 3By xo)) + K (X(ko’ 7“0))3

IN

1. 2.2
? ? (3.2.29)

Choosing k = C(|| f]|£3(81(x0)) + X (Ko, 70)) for sufficiently large C, we get the desired
inequality (3.2.29). This gives that (3.2.28) is true for [ and hence the induction is
done. Letting [ — oo in (3.2.28), we find x(k, 1) = 0, which implies that

q)k(X) = 0, Vx € B% (Xo), (3230)
ie.,

sup (b-i- Sé [||f||L3(B1(X0)) + X(kOv TU)}

B1 (x0)
2
<C [IIfll2Brixo)) + 1Pl z2(B1 (x0) ]

<C 1238 xo)) + 1181l 281 x0)) + 101 £4(B1 x0))] -

The same estimates applies for —¢ and we can conclude that

H¢\|L°°(B%<xo)) <C[I1f 121 xo)) + 1181122081 0y + N0l L4 (8 (x0)) ] -

This shows ¢ is bounded and limy_,o ¢(x) = 0.

Thirdly, we prove that [z p, (|Vé]* + |¢|?) dx decays exponentially as R —
co. Choose the test function ¢ = n?(x)¢ in (3.2.12) with n(x) being a smooth
nonnegative cutoff function such that n(x) = 0 for x € Bi and n(x) = 1 for

x € R4\ Bp, 1, then the following holds

‘/Rd\BR

= — (1 + 45¢2) neVe - Vn dx.

Br41\Br

(5 + 400 ) V6" + VGl + 5o'a? - ot | x
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Since limx|— V(%) = 00 and ¢ is bounded, we find that for large R,
/RUZ\BR(WI2 +|Vel?) dx < C/BR+1\BR(1¢\2 +|Vo|?) dx. (3.2.31)
Let an = fgayp, ([9[° +|V@[*)dx with R, = R+n (n = 0,1,2,...), then a, <
C(ans1-a,) and a1 < aa, with a = p%c Hence a,,1 < a™ag which would imply
the exponential decay of a,, as well as [za g, (IVO* + [6]?) dx.
Lastly, combining the exponential decay of [\ g, ([V$|*+|¢[*) dx and De Giorgi’s
iteration shown above, we can derive the exponential fall-off of ¢(x).
(ii) The regularity of the ground state ¢, can be proved by a change of variable
method [52,81]. Let v = F(t) be the solution to the ODE F'(t) = /3 + 3#2
with F(0) = 0, then F(t) is strictly increasing, and its inverse exists (denoted as

t=G(v)). Let u = F(¢), then ¢ = G(u) and the energy functional E(-) in (2.4.10)

becomes

B

E(¢) = /]Rd (\Vu\z + V(x)G*(u) + 2G4(u)) dx := E(u). (3.2.32)

ug, = F(¢,) is the minimizer of E(u) under constraint [y, G(u)?dx = 1. Tt follows

that u, satisfies the following Euler-Lagrange equation (for C§° test function)
—V2u + V(x)G(u)G (u) + B|G(W)|*G(u)G' (u) = AG(u)G' (u). (3.2.33)

Since ¢, is bounded, we know u, is bounded, hence G(uy) and G'(u,) are bounded
with V?u, € L. We conclude that u, is once continuously differentiable and
Vu, is Holder continuous with exponent 1. Noticing that VZ¢, = G'(u,)V3u, +
G" (uy)|Vugy|?, we find that ¢, is once continuously differentiable and V¢, is Holder
continuous with exponent 1. In addition, if V' € C*°, we can obtain ¢, € C*° by a

bootstrap argument using the L* bound of ¢,. O
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3.3 Approximations under a harmonic potential

3.3.1 Approximation in weak interaction regime

In this section, we consider the general harmonic potential (2.4.2) with parame-
ters in the weak interaction regime, i.e. |f] < 1,0 <0 < 1.

We start with the linear case when = 0 and 6 = 0, i.e. the interaction between
particle is neglected. In this scenario, all the eigenfunctions can be obtained via
the Hermite functions [25,26]. Thus the ground state ¢)(x) can be given explicitly
as [25,26]

$0(x) = 1 (Zg) o (3.3.1)

J=1

When |f] < 1,0 < § < 1, i.e. weakly repulsive interaction regime, we can approxi-

mate the ground state ¢y(x) by ¢9(x). Thus we have

Lemma 3.3.1. In the weakly repulsive interaction regime, i.e. |5| < 1,0 <0 < 1,

we have

wjzz

(%) ~ f[l(jrf)“ e, (3.3.2)

In addition, the energy and chemical potential of the ground and first excited states

can be approximated as

B
E,(8,6) = By + 7“5 + BoB16 + o(6 + 6), (3.3.3)
tg(B,0) = By + By + 2By B1d + o(B + 9), (3.3.4)
where
d ; 1 d
By = A By == ) 3.
0 ]1211 5 1 2;% (3.3.5)

The proof is just computation and is omitted here for brevity.
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3.3.2 Thomas-Fermi approximation

In this section, we take V' (x) to be a radially symmetric harmonic potential as

1
V) =5mrt  r=1x, (3.3.6)

where 79 > 0 is a dimensionless constant. Analogous to the conventional BEC
case, a dominant repulsive contact interaction will lead to an analytical Thomas-
Fermi (TF) densities. However, with HOI (2.4.1), the system is characterized by
two interactions, contact interaction strength S and HOI strength ¢, which is to-
tally different from the classical GPE theory where the BEC is purely characterized
by the contact interaction 8. Hence, for BEC with HOI (2.4.1), it is possible that
HOI interaction competes with contact interaction, and may be the major effect
determining the properties of BEC. In this section, we will discuss how the compe-
tition between ( and ¢ leads to different density profiles for the strong interactions
(18],6 > 1), for which we refer such analytical density approximations as the TF
approximations [80].

For the general consideration of the large 5 and ¢ interactions, we show in Fig. 3.1
the phase diagram of the different parameter regimes for 5 and ¢, in which the TF
approximation are totally different. Intuitively, there are three of them: § term is
more important (regime I in Fig. 3.1), 0 term is more important (regime III), and
f term is comparable to the ¢ term (regimes II & IV). The boundary lines for the
regimes shown in Fig. 3.1 can be understood mathematically in the following way.
In d (d = 3,2,1) dimensions, introduce X = >, and (%) = 2%2(x) such that
s is the Thomas-Fermi radius of the wave function and then the Thomas-Fermi
radius in the new scaling is O(1). It’s easy to check that such scaling conserves the
normalization condition Eq. (3.1.1). Substituting % and ¢ into the time-independent

version of (2.4.9) and then removing all =, we get

)
0+ 2t e VO

x[”
2

1 L s %
Pp=——"v
x? 2at v

xs is the length scale and the potential term is O(1). To balance the confinement

with repulsive interactions, we need IQ‘% ~ O(1) and/or z;% ~ O(1). For simplicity,
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1l
(a) o \ s

IV 5201/Bm+50
Il

§ = —Cof3T + 4y B = Cyd&i + B,

Figure 3.1: Phase diagram for extreme regimes under a harmonic potential. In the

figure, we choose y > 1 and §y > 1, and Cj, C and Cy positive constants.

we require ﬁ = 1, then z, = 574, and further B~ O(x*) ~ 0(5‘21173). So the
borderline case is § = Cyd It Co > 1, § term is much more significant than the
d term; if |Cy| < 1, ¢ term is much more significant than the § term.

From Fig. 3.1(a), the curve g = 0(5%3) divides the regimes for harmonic po-
tential case to four parts, as shown in the figure labelled by I, II, IIT and IV. We’ll
write out the approximate ground states, i.e. Thomas-Feimi(TF) approximations,
and their corresponding energies and chemical potentials explicitly and separately
according to the division. The resulting analytical TF density profiles in different
regimes, are listed below:

Regime I, ie. > 5%, the 0 term and the kinetic energy term are dropped,

and the density profile is determined as

2(R2 - 7”2)+

nrw(r) = [brel* = 20 T (3.3.7)
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~ 1

where R = (M)m, and the constant é’d is defined as

Yo
5, d=1,
C,= Lod=2, (3.3.8)
2. d=3

With the above TF densities, the leading order approximations for chemical po-
tential © and energy F of the ground state are: ppp = %((d—l—Q)C’dﬂ)%“'ydi%,
Erp = %MTF for d (d = 3,2,1) dimensional case.

Regime II, ie. § = 005% with Cy > 0, neglecting the kinetic term in the
time-independent MGPE, we have

_ 8 lx[? de2) 0 212
pp = o+ Cod w2 [P — OV (Y ). (3.3.9)

Formally, Eq. (3.3.9) degenerates at position x if ¢(x) = 0 and it is indeed a
free boundary problem (boundary of the zero level set of ), which requires careful
consideration. Motivated by [106] for the 3D case, we impose n/(R) = 0 besides the
condition that n(R) = 0 along the free boundary |x| = R, and we assume n(r) =0
for r > R.

The TF density profile in regime II is self similar under appropriate scalings. To

be more specific, the analytical TF density takes the form
nrp(r) = [ihre|* = 0~ Fng (8- 7r), (3.3.10)

where ng(r) is a function that can be calculated exactly as below.
Plugging (3.3.10) into (3.3.9), we obtain the equation for ny(r) by imposing the

aforementioned conditions at the free boundary,

2,.2
—1
%g+%m—%mm—dr@mm, (3.3.11)

n=

for r < R and ng(s) = 0 for s > R, and no(R) = 0, ny(R) = 0, where R is the free
boundary that has to be determined and g = §w p. In addition, we assign the

boundary condition at r = 0 as n{(0) = 0, because of the symmetry.
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Note that Cy can be negative as § term can bound the negative cubic interaction,
which corresponds to Regime IV. In fact for Regime IV, we will repeat the above
procedure.

Denote a = v/Cy and the ordinary differential equation (3.3.11) in d dimensions

can be solved analytically. Denote

e’ +e for d =1,

Jfaa(r) = Iy(ar), for d =2, (3.3.12)

(e —e ) /r, ford=3,

where Iy(r) is the standard modified Bessel function I, with @ = 0. Then the

solution of Eq. (3.3.11) with prescribed Neumann boundary conditions reads as

o +<ﬂ dv%) Wk

no(r) = PR

- 2a? * Wfa,d(ﬂ- (3.3.13)

Inserting the above expression to the normalization condition that [pa no(x) dx = 1,
we find chemical potential,

Cqa®  d2R?

A= TCESE (3.3.14)

Combining (3.3.14) and (3.3.13), noticing the Dirichlet condition n(R) = 0, we have
the equation for R,

2 Ao
(Ejaf)Q - fgd;d + d) fod(R) = a’Rfaa(R). (3.3.15)

Thus, the free boundary R can be calculated and ng(r) is then determined.
Regime 111, ie. § < 5%, the § term and the kinetic energy term are dropped,
and the TF density profile is

R =)

TCEST (3.3.16)

nTF(T) = WTF’2 =

L L
where R = (Wﬂ) “** _ Again, the leading order approximations for chemical
0

potential and energy, with the above TF densities, are

d+4
d+6

((d+2)*(d + 4)Cadr§) ™7, Erp = firF (3.3.17)

HIE =5+ 2)
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0 2.5 5 0 2.5 5
r r

Figure 3.2: Comparisons of 3D numerical ground states with TF densities, the
harmonic potential case in region I, II, TII and IV, which are define in Fig. 3.1(a).
Red line: Thomas-Fermi approximation, and shaded area: numerical solution from
the equation (2.4.1). The parameters are chosen to be v = 2 and (I) g = 1280,
d=1; (I) B =828.7, § = 1280; (III) B =1, § = 1280; (IV) = —828.7, § = 1280;

respectively.
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in d dimensions.
Regime 1V, ie. [ = —CM% with Cy > 0. By a similar procedure as for
Regime II, we can get (3.3.10) and

2.2 d—1
702’” — Comp = Dprio(r) = ——0mo(r), (3.3.18)

ﬂ:

for r < R and ny(s) = 0 for s > R, and ny(0) = 0, ng(R) = 0, nj(R) = 0, where R is
the free boundary that has to be determined and i = 5@ . Again, let a = /()

and denote
cos(ar),  ford=1,
9a,d(1) = Jolar),  ford=2, (3.3.19)
sin(ar)/r, for d =3,

where Jy(r) is the Bessel function of the first kind J,(r) with a = 0. The solution

of Eq. (3.3.18) with the assigned Neumann boundary conditions can be written as:

o (7”) =

2a? a? at

2.2 ~ 2 2
YT 2 dvg Yo R
— — 0, . 3.3.20
( > a29;,d(R)g ’d(r) ( )

The chemical potential is then calculated from normalization condition as

_ CN'dCLQ d7§R2
R 2(d+2)

i = (3.3.21)

Finally, the free boundary R is determined from the Dirichlet condition ng(R) = 0,

a?R?  Cua 9
_ ! = . .3.22
(55 + S ) ) = ) (33.22)

After R is computed, we then find ng(r).

In Fig. 3.2, we compare the analytical TF densities (3.3.7), (3.3.16) and (3.3.10)
with the numerical results computed via full equation (2.4.1) by the backward Euler
finite difference (BEFD) method [18]. We observe that in all the extreme regions,
the analytical TF densities agree very well with the full equation simulations. As

a byproduct, we compare the corresponding chemical potentials and energies in

Fig. 3.3.
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20 20
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(a) comparison of energy (harmonic potential case)

25 30
(1) (11)
=s212.5 15
0 0
20 160 1280 10 160 1280
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25 15
(1) (IV)
3° 12.5/ 7.5
0
0 0
20 1%50 1280 10 g60 1280

(b) comparison of chemical potential (harmonic potential case)

Figure 3.3: Comparisons of numerical energies and chemical potentials with TF
approximations, the harmonic potential case. 3D problem is considered here. Blue
line: Thomas-Fermi approximation, and red circles: numerical results obtained from
the equation (2.4.1). The parameters are chosen to be v = 2 and (I) 6 = 1, (II)
B =507, (IlT) p =1, (IV) g = —587, respectively.
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3.4 Approximations under a box potential

3.4.1 Approximation in weak interaction regime

In this section, we consider the box potential (2.4.3) with parameters in the weak
interaction regime, i.e. |f] < 1,0 < 4§ < 1.

If Q= H?:1(07Lj)7 then the case when § = 0 and § = 0, i.e. the interaction
between particle is absent, is clear and all the eigenfunctions can be obtained via the
sine series [25,26]. Thus the ground state ¢)(x) can be given explicitly as [25,26]

d 2 T _
gbg(x) = ]1_[1 I, sin (Lj) , forx € Q (3.4.1)

J

When 0 < 8 < 1, i.e. weakly repulsive interaction regime, we can approximate the

ground state ¢7(x). Thus we have

Lemma 3.4.1. In the weakly repulsive interaction regime, i.e. |5| < 1 and 0 <

0 < 1, we have
d 2 . (7w
de(x) ~ [] Tosin( 77 ) (3.4.2)

In addition, the energy and chemical potential of the ground and first excited states

can be approximated as

3lAz g

E,(8,0) = Ay + Satt B+ WA?]AQa +o(B8+9), (3.4.3)
3dA2 3d—1
Hy(B,0) = Ay + — 08 + ﬁAgAQ(s +o(B +9), (3.4.4)
where Ay = \/ﬁ, As = %2 PO L%,

If Q = {|x| < R}, then the ground state for the linear case, i.e. § =0 =0, is an

eigenstate of the following problem,

1,, d-1,
M¢:—§(¢ +T¢)a (3.4.5)



3.4 Approximations under a box potential 49

where d = 1, 2, 3 is the dimension of the problem, and the solution can be computed

explicitly as

ﬁcos(%), d=1,

bo(r) = Ado(\Ziapr), d =2, (3.4.6)
| sin(3p) _
m ,',_R 5 d — 3,

with the corresponding eigenvalues (also energies in this case)

1 7 \2
2 \9R 9 d= 17
LR d=3,

where Jy(r) is the Bessel function of the first kind J,(r) with a = 0, A is some
constant that normalizes the ground state and pop, which can be determined by
letting v/2u2p R equals the smallest positive zeros of Jy(r) (roughly 2.4048), is the
eigenvalue for d = 2 case.

In weak interaction regime, i.e. |f] < 1 and 0 < § < 1, the ground state can be

approximated by (3.4.6).

3.4.2 Thomas-Fermi approximation

In this section, we consider the special box potential (2.4.3) that confines the
BEC in the bounded domain 2 = {|x| < R}. Using a similar method for the
harmonic potential case, we can obtain the analytical TF densities if the contact
interaction and/or HOI dominates the ground state in Eq. (2.4.1). The analytical
TF densities for different regimes which are shown in Fig. 3.4 are derived. The
borderline of the three regimes is § = O(J), which is different from the harmonic
potential case.

Regime I, § term is dominant, i.e. 5> 1 and 6 = o(f). The kinetic term and
the HOI term are dropped and the time independent MGPE equation in the radial

variable r becomes

pp(r) = Blvl*p, 0<r=Ix| <R, (3.4.8)
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(b) 5
\6 = C18+

B=Cod+ Gy

gl

Figure 3.4: Phase diagram for extreme regimes under a harmonic potential. In the

figure, we choose y > 1 and §y > 1, and Cj, C and Cy positive constants.

with boundary condition ¥(R) = 0. Thus, the TF density is a constant, which can
be uniquely determined by the normalization condition ||¢|| = 1. Explicitly, TF

_ CaB

C
¢, and putr = 7,

5, where Cy is defined in

density is given by nyp(r) = [¢]* =
previous subsection.

It is obvious that the TF density is inconsistent with zero boundary condition,
thus a boundary layer appears in the ground state density profile [26]. In fact, as
shown in [26], for the case d = 1, an asymptotic analysis to match the boundary

layers at © = +R leads to the following matched density for 0 < r = |z| < R when
f>1and d ~ o(1),

nas(r) = [hal? = 5 (tanh(jin( R — 7)))*, (3.4.9)

with the chemical potential p,s = ﬁ b+ %\/% , and the energy F,s = ﬁ b+ % %.
Similar matched densities can be derived for d = 2, 3.

From our numerical experience, the matched asymptotic density n,s provides
much more accurate approximation to the ground state of Eq. (2.4.1), than the TF

density nrp, in the parameter regime > 1 and § = O(1).
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Regime II, both 8 and § are important, i.e. § = O(J) as 6 — co. We assume
that g = Cyd, with 6 > 1 for some constant Cy > 0.
Omitting the less important kinetic part, the radially symmetric time indepen-

dent MGPE reads

p(r) = Codly[*¢ — oV ([¥)y, r <R, (3.4.10)

with ¢(R) = 0. The above equation can be simplified for density n(r) = |¢|? in d

dimensions as
d—1
% = Con(r) — Opn — T&m, (3.4.11)

with n(R) = 0, and at r = 0 with n/(0) = 0. Eq. (3.4.11) can be solved analytically.
The TF density, or solution of the boundary value problem (3.4.11), is given

explicitly as

_ o prr [, faa(r)
nrr(r) = |Yre|” = 25 {1 fa,d(RJ , (3.4.12)

S oty

where a = \/Cy, fo.q(r) is defined in Eq. (3.3.12) and prp = C’da25/(Rd— oa(B)

with C; defined in Eq. (3.3.8). Further, we have Erp = purr/2,
Regime III, § term is dominant, i.e. § > 1, B = 0(d). The kinetic term and
the £ term are dropped. The corresponding stationary MGPE for the ground state

reads

o = =5V ()0, (3.4.13)

with boundary condition ¢(R) = 0.
Solving the equation and using the normalization condition, we obtain the TF

density as

e 4t CaR 1) (3.4.14)

nrr(r) = [¢Yrr o Rd+2

with chemical potential g = CN’dd(d +2)§/R42 and energy Evy = prr/2.
Regime IV, ie. = —Cyd, with d > 1 for some constant Cy > 0.
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Intuitively, if Cy is small, the repulsive HOI ¢ term is dominant and the particle
density will still occupy the entire domain. If Cj is sufficiently large, the attractive
[ interaction becomes the major effect, where the particles will be self trapped and
the density profile will concentrate in a small portion of the domain. Therefore,
unlike the corresponding harmonic potential case, we have two different situations
here.

By a similar procedure as for Regime II, we get

—1
% = —00”(7") - arrn - d r arna (3415)

with n(R’') = 0 and R’ to be determined. In the first situation, the density spreads
over the whole domain and thus R’ = R; in the second situation, the density is
constrained to a small region [0, R'], where 0 < R’ < R.

Case I, i.e. Cy < Cu, where Cop = R%/R? and R is the first positive root of
9o.a(r/a) =0, where g/, ;(r) is defined in Eq. (3.3.19) with a = +/C; . As mentioned
before, because of the relatively weak attractive interaction, we have the following
boundary conditions at the boundary: n(R) = 0, n/(0) = 0.

The TF density, or solution of Eq. (3.4.15), can be expressed as:

nre = [l = —% {1 - gg:’;((;))} ; (3.4.16)

R
A (e ar

with prp = éda25/( 9a,d(R)

(3.3.8).

— RY) and Etp = prr/2, where C, is given in

In fact, the condition Cy < C.,, which is equivalent to aR < R, is necessary. A
simple argument for d=2, 3 case is as follows. If aR > R, we know from the property
of gqq(r) that the image of g, 4(r) for r € [0, R] is exactly the image of g, q(r) for
all 7 > 0 and g, 4(R) € (min g, 4(r), max g, 4(r)). Then we can find ro € (0, R) such
that g,.4(r0) = ga,a(R), and 1 — g, 4(r)/ge.q(R) changes signs for r around ro. On the
other hand, 1 — ¢,.4(7)/ga,a(R) can’t change signs in [0, R] since the density must be

nonnegative. So we get a contradiction. Hence aR < fi, ie. Cy < Cy.
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Figure 3.5: Comparisons of 1D numerical ground states with TF densities, the box
potential case in region I, II, TII and IV, which are defined in Fig. 3.1(b). Red line:
analytical TF approximation, and shaded area: numerical solution obtained from
(2.4.1). Domain is {r|0 < r < 2} and the corresponding (’s and §’s are (I) § = 1280,
d=1; (IT) g =320, 6 = 160; (III) g =1, § = 160; (IV) B = —400, 6 = 80.
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gi.q at 7/a can be computed as

—asin(r), d=1,

aa(r/a) = —aJy(r), d=2, (3.4.17)

a*(r cos(r) —sin(r))/r?, d =3,

and we have for 1D case, R = m; for 2D case, R = 3.8317---; for 3D case,

~

R=4.4934---.

Case 1I, Cy > C,,. As observed above, the densities drop to 0 before reaching the
boundaries. Thus, free boundary conditions should be used as n(R) = 0, n/(R) = 0,
n'(0) = 0, where R < R is the boundary for the TF density that we want to find.

Hence the domain [0, R] in Case I needs to be replaced by [0, R] with n/(R) = 0.
Denoting a = 1/Cy and using the solution in Case I, we get gg,d(ﬁ’) =0, and aR < R.
Both conditions can only be satisfied when aR = R. Hence R = f{/a < R.

Replacing R with R/a in the TF solution of Case I, we obtain the analytical TF

density
éda Ga,a(T)
nTF(r) = |¢TF|2 = = 1— — s (3418)
Rd gad(%)

where R is defined in Case I. Further we have T = —édad+25 / R4 and Err =
prE/2.

In Fig. 3.5, we compare the analytical TF densities listed above with the ground
state obtained from numerical results via Eq. (2.4.1) computed by the BEFD
method [18] in various parameter regimes discussed above. Fig. 3.5 shows our
analytical TF densities are good approximations for the ground states. Fig. 3.6
compares the chemical potentials and energies between the TF approximations and

the numerical values by solving Eq. (2.4.1).



3.4 Approximations under a box potential

200 70
(1) (1)
w100 35
02"0 160 1280 0 10 40 160
B o
40 0
UD)
w” 20 -80 (IV)
—1
0 20 %0 320 60 10 AéO 160

(a) comparison of energy

350 150
(1) (IN)
32175 75
02"0 160 1280 0 10 40 160
B o
100 0
(1)
5~ 50 -150 (IV)
0 20 %0 320 ~300 10 AéO 160

(b) comparison of chemical potential

Figure 3.6: Comparisons of numerical energies and chemical potentials with TF ap-
proximations, the box potential case. 1D problem is considered here. Blue line: an-
alytical TF approximation, and red circles: numerical results obtained from (2.4.1).
The parameters are chosen to be (I) 6 =1, (II) § =24, (IIT) 5 =1, (IV) 5 = =54,

respectively, and domain is {r|0 <r < 2}.
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3.5 Limiting behavior under a harmonic potential

In this section, V(x) is taken as the harmonic potential (2.4.2) and we prove
rigourously the limiting profiles of ground states defined in (3.2.1) under different
sets of parameters ¢ and (3, especially for the Thomas-Fermi approxmations.

The following rescaling will be used in the proof. For any ¢(x) € S, choose
¢°(x) = e72¢p(x/c) € 9, i.e.

d(x) = e¥2¢7 (xe), (3.5.1)

we find the energy F(-) (2.4.10) can be written as

B0 = [, [FIvert+ Zvoai + St + Z 7 wiorf] ax
- ;Ee(gba), (3.5.2)
where
B = [ | 190 Vool it S M ax 353
which indicates that
by = argminesB(0) "D g = argmin. g B4 (¢°). (3.5.4)

Now, we give characterization of the ground state ¢, (3.2.1) when the two interac-

tions strength are very large.

Theorem 3.5.1. (Thomas-Fermi limit, positive 3 limit) Let V(x) (x € RY, d =
1,2,3) be given in (2.4.2), § > 0, ¢, € S be the positive ground state defined as
(3.2.1).

(1) If B — 400 and § = o(374). Set ¢%(x) = e~ ¥2¢,(x/e) € S with e = 7.
For  — 400 (e — 0%), we have p* = |¢;(x)[* converges to peo(X) = |poo(x)[* in

L?, where ¢oo(X) is the unique nonnegative minimizer of the energy

B9) = [, (VEIloP + 3lol') dx, o] = 1. (355



3.5 Limiting behavior under a harmonic potential 57

More precisely, po = |énl* = (= V()1 with u = Ei(¢oc) + Llloelte and

(f)+ - maX{f? 0}

(2) If B — +o0 and § = 0(6%), ice. limg oo —or = 0o > 0. Set P5(x) =
[2+d
—42¢,(x/c) € S withe = B7a. For§ — +oo (e = 07), we have pf(x) = |45 (x)[?

)

converges 10 poo(x) in HY, where ¢poo(X) = \/poo(X) is the unique nonnegative mini-

mazer of the energy

£0) = [, (VOaloP + 5+ 2=wiopp) ax, ol =1 (356)

The minimizer ps of Ey(\/p) exists by a similar argument as that in Theorem 7.1.1
and is unique because Ey(\/p) is convex in p.

(3) If B — +oo and 5/5% > 1, ie = 0(5%) as 0 — +o0. Set ¢f(x) =
e~ 2¢,(x/e) € S with e = 5”74, For§ — +oo (e = 0%), we have p(x) = |¢5(x)]?
converges to pso(Xx) in H', where doo(X) = \/poo(X) is the unique nonnegative mini-

mizer of the energy

Eao) = [, (VEaloP + 5IVIoPP) dx, ] =1, (357

The minimizer ps of E3(\/p) exists by a similar argument as that in Theorem 7.1.1

and is unique because E3(/p) is convex in p.

Proof. We separate the three cases.

1) Using (3.5.3) and choosing ¢ = 8~Y4*2 we find o € S minimizes
g g

Ll

4
B = [ | 5190 + Vool + 1

] . (35.8)

On the other hand, F;(¢) has a unique nonnegative minimizer ¢., and by an ap-
proximation argument, we can take any smooth approximations of ¢, (x) in S and

find that for any n > 0 with 6 = o(ﬁﬁ)
Ei(¢) < E*(¢) < Ei(¢0) + 1+ C(n)(e* + 0(1)),
which implies

Ty By (65) = By () (3.5.9)
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Hence we know ¢; (¢ — 0%) is a minimizing sequence for £;(-). On the other hand,
£ [ (3 1 £
Bu(d5) ~ Buom) = [ | (V6 + l0mP) 1658 ~ [0) + (1051 ~ 0 ?) di

= [, [mex(VO0. 1} 165 ~ 16F) + 5165 = low | ax

R4

[ 1
> [, [1lesP = wlonl? + 56517 ~ 16 dx

> [
1 (>
=3 L0652 = lowef?)ax,

and the conclusion follows.
(2) The proof is similar to the case (1), where it is easy to show 1ir£1+ Ey(¢f) =
e—

F5(¢s). Noticing that for any function 0 < \/p(x) € H! with [za p(x) = 1, we have

Ey(\/(poo + 8p)/(1 + 8)) (5 > 0) attains minimum at s = 0. By direct computation,
we find

d poo+sp>
—F.
ds 2( 1+s

= [ V60p() + p(3)p(x) + 00 Vo) - V() dix

s=0

= | (V) Poo(x) + P (%) + e Voo (x)[) dx

>0.
A simple calculation shows

E5(d) — Ea(o)

:d@<MwHW>
ds 1+s 50

1 500
=z /Rd {2(|¢;|2 - ‘¢oo|2)2 + 7(V|¢2|2 _ v|¢oo|2)2} dX,

1 0o
[ 13065 ~ 6P + (V165 - Tlowl2] i

which implies pf(x) = |¢5(x)|* converges to poo(x) in H'.

(3) Using (3.5.3) and choosing ¢ = 57, we find ¢;, € S minimizes

55d+2|¢5|4
2

2

1
+§]V|¢E|2 dx. (3.5.10)

4
€ £ € > £
B () = | [Waﬁ 24Vl +
Rd | 2
Nash inequality and Young inequality imply that for p° = |¢°]? (¢° € S),

4/d+2
L )R dx < Cla 2972002 < ¢+ 97
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Thus, we conclude that for g = 0(5%),

B6) 2 [, (VI + 50— o(IVISPT) dx—o(), ¢ € 5. (3511
For sufficient small ¢, (3.5.11) gives that for the ground state ¢,

Es(¢;) < C, (3.5.12)
and we obtain

FE(65) > Bal65) — ol1). (35.13)

Choosing smooth approximations of ¢, in S' if necessary, we could get for any n > 0,

E*(¢5) < E3(¢o) + 14 C(n)(e* +0(1)). (3.5.14)

Combining (3.5.13), (3.5.14) and the fact that ¢, minimizes E3 under the constraint,
we find that

Tim, Fy(65) = Fs(6) (3.5.15)

On the other hand, E3(,/(psc + 5p5)/(1 4 s)) (s > 0) reach its minimum at s = 0,

d Poo + SP5
0< —Fs|—>—
~ ds 3( 1+s >s=o

= | (pV(X)+ Ve Vo) dx — [ (psV (%) + Voo - Vpoo) dx.
Rd Rd

and

Therefore.

Ei(¢]) — E1(¢0)
= /R (0 = Poc)V + V(0 — poc) - Vo) dx + ;vag — Vool

1
> V5 = Vol

The convergence of p; towards pe as € — 07" is then a direct consequence. O]
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In Theorem 3.5.1, three types limiting profiles are obtained and the usual TF
density as the minimizer of energy E(-) in (3.5.5) has a compact support. We would
like to show that the minimizers of energy functionals Fs(-) (3.5.7) and E3(-) (3.5.6)

are indeed solution of certain free boundary problems.

Theorem 3.5.2. Let V(x) > 0 (x € RY, d = 1,2,3) be given in (2.4.2), and
nonnegative functions py(x) > 0 and py(x) > 0 be the unique minimizers of Ey(\/p)
and Es(\/p) under the constraints ||p||pr =1 and p > 0, respectively. Then pi, ps €

CL*cW2P (1 <p< oo and 0 < o < 1) solve the free boundary value problems

loc loc

— 8oAp1 + p1 = (1 — V(X)) X0y, a.e. x€RY (3.5.16)
- 600Ap2 = (:LLQ - V<X)) X{p2>0}> a.e. Xg Rdu (3517>

where py = 2E5(\/p1) — Jga V(X)prdx and py = 2E3(\/p2) — Jpa V(X)p2dx. The

conditions at the free boundaries are

pj‘@{pj>0} = O, ‘ij|’3{pj>0} = 0, j = 1, 2. (3518)

If V(x) is radially symmetric and non-decreasing, p;(x) (j = 1,2) are radially sym-

metric non-increasing and compactly supported.

Proof. (i) We verify the two equations (3.5.16) and (3.5.17). The arguments are
very similar, and we only prove (3.5.16) for simplicity.

We adapt an approach for the classical obstacle problem in [91]. Since p; > 0
minimizes E(,/p) under the constraints |[p|;1 = 1 and p > 0, in addition V' (x) > 0,

we can conclude that p; minimizes the following energy

i 2 5 |
Bo)= [ (V(x)\p\ T 2|vpy2> dx with [ pedx=1, (3519

i.e. p; is still a minimizer if we remove the nonnegative constraint with the price to
have a non-smooth V' (x)|p| term. The reason is that if [ps p(x) dx = 1, we can write
p+(x) = max{p(x),0} and p_(x) = max{—p(x),0}, and [pa p;+(x) > 1. Since all
the terms in the energy E(p) are positive, we have E(p. /||p4 1) < E(py) < E(p).
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Thus, the minimizer must be nonnegative and the unique minimizer of (3.5.19) (by
convexity) is p.

Now, we would like to derive the equation for p;. In order to do this, we introduce
the following regularization of (3.5.19). Mollify the step function xjo0)(s) (s € R)
to get smooth function g.(s) € C*(R) (¢ > 0) such that g.(s) = 1if s > 0, g-(s) =0
if s < —e and g.(s) > 0 for all s € R. Moreover, g-(s) = X(0,00) @ € = 0. Denote
G.(s) = [° g:(s)ds and G” > 0 indicating that G. is a convex function. Now, let

us consider

E¢(p) = /Rd (V(X)Gg(p) p;+ 6;0|V,0|2> dx with /de(x) dx =1, (3.5.20)

which is still a convex minimization problem and we have a unique minimizer pf (x) >
0. Moreover, we can find the equations for pf(x).

For any compactly supported smooth function ¢ € C®(R?), consider h(s) =
E#(ps(x)) where py(x) = (p5+59)/ Jaa(pi+s¢) dx and s € (—sg, so) with sufficiently
small so > 0 such that [pa(pf+s¢) dx > 1/2, we then have h(s) attains its minimum
at s = 0. By standard computations and arguments [61, 78], we can get that there

exists a Lagrangian multiplier i, such that p solves (in the weak sense)
O AGE + = 1 — V(%)g. (%), (3.5.21)

It is easy to see that p° is uniformly bounded and p® — V(x)g-(p;) € Lf;., which
implies that for any bounded smooth domain 2 C R¢, pg 1s uniformly bounded in
W2P(Q) (p € (1,00)) by classical elliptic regularity results [61,78]. Using Sobolev
embedding, p; is uniformly bounded in C1(Q) (for some 0 < o < 1) locally and
hence there exist p € W?P(Q) such that as ¢ — 07 (take a subsequence g, — 07T
if necessary), p; converges to p strongly in Ch® and weakly in W27, Consequently,
p>0and ||p|l,r =1 (V(x) is a confining potential). In fact, we can show p = py.
Passing to the limit as ¢ — 07 in E~(p§) < Es(pg) < E*(p1) (G(|s]) > |s]), we
observe that £(p) < lim (8)ij Eg(pZ) < E(py) and it is obvious p = p;.

%
Now, we have p; € W2’ N Cio® and we want to show that

—0Ap1 +p1 = (0 — V(X)) Xm0y, ae. x€RL (3.5.22)
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Since pf € W2P is a strong solution of (3.5.21), thus (3.5.21) is valid almost ev-
erywhere. In addition, p; — p; in Ch% so we can pass to the limit as ¢ — 0% in

(3.5.21) to get
—00cAp1 +p1 = p—V(x), ae. x€{p >0}, (3.5.23)

where p is a limiting point of u. as e — 07 (take a subsequence if necessary here).
On the other hand, p; € W;2? implies Ap; = 0 a.e. x € {p; = 0}. Together, we
have shown p; is the solution of the free boundary value problem (3.5.16) and u can
be computed via multiplying both sides of (3.5.16) by p; and integrating over R,
which leads to u = ;.

(ii) When V' (x) = V(r) (r = |x|) is radially symmetric and non-decreasing, it is
easy to find p;(x) is radially symmetric and non-increasing by Schwarz rearrange-
ment [78]. For simplicity, we write p;(x) = p;(|x|) = p;(r) (r = |x|, j = 1,2) and
p'(r) < 0. Integrating (3.5.16) over the ball Bg = {|x| < R}, we get

/BR (V(X>X{p1>0} + p1<X)> dx — 500 /BBR 8np1<X)dS = M/BR X{p1>0} dX,

where Onp1(x)|os, < 0 (p1(r) is non-increasing). On the other hand, lim V(r) = oo,

choosing Ry large enough such that V(r) > 2u (r > Ry), we have

[ V69— sy + (0] dx < B
Br\Bg,

which is true for all R > 0. Thus, we arrive at
| Bry N X (o503 < [Brol, (3.5.24)

and it implies that [{p; > 0}| < co. Therefore p; is compactly supported. Similarly,
p2 is also compactly supported under the hypothesis of V' (x). O

Next, we consider another interesting case that 5 — —oo and/or large d.

Theorem 3.5.3. (Limits when 3 — —oo) Let V(x) (x € RY, d = 1,2,3) be given
in (24.2), 8<0,8>0, ¢, €S be a positive ground state of (2.4.7).
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(1) If B = —oo and 6 = O(|8|4), i.c. limg oo ey = 0 > 0. Set
Pi(x) = e ¢ (x/e) € S with e = |B|_2J%d For B — —@o (e — 07), there ex-
ists a subsequence B, — —oo (n = 1,2,...), such that for e, = |ﬁn\_2%d — 0t
and pr(x) = &,%¢b" (x/e,)?, we have p™(x) — py(x) in H', where py(x) is a

nonnegative minimaizer of the energy

Es (V) = [, (VGoo— 5+ 5196 ) dx ol =1, o) 20
(3.5.25)

(2) If B — —o0 and 5/|ﬁ\% > 1, ie. B = 0(5%) as 0 — +4o0o. Set
P(x) = e 2¢y(x/e) € S with ¢ = 5", For § — +oo (e — 0%), we have
P5(x) = |95 (x)[* converges to pos(x) in H', where ¢oo(x) = VPoo(X) is the unique
nonnegative minimizer of the energy Es(+) (3.5.7).

(3) If 6 — —o0 and 6 = 0(|ﬁ\%), we also assume that V (x) is radially symmet-
ric and the ground state ¢, € S can be chosen as a decreasing radially symmetric
function. Let ¢5(x) = e~ 2¢4(x/e) € S with e = |B]*2/6'2, and p* = 65| = poo
in H' as B — —00, where ps is the unique non-increasing radially symmetric min-

imizer of the following energy

1

B = [ (51968 = 3l?) dx [ sdx=1 plx) 20, (3520

In fact, ps solves the equation

_Apoo = Poo = UX{po>0}, H = QET(\/ poo) (3527>

Proof. (1) The existence of the nonnegative minimizer of Es_ can be proved similarly
to Theorem 7.1.1 and we omit the details here for brevity.

Let € = ]6]_2%1 and p°(x) = e 9¢,(x/e)|? where ¢,(x) is a ground state of
(1.2.8), then /p* € S is a ground state of (3.5.3). Using Nash inequality with the
fact \/p® € S, we can easily find

L, VG ) dx + V7| + [1]] < (3.5.28)



3.5 Limiting behavior under a harmonic potential 64

We can extract a subsequence &, — 0, such that for some py € H*', we have

P — po, weakly in H', weakly-+ in Li, = {p| /d V(x)|p| dz < +o0},
R
(3.5.29)

and

L,V 6900(x) + [9p0ll + lpoll < limint ([ VG0 + 1957 + o™

Rd
We then show that the convergence is strong in L?. For any n > 0, there exists

R > 0 such that [z " (x) dx < 7 (confining property of V(x)). Since H'(Bg) —
L?*(Bg) is compact, [ <g |p™ (%) — po(x)[* dx — 0 and

limsup || p** — po*

en—0
—limsup [ o (x) = ()P dx +limsup [ o7 (x) — po(x)* dx
en—0 |x|<R en—0 JIx|>R

<timsup ([ 197 (x) = i) dx)é ()60 = G ax)

Hence limsup |[p* — pol|* = 0 and p™ — po in L?, which implies that py(x) >
0. Similgz;ﬁ;, due to the confining property of V(x), ||pol|lz: = 1. In particular,
regularizing the minimizers of Fs_(-) in (3.5.25) if necessary, we have
Bs..(v/po) < liminf B (vp™) < limsup B (vp™) < B (v/po),

and E°"(\/po) < Es. (\/po) + o(1), which verifies py is a minimizer of Ej_(-) in
(3.5.25) as well as ||Vp| — ||Vpo||. Thus, p* — po in H'.

(2) The proof is similar to part (1) in view of the fact that the minimizer of
(3.5.7) is unique, thus it is omitted here for brevity.

(3) We first show the fact that the decreasing radially symmetric minimizer p,
of (3.5.26) exists and is unique. In view of Nash inequality, £,(,/p) is bounded

from below under constraint ||p||p1 = 1 with p > 0. By Schwarz rearrangement,

we can take a minimizing sequence of nonincreasing radially symmetric functions
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{pn}22, where ||pnllzr = 1 and ||pu||zn < C. Therefore, there exists p,, € H'
such that a subsequence (denoted as the original sequence) p, — po weakly in H'.
Applying necessary scaling p = n~%p,(x/n) (n > 0) in E,(-), then E,.(y/pi) attains

its minimum at some 7, > 0 and we can take p]* as the minimizing sequence. As

I? = 5541 Ven

and E,.(\/pn,) < 0 by the optimality of 1, = 1 among all the possible scalings. In

a consequence, we can assume 17, = 1 and have the relation ||p, 1?

addition, for the nonincreasing radially symmetric function p,,,
C C
on ()] < pgllpaller < g Xl = R >0, (3.5.30)

which would imply p, — pe strongly in L? and so ps > 0. In fact, we can show
ol = 1. Denote I, = inf 50,1, ,=a Er(y/p) (@ > 0), then it is obvious I, = I3

and I} < 0. If ||poo||zr = @ < 1, by the convergence of p,, we get

0L = I, < B,(y/pw) < liminf B, (v/pn) = I, (3.5.31)

n—-+4o0o

which leads to I; > 0 contradicting to the fact I; < 0. Thus ||ps||zr = 1 and peo
is a non-increasing radially symmetric minimizer of (3.5.26). Next, we show such
a minimizer is unique. Following Theorem 3.5.2, we can get the equation for the

minimizer of (3.5.26) as

—Ap — p = X {p>0}5 (3.5.32)

and a non-increasing radially symmetric minimizer p is compactly supported with
the regularity stated in Theorem 3.5.2. If there are two non-increasing radially

symmetric minimizers p; and py to the energy (3.5.26), we have

—Ap1 = p1 = X {p>0),  —Ap2 = P2 = 12X {p>0}

and p; = pe = 21;. Thus, by integrating the equations, we know p; and p, have the
same supports (denote as the ball Br). p; = po is then a consequence of classical
ODE theory by noticing that p;(R) = 0,p;(R) = 0. The existence and uniqueness

of non-increasing radially symmetric minimizers are proved.
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Next, choosing ¢ = "?‘11/22 in (3.5.3), we find ¢7 minimizes the following energy

1 1
By0) = [, | BV + mVlof ~ Jlol'+ 5 [VIoP[] ax. o5, (3533)

% # 4+d
with m = I(SBI‘W = o(1) and ny = ‘5|4+d = o(1) when  — —oo and ¢ = o(|3]2H4).
Bl 2

Intuitively, only the leading O(1) terms in (3.5.33) are important in the limit as

f — —oo. Under the hypothesis of a radially symmetric increasing potential V'(x),

we have (regularize ¢ = /pos such that ¢, € H' if necessary)

E (Vi) < EJ55) < Ey(6) < By(Viw) < o) + E(Vow),  (35.34)

which shows 61_i)r_noo ET(\/,?Z ) = E.(\/ps) = I1. Repeating the previous arguments,

we will have pi — po in H L O

Next, we consider the effects as 6 — 0T, i.e. the vanishing higher order effects.
It is worth noticing that the ground state profiles will have certain blow-up phe-

nomenon as 0 — 07 in the classical regimes where the ground state does not exist

when § = 0.

Theorem 3.5.4. (Limits when § — 0%) Let V(x) (x € RY, d =1,2,3) be given in
(2.4.2), § > 0, ¢g € S be a nonnegative ground state of (1.2.8).

(1) Suppose > 0 when d =3, f > —C), when d = 2, and 5 € R when d = 1,
where Cy is given in (3.2.4). There ezists a subsequence 6, — 0 (n =1,2,...), such

that qbg" (x) = ¢y(x) in H', where ¢,(x) is a nonnegative minimizer of the energy
1 5 .

Eae(®) = [, |51VoP + VGOl + Jlol!| dx with o] =1 (3.535)
Moreover, when [ > 0, the nonnegative minimizer ¢, of (3.5.35) is unique and
gbg—)gbg in H' as § — 0T,

(2) When d = 2 and B < —Cy, denote ¢s(x) = \/(_5¢g(\/gx) and we have for a

subsequence 6, — 0, ¢s, (X) = ¢o(x) in H', where ¢o(X) is a nonnegative minimizer

of the energy

1 1
Ba(0) = [, |5IVoP + Slel* + 5IVI67E| dx with lol =1 (3.530)
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(3) When d =3 and 8 < 0, we also assume that V (x) is radially symmetric and
it is sufficient to consider the ground state gf)g(x) as decreasing radially symmetric
functions. Let ps(x) = |ps(x)[?, where ¢s(x) = 53/4¢g(\/5x). There exists 0 <
po(x) € H' such that ps — po in H' as 6 — 0, where py is the unique decreasing

radially symmetric nonnegative minimizer of the energy

15} 1
B{p) = [ |5l +5IVeR| ax, p=0. [ pexpdx=1. (353

More precisely, po > 0 satisfies the free boundary problem
Bp—Ap = pxips0p,  Plotssoy = [Vol| oipsoy = O (3.5.38)

where p = 2EP(,/po).

Proof. (1) The proof is similar to that presented in Theorem 3.5.3 and is omitted
here for brevity.

(2) The existence of the nonnegative minimizer of Ejz(-) can be proved by a
similar argument in Theorem 3.5.3 for the energy F.,(:) and the detail is omitted
here. We denote the minimum energy of F3(-) as Ej.

Letting € = 0~'/2 in (3.5.3), it is obvious that ¢s(x) € S minimizes the energy
- 1 1
Ex(o) = [, 51962 + 2V ealof + Dlolt + J1WIoPE| ax, o€ s. (3.539)

Now, choosing a ground state ¢, € S of (3.5.36) as a testing state (using a C{°

approximation if necessary for the potential term), we have

0 [ V0500 dx + Bads) = Ea(@s) < Eal6,) < Bo+ Co*,
which implies [z V(x)|d5(x)|? dx < C. Therefore, we have

L, VEOIGsG)[ dxc -+ sl s + V15l < C.

Following the proof in Theorem 7.1.1, there exists ¢g € H' with ||¢y]| = 1 and a

subsequence d,, — 0 such that ¢s, — ¢o strongly in L? and weakly in H*,

Es(¢o) < liminf E,B@(sn) < lim inf E’g((;ﬁan) < By,

n—oo n—oo
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and ¢ is a minimizer of (3.5.36). From the above inequality, it is easy to find that
¢s, — ¢o strongly in H*.
(3) The proof is essentially presented in part (3) of Theorem 3.5.3. O

3.6 Limiting behavior under a box potential

Now we consider (2.4.9) defined in a bounded domain Q C R¢, the limiting
profile of ground states (3.2.1) are considered under different sets of parameters o

and #. To simplify the discussion, we choose the external potential as box potential

(2.4.3). The energy E(-) (2.4.10) reduces to

En(@) = [ |3190P + Slo1 + 5 [VioP

dx, (3.6.1)

and the ground state ¢, is then the minimizer of the energy E under the constraint
|#]|2(@) = 1. The characterization of the ground state ¢, for (3.6.1) in some limiting
case is listed in the following lemma. The major difference between whole space case

(section 3.5) and bounded domain case is that the scalings are very different.

Theorem 3.6.1. (Thomas-Fermi limit) Let V (x) be the box potential (2.4.3), § > 0,
and ¢, € S be the positive ground state of (1.2.8).
(1) If B — +o0 and § = o(f3), we have pi = |¢4(x)]> converge to pso(x) =

|boo (X)|? in L2, where ¢oo(X) is the unique nonnegative minimizer of the energy

1
E¢) = [ Sloltax with [lo]* = 1. (3.6.2)

1

] where |Q| is the the volume of the domain

More precisely, poo =

Q.

with p = %,

(2) If B — +o0 and 5Er+noo% = 89 > 0 for some & > 0, we have p® = |¢y(x)|?

converge to pso(x) in H', where ps(x) is the unique nonnegative minimizer of the

enerqy

1 1)
Balvn) = [ [3loP+ 2IvoP] ax 20 [peodx=1 @63)
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More precisely, p(x) > 0 satisfies the equation
Poo(X) — 00Apo(X) = 1, X EQ,  poo(X)]an =0, (3.6.4)

where 1= 2B (\/Poo)-
(3) If 6 — 400 and = o(8), we have p} = |¢4(x)|* converge to ps(x) in H',

where po(X) is the unique nonnegative minimizer of the energy

Ed(\/ﬁ):/Q;]Vdex, p>0, /Qp(x) dx = 1. (3.6.5)

More precisely, p(x) > 0 satisfies the equation
_Apoo(x) =p, X€ Qa pOO(X)‘(')Q =0, (366>

where p = 2E4(\/pso)-
Proof. The proof is similar to those in Theorem 3.5.1 for the whole space case. [J
Remark 3.6.1. In the Theorem 3.6.1, case (3) holds true in the case  — —oo and
d > B, i-e. B=0(9).

5

181
0o > 0, we have there exists a subsequence of 3, — —oo and 9, such that pgﬁ"";" =

Remark 3.6.2. For case (2), when  — —oo and 6lim = 09 > 0 for some
——00
|¢0n0n (x)|? converges to peo(x) in H', and ps(X) is a nonnegative minimizer of the

enerqy

_ 1 0
EulVi) = [ [-5loP+ SIVoR| ax 2o [pix-1 @en)

It remains to consider the last case in the Theorem 3.6.1 as  — —oo and

§ = o(|B]). For simplicity, we assume ( is a ball in R?.

Theorem 3.6.2. Let Q = Br = {|x| < R} in the box potential given in (2.4.3),
B <0andd >0, qbg € HY(Q) be a non-increasing radially symmetric ground state of
(3.6.1). Define ¢ € H'(R?) such that ¢2(x) = 0 when x ¢ Q, and ¢2(x) = ¢(x)
when x € Q. Let ¢5(x) = e¥/?¢0(xe) € S with e = 6Y/2/|B|Y2, thus ¢ — 0 as
g — —oo. We have pf = |q~5§|2 — pPoo i H' as e — 0T, where ps is the unique

non-increasing radially symmetric minimizer of energy E.(-) in (3.5.26).



3.6 Limiting behavior under a box potential 70

Proof. Let 2 = {x/e, x € Q}. Since py is compactly supported as shown in
Theorem 3.5.3, for sufficiently small ¢ > 0, we have supp(ps) C €2°. On the other

hand, gzgg minimizes the energy

1 1
Ep() = [ [TV~ 3lot+ 5 [VIoP[* | dx, o< @), ol =1, (368)

a2

where 7 = (Slﬂ\zd = 0(1) as ¢ — 07. We can then proceed as that in Theorem 3.5.3
2

and the limit of 5 as § — —oo (¢ — 07) follows. O

Similarly, we could extend the 6 — 07 limiting results in Theorem 3.5.4 to the
bounded domain case too. Since no different scaling is involved, the extension is

straightforward and we omit it here for brevity.



Chapter I

Numerical Methods for Computing
Ground States

In this chapter, we aim to propose three methods for computing the ground state
of the MGPE (2.4.1). The first two methods, namely the normalized gradient flow
method and the method of directly minimizing the discretized energy formulated via
the wave function, are direct generalizations of the methods commonly used for the
traditional GPE (1.2.5). The last method, which minimizes the discretized energy
formulated via the density function, is seldomly used for the traditional GPE (1.2.5)
but might have advantage for the MGPE (2.4.1) due to the fact that the HOI term
is now changed to a quadratic term. For each method, the detailed description of

the scheme and some numerical analysis as well as numerical tests will be provided.

4.1 The normalized gradient flow method

In this section, we will extend the normalized gradient flow method, which is

a widely used method for the GPE, to the MGPE problem. For completeness, we

71
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start from the continuous normalized gradient flow,

b= 500~ V()6 — Blof"0 + SA6P)6 + polt)o, x €0, 620, (411)
o(x,t) =0, x€09, (4.1.2)
P(x,0) = do(x), x €, (4.1.3)
where © is the domain where MGPE is defined and 14(t) depending on ¢ = ¢(x, t)

is defined as

2 2 4 (5 2\12 ] 1.
o(®) = 1o o |51V + VOOIGE + Blol! + 61V (0P )| ax. (414

Following a procedure that is almost the same as in [18], we can establish the

following energy diminishing property. The proof is omitted here for brevity.

Theorem 4.1.1. Suppose V(x) > 0 for allx € Q,5 > 0 and ||¢olla = 1. Then the
normalized gradient flow (4.1.1)-(4.1.3) is normalization conservation and energy

diminishing, 1i.e.

()13 = lldoll2 =1, >0, (4.1.5)
d
ZE©) =2l 0ll5, =0, (4.1.6)

which implies that
E(@(-11)) = E(¢(-12)), 0<t1 <ty <oo. (4.1.7)

In practice, we can discretise the continuous normalized gradient flow in time
in the following way: choose a sequence 0 = t;, < t; < --- < t, < ... with
At, = t,s1 —t, > 0 and compute the following semi-discrete scheme, i.e. the

normalized gradient flow,

b= 500~ V()6 ~ Blof'0+ A6P)6, X €Dt <t <tur, (418

d(x,t) =0, x €09, (4.1.9)

¢(Xa tr_H—l)
oG, )l

6(x,0) = ¢o(x), x € Q. (4.1.11)

¢(X7 tn—i-l) = ¢(X, t:—&-l) = X € Q7 (4110)
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Easy to see that the semi-discrete scheme for the normalized gradient flow (4.1.8)-
(4.1.11) collapses to the continuous scheme (4.1.1)-(4.1.3) as max{At,} — 0. For

simplicity, we consider the simplest case where we discretize uniformly in time, i.e.
t, =nAt, with At>0andn=0,1,2,.... (4.1.12)

In space, we discretize (4.1.8)-(4.1.11) via the finite difference method and get
the following semi-implicit scheme. Only 1D problem is considered here for simplic-
ity, and the extension to 2D or 3D is straightforward. An equivalent form of the

normalized gradient flow scheme (4.1.8) is studied due to some technical reasons,

06 = 300t~ V6 = Blo0 + 80,cl0l%0 (11.13)
= (; +20(6]*) 0006 — V6 — BloI* + 20(0:0)*¢ (4.1.14)

Take U = (a,b) to be an interval in 1D and denote the grid points as
zj =a+ jh, for j=0,1,... N, (4.1.15)

where h = (b—a)/N is the mesh size. It’s obvious that the N + 1 points are evenly
distributed, i.e. a = x9 < 1 < --- < xny_1 < Ty = b is the equidistant partition of

U. Let ¢; be the numerical approximation of ¢(x;) for j =0,1,..., N and denote
d=(¢1,...,on_1)" € RV (4.1.16)

By the homogenous Dirichlet BC, we have ¢y = ¢(a) = ¢y = ¢(b) = 0. And we use
the super-index to denote time, i.e. ™ is the numerical solution after n steps. Then
we can get the following backward Euler finite difference (BEFD) scheme depending
on the sign of 3:

if 5 < 0, the scheme is

¢n+1 — o7 1 N . . o o
AL T (2 +20|¢ \2> 20T = VIt — BloT 0] + 20(6.67)°¢), (4.1.17)

if > 0, the scheme is

(anrl - (bn 1 n n n n n n n
] = (2 + 26[¢] |2) 0,05 =V = BT ;T +20(0.07)°¢5, (4.1.18)

At
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where 0, and 62 are the finite difference operators approximating 9, and d,, and
j=0,1,...,N. The only difference between (4.1.17) and (4.1.18) is that for 5 < 0,
we treat the term 3|¢|>¢ explicitly while for 8 > 0, 3|¢|?¢ is treated semi-implicitly.
Notice that if we write the scheme (4.1.17) and (4.1.18) in a matrix form, i.e. "' =
A®" + d,,, then the matrix A will be sparse and strictly diagonal dominant, which
enables us to apply iterative solvers, for example the Gauss-Seidel method, for the

efficient computation in each time step and the convergence is guaranteed.

Remark 4.1.1. The schemes (4.1.17) and (4.1.18) introduced above are semi-implicit.
We may also consider a fully implicit scheme. Although an iteration is needed for
each step, the total computation cost may be not so large since a larger time step

can be applied. The update from t =t, tot =t,.1 can be computed as

¢(m+1) _ gbn _ <1
At 2

until 3 converge. Then ¢"' is chosen as o™ = lim,,_0o ™.

+ 5|¢(m) |2) axx¢(m+1)_v¢(m+1)_ﬁ|¢(m) |2¢(m+1)+26<ax¢(m))2¢(m+l)’

Next, we will do the numerical tests to check the accuracy of the BEFD method
with 8 > 0 (4.1.18). Because we will test the accuracy for the method proposed in

Section 4.2 and 4.3 as well, the setup of the numerical test is summarized as below.

Example 4.1.1. We take d = 1 and choose the external potential to be the har-
monic potential V(x) = x?/2 with v € (=16,16). The Dirichlet BC is applied and
two cases are tested.

Case I: B =400 and 6 = 0.

Case II: =1 and § = 100.

The initial conditions are chosen to be the proper Thomas-Fermi (TF) approzima-
tions as proposed in Section 3.3.2, i.e. the TF approximation for large 5 (Regime
I) for case I and the TF approximation for large 6 (Regime III) for case II. The
accurate solutions are chosen to be the results computed with a sufficiently small

1

mesh size h = 5z=. We denote the computed ‘exact’ ground state as ¢, with energy

E, = E(¢,) and chemical potential p, = j1(¢y). It can be computed that for Case I,
E, = 21.360 and pg = 35.577, and for Case II, E, = 2.737 and p, = 3.823.
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Error h=1/2  h/2 h/2? h/23

|E(¢FR) — E(¢g)| 9.65E-4 2.54E-4 6.43E-5 1.61E-5
rate - 1.92 1.98 2.00

@55 — D]l 1.44E-3 3.13E-4 7.70E-5 1.91E-5
rate - 2.20 2.02 2.01

o5 — dglln, 4.04E-3 9.82E-4 2.48E-4 6.18E-5
rate - 2.04 1.99 2.00

1655 — dgllo 1.24E-3 2.89E-4 7.53E-5 1.87E-5
rate - 2.10 1.94 2.01

Table 4.1: Spatial resolution of the ground state for Case I in Example 4.1.1.

We denote the numerical ground state by BEFD (4.1.18) to be gbgﬁl,)l, then Table
4.1 listed the errors for Case I and Table 4.2 listed the errors for Case II. Fig. 4.1
plots the ground states for Case I and Case II. From Table 4.1 and Table 4.2, we

can see that the BEFD method (4.1.18) is second order accurate in space.

B =400, =0 B8 =1,6 =100
0.3F
0.4+
0.25}
0.21 1 0.3
= =
S0.15¢ T So.2t
0.1
0.1
0.05+
0 0
-10 -5 0 5 10 -10 -5 0 5 10
X X

Figure 4.1: Ground states for Case I and Case II in Example 4.1.1.
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Error h=1/2  h/2 h/2? h/23
[E(6FR) — E(¢y)] 1.02E-2 2.76E-3 6.99E-4 1.75E-4
rate - 1.89 1.98 1.99
I6FR — i, 87IE-3 1.67E-3 4.13E-4 1.02E-4
rate - 2.37 2.02 2.01
I6ED — dylln,  L78E-2 3.65E-3 9.21E-4 2.20E-4
rate - 2.29 1.99 2.01
I6F? — ¢yl 8.06E-3 145E-3 3.97E-4 9.79E-5
rate - 2.48 1.87 2.02

Table 4.2: Spatial resolution of the ground state for Case II in Example 4.1.1.

4.2 A gradient method for minimizing discretized
energy function

In this section, we introduce the finite difference and pseudo-spectral discretiza-
tion of the energy functional (2.4.6) and constraint (2.4.5) in the constrained min-
imization problem (2.4.7). Then the original minimization problem is reduced to a
finite dimensional problem with a spherical constraint. It’s worth noticing that this
is a nonconvex optimization problem because the feasible region is a unit sphere,
which is not convex. As shown in Theorem 7.1.1, we may choose the ground state
to be a real function. Besides, since the external trapping potential satisfies the
confining condition, i.e. 1%1_{1;0 essinfix<g V(x) = oo, the ground state defined by
(2.4.7) decays exponentially as |z| — oo as shown in Theorem 3.2.2. Thus we can
truncate the energy function and constraint from the whole space R? to a bounded
domain U, which is large enough such that the truncation error is negligible and the

homogeneous Dirichlet BC can be applied.
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4.2.1 Finite difference discretization

In this part, we consider the finite difference (FD) discretization of (2.4.6) and
(2.4.5) truncated on a bounded computational domain U with homogeneous Dirich-
let boundary condition. We approximate gradients by the central difference and
compute the integrals using the composite trapezoidal quadrature. For simplicity,
only the 1D case is shown here. Extensions to 2D and 3D are straightforward and
the details are omitted here for brevity.

For d = 1, we adopt the notations (4.1.15) and (4.1.16) introduced in the last
section. The energy functional (2.4.6) under constraint (2.4.5) with d = 1 can then
be formulated as

BP@) =y E ’
=0

2

2 2
J+1 qu

h

9 2
d)j“h_d)j + V()2 + ¢jf+g ] (4.2.1)

subject to hZ?]:_ol ;1> =1 and ¢ = ¢ = 0. For simplicity, we introduce || ®||;, =
h Zéy:’ol |¢,|? to be the discrete ly-norm. A simple computation implies that (4.2.1)

can be rewritten in the form

B

N-1 5
E(@)=h3 {—;bjéicbj +V(2)) 65 + 50) — 2¢§6§<¢§>} , (4.2.2)
j=1

subject to ||®]|;, = 1, where §2 is an operator defined as

52, = Di41 2}?2]' T (4.2.3)

Define matrix A = (aj;) € ROV-1)x(N-1) oq

w J=k
U= —5r 7=k =1, (4.24)
0, otherwise ,

then (4.2.2) can be written in a matrix form as

EfP(®) = h |®TAD + TV + §<I>4 + §(0*)T AD?| | (4.2.5)

where ®? is defined component-wisely as (®?); = ¢ and V' = diag(V'(z1),..., V(zn-1)).
The matrix form (4.2.5) is concise and suitable for programming, and is thus used

in practice.
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Most methods that are widely used for an optimization problem are gradient-
based. Therefore, it’s necessary for us to write the gradient of (4.2.5) explicitly.
Denote GLP(®) = VEFP(®), then a direct computation from (4.2.1) implies that

GIP(j) = S = h [=020; + 2V (2;)0; + 2865 — 200,0%(6?)]
— 20(AD + V& + O3 + 25D, x (AD?)),

where, for simplicity, we introduce the operator .x for componentwise multiplication

=1,...,

Ay

Now the the original problem (2.4.7) with d = 1 can be approximated by the

discretized minimization problem via FD discretization:

®, = argmin E} °(®), subject to |®||}, =1, ®g = Oy =0, ® € RV, (4.2.6)

4.2.2 Sine pseudospectral discretization

In space, we can replace the FD discretization by the sine pseudospectral (SP)
method when homogeneous Dirichlet boundary conditions are applied. Compared to
the finite difference method, the spectral method has the advantage of high accuracy,
especially for smooth problems with regular geometry. Again, only the discretization
in 1D is presented here, and extensions to 2D and 3D are straightforward and the
details are omitted here for brevity.

For d = 1, we consider the problem in U = (a,b). As proposed in [14], for any
function f € Cy([a,b]), i.e. f is continuous in [a,b] and f(a) = f(b) = 0, we can do
the interpolation of f at the grid points by sine series as

N-1
(Inf)(x frsin(u(z — a)), (4.2.7)
=1

satisfying (Inf)(x;) = f(x;), where yy = ;= and fi can be computed by

;szj sin (@?) (4.2.8)
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where f; = f(z;). Choosing the interpolation function (Iy f)(z) as the approxima-
tion of f(x), we get
N-1
ey~ = Y g fsin(uz — o)), (42.9)
=1

which immediately implies that

1" = 27 . jlﬂ'
f@ﬂ*%fm%z—Zmﬁm<N), (4.2.10
=1

where 07, is the pseudospectral differential operator approximating 0,,. Via a sim-

ilar argument, we can approximate the first derivative by

N-1 I
f'(@;) = 0p flos, = D muficos (%) : (4.2.11)

where 0; is the pseudospectral differential operator approximating 0,.
With similar notations as the FD scheme, the energy functional (2.4.6) truncated

on U = (a,b) can be discretized as

B

N—
B (@ g 00+ V()i + Lo+ BR@7| . (42.12)

By defining matrix C = (c;;,) € RY=D*W=Y with ¢y = sin (]k”) A = diag(p?, ..., 1% 1),
B = (bj) € RWV=Dx(V=1 with by = cos (£&2), and using similar notions as in the

FD scheme, we can rewrite (4.2.12) in an equivalent form as

B4 875 2 2
SO SOk (A7) (4.2.13)

EPP(®)=h N<I>T(JAC<I> + TV +
where A = BA2C. One remark here is that, in practice, instead of doing the
matrix multiplication, whose computational cost is O(N?), (4.2.13) can be computed
efficiently by using discrete sine transform (DST) for 07, and fast Fourier transform
(FFT) for 02, and the total computational cost now is O(N log N).

The computation for the gradient G3F (®) = VESY (®) is tricky. Asshown in [32],

for the first three terms in (4.2.12), i.e

B

BT = Z 0ray + V(25)05 + 505 (4.2.14)
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we have
1
VEZY =2n <N0A0q> + Vo + 5¢3> : (4.2.15)

While for the last term

N-—1
Fu(®) = 2h6 Y ¢5(0505)°, (4.2.16)
7=0
we have
166h
VI = =5 (®. % (AD)? + AT (D2, x AD)), (4.2.17)

which immediately gives that
1
GIP(®) = VEF () = 2h <NCAO® + Vo + 5¢3> + VE,. (4.2.18)

The original optimization problem (2.4.7) now is approximated by the discretized

minimization problem via SP discretization which finds ®, € RV~! such that

®, = argmin E;" (®), subject to ||®[7 =1, &y = oy = 0. (4.2.19)

4.2.3 A feasible gradient type method

In this subsection, we solve the problem (4.2.6) or (4.2.19) by following the
feasible method proposed in [113]. For self-consistency, we include the description
of the method here. Notice that by doing a rescaling X = v/h®, the constraint of
(4.2.6) and (4.2.19) will become || X |3 = X7 X = 1. By differentiating both sides of

XTX =1, we obtain the tangent vector set of the constraints
Tx ={Z e RN : XTZ = 0}. (4.2.20)

For the rest of this subsection, the problem expressed by X instead of ® will be
considered.

Consider the minimization problem,

min £(X), subject to || X||53=1,X € RV (4.2.21)



4.2 A gradient method for minimizing discretized energy function 81

The Lagrangian function of (4.2.21) is

L(X,0) = E(X) - Z (1x3 - 1), (4.2.22)
and the first-order optimality condtions can be then derived as

G-0X=0, |X|5=X"X=1, (4.2.23)

where G = VE(X) and 6 can be computed as § = XTG = GTX.
Define A(X) = GXT — XG”, and then we can check that

(I - XXTG = AX)X =0, (4.2.24)

which implies that A(X)X is the projection of the gradient of F(X) at X to the
tangent space of the constraints T'x.

The steepest descent method suggest using Y (7) := X — 7A(X)X with some
positive number 7 as the step size for updating. However, there is no guarantee that
Y (1) preserves the unit Iy norm. To get an update which automatically preserves

the unit norm, we try a different type of the updating path which is implicit
Y(r) =X —7TAX)(X +Y(7) & Y(r) :=QX (4.2.25)

where Q = (I +7A(X)) (I — TA(X)). Easy to see that A(X) is skew-symmetric,
ie. A(X)T = —A(X). Then by a simple computation that

QTQ =T —-7TAX)) (I +7AX) T +7AX)) (I - TA(X))
I+ 7AX))I —TAX)) I+ 7AX)) (I — TA(X))

we can get () is orthonormal and therefore Y (7) preserves the I, norm automatically
for any 7. In addition, Y'(7) can be computed explicitly and given in a closed form

as [32,113]

V(1) = a(r)X + B(7)G, (4.2.26)
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where

_ (A +7XTG)? = X BIG (r) = —27]| X3
C1-XTE2+ 2| XBIGI T 1 rA(XTG)? + I XIBIGI
(4.2.27)

a(7)

A suitable step size in the k-th step, denoted as 7(*), can be chosen by applying the
backtracking steps to 75! or 752, which are determined by the Barzilai-Borwein (BB)
formula [34], to guarantee convergence. The details are omitted here for brevity and
can be referred to [32]. Further the following theorem holds since the energy function

E(X) is differentiable and its gradient VE(X) is Lipschitiz continuous [32,72].

Theorem 4.2.1. Let {X™) : k > 0} be an infinite sequence generated by the Algo-
rithm 1. Then either |A(X®)X®)||, =0 for some finite k or

lim inf | AX )X ®, =0, (4.2.28)
—00

The feasible gradient method can then be summarized in the following algorithm.

Algorithm 1 A feasible gradient method
1: Given the current solution X &k = 0.

2: while stopping conditions are not met do

3: Choose suitable time step 7*)

4: Set X*+1) V(7)) and update other parameters if necessary
5: k< k+1

6: end while

4.2.4 Accuracy test

In this section, we will perform accuracy tests for the feasible gradient method,
i.e. Algorithm 1, with either finite difference discretization (4.2.5) or the sine pseu-

dospectral discretization (4.2.13).
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Error h=1/2  h/2 h/2? h/23
[E(6FR) — E(¢y)] 2.66E-4 649E-5 1.62E-5 4.05E-6
rate - 2.04 2.00 2.00
I6FR — 6yl 144E-3 3.13E-4 T.70E-5 1.92E-5
rate - 2.20 2.02 2.01
I6FD — Gylloe  1.24E-3 289F-4 T.54E-5 1.87E-5
rate - 2.10 1.94 2.01

Table 4.3: Spatial resolution of the ground state for Case I in Example 4.1.1 via

finite difference scheme.

Error h=1 h/2 h/2? h/2?
|E( S}Z) — E(¢,)| 1.84E-2 2.64E-6 8.46E-12 <1E-12
||¢2P;I — Pglli 5.27TE-1 T7.42E-5 2.32E-8 5.85E-11
| SEL — Pglloo 3.19E-1 7.04E-5 1.96E-8 4.60E-11

Table 4.4: Spatial resolution of the ground state for Case I in Example 4.1.1 via sine

pseudospectral scheme.

Again, the setup of the numerical test is chosen to be the one in Example 4.1.1.
The exact solution is chosen to be the one computed via the pseudospectral scheme
with a sufficiently small step h = 1/64. We denote the numerical ground state via
the FD method (4.2.5) to be ¢} and the one via the SP method (4.2.13) to be
gbg}z. Table 4.3 and Table 4.4 listed the errors for Case 1. Table 4.5 and Table 4.6
listed the errors for Case II. From Table 4.3, 4.4, 4.5 and 4.6, we can see that the

the numerical ground state computed using (4.2.5) is second order accurate in space

and the one computed using (4.2.13) is spectral accurate.
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Error h=1/2  h/2 h/2? h/23

|E(¢57) — E(¢g)| 9.59E-3 2.38E-3 5.95E-4 1.49E-4
rate - 2.01 2.00 2.00

lo5h — gl 6.25E-3 1.29E-3 3.21E-4 8.01E-5
rate - 2.27 2.01 2.00

155 — gl 5.75E-3 1.16E-3 3.02E-4 7.49E-5
rate - 2.31 1.94 2.01

Table 4.5: Spatial resolution of the ground state for Case II in Example 4.1.1 via

finite difference scheme.

Error h=1 h/2 h/2? h/23

2

|B(¢S5) — E(p,)] 2.33E-1 2.16E-4 281E-7 6.27E-12

1650 — dll,  242E-1 4.66E-3 6.75E-5 9.40E-8

1655 — Gyl 1.03E-1 2.74E-3 545E-5 5.31E-8

Table 4.6: Spatial resolution of the ground state for Case II in Example 4.1.1 via

sine pseudospectral scheme.
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4.3 Minimization of the regularized energy via
density formulation

In the previous section, the energy is formulated via the wave function. In this
section, a new scheme for the ground state of the MGPE will be proposed. We'll
compute the ground state by directly minimizing the energy using p = [¢|? instead
Y. Notice that we can consider the density p directly for the ground state because
we have proved in Theorem 7.1.1 the ground state can be chosen to be a nonnegative
real function and therefore we have a 1-1 correspondence between ¢, and p,. By
considering this new form of energy, we gain benefits that, firstly, we change the
problem to be a convex optimization problem, which enables to use techniques for
convex optimization, and, secondly, the interaction energy terms are quadratic now,
but with a cost that the kinetic energy now becomes nonlinear and it is not well
defined where p ~ 0, which impies regularization is needed.

In this section, we will first show the regularized energy formulated by density
and its discretization. Then the convergence problem will be analyzed theoretically

and tested numerically.

4.3.1 Density function formulation and regularization

Rewriting the energy functional (2.4.6) by letting p = |¢|?, we get a new formu-

lation of the energy,

1 4}
E(p) = /Rd DV\/EP +V(x)p+ gpQ + iyvpﬁ dx. (4.3.1)

However, it’s not a good idea to consider (4.3.1) directly because |V,/p| = oo as p —
0, which implies big and uncontrollable errors will be included after discretization
of energy. Due to the singularity of |V\/ﬁ|2, we regularize the term and get an

approximation of the energy,

1 )
E¢(p) = /Q {Q\V\/p +elP+V(x)p+ §p2 + §|Vp|2 dx. (4.3.2)
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After regularization, the singularity of the kinetic term will be removed because
|Vy/p+ €| is bounded above by some number depending on e, which makes the
error induced by discretization controllable and enables the use of gradient-based

optimization methods for the computation. We can then define the ground states,

py, = argmin E(p), subject to ||p]l1 := [gap(x)dx =1, and p >0, (4.3.3)

p;, = argmin E°(p), subject to [[p|l1 := [ga p(x)dx =1, and p > 0. (4.3.4)

But the regularization introduces new questions as we changed the energy func-
tional. Basically, we have the following two questions:
(i) Do we have lim. o E°(p;) = E(p,) and lim._,, p5 = p, under some norm?
(ii) If we have the convergence result, what would be the convergence rate?
It turns out we do have the convergence result when g > 0 and 6 > 0, and the
convergence rate of the ground state can be bounded by the convergence rate of the

energy. In Section 4.3.3, we will show the rigorous proof of the results.

Remark 4.3.1. There is an equivalent way of writing the reqularized energy (4.3.2)

as

ey [ [ VPP B2, 0o
E(p)-/g}{S(p+g)+V(X)p+2p + 5190l ax. (4.3.5)

The two definitions are essentially the same, but will lead to different discretized

enerqy formulations.

4.3.2 Finite difference discretization

In this section, we consider the finite difference discretization of (4.3.2) formu-
lated via p = |¢|? and truncated on a bounded domain U with homogeneous Dirichlet
BC. Again the central difference is applied for approximating the derivatives and
the integrals are computed by the composite trapezoidal rule. For simplicity, the
1D case is shown here. Extensions to 2D and 3D are straightforward and the details

are omitted here for brevity.



4.3 Minimization of the regularized energy via density formulation 87

For d = 1, we take U = (a,b) to be an interval in 1D, and take the N + 1 grid
points that are evenly distributed and defined in (4.1.15). Let p; be the numerical
approximation of p(x;) for 5 =0,1,..., N and denote

p=(po,p1,---,px)" € RML (4.3.6)

Then by the homogenous Dirichlet boundary condition, we have py = py = 0. The

energy functional (4.3.2) under constraint ||p|[,, = 1 can then be formulated as

N-1
1 64 )
En2(p) =h Y 51050 + el +V(wj)ps + 507 + 5105 pil| (4.3.7)
=0
subject to ||plln, = 1, p; > 0 and py = py = 0, where we introduce ||p|ln, =

hz;v:’ol p; to be the discrete I;-norm and the operator 0, defined as 0/ p; = 242
for simplicity.
Denote G2 = VE;2(p) to be the gradient of the discretized energy, then it can

be computed as

8EFD (52 i 9
FD : he =V Pj 2

By using the matrix A defined in (4.2.4), G}'2 can be written in a compact form as

Ghe = h[(AVp+e)./vp+e+V +Bp+204p], (4.3.9)

where ./ is an elementwise division operator between vectors.

From Theorem 4.3.2, which will be proved later, the ground state corresponds to
the regularized energy (4.3.2) will converge to the ground state of (4.3.1) ase — 0%,
On the other hand, the ground state of (4.3.7) will converge to the ground state
of (4.3.2) as h — 0%. As a result, the original optimization problem (2.4.7) now

becomes choosing a sequence of €, — 07 and for each fixed ¢, finding p}g"an € RV-!

such that
pm = argmin By 2 (p), subject to [|plls, =1, p >0, pp=py =0.  (4.3.10)

pERNJFl

The ground state and the corresponding energy is computed by taking the limit

pg” = lim pyer, By = lim EjD (o). (4.3.11)

n—o0 n—o0
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Due to the zero boundary condition, we may also view Ef2(p) as a function of
p=(p1,...,pn_1)" € RV (4.3.12)

for simplicity. It’s worth noticing that the new problem (4.3.10) we get is a con-
vex optimization problem. To get it, we only need to show that the discretized
energy is convex, which is stated in Theorem 4.3.1, because the feasible set {p €

RN plln, = 1,p >0, po = py = 0} is obviously convex.

Theorem 4.3.1. The discretized energy function Ej 2 (p) defined in (4.3.2) is convex
with respect to p = (p1,...,pn-1)T € RN for 8> 0 and § > 0.

Proof. For f > 0 and § > 0, it’s easy to check the last three terms in (4.3.2), which
are linear or quadratic in p, are convex. The details are omitted here for brevity.
Therefore, we only need to check the first term in (4.3.2) is convex.

Notice that

. , 2% — 9. /- :
(61/p; T e = T Pim1 T 28 h;/pJ“ TEVhiTE (4.3.13)

it’s sufficient to show E;(p) = Z;V:_Ol VPj+1 +&y/p; + € is concave with respect to p.

This is true because, for each term E ;(p) = /pj+1 +€/p; T+ €, we have
‘Em(a) + E1,(b)

2

2
1
5 :‘2(\/aj+1+5\/aj+€+\/bj+1+5\/bj—|—€)
< <Gj+1—|—8+ bj+1—|—8> <Gj+8+ bj+€>

2 2 2 2

2
:’\/aﬂ'“;bj“ +5\/aj+bj+e

2
a-+b
E“( 2 )

where a = (a1,...,ay_1)T € RN Land b= (by,...,by_1)" € RY"! with ay = ay =

bOIbN:O. D

2
, for j=0,1,...,N—1

Remark 4.3.2. Based on the other form of the regularized energy (4.3.5), we can
get another discretized enerqy formulation, which is slightly different from (4.3.7).

B on Y [y P Q] (1310
’ i [4(ps + pj1 + 2¢) 2

2
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where p = (p1, ..., pn-1)" € RN satisfies h 25" pj =1, p; = 0 and po = py = 0.

The gradient, i.e. VEEE(p), can be computed as

DES 2
0. " [Fi(p) + V(2;) + Bp; — 6(82p;)] (4.3.15)
J
where
Fj(p) L[ 2 =pi) - (pir =) 200 —pj-1)  (pj—pj-1)?

S Ah lpit o2 (gt e t26)? pitpiat+2 (p+pi+20)7)

It can also be proved that E,Ijlg(p) 1s convex in p, and therefore we changed the
original problem to be a convex optimization problem. The details are omitted here

for brevity.

4.3.3 Convergence analysis

In this section, we aim to study the convergence of the ground state pZ’E of the
discrete regularized energy (4.3.10) to the ground state p, of the MGPE, which is
defined in (2.4.7). The results in this subsection can be summarized in the following

diagram,

e e —0t

h

Pa Theorem 4.3.6 p,g

h — 0" E
Theorem 4.3.5 E
. e— 0" M

pg > Pg

Theorem 4.3.2

where p’; is the ground state of the discrete energy without regularization, i.e.

pr = argmin E;°(p), (4.3.16)
peS
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where S is the feasible set defined as

N
S={peR""|p; >0,h> pj=1,py=py=0}. (4.3.17)
=0
We begin with the results showing the convergence of the ground state of the

. : - .
regularized energy, i.e. pg, as ¢ — 07. First, we can observe the following lemma,

which provides one side limit for the energy.

Lemma 4.3.1. For p, and pj defined in (4.3.4) with 8 >0 and § > 0, we have
E=(p;) < E(py), for anye > 0. (4.3.18)

Proof. Due to the fact |V\/p+¢l> < |V /p|> where ¢ > 0 and p is an arbitrary

function satisfying p > 0, it’s obvious that
E*(p) < E(p), (4.3.19)

holds for all e > 0 and p > 0. Now take p = p, and recall the definition of p (4.3.4),
we have E°(pg) < E*(pg) < E(py). O

Now we want to show lim. o £°(p;) = E(p,). In fact, we can prove a stronger
conclusion, which actually considers the convergence of pj to p, and is stated as

follows.

Theorem 4.3.2. For p, and p, defined in (4.3.3) and (4.3.4) with > 0 and § > 0,

we have

Py = Py in H' and Vs +e = Vy/pg in L? (4.3.20)
which immediately implies

lim E=(p;) = E(py)- (4.3.21)

e—0t

Proof. First, as shown in Lemma 4.3.1, E*(p;) < E(p,), which means that £°(p5)
is uniformly bounded above by the constant E(p,) with respect to €. Further we

get the boundedness for each term in the energy functional E°(-) (4.3.2). The
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boundedness for last two terms implies pf i py for some p) € H'. In fact, the
weak convergence we get is for a subsequence, but, for simplicity, we still denote it
as p5. By a similar argument for the first two terms in the functional £* (4.3.2), we
have V\/pgﬁ <L—2> f for some f € L? and the uniform boundedness of the external
potential term, i.e. [ga V(x)pz dx < C for some constant C' with respect to all ¢ > 0.

Next, we want to show [ = V\/p>2 and pg is indeed a minimizer of F(p), i.e.
Pg = 0, frapydx =1 and E(py) < E(py).

(1) To show [pa p)dx =1 and p) > 0:

For any n > 0, by using the confinement of V'(x), we can choose R large enough
such that V(x) > % for all x € Q%, where Qp = {z]||z|] < R}. Then C >
Jag Voydx > fo pydu, ie. [oo pydx <.

In the bounded domain Qp, the weak convergence in H! implies the strong
convergence in L? by the Sobolev embedding theorem, and therefore g LN ,02 in
Qg. Furthermore, we get pf , py in Qp by the Holder’s inequality, and [ga p) dx €
[1 —n, 1] as a consequence. Because 7 is arbitrary, we get [za pg dx = 1. In fact, we
can further extend the strong L' convergence from 2 to the whole space by combing
the confining condition of the external potential and the current convergence result
in Qg for arbitrary R.

Besides, the strong convergence in L, in {2z suggests that we can choose a sub-
sequence that will converge pointwisely to pg. Then pg > 0 in Qg is a direct result
of the fact that pi > 0 for any € > 0. And further we get pg > 0 in R? since R can
be chosen arbitrarily large.

(2) To show f = V\/FS:

Suppose the test function ¢ is a smooth function with compact support in Q.

Then on one hand, by definition,

lim | V\/p+eodx = /Rd Fbdx. (4.3.22)

e—0t

On the other hand, we will show that

lm [ Vo +esdx= [ Vpodx. (4.3.23)

e—0t
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This can be reasoned in the following way. Firstly, it’s obvious that

/Rdwx//ﬁ—vx/zg)ébdﬂ:’/g (v/p5 +e— /) Vo dx
< | W= VAlIVelax < C [ 1o+ E = il dx

for some constant C' depending on ¢. Therefore, it’s sufficient to prove

lim o /PG +€— /Pl dx = 0. (4.3.24)

e—0t+

To show (4.3.24), defining D,y = {x : p) > n} for arbitrarily chosen n > 0, we can
see that [o,p, [\/P5 +€— VP9 da < ﬁ Jon 105 +e—p)| dz — 0, where the last step

1
is because pg L, ,02. For the remained part Q2 N Dy, we have

lim su JPE 4 e — 0dx<limsu Q —i—/ €+€dx}
g_)0+p QRQDC | pg \/p»g’ B p \/ﬁ‘ R‘ QRQD% pg

< hmsup [\/_|QR| + Vx| \// pg +¢ dx] VNIQe| + VIR /Q . pY dx
Ry
< VQr| + VIQrlVIIQR] = 2¢/n|Qg|

Because 7 can be chosen arbitrarily small, we get (4.3.24) and consequently (4.3.23).

Then the uniqueness of the weak limit implies that f = V,/p! in L.
(3) To show E(p)) < E(py):
The strong convergence in L' enables us to choose a subsequence, while still
. PR 0 )
denoted as p; for simplicity, such that p§ — p, almost everywhere. By Fatou’s

lemma, we get

liminf [ Vpgdx> [ Vo) (4.3.25)
Rd Rd

e—0t

Besides, by the weak convergence, it’s easy to see that

o c|2 02 o <2 0)2
hmlnf/Rd A de/Rd lpy|” dx, hgégf/ﬂ@ﬂVpA dx>/ [Vp,|”~dx (4.3.26)

e—0t

and

- ——2 2
l1m1nf/Rd|V\/pg+€| de/R|V\/p72| dx. (4.3.27)

e—0t
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Thus E(p)) < E°(p;) < E(py). But, by definition, p, is the ground state of E(-),
which means E(p)) > E(py). Therefore, E(p)) = E(py) = lim._o+ E°(pf) and
Pg = pg by the uniqueness of the minimizer. What’s more, all the inequalities in
the proof become equalities, which implies all weak convergence proved is actually
strong convergence.

Note that the above proof is true for arbitrary sequence of ¢ — 0*. Thus we get

the conclusion. 0

We're interested in the convergence rate of the ground state. In fact, the conver-
gence rate is related to the order of convergence of the corresponding energy. The

result can be formulated in the following theorem.

Theorem 4.3.3. For p, and p, defined in (4.3.3) and (4.3.4) with > 0 and § > 0,
we have

Bllpg = p5lI° +0lV (g — p5)II7 < 2(E(pg) — E*(45))- (4.3.28)

Proof. The proof follows from a direct computation. But we need to show the

following lemma first which is essential in the proof of the Theorem 4.3.3.

Lemma 4.3.2.

Vg Vips—r5) | IV (g — 1}
d[_ by Vs —03) | INEPoy = )] (4.3.29)

R(p,. pf >/
erty) 2 Gt 8P

R

where R(py, p;) is defined as

R(pg, pg) = /Rd [V (X)(pg = 05) + B0 (pg — 05) + 0V 5 - Vipg — pf)] dx. (4.3.30)

Proof of Lemma 4.3.2. Define f(t) = E*(p} +t(py — p;)). It’s easy to check that
P +t(pg — p;;) satisfies the constraints |[p|l; = 1,p > 0 for ¢ € [0, 1]. Therefore, f(t)
takes its minimum value at ¢ = 0 because p} minimizes E°(p) among all p satisfying
the constraint ||p||; = 1, p > 0, which indicates f’(0) > 0. A direct computation will
lead to the inequality (4.3.29). The details of the computation are omitted here for

simplicity.
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Now we can prove the Theorem 4.3.3. A direct computation implies that
E(pg) — Ee(pg)
2 1 \V4 B 2 d R £ /6 c112 5 \V4 €\ (|12
IVV/Pel™ = 5IVpg + €| dx+ Rlpg, ) + 5 llpg — p5lI" + 511V (pg = £5)]
5 Vg —r5)  |IVosl*(pg — pj)
/[‘V@lz—wmﬁ P R

(pg +¢) 8(p5 +¢)

+*Hpg—pEH2+*HV( - I
l|vP9|2 Vpg Vg ’v/)g‘ (pg +¢€)
8p9 (pg+€) 8<pg+ )

(> 5 (>
[ xSl = a2+ 51900, - P

L.
.

IVpglIVpg| Vg - Vp
> 9 _ g 9 M g2 v, o eV||2
2 [ e to)  dpro] X1y %o, Poll” + 2|| (g = )
S P
> Slleg = p5lI* + *IIV( PP, (4.3.31)
where Lemma 4.3.2 is applied in the first inequality. O

Next we aim to study the convergence of the ground state of the discrete regular-
ized energy, i.e. p’g“a, as h — 0%. Only the 1D case is considered here for simplicity.
Extension to 2D and 3D is similar. First, the following lemma, which will used later

in the study of the convergence, can be observed.

Lemma 4.3.3. For any nonnegative vectors f,g € RN= and matriz A (4.2.4), we
have TAf > (12/g)" Ag.

Proof. The matrix A (4.2.4) can be decomposed as A = ;51 + B, where I is the
identity matrix and B is a symmetric matrix with B; ; < 0 and B;; = 0. Then
fPAf = (f*/9)" Ag = fTBf — (f*/9)" Bg = Y_fiBi,fi — 12/9:Bi;9)]
.3

1 1
=> Bi;(fifj — 5]?9;‘/9@‘ - iszgi/gj) >0
i#£]

O

Then we have the following theorem, which tells us that the disctere Iy and hy
norm can be bounded by the difference of the energy if 5 > 0 and § > 0.



4.3 Minimization of the regularized energy via density formulation 95

Theorem 4.3.4. For the ground states pl© = (pg f,ng,...,pi\]_l)T € RVN-!
(4.3.10) and an arbitrary density vector p" = (pt,ph, ... p )T € RN~ satisfy-
ing p" >0, po = pn =0 and ||p"||n, = 1, we have

B e 6
hZ S lPgs — P+ 2\6% 5optP] < BFP(pM) — EFP(ph).  (4.3.32)

Proof. For simplicity, we rewrite the discrete energy (4.3.7) by using the matrix
(4.2.4). Noticing that

Nf
L i —

| ; 12 =2fTAf, (4.3.33)

§=0
for aritrary f = (fi, fo,. .., fv_1)T with fo = fy = 0, we have

B
9l T

Pi+1 — Py ’2

[+ Vies + 2\ P

EFP(p) = N {1 \/pj+1+6 Vi te
hE h

MH OM

h

{ ip; + ﬁpj} + hg" Ag + hép" Ap,
0

J

where g = /p +¢ — /=
Define f(t) = E; 2 (o) 4 t(p" — pj<)), then we have f'(0) > 0. A direct compu-

tation implies the following the inequality

T —
P —plye
h(V + By +20Ap )T (p" = o) +h (Vg™ +2 — Ve —— >0
! ! ’ ( ) VpgS+e—vE

(4.3.34)
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Now we compute the difference of the energies:

ER2(p") — Ep2(pl®) = £(1) — £(0)

g
= h(V + S (" + ) + 0A(p" + pg ) (0" — pj)

+h(Vph+e—=VE)TAW P!+ — VE) — h(\pg© + e — VE)TA(Y = + e — VE),
B
=h(V+5ph’5+25Aph’a)T(ph—pZ’E)Jrngh— pielI” + ho(p" — )T A" — p)
h(Vph +e = V)T AW p +6—\f h(pg© +e = Vo' A( py© + e = VE),
- p —
—h(\/py* +e— e 2 g\lph—ﬂZ’5H2+h5(ph—pZ’E)TA(ph—p’;’€)
\/ fte— /e
h(yph +e— \fTA\/p +e—E) = h(ypy= +e—vVE)TA( pg© + 2 — Ve),
\/TA Vp +e— \/> 2
\/pg Tte—yE
+h(yph e = VE)TA(Yph + e = Ve),

" = A1+ oo — )T A" — 1)

B

> Sl = =P + ha(p" — pg*) A" — pp)
3 5

= §th —opeI?+ 5\\5+ph T

where we applies Lemma 4.3.3 in the last inequality by letting f = \/p" + ¢ — /¢ and

= Ve +e— Ve m

Based on Theorem 4.3.4, we can study the discrete Iy and h; error estimates.
For simplicity, we use the notation p; to be the interpolation of the ground state p

(4.3.4) on the grid points, i.e.

£

Iag = (ﬂg(x1)7 p;(x2>7 cee >p;(xN*1))T' (4335)

Then we have the following results considering the limit & — 0F.

Theorem 4.3.5. Fiz € and denote the error to be e = pg —pg’a. If 8>0andé >0

and |pg| g2 is bounded, then we have
el = 184l = O(R), [l = O(h2). (4.3.36)

Proof. Since pf is the interpolation of the ground states on the grid points, it’s easy

to check that E°(pf) = Ej2(p5)+O(h?). Besides, if we consider the piecewise linear
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function ,6375 in the domain such that ﬁ]g”e(xj) = ,025-, ie. ,5;“ is the piecewise linear
interpolation of pf, a similar procedure implies that E°(p)¢) = Ef2(ph<) + O(h?).

Then recalling Theorem 4.3.4, we have

B < g
Sllevlli, + *||5+6 I, < Bn2(55) — Bl (0g°)

= E°(p}) — E°(py°) + O(h?)
< O(R?).

The fact that E°(pf) < E°(p)<) is applied in the last step. Therefore, if we assume
f > 0and § > 0, we can get |ef|y1 < C(e)h, which will further implies |€||;2 <

C(e)h? by Bramble-Hilbert lemma and a standard scaling argument. ]

Remark 4.3.3. The above theorem is only true for a fived €. It’s not clear yet

whether there is a uniform bound for C(e) with respect to €.

In the last part of this subsection, we study the convergence of ph’6 as e — 0.
Obviously for § > 0 and 6 > 0, E is bounded from below and convex. Therefore
pg exists and is unique. In this case, we can show the convergence of pg’f to pg as

e— 07,
Theorem 4.3.6. If 3 >0 and 6 > 0, then pg exists and is unique and we have

pg = lim p = p];. (4.3.37)

e—0t

Proof. Existence and uniqueness are obvious. Only (4.3.37) is proven here. Because
of the boundedness and compactness of the feasible set S (4.3.17), for any sequence
e, — 0, there exists a subsequence ¢, such that pZ’E”’“ — p for some p € S. A term

hsnk

by term convergence implies that Ej " (pg ) = Epg (D)

On the other hand, for any e, we have E}2(p}<) < Ep2(pl) < EyQ(pl), which
indicates that Ejg(p) < Ejg(pk). Therefore, we must have p = pl due to the
uniqueness of the minimizer of Eh,o- Noticing that the above argument is true for

any sequence £, — 0, we get the conclusion. O
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4.3.4 Fast iterative shrinkage-thresholding algorithm

In this section, we will describe explicitly the algorithm and introduce briefly the
method used for solving (4.3.10), which is the key step in updating. The stopping
criteria in Algorithm 2 and Algorithm 3 can be chosen as ||p™™ — pm=1|| < nq

for a given 0 < 7y < 1.

Algorithm 2 Main procedure
1: Setn=1,>0and § > 0.

2: Set a sequence {e;} > 0 satisfying limy_,o €y = 0. Set € = ;.

3: INITIALIZATION: construct p9 which is suitable for given 3, ¢.

4: while ¢ not small enough do > Stop at a small €
5: m <0

6: while stopping conditions are not met do > Stop when converge
7 m < m+1

8: UPDATE: solve (4.3.10) update p™™ from p(m—1)

9: end while

10: € 4 g4 and p 10  plnm)

11: n<n+1

12: end while

For the updating from p(™™~1 to p(®™) the Fast Iterative Shrinkage-Thresholding
Algorithm (FISTA) proposed by Amir Beck and Marc Teboulle [35], which is a gra-
dient based method generalized from [89], can be applied. FISTA, a kind of the
accelerated proximal gradient (APG) method, has been widely used since proposed
due to its simplicity and fast convergence. We will introduce briefly FISTA here for
self-consistency. Consider the problem

pZ’E = argmin Ej, .(p), (4.3.38)
peEA

where Ej, . can be E}2 or discrete energy via other spatial discretization,

A={peR" :|plln, =1,p>0,p = py = 0} (4.3.39)
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is the feasible set. Denote p*) to be the solution after k-th step from the given
initial value p(®. It can be proved that Ej(p™) — Ep(ph°) = O(1/k?), i.e. we
will have a convergence rate O(1/k?) [35,89).

FISTA originates from the projected gradient method, which combines a proxi-
mal step with a gradient step. Instead of considering the problem (4.3.38) directly,
we study the following equivalent problem,

e = argmin - Ene(p) +1a(0), (4.3.40)

where I is the indicator function defined as

0, ifpeA,
In(p) = P (4.3.41)
oo, otherwise.

Notice that by rewriting the problem (4.3.38) as (4.3.40), we get a nonsmooth op-
timization problem with no constraints. The objective function can be viewed as
a combination of a convex function that is continuously differentiable with Lips-
chitz continuous gradient and another convex extended-valued function which is
possibly nonsmooth. Then the popular ISTA method can be applied as proposed
in [35,46,56,62,109] and so on. FISTA is quite similar to ISTA, but unlike ISTA
which uses data in the current step only, FISTA uses a very special linear combina-
tion of the current data and the data in the previous step. Surprisingly, this trick
enables us to improve the convergence rate from sublinear to O(1/k?).

For simplicity, we introduce the following notations. For given L > 0, denote

the quadratic approximation of Ej, .(p) + Ia(p) at a given point p = y as
L
Qr(z,y) = En(y)+ <z —y,VE,(y) > —i—§|\a: —9y|l2 + Ia(2), (4.3.42)
which admits a unique minimizer

pr(y) = argmin{Q(z,y) : € RN}, (4.3.43)
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Simple algebra implies that (ignoring constant terms in y)

: L 1
puly) = argmin {La(o) + Flle = (v = T VEcw)) I}, (4.3.44)
z€RN+1
1
= argmin ||z — <y - VEhs(y)> 2. (4.3.45)
HHSAN L ’

Obviously for our problem, to compute py(y) is equivalent to find the projection of
Yy — %VEhyg(y) onto the feasible set A (4.3.39). Due to the special structure of A,
which is a simplex, we may apply efficient existing routines for this step [73,75,83].
Finally, the update step in Algorithm 2 where FISTA is applied is summarized as
Algorithm 3.

Algorithm 3 Update with backtracking
1: Given the current solution p(® and .

2 Set k=1,Ly>0,1n>1 1y =p® and t; = 1.
3: Set L = Lo, p = Pr(yp).
4: while stopping conditions are not met or £ = 0 do

5: while Eh,s(ﬁ) > Qi(ﬁ, yk) do

6: E <— 77[:
7 p < Pr(yr)
8: end while

/ 2
9: p(k) < ﬁ’ tk+1 < w

10: Ly« L, Ypy1 < p+ (tk_l) (p— pE=1)

tei1

11: k+—k+1

12: end while

4.3.5 Accuracy test

In this section, we perform numerical tests to check the accuracy of our methods
proposed in Section 4.3.
Firstly, the impact of the mesh size h will be tested. We fix ¢ = 0.1. The setup

of the numerical is chosen to be the one in Example 4.1.1, and the ‘exact’ solution is
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Error h=1/8  h/2 h/2? h/23 h/2*
|E=(p°) — E(pg)]  1.34E-5 2.85E-6 5.86E-7 1.33E-7 3.28E-8
rate - 2.23 2.28 2.14 2.02
o5 = Pl 8.51E-5 1.92E-5 3.13E-6 9.70E-7 2.40E-7
rate - 2.15 2.62 1.69 2.02

o5 = pElng 2.09E-3 1.16E-3 6.52E-4 3.39E-4 1.66E-4
rate - 0.85 0.83 0.94 1.03
[FAeA 2.15E-4 6.25E-5 2.28E-5 6.01E-6 1.40E-6
rate - 1.78 1.45 1.92 2.10

Table 4.7: Spatial resolution of the ground state for Case I in Example 4.1.1.

chosen to be the one computed by Algorithm 2 using the discretized energy (4.3.7)
with a sufficiently small mesh size h = 1/1024. We denote the numerical ground
state using the energy (4.3.7) to be pZ’ﬁD, then Table 4.7 listed the errors for Case I
and Table 4.8 listed the errors for Case II. From Table 4.7 and Table 4.8, we can see
that the the numerical ground state computed using (4.3.7) is second order accurate
in Ly norm.

It’s remarkable that the numerical test for Case II implies the convergence order
proposed in Theorem 4.3.5 is true. Note that the results in Theorem 4.3.5 is valid
only for # > 0 and > 0. For § > 0 with 0 = 0, a similar procedure only guarantee
the first order accuracy in Ly norm and there will be no results for the accuracy in
H, norm. However, the numerical test for Case I shows that, though not perfect,
we still have roughly second order accuracy in Ly norm and first order accuracy in
Hi norm.

Next, we study the convergence as ¢ — 07. In this case, for each fixed ¢ > 0,
a sufficiently small mesh size is chosen to avoid the spatial discretization error. In
practice, the finite difference method (4.3.7) with a sufficiently small mesh size is
used to guarantee the spatial error negligible. A small £ usually requires fine mesh

as numerically tested. The exact solution for € = 0 is chosen to be the one computed
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Error h=1/8  h/2 h/2? h/23 h/2*
|E=(p°) — E5(pg)]  6.21E-4 1.60E-4 3.97E-5 9.91E-6 2.45E-6
rate - 1.96 2.01 2.00 2.02
o5 = Pl 8.19E-5 2.04E-5 4.88E-6 9.81E-7 242E-7
rate - 2.00 2.06 2.31 2.02

o5 = pElng 3.54E-3 1.77E-3 8.85E-4 4.42E-4 2.20E-4
rate - 1.00 1.00 1.00 1.01
[FAeA 9.77E-5 3.12E-5 8.17E-6 1.92E-6 4.01E-7
rate - 1.65 1.94 2.09 2.26

Table 4.8: Spatial resolution of the ground state for Case II in Example 4.1.1.

with a sufficiently small € and a sufficiently small mesh size h depending on €. Table
4.9 and Table 4.10 list the results of convergence as ¢ — 07. As seen from the table,
we will have the order of convergence approaching 1 as ¢ — 0" though the exact

order is not quite clear.

4.4 Numerical results

In this section, we’ll apply the methods proposed before for 1D and 2D problems.
We will perform numerical experiments to show that our methods does work for
general problems. Since all the three methods will lead to similar numerical results,
we will not state explicitly which method is used for computing the ground state for
the rest of this section and will mainly focus on the effects of the parameters 3,9
and the phenomenons we get.

The effect of the HOI term for the 1D case under a box or a harmonic potential
is shown in Fig. 4.2. As shown in Fig. 4.2, the increase of § will drive the two sides
of the ground state solution away from center.

For 2D problems, we first compute the ground states of the MGPE (2.4.1) under
a box potential (2.4.3). To be more specific, we consider the MGPE in Q = (0, 1) x
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Error €= 15 g/2? g/2* /28 /28 g/2%0
|E*(p5) — E(py)| 1.29E-2 8.15E-3 4.14E-3 1.76E-3 6.64E-4 2.30E-4
rate - 0.33 0.49 0.62 0.70 0.76
|E(p%) — E(py)| 6.56E-3 3.71E-3 141E-3 520E-4 1.52E-4 4.56E-5
rate - 0.41 0.70 0.72 0.89 0.87
lps = polli, ~ L.O9E-3 6.68E-4 3.03E-4 1.06E-4 3.19E-5 8.47E-6
rate - 0.35 0.57 0.75 0.87 0.96
15 = pllny  4.59E-3 2.64E-3 113E-3 3.77E-4 1.07E4 2.76E-5
rate - 0.40 0.62 0.79 0.90 0.98
o5 — polle 1.23E-3 T.02E-4 298E-4 1.02E-4 3.06E-5 8.44E-6
rate - 0.41 0.62 0.77 0.87 0.92

Table 4.9: Convergence test for Case I in Example 4.1.1 as ¢ — 07,

Error €=4g g/2 /22 g/23 g/2* g/2°
|E=(p5) — E(p,)| 188E-2 1.36E-2 9.46E-3 6.30E-3 4.05E-3 2.52E-3
rate - 047 053 059 064  0.69
|E(p5) — E(p,)] 3.71E-3 3.08E-3 2.37E-3 1.64E-3 1.04E-3 6.12E-4
rate - 027 038 054 065 077
lps — polli,  T.75E-4 5.82E-4 4.20E-4 2.91E-4 1.98E-4 1.38E-4
rate - 0.41 047 053 055  0.53
Ipe = pgllny  2.26E-3 1.83E-3 1.37E-3 9.46E-4 5.97E-4 3.54E-4
rate - 0.30 041 054 066  0.75
Ipe — pylle  T.T6E-4 6.13E-4 4.52E-4 3.10E-4 1.98E-4 1.18E-4
rate - 034 044 054 065 075

Table 4.10: Convergence test for Case II in Example 4.1.1 as ¢ — 07.
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Figure 4.2: Graph for ground states ¢,(x) under the box potential in (0,1) (top) or
the harmonic potential V(z) = 2%/2 (bottom).

(0,1) with V(z,y) = 0 where (z,y) € Q and ¢|go = 0. We will test for different
pairs of § > 0 and 6 > 0. The initial values are properly chosen according to the
values of S and §, where the complete guidance can be found in Section 3.4. Fig.
4.3 shows the numerical results of ground states with box potential with different
B’s and §’s.

Next, we will compute the ground states of the MGPE (2.4.1) under the harmonic
potential V(z,y) = (z* + 4y*)/2, and the computational domain is chosen as =
(—6,6) x (—6,6). Again, different pairs of § > 0 and § > 0 will be tested and the
initial values will be properly chosen according to the values of 8 and ¢ according
to the results in Section 3.3. Fig. 4.4 shows the numerical results of ground states
with harmonic potential with different 5’s and §’s.

Finally, we will consider the ground states under a harmonic potential combined
with an optical potential, i.e. V(z,y) = (2? 4+ y*)/2 4 20(sin(7z/4)? + sin(7y/4)?),
and choose the computational domain to be Q = (—6,6) x (—6,6). For tests with
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1 1 1 2
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% 0.5 1 % 0.5 1 % 0.5 1
X X X
B=568=0 B=56=5 B=5,6=20
1 1 1 2
1.5
>0.5 >0.5 >0.5 1
0.5
0 0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
X X X
8=100,6 =0 1 8 =100, =5 1 8 = 100,35 = 20
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1.5
~0.5 ~0.5 >0.5 1
0.5
0
% 0.5 1 % 0.5 1 % 0.5 1
X X X

Figure 4.3: Graph for ground states ¢4(x) with g =0, 5,100 (from top to bottom)

and 0 = 0, 5,20 (from left to right) under the box potential in (0,1) x (0,1).
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B=0,0=20
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0.3
0.2
0.1
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5 0 5
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B =5,6=20
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-5 0
5 -5 0 5
X

Figure 4.4: Graph for ground states ¢,(x) with 5 = 0, 5,20 (from top to bottom) and
§ =0,5,20 (from left to right) under the harmonic potential V(x,y) = (22 +4y?)/2.
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a general external potential, we may just choose the initial data to be of Gaussian

type. Fig. 4.5 shows the numerical results of ground states with this new potential

with different 8’s and ¢§’s.
B=5,6=20

5 0.8
0.6
>0 0.4
0.2

5 0

5 83 0 5
X

B=50=1

(&3]
xX o
(&)

£ =10, =20
5 0.8
0.6
>0 0.4
0.2
-5 0
5 -5 0 5
X
£ =20, =20

5 0.8
0.6
>0 0.4
0.2
-5 0
5 -5 0 5
X

Figure 4.5: Graph for ground states ¢,(x) with 8 = 5,10, 20 (from top to bottom)
and & = 1,5,20 (from left to right) under the potential V(z,y) = (z* + v*)/2 +
20(sin(rx/4)? + sin(ry/4)?).

It can be seen from Fig. 4.3, Fig. 4.4 and Fig. 4.5 that both the increase of 3
and ¢ will lead to stronger repulsive interaction and the solution will become more

flat.



Chapter

Dynamics and its Computation

In this chapter, we investigate the dynamics of BEC with HOI governed by
the MGPE (2.4.1). In particular, we would like to see how the ¢ term affects the
dynamics. It is worth pointing out that the local well-posedness of the MGPE (2.4.1)
with the initial data

b(x,0) = (x), xeRY, (5.0.1)

has been established [87,94]. Accordingly, we will assume the MGPE (2.4.1) admits

a smooth solution ¥ (x,t) in the subsequent discussion.

5.1 Dynamical properties

In this part, we will show the behavior of important quantities, namely the mass,
energy, momentum, the center of mass and angular momentum expectation, that
measure the dynamical properties of the MGPE.

First, let’s consider the mass (L2-norm) (2.4.5) and the energy (2.4.6).

Lemma 5.1.1. Assume ¢ (x,t) is the solution of (2.4.1) with E((x,0)) < oo and

lim|x 00 V(x) = 00, then we have

N(@) = |0, )3 =N0)=1, t>0, (5.1.1)

108
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and

E(b(x,t)) = E(4(x,0)). (5.1.2)
i.e. the mass and energy of the BEC with HOI will be preserved.

Proof. The confining condition of the external potential V(x) implies that limx| . ¥(x,t) —

0. For simplicity, define

Hy = 00+ Vo + Blof — 5A (WP, (513)

and then the MGPE (2.4.1) is equivalent of i0;1) = H1). For the mass, we have

N = [ [+ ] dx = [ [=iCHQ)D -+ i(HO)] dx

:;/R [GAY — pAP] dx = 0.

For the energy, multiplying v, on both sides of the MGPE (2.4.1) and doing inte-

gration, we will get

i/d |0pp | dx = /d wat + V(X)) + Bl Py — 5A(|¢|2)Wt} dx. (5.1.4)
R R

Taking the complex conjugate of (5.1.4) on both sides will lead to

“i [P dx = [ [3V0T0 VB 80P EG — SA(P)w dx. (5.05)
R R

Combing (5.1.4) and (5.1.5) together, we will get

1 Io4 J :
0=a0 [, [3IV6P + VEIIWE + Slol + SIV(OPI?| dx = B, (.10)
which is true for all £ > 0 and thus we proved E(t) = E(0). O

Next, consider the momentum defined as

P(1) :/Rd Im(d(x, ) Vep(x, 1)) dx, t>0, (5.1.7)

where Im(f) and f denote the imaginary part and complex conjugate of f, respec-

tively. Then we have the following result.
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Lemma 5.1.2. Assume (x,t) is a sufficiently smooth solution of (2.4.1) with
(5.0.1) and |[VV (x)| < C(V(x) + 1) for x € R?, then we have

P(t) = —/d W(x, DPVV(x)dx, ¢ 0. (5.1.8)
R
In particular, the momentum is conserved if V(x) = Cy with Cy a constant.

Proof. The proof is a slight generalization of the one shown in [14,33]. To be more
specific, differentiating (5.1.7) with respect to ¢, recalling (2.4.1) and integrating by

parts using the result that i) decays to 0 exponentially as |x| — oo, we have

Pt) =i [ [6iV0 -0V dx = [ (i) Ve + ity VY] dx

:/Rd

where c.c. denotes the complex conjugate of the first part in the integral. A simple

(5 V40 + VD + BloPd — 0V POITY + cc.| dx,

computation implies that

[ [-0VP26ve — 69 uPovid) de =5 [ (VIR =0
R4 2 Jrd

while the integral of the remained terms is shown in [14] to be

L5720+ Ve0d 4 B0PaTY + e dx = [ 06TV
and thus we complete the proof. ]

The center of mass is another important quantity to describe the dynamics and

is defined as

xo(t) = /d x| (x,t)2dx, t>0, (5.1.9)
R
and we can get the following lemma describing the motion of x.,

Lemma 5.1.3. Assume (x,t) is a sufficiently smooth solution of (2.4.1) with
(5.0.1), then we have

%.(t) = ;/R YV — VY] dx,  %(t) = —/Rd (x, PVV (x)dx.  (5.1.10)
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Proof. Analogous to calculation in Lemma 5.1.2, we get

. i -
%(t) = 5 [ [0V - 6V¢] dx = P(),
and then %.(t) follows the result in Lemma 5.1.2. O

Next, we consider the angular momentum expectation defined as

(L) = /R DL dx = Z/R D(yd, — 20, dx, (5.1.11)

and we have the following lemma on the dynamical law of the angular momentum

expectation with a harmonic potential.

Lemma 5.1.4. Assume (x,t) is a sufficiently smooth solution of (2.4.1) with
(5.0.1) and d > 2 and V (x) is a harmonic potential (2.4.2), then we have

d (L)

= /d(vi —y)ryl(x,t)Pdx, >0 (5.1.12)
R
Consequently, the angular momentum expectation is conserved if v, = 7.

Proof. The proof is a generalization of the proof for § = 0 case shown in [14,19,33].
For simplicity, we consider the case d = 2. The case d = 3 can be derived in a

similar way. Differentiate (L,) with respect to ¢, we get

d(L:)
dt
- /Rd

From results in [14,19,33], for the part without §, we have

= z’/Rd [z/?t(y&p — 20,)Y + ¥(yd, — zt:ay)z/zt] dx
(—;V%@ + V()Y + B2 — WWW) (20, — yOu1b) + c.cl dx.

/Rd K_;VQ@D +V(x)Y + 5|¢|2¢> (20 — yOp) + c.c} dx

= /Rd(vi — )yl Pdx.
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For the remained term, i.e. terms containing ¢, we have

/]Rd [_5V2W|2@E($ay¢ - yaxw) - 5V2W\2¢($3y1; - yax&)] dX

- 5/Rd VI - V(8,2 — yo,|u[?) dx

1 22y 1 22 2 Oy lib?
=6 [ |50IVIBER) = Sa.IVIwEE) + Il dx
Rd | 2 2 — 0, |0|?
= 0.
The conclusion follows directly from the above results. m

Comparing with § = 0 case [14,33], we find the § term does not affect the dy-
namical laws of momentum, center-of-mass and the angular momentum expectation.
But the fact that the dynamical laws is unaffected does not mean that the dynamics

of the quantities is unaffected since the wave function 1 depends on the value of 9.

5.2 An analytical solution under a harmonic po-

tential

In this section, we construct an exact solution of the MGPE (2.4.1) with the
external potential to be the harmonic potential (2.4.2) and the initial data to be a
stationary state with its center shifted. This kind of analytical solution is useful in
practice, especially for the validation of numerical schemes. To be more specific, let

¢s(x) be a stationary state of the MGPE (2.4.1) with chemical potential ps, i.e.
1
psds(X) = =5 V26 + V(X)s + BIos"ds = 0V 105, Il =1, (5:2.1)

Then we have the following lemma.

Lemma 5.2.1. Suppose V(x) is given by (2.4.2) and the initial data (5.0.1) is

chosen as

o(X) = Ps(x — xo)ei(ko'x+“0), X € Rd, (5.2.2)



5.2 An analytical solution under a harmonic potential 113

where xg € R4, kg € R? and wy € R are given. Then the solution of (2.4.1) with

(5.2.2) can be expressed as

V(X 1) = ¢dg(x — Xo(t))e Heteik®xFwt) — y e R >0, (5.2.3)
where x.(t) satisfies the second order ODE

X.(t) + Ax.(t) = 0, t>0, (5.2.4)
with the initial data

x.(0) = x0, *.(0) = ko, (5.2.5)

and A is a d x d matriz defined as A = (v2) when d = 1, A = diag(y,v;) when
d =2 and A = diag(v},7;,72) when d = 3. The equations governing k(t) and w(t)

can also be derived as

. k> 1

k(t) = —Ax.(t), w(t) = —‘2’ - 5xCTAxC, t>0, (5.2.6)
respectively, with the initial data

k(O) = ko, CU(O) = Wy-. (527)

Proof. An analogous reasoning for § = 0 case in [14,19,33] is applied here. Differen-
tiating (5.2.3) with respect to ¢ and x respectively, plugging in the MGPE (2.4.1),
changing the variable x — x.(t) — X, and using the fact that ¢, is a stationary state,

we get

— 10X - Vs (x) — (Oik - x + Gyw(t)) ds(x)
[k?

= ik V0,0 + 6,4 (V%) — V(00)6n ().

We can see that the § term does not introduce new terms in this procedure compared
to the traditional GPE, i.e. 6 = 0 case [14,19,33]. As a result, we will get the same

result. The details are omitted here for brevity. O]
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5.3 Finite time blow-up

By the local well-posedness [87,94], we expect a local smooth solution of the
MGPE (2.4.1) for smooth initial data. Below, we show a criteria when a smooth
solution of (2.4.1) develops finite time singularity. We will need the following lemma

on the time evolution of the variance defined as

5a(t):/ Q2l(x, )[2dx, ¢ >0, (5.3.1)

R4
with a being either z, y or z. We have the following lemma regarding the dynamic

of the quantity.

Lemma 5.3.1. Assume (x,t) is a sufficiently smooth solution of (2.4.1) with
(5.0.1), then we have with p = ||?

Su(t) = i /R (0, — PO)dx, 120, (5.3.2)
5u(t) = /R 210002 + (Bp — 2006V (X))p + 20(ap|? + 6|V p|2] dx.  (5.3.3)

Proof. Differentiating (5.3.1) with respect to ¢, applying (2.4.1) and integrating by
parts, we get (5.3.2). (5.3.3) is obtained similarly. O

Theorem 5.3.1. Assume V(x) is smooth and satisfies V(x)d + x - VV(x) > 0
for x € R, For any smooth solution 1¥(x,t) of the MGPE (2.4.1) with (5.0.1), if
Jra |[X2|t0)?dx < 00, § < 0 and d = 2,3, there emists finite time blow-up if one of
the following holds:

(1) E(tho) <0,

(i1) E(tho) = 0 and i fga [x - ($oViho — 1o Veho)] dx < 0,

(i) B(o) > 0 and i o [x- (690 — GoVib)] x < —2/ BTG Il

Proof. Lemma 5.3.1 shows that for the variance 0y (t) = fra |X|2[10(x, t)[2dx, 0y (t) =
i Jpa [x - (VY — V)] dx and

Su(t) = [ [2AVUI = 2fulx- YV (x) + Bl + (d+ 23/ V]u | dx
~2B()d — (d— |V + 28| VIR 2 [ [P0 VV(x) + V(x)d)dx

<2E(¢0)d, t>0.
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Therefore, we get
0x(t) < E(o)t?d + 05 (0)t + 6, (0),  t>0. (5.3.4)

There exists a finite time 0 < 7' < 400 such that 6x(7") < 0 if one of (i), (ii) and

(iii) is satisfied. It means there exists a singularity at or before t = T. ]

It is interesting to see that for § < 0, there exists smooth 1y such that E(¢) < 0
even if § > 0, while the MGPE (2.4.1) with > 0 and § = 0 is globally well-
posed [14]. As a consequence, a HOI term with § < 0 will cause the dynamical

instability of the underlying BEC system.

5.4 A time-splitting pseudospectral method

In this section, I will briefly introduce a numerical method which can be used

for computing the dynamics of the MGPE (2.4.1).

5.4.1 The method

The time splitting procedure was originally proposed for differential equations
in [102] and applied to Schrodinger equations in [69,104]. And recently the method
was studied in [85] for a problem which is slightly more general than the MGPE.
Therefore, there are not many things new in this section. Here, we will just apply
the method in [85] for the specific MGPE problem and do some numerical tests.

For self-consistency of the thesis, an introduction of the time splitting method
will be included here. Consider an abstract initial value problem u : [0,7] — B,
where B is a Banach space, and the dynamics of u(t) is governed by the following
equation,

du(t)
dt

— (A+B)u(t), u(0) € B, (5.4.1)

where A and B are two operators, i.e. the simplest two-step case is considered here.
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Then the solution can be written in the abstract form as
u(t) = e By (0). (5.4.2)

We aim to get approximations of the solution at ¢, = n7, where 7 > 0 is the time
step, and denote it as u”. The time-splitting approximation of (5.4.2) is usually

given as [102,114]

ut = e™em By, Lie-Trotter splitting, (5.4.3)

or

vt = eTA/2eTBeTA/2u”, Strang splitting. (5.4.4)

It is easy to see that the approximation error of Lie-Trotter splitting is of first
order O(7), and the error of Strang splitting is of second order O(7?%) by using
the Taylor expansion. It’s remarkable that the time-splitting method with higher
order accuracy is possible [28,114], but the scheme will be much more complicated.
Therefore, we will choose the Strang splitting for the MGPE problem (2.4.1) due to
its simplicity and relatively high accuracy.

Now we construct a numerical scheme for the MGPE (2.4.1) by using the Strang
splitting method. We may view the MGPE (2.4.1) as a composition of two differ-

ential equations,

¢@¢::—;v%@ (5.4.5)

0 = [V () + Bl — 5V2(|0/2)] v. (5.4.6)

Similar to the GPE case [14,85], a simple computation implies that (5.4.6) preserves
the density function p(x,t) = |1(x,t)[* unchanged. Therefore for t € [t,,t,.1], we
can replace |¢(x,t)| by [(x,t,)|, which will make (5.4.6) to be a linear equation
and thus can be solved exactly and explicitly. Consider the equation from ¢t = t,, to

t,+1, the splitting of the operators is then clear as follows.

0 = (A + B, (5.4.7)
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where A = —3V? and B = V(x) + BlY(x,t,,)|* — 6V (Joo(x, ,)[?).

In space, we may use the sine pseudospectral method because of the Dirichlet
BC we applied to the MGPE (2.4.1). And then (5.4.5) can be solved in a standard
way and we can write out the time splitting sine pseudospectral scheme (TSSP) in
details. For simplicity, only 1D case is considered here. The extension to 2D and
3D is straightforward and omitted here. Here we choose 7 > 0 to be the time step,
a=1xy<x <---<axy=D>are the grid points and " = (Y2, %, ..., % )T is
the numerical solution at ¢t = ¢, with ¢5 = ¢} = 0 and 97 to be the numerical
approximation of ¢(z;,t,). The Strang type time splitting scheme from time ¢ = ¢,

to t = t,41 can be written as

=

-1

2 , -
P = ~ e~ sin(py (¢ — a)), j=0,1,...,N (5.4.8)
=1
%(2) _ e—uwmww;”Ma;x(|w§“\2>>%(1>7 (5.4.9)
1 2 e 4,7(2)
= X e sin(u(; — o), (5.4.10)

where y; = In/(b—a) for I = 1,2,...,N — 1, g@f and 1%2) are coefficients of the
discrete sine transform of ¢ and 1 respectively, and 9 is the pseudospectral
differential operator approximating d,,. One can also exchange the order of the two

operators in the TSSP scheme and will get the results that are almost the same.

5.4.2 Numerical results

In this section, we report numerical results of the TSSP. To test the numerical
errors, we consider the problem in Section 5.2, where an exact solution is applicable.
We will test the second order accuracy in time. To set up the problem, we choose
d = 1 and consider the MGPE (2.4.1) with § = 10, § = 1 and the external potential
to be V(x) = x2/2 for x € (—16,16). Then the problem have the unique positive
ground state ¢,. Take the initial data

U(w,0) = dy(x — wp)e! o), (5.4.11)
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Error h=1 h/2 h/2? h/23
lpns (1) — p(D)]l;, 1.61E-2 243E-4 3.33E-8 <1E-10
lonr(1) = p(1)]lse  1.27E-2 1.69E-4 2.47E-8 <1E-10

Table 5.1: Spatial resolution of the solution at T'= 1 with 7 =1E-5.

with g = 1, kg = 1 and wy = 0. Then Lemma 5.2.1 describes the exact solution we
have.

We solve this problem on [—16, 16] with homogenous Dirichlet BCs. Fig. 5.1
depicts the dynamics from ¢ = 0 to 20, and also the dynamics of the mass (2.4.5),
energy (2.4.6), momentum (5.1.7) and center of mass (5.1.9). From Fig. 5.1, we
can easily see the conservation of the mass and energy. Let ¢ (x,t) be the exact
solution, which is obtained via fine mesh and small time step, and ¢y, ,(z,t) be
the numerical solution by TSSP with mesh size h and time step 7. We denote
pnr(36,8) = [ (6, D2 and p(x, 1) =[x, D).

Firstly, we test the discretization error in space. A sufficiently small time step 7 =
0.0000125 is chosen to make the error in time negligible. Table 5.1 lists the numerical
errors ||¢(-,t) — ¢¥p.(-,t)| at t = 1 for various spatial mesh sizes h. Secondly, we
test the discretization error in time. Now we choose mesh size to be as small as
possible while keeping the scheme to be stable at the same time. The numerical
errors ||(,t) — ¥n- (-, t)]] at t = 1 for different time steps 7 are listed in Table 5.2.

From the table, we can observe that the TSSP method we introduced here is
second order accurate in time and spectral accurate in space. It’s worth mentioning
that the numerical scheme proposed here is far from satisfactory because the scheme
is not stable and can easily blow up. In practice, we can’t choose h too small
and At too large, which restricts us from getting accurate solutions and increases
computational cost significantly. A study of the stability of the scheme can be
referred to [85].

Now we apply the scheme to compute the dynamics of the density function

(z—1)2

1
starting from ¢o(z) = (L)*e™" 2 ~ under the potential V(z) = %2 + 20sin® (Z2).
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Figure 5.1: Dynamics of the density (top) and some quantities (bottom), i.e. the
mass (2.4.5), energy (2.4.6), momentum (5.1.7) and center of mass (5.1.9), starting
from ¢ (z,0) = ¢s(x — 1)e* under the harmonic potential V(z) = 2?/2 with 5 = 10
and 6 = 1. In this case, P(t) = —x.(t).

Error T =bE-3  7/2 T /22 T/23
lons(1) = p(1)||l,, 6ATE-7 1.62E-7 4.05E-8 1.01e-8

rate - 2.00 2.00 2.00
lpnr(1) — p(V)]lo 5.50E-7 1.38E-7 3.44E-8 8.50E-9

rate - 2.00 2.00 2.00

Table 5.2:  Time discretization error of the solution at 7' =1 with h = 1/8.
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We aim to find how the HOI term affects the solution by fixing f = 10 and choosing
0 =0, 0.2, 1, respectively. The numerical results are shown in Fig. 5.2. As shown

in Fig. 5.2, the increase of § will flatten the solution.

5=o0
4 1
3 0.9
0.8
2
0.7
>~ O - 0.5
, -‘“ -
0.3
-2
0.2
-3 0.1
-4 o
(0] 1 2 3 4 5
t
5§ = 0.2

(0] 2 3
t
o =1

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
o

(¢] 3 4 5

1
1 2
t

Figure 5.2: Dynamics of the density starting from ¢ (z,0) = ¢o(x) under the har-
monic potential V (z) = 22/2 + 20 sin*(rx/4) with 8 = 10 and § = 0,0.2, 1.



Chapter

Fundamental Gaps of the GPE

In this Chapter, we consider the fundamental gap of the GPE as stated in section
1.3. The fundamental gap problem originates from the problem of finding a sharp
lower bound to the gap between the first two eigenvalues of a Laplacian operator [37],
and later extended to the Schrodinger operator [100] based on the fundamental work
by Brascamp and Lieb [40,41] proving log-concavity of the ground state. A so-
called gap conjecture for the Schrodinger operator was formulated in the literature
[7,8,100] as follows. Assuming that U is a bounded convex domain and the potential
V(x) € C(U), then

3 2
dp(0)=E, —E;, > L, with Dy := sup |y — z|. (6.0.1)
QDIZJ y,zeU

Recently, by the use of the gradient flow and geometric analysis and assuming that
V(x) € C(U) is convex, Andrews and Clutterbuck proved the gap conjecture [5].
In addition, they showed that if U = R? and the potential V (x) satisfies D*V (x) >
721, for x € R? with v > 0, where I; is the identity matrix in d-dimensions, the
fundamental gap satisfies 05 (0) := Ey — E; > v [5]. In this chapter, we generalize
the problem to the nonlinear Schrodinger equation and study the impact of the
interaction strength on the fundamental gaps under a fixed external potential.

For the GPE (1.2.5), the ground state has been obtained asymptotically in weakly
and strongly interaction regimes, i.e. 0 < 8 < 1 and B > 1, respectively, for several

different trapping potentials [26]. Numerical computations are then performed via

121
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efficient and accurate numerical methods such as the normalized gradient flow via
backward Euler finite difference/Fourier pseudo-spectral discretization [14, 16-18].
One thing worth noticing is that it is possible that the first excited state for the linear
problem, i.e. when § = 0, is not unique. We call such case to be the degenerate
case. Otherwise, we call it the nondegenerate case. For simplicity, we define the

following eigenspace

W, = {¢ ‘ —;Aqb V()6 = Elqb} | (6.0.2)

where Fj is the second smallest eigenvalue of —%A—l—V(X). We denote the dimension
of Wi as dim(W;). Then the degenerate case is equivalent saying that dim(W;) > 1,
and the nondegenerate case corresponds to dim(W;) = 1. As turned out later,
whether dim(W;) > 1 or not will affect the fundamental gap for the nonlinear
problem significantly, and therefore we shall be careful and discuss the two cases

separately.

6.1 On bounded domains

Consider the time-independent GPE

ATV 4 BOP| 6(x) = po(x), x€Q, o=0, (611)

where Q C RY (d = 1,2, 3) is a bounded domain, V(x) is a given weakly convex real

function and the wave function ¢ is normalized via (1.2.6).

6.1.1 Asymptotic results under a box potential

A special problem is studied in this section. Here we take Q = H?:1(07Lj)
satisfying Ly > Ly > --- > Ly > 0 and V(x) = 0 for x € Q in (6.1.1), i.e. we
choose the box potential as the external potential. It is trivial that an equivalent
way to describe the problem is to consider the whole space problem with the external

potential to be the box potential (2.4.3)
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For simplicity, we provide the summarized asymptotic results for the fundamental

gaps here and then show the proof of the statement.

Proposition 6.1.1 (for GPE with a box potential via asymptotic and numerical
methods). When Q = T1}_,(0, L;) satisfying Ly > Ly > --- > Lg (d = 1,2,3)
and V(x) = 0 for x € Q in (6.1.1), we have the following asymptotics for the
fundamental gaps 0p(B3) and 6,(B).
(1) If d=1 ord > 2 with Ly > Lo,

3n2 32
o) = | 20 ) ()= | ") V=P )
o) o), gk 4 & bofl), 531,

where
1 2 (25 241 2 A
Ay= ——, Ai=—|—+- — |, = — —5- 6.1.3
0 ?:1 L] ! Ll <9L1 9]2221 ]> 2 z:: L ( )
(2) If d =2 or 3 with L1 = Ly. When 0 < < 1,
3m? 5clA2 372 5dA2
5E(5) = 202 B (5) 5H(B) = VP B (ﬁ) (6.1.4)

(8) If d = 2 with Ly = Ly. When 3> 1, we have

5(8) = 515 1n(8) + O(1), 6,(8) = 575 (B) + O(1). (6.5

Now we show the proof of the statement. As said before, we need to consider

the degenerate and nondegenerate case separately.
(I) Nondegenerate case, i.e. L; > Ly:

In this scenario, when § = 0, all the eigenfunctions can be obtained via the sine
series [25,26] and dim(VW)) = 1. Thus the ground state ¢)(x) and the first excited
state ¢9(x) can be given explicitly as [25,26] for x € Q

dy(x) = 224 H sin <7TL%> . #h(x) = 2% Agsin (2?1) f[2sin <7Z’> - (6.1.6)

j=1 J 1

Fig. 6.1 indicates how the interaction strength affect the ground state and the first
excited state. Fig. 6.2 shows the energies of the ground state and the excited states

excited in z— or y—direction.
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Figure 6.1: Ground states (left) and first excited states (right) of the GPE in 1D
with a box potential for different f3.
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Figure 6.2: Energy for gbg, gb?z and qbiy in 2D with © = (0,2) x (0,1). The graph
for Ly # Lo case is totally different from that for L; = Ly case, which is shown in

Fig. 6.5.

Lemma 6.1.1. In the weakly repulsive interaction regime, i.e. 0 < < 1, we have

34 A2 3d A2
E (B) = Ay + Qdﬂoﬁ +0(B), py(B) = Ay + 2d°,8 + o(B), (6.1.7)
3 2 3dA2 3 2 3dA2
Br(B) = 5 + Azt g0+ 0(8), pi(B) = 51z + A+ =726+ o(B).
(6.1.8)

Proof. When 0 < § < 1, we can approximate the ground state d)ﬁ (x) and the first
excited state @7 (x) by ¢(x) and ¢?(x), respectively. Thus we have

oy (x) = op(x),  H(x)=dx), xe (6.1.9)

Plugging (6.1.9) into (1.2.11) and (1.2.7), after a detailed computation which is
omitted here for brevity, we can obtain (6.1.7)-(6.1.8) immediately. ]
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Lemma 6.1.2. In the strongly repulsive interaction regime, i.e. 3> 1, we have

Ey(B) = A25 4A0A36 oaz — B, (6.1.10)
1a(B) = AZB + 240 A3 + 243 — Ay +o(1), B> 1, (6.1.11)
By () = Azﬂ 4A0(é3LL11 + 1>6% N 2(A3LLI§+ 1)2 - 8;15 +o(1), (6.1.12)
pi(B) = A58 + 2A0(A2f1 i 1>6% + 2(’43[2; D As 4 o(1), (6.1.13)

where

d
1 1 1
=Y A= Y S A=Ara Y 2 (6114)
j=1"1J

?
1<j<k<d Lij 1<j<d Lle

with 1gg>0y the standard set function, which takes 1 when d > 2 and 0 otherwise.

Proof. When g > 1, the ground and the first excited states can be approximated
by the Thomas-Fermi (TF) approximations and/or uniformly accurate matched ap-
proximations. For d = 1 and Q = (0, L), these approximations have been given

explicitly and verified numerically in the literature [18,20,25,26] as

BLo® (x), 0<z<L, (6.1.15)

do(0) = [P2 6 (@), du(2) ~ 5

B

where
¢v) (x) = tanh (y/fix) + tanh ((L — x)) — tanh (L), 0 <z < L, (6.1.16)
6, (z) = tanh (y/fiz) — tanh (yE(L — 7)) + tanh (VG (L/2 — 2)),
with y, and p; determined from the normalization condition (1.2.6) and tanh (\/EL> ~

1. These results in 1D can be extended to d-dimensions (d = 1,2, 3) for the approx-

imations of the ground and the first excited states as

¢5(x) ~ gbg/IA(x H gbLJ ug x €, (6.1.17)
)~ oMAx) = ’““éﬁ) 6 () TL o0 (), (6.1.15)
j=2

where 14(8) and p1(f) are determined from the normalization condition (1.2.6).
Inserting (6.1.17) and (6.1.18) into (1.3.5) and (1.3.6), after a detailed computation
which is omitted here for brevity, we can obtain (6.1.10)-(6.1.13) immediately. [
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Proof of Proposition 6.1.1 When 0 < < 1, subtracting (6.1.7) from (6.1.8),
noting (1.3.2), we obtain (6.1.2) in this parameter regime. Similarly, when § > 1,
subtracting (6.1.10) and (6.1.11) from (6.1.12) and (6.1.13), respectively, we get
(6.1.2) in this parameter regime. O

Lemma 6.1.1 implies that 6z(5) = E1(8) — E4(B) =~ % and 0,(8) = i (6) —
we(B) =~ % for 0 < f <« 1, which are independent of 5. In order to get the
dependence on [, we need to find more accurate approximations of the ground state
¢5 and ¢f and obtain the following asymptotic of the fundamental gaps. The details

can be referred to [27] and is omitted here for simplicity.

Lemma 6.1.3. When 0 < § < 1, we have

3 3 2
0p(8) = iQ +GUB +0(8%),  6.(8) = s + GPB 4 0(8%),  (6.1.19)
2L% 2L7%
where
64?;2’ ﬁ, d=1,
1 _ Al @ _ 3A4
Ga' =9 gar (TLY+ maazzm) - o0 =4 oo (TL + myaazrmy) - =2
25671.2(0111 _0211) 25671‘2(0111 _0211> d:?)7
with
d 1 A 3 1
= Z ﬁ’ Ok17k27k3 - AO 81 Z k + 92 ]{,’2 + k2 . (6.1.20)
=t = <y L2 + 12 -1

(IT) Degenerate case, i.e. L; = Ly:

In this part, we consider the case d > 2 with Ly = Ly = L. Noticing that the
first excited state for the linear problem, i.e. 8 = 0, is not unique, we need to be
careful to determine the correct form of the first excited state for 5 > 0. One special
type of the excited state, i.e. the vortex-type solution as shown in Fig. 6.3 in 2D
and Fig. 6.4 in 3D, will appear, which makes the scenario for the degenerate case
totally different. Unlike the nondegenerate case, there is a crossing for the energy

of different excited states at § = 0 as shown in Fig. 6.5.
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Figure 6.3: Graph for ground state ¢,(x) (top), vortex solution |¢;,(x)|(2nd), x-

excitated state ¢y ,(x)(4th) and diagonal-excitated state ¢; .(x) (bottom). The 3rd

row is the phase angle graph of the vortex solution.
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Figure 6.4: Isosurface(value=0.1) of solution for ground state ¢4(x) (left), vortex

solution |¢y ,(x)| (middle) and x-excitation solution ¢, ,(x) (right) with 5 = 0 (top)
and # = 100(bottom).
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Figure 6.5: Plot for the ground state energy and different excited states with box
potential in = (0,2)2.

Lemma 6.1.4. For weakly repulsive interaction, i.e. 0 < f < 1, we have

_ 372
- 2L2

32

E1(5) = m

13d
+ Ay + 1—614(2)5 + o(f),
(6.1.21)

+ Ay 4 A8+ o(8), m(5)

where d = 2 or 5.

Proof. For simplicity, we only present the 2D case and the extension to 3D is
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straightforward. Denote

oy (x) = @sin (%) . l(r) = isin (2725”) ,  0<z<L. (6.1.22)

When d = 2 and 8 = 0, it is easy to see that ¢1(x) := ¢J(x1)¢)(22) and p(x) =
dg(x1)P(x2) are two linearly independent first excited states. In order to find an
appropriate approximation of the first excited state when 0 < f < 1, we take an

ansatz

Pap(X) = ad] (1) @g(w2) + bPg(21)0 (w2),  x = (w1,73) €, (6.1.23)

where a,b € C satisfying |a|> + |b|> = 1 which implies ||@as/l2 = 1. Then a and b
will be determined by minimizing E(p.p). Plugging (6.1.23) into (1.3.6), a simple

direct computation implies that

32 843 . 2mxy. . TTo o omxy. . 27z |
E(pap) = YE + As + [/4//[0,L}2 asin( 7 )sm(T) —i—bsm(T) sin( 7 )| dx
3 9p 4 4 5 21712 272 | 272
= o +A2+—8L2(|a| + |0] )+—2L2(4|a| |b]* + a“b” + a”b?)
3 9p 5 272 2792 20712

To minimize F(p,;), we may take a = € cos(f) and b = ¢ sin(6), which guarantees

la|? + |b]> = 1 automatically, and then

32 953 15}
O 2P
orz T2 T g2 T 1612

E(¢as) = sin®(20) (1 — 4 cos(2(€ — 1)),

which is minimized when 6§ = +7/4 and £ —n = £7/2, i.e. a = +ib. By taking
a=1/ V2and b= / V2, we obtain an approximation of the first excited state when

0< k1 as
B ~ V2 0 0 : 10 0 O
$1(x) & - (01(21)¢(22) +igg(21)d1(22)),  x €. (6.1.24)
Substituting (6.1.24) into (1.3.6) and (1.3.5), we get (6.1.21). O

Remark 6.1.1. The degenerate case in 3D in weak interaction regime can be com-

puted similarly. If Ly = Ly > Ls, since dim(Wy) = 2, the first excited state



6.1 On bounded domains 130

should be vortex type solution, similar to the 2D case but rotating along a line.
If Ly = Ly = Lg, the problem would be more complicated. But it can be shown that

the first excited state in weak interaction regime is of form

&1 (%) & ad(x1)d0 (w2) ) (25) + bd) (1) (22)0) (w3) + 8% (1) d) (22) B0 (w3),

where x = (11,2, 3) € Q, a,b,c € C satisfying |a|> + b +|c|> = 1,a> + b* + 2 =0
and abc = 0. It implies that the first excited state in this case is also a vortexr type

solution rotating along a line. The details are omitted here for brevity.

Lemma 6.1.5. For the 2D case with strongly repulsive interaction, i.e. d =2 and

5> 1, we have

Ei(8) = 27; + 83%? + 2722 In(3) + o(In(B)), (6.1.25)
() = 24 NPT a8) + o(n(8)) (6.1.26)

T2 Tar
Proof. The whole proof is based on the assumption that the first excited state can be
well approximated by the vortex-type solution as suggested in the proof of Lemma
6.1.4, and the vortex should appear in the middle of the domain and should be small
and radially symmetric. In the region away from the middle of the domain, i.e. the
outer region, the first excited state can be approximated by the uniformly accurate

matched approximations,

67" (x) ~ ’gcb%,itl(xlwii“(m»

where quS;lL(x) is defined in (6.1.16), p; is the chemical potential of the first excited
state. While in the middle of the domain, i.e. the inner region, we take the following

ansatz for the vortex

¢ (x) = f(r)e”, (6.1.27)

where r and 6 are the modulus and argument of (1 —L/2)+i(zo—L/2), respectively.
Substituting (6.1.27) into (7.1.1), we get the equation for f(r)

=510 = g F O+ )+ 85 = mf ) (6.1.28)

2 72
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The density follows by the standard matched asymptotic approximation which com-

bines the solution in the outer region and inner region

168 (x)] ~ \/Z (F(r) + B0, (@)l (e2) — 1). (6.1.29)

To get the approximations to the corresponding energy and chemical potential,
we need to have an explicit form of f(r) in (6.1.29). Unfortunately, the equation
(6.1.28) is difficult to solve analytically. But if we drop the term f” in (6.1.28), the

equation (6.1.28) admits solution

H1 24172
=/ ,/ T+ 20 (6.1.30)

The chemical potential (6.1.26) is then computed by the normalization condition and
the energy (6.1.25) is computed by substituting (6.1.29) and (6.1.30) into (1.3.6).
Though the approximation to f(r) in (6.1.30) introduces some error, a more careful
analysis which considers the error in energy and chemical potential caused by this
inaccuracy via the definitions (1.3.6) and (1.3.5) indicates it is of order o(In(3)).
Therefore, the leading order approximations in (6.1.25), (6.1.26) still hold true. [

Lemma 6.1.4 and Lemma 6.1.5 implies the results for the degenerate case in

Proposition 6.1.1.

6.1.2 Numerical results on bounded domains

In this chapter, we will first show the accuracy tests of our asymptotic results in
Proposition 6.1.1. And then we will do numerical tests for problems with a general

domain and a general external potential.
(I) Accuracy tests for the nondegenerate case:

Fig 6.6 checks the accuracy of the asymptotic approximations of fundamental gaps
for Ly > Ly in 1D, 2D and 3D proposed in Proposition 6.1.1. Our numerical results
suggest that dg(5) and 6,(3) are increasing functions for § > 0, which immediately
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imply that

3 - . 3
0, = ég% 0u(B) = 6,(0) = 202

op = ég% dp(B) > 0r(0) = 2L?

(6.1.31)
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Figure 6.6: Gaps between the ground state and the x;-direction excited state in
energy of the GPE with a box potential in 1D with Q = (0,2) (top), in 2D with
2 =1(0,2) x (0,1) (middle), and in 3D with Q = (0,2) x (0,1) x (0,1) (bottom).

(IT) Accuracy tests for the degenerate case:

Fig 6.7 checks the accuracy of the asymptotic approximations of fundamental gaps
for Ly = Lo in 2D and 3D proposed in Proposition 6.1.1. Our numerical results

suggest that the approximations (6.1.4) provide a lower bound of the exact result
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for the 2D problem, and thus combining the approximations will give us a uniform

lower bound as follows,

5% = inf 6p(B) > ”2 5o 'f5(@)>3”2 (6.1.32)
= 1nf 0g > — = 1n > —. 1.
B g0 2L’ b g0 ! 8L2
5 T
—asymptotic 1
2 a4 6 ° °
20 1 0.00 20.00 5 30.00 40.00 5000
15 T T T T T
14.5¢ —
j:]\ui o numerical
1 > o ——asymptotic —
14+ 2_° o
13.5F¢ ° 7
=, sl 18 -
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1150 ° ° ° A
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3

Figure 6.7: Plot for the fundamental gap under a box potential in 2D with Q = (0, 2)?
and in 3D with Q = (0,1)3.

(IIT) Numerical tests for general cases:

We remark that for a general bounded domain €2 and/or V(x) # 0, we cannot
get asymptotic results on the fundamental gaps, but can always find the fundamen-
tal gaps numerically. If Q and V(x) are symmetric with respect to the axis, then
we compute numerically the ground and first excited states and their corresponding
energy and chemical potential as well as the fundamental gaps by using the nor-
malized gradient flow via backward Euler finite difference discretization [14,16-18].
Discretization in space can be performed using the finite element method instead of

finite difference or spectral method for the normalized gradient flow to compute the
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ground and first excited states [29]. For external potentials which are arbitrarily
chosen, we do not have any symmetric property of the first excited state. It implies
that the normalized gradient flow method is not applicable in this case for comput-
ing the first excited state. One way to compute the first excited state is to directly
find the critical point of the energy functional with a proper initial guess with the
help of the continuity technique [29], i.e. using the first excited state for a small

as an initial guess for computing the first excited state for a larger 5.

saf

Figure 6.8: Ground states (left) and first excited states (right) of the GPE in 1D
with V(z) = 10(z — 1)? (dot line) and 2 = (0,2) for different /3.
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Figure 6.9: Fundamental gaps in energy (left) and chemical potential (right) of the
GPE in 1D with V(z) = Vo(z — 1)? for different Vj, and 3.

We first report numerical results of the GPE in 1D, i.e. d =1 and Q = (0,2).
Figure 6.8 plots ground states and first excited states with V(z) = 10(z — 1)?
for different (’s, and Figure 6.9 depicts fundamental gaps in energy and chemical

potential with V(z) = Vy(x — 1)? for different V; and 3. Figure 6.10 shows ground
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states and first excited states with § = 40 for different convex trapping potentials,
and Figure 6.11 lists fundamental gaps in energy and chemical potential for different

f’s and different convex trapping potentials.

0.8}
0.7}

i
0.6t if
=05} ;
<04} 4

Figure 6.10: Ground states (left) and first excited states (right) of the GPE on (0, 2)
with 8 = 40 for different convex potentials: (I) V(z) = 0, (IT) V(z) = 10(z — 1),
(1) V(z) = (x — 1)? + sin(z — 1), (IV) V(z) = 10sin(10(z — 1)).

= 3.9¢

3.7

Figure 6.11: Fundamental gaps in energy (left) and chemical potential (right) of the
GPE on (0,2) for different 8 and different convex potentials: (I) V(z) = (x —1)? +
sin(z — 1), (II) V(z) = (x — 1)?> + cos(z — 1), (II) V(z) = (z — 1)* —x + 1, (IV)
Viz)=(z—1)*—(z—1)3/3.

Next, we report fundamental gaps of the GPE in 1D with non-convex trapping
potentials. Figure 6.12 plots fundamental gaps in energy and chemical of the GPE
with d = 1, Q = (0, 2) for different 5’s and non-convex trapping potentials.

Based on the above numerical results and additional extensive numerical results

not shown here for brevity as well as our asymptotic results in Proposition 6.1.1, we
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Figure 6.12: Fundamental gaps in energy (left) and chemical potential (right) of the
GPE in 1D with ©Q = (0,2) for different § and non-convex trapping potentials: (I)
V(z) = —10z?, and (II) V(z) = 10sin(10(z — 1)).

speculate the Gap Conjecture which will be stated later in Section 6.1.3. In fact,

our numerical results suggest a stronger conjecture for the nondegenerate case as

3r?  4pY? 3m? 2812

5E(/8) Z maX{2D2, 3D’Q’1/2}7 5#(5) Z maX{ﬂ? D’Q|1/2

1. (6.1.33)

where || is the volume of 2. On the other hand, Figure 6.12 suggests that the
gap conjecture (6.1.34) is not true for arbitrary external potentials, e.g. non-convex
trapping potentials.

Finally, we show one numerical test for the degenerate case. We choose V' (x) to
be a box potential defined in a disk Q = D(0,1) = {(z,y) | #* + y* < 1} and check
the fundamental gaps in this case. It is obvious from Fig 6.13 that the fundamental
gap is larger than the lower bound proposed in Gap Conjecture as (6.1.35), which
is T~ 1.234

2D2 ™

6.1.3 A gap conjecture

As indicated from the numerical tests, the asymptotic results proposed in Propo-
sition 6.1.1 are indeed lower bounds of the fundamental gaps in both weak and strong
interaction regimes. Based on the asymptotic results for the special problem con-

sidered in Section 6.1.1, we propose the following gap conjecture.
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Figure 6.13: Plots in the top show ¢J(r) (left) and |¢fv(7")\ (right) under a box
potential defined in Q = D(0,1) = {(z,y) | 2> + y* < 1} but with different 3’s. Plot
in the bottom describes the energy gap dg(5) = E(gbfv) — E(¢D).

Gap Conjecture (for GPE on a bounded domain with homogeneous Dirichlet BC).
Suppose Q) is a conver bounded domain and the external potential V (X) is convex,
we have the following conjectures.

(1) If the first excited state for the linear problem is nondegenerate,

52 inf 6u(8) > S 5% i inf 5.(8) > ST 6.1.34
E'_égo E(ﬂ)-ﬁ? Iz '_érzlo u(ﬁ)—ﬁ’ (6.1.34)

where D := supy ,cq |X — 2| is the diameter of §2.
(2) If d = 2 and the first excited state for the linear problem is degenerate, we have

a non-sharp lower bound as

w2 32

0y = ég%dE(ﬂ) > 0 = infd,(8) >

where D is defined as before.
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6.2 In the whole space

Consider the time-independent GPE in the whole space
1
—5A+ V) + Bl | 6(x) = po(x), xR, (6.2.1)

where V(x) is a given function satisfying D?V (x) > ~2I; with v, > 0 a constant

and the wave function ¢ is normalized via (1.2.6).

6.2.1 Asymptotic results under a harmonic potential

In this section, we take a harmonic potential (2.4.2) with v, >0 (j =1,...,d)
satisfying v, < 75 < -+ < 4. The asymptotic results for the harmonic potential

can be summarized in the following statement.

Proposition 6.2.1 (for GPE with a harmonic potential via asymptotic and numer-
ical methods). When Q = R? (d = 1,2,3) and V(x) = (X}, 723)/2 for x € R
satisfying 0 < 1 < vo < -+ < 74, we have the following asymptotics for the funda-
mental gaps

(1) Ifd=1 ord>2 and vy < 72,

B B
Vl_iﬁ—i_o(ﬁ% 71_705—’_0(6)7 0§B<<17
Sp(B) = i 3,(8) = ! (6.2.2)
2o, +0(1), 2o, +o(1), B> 1,
where
d 7 1 d d
Bo=1ly\5% Bi=52% B=Ilw (6.2.3)
j=1 ¥ 4T j=1 j=1

(2) If d =2 or 3 with v1 = v5. When 0 < 8 < 1,

(4—d)Bo
8

(8) If d = 2 with v, = vo. When > 1,

0 [Ty 4 o) _n [T ey o )
35(8) = [ + o, 69 = [Fm +o R, (629

which implies 0p(B) — 0 and §,(5) = 0 as f — oo.

(4 —d)By

op(B) =~ - 1

B+oB), 0u(B)=n— B+o(B).  (624)




6.2 In the whole space 139

Now we show the proof of the statement. As said before, we need to consider

the degenerate and nondegenerate case separately.
(I) Nondegenerate case, i.e. 73 < 79t

In this scenario, when g = 0, all the eigenfunctions can be obtained via the
Hermite functions [25,26]. Thus the ground state gzﬁg(x) and the first excited state
#?(x) can be given explicitly as [25,26]

2y oy

R PR
A0 =T1(2) e =y I[(2) e, xer’ (620
j=1

J=1

Fig. 6.14 indicates how the interaction strength affect the ground state and the
first excited state. Fig. 6.15 shows the energies of the ground state and the excited

states excited in x— or y—direction.

- 3=0

Do
0.6 A ---B=10
\

—p3 =40

Figure 6.14: Ground states (left) and first excited states (right) of the GPE in 1D
with a harmonic potential V(z) = 2%/2 (dot line) for different f3.

Lemma 6.2.1. In the weakly repulsive interaction regime, i.e. 0 < 8 < 1, we have

Ey(8) = Bi + lzoﬁ +0(8), e(B) = B1+ BoB + o(f), (6.2.7)

Ey(8)=m+ B+ 38306 +o(B), m(B)=mn+ B+ 34306 +o(B). (6.2.8)

Proof. When 0 < § < 1, we can approximate the ground state d)? (x) and the first
excited state @7 (x) by ¢(x) and ¢?(x), respectively. Thus we have

oix) ~ (%), el =d(x), xR (6.2.9)
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Figure 6.15: Energy for gbg, gzﬁix and gbf,y in 2D with 74 = 1,7 = 2. The graph
for 71 # 9 case is totally different from that for v; = 75 case, which is shown in

Fig. 6.18.

Plugging (6.2.9) into (1.3.5) and (1.3.6), after a detailed computation which is omit-
ted here for brevity, we can obtain (6.2.7) and (6.2.8). O

Lemma 6.2.2. In the strongly repulsive interaction regime, i.e. > 1, we have

1 /(d+2)BoB\ 7 2+d
ne(B) ~ 11yt = 3 (W) , E,B)= 4161”? +o(l),  (6.2.10)

()~ ™t = g+ Q% +o(1), E1(B) = E4(B) + Q% +o(l), (6.2.11)

2 2
where
2, d=1,
C, — / ldx = {7 d=2, (6.2.12)
{x]|x|<1}
i, d=3.

Proof. When 8 > 1, the ground and first excited states can be approximated by the
TF approximations and /or uniformly accurate matched asymptotic approximations.
For d =1 and V(z) = 722—:”2, these approximations have been given explicitly and
verified numerically in the literature [18,20,25,26], and the results can be extended

to d dimensions (d = 1,2, 3) as

95 (x) ~ 6" (x) = \/ = _ﬁV(X))+’ x € R, (6.2.13)
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gl(x) + 92( [tanh X)) 1} , gi(x) > 0&z; >0,

¢ (x) ~ oYM (x) = ¢ % + ,/92(x 1+ tanh(z1/g2(x))] ) > 0&zy < 0,
0, otherwise,

(6.2.14)

where (f) := max{f,0}, g1(x) = p4"* —5 ¥20_; 7727 and ga(x) = " —3 327 7ia3,
and ugF and M4 can be obtained via the normalization condition (1.2.6). Inserting
(6.2.13) and (6.2.14) into (1.3.5), after a detailed computation which is omitted here

for brevity, we get approximations of £,(5) and E;(/3), respectively. ]

Proof of Proposition 6.2.1. Subtracting (6.2.7) from (6.2.8) and subtracting
(6.2.10) from (6.2.11), we obtain (6.2.2) in the weak and strong interaction regimes,

respectively.

Remark 6.2.1. When 3 > 1, by performing asymptotic expansion of )™ to the
next order, we can obtain the following asymptotics of the fundamental gaps (details

are omitted here for brevity)

2(d + 2)7 7 ,

0p(8) = \fvl + i 22) (B(’;dﬁ) +o(pT™E),  B>1,  (6.2.15)
2d(d+2) Tz [ Cy \ 7 )

6,(B) = \f% + 0 ( 22) <Bzdﬁ> +o(f#2), g>1. (6.2.16)

(IT) Degenerate case, i.e. 7y = st

In this section, we consider the case d > 2 with v = 75 = 7. Again due to
the non-uniqueness of the first excited states for the linear problem, we need to
be careful to determine the correct form of the first excited state for § > 0. The
vortex-type solution as shown in Fig. 6.16 in 2D and Fig. 6.17 in 3D, will appear,
which makes the scenario for the degenerate case totally different. Like the box
potential case, a crossing for the energy of different excited states at § = 0 occurs
as shown in Fig. 6.18. For simplicity, only the proof for the 2-dimensional problem

is shown in this section.
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Figure 6.16: Solution for ground state ¢4(x) (top), vortex solution |¢; ,(x)|(2nd)
and x-excitation solution ¢; ,(x)(bottom). The 3rd row is the phase angle graph of

the vortex solution.

Lemma 6.2.3. For weakly interaction regime, i.e. 0 < < 1, we have for d > 2

B8 = T+ 254 0(8), m(®) = + 2% 1 0(s), (62.17)

Proof. For simplicity, we only present the 2D case and extension to 3D is straight-

forward. Denote

Do) = (Z)ie_w;’ () = m(z)‘*fgeﬂf, (6.2.18)
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Figure 6.17: Isosurface(value=0.05) of solution for ground state(left), vortex solu-

tion(middle) and x-excitation solution(right) with 5 = 0(top) and 1000(bottom).

12
K
10f b/
—K=p1 . OT P1
8 -
3
=6 L
L
4 _
7 0o 2
O 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Figure 6.18: Plot for the ground state energy and different excited states with

2 2
harmonic potential V(zy,z2) = T2,

When d = 2 and 8 = 0, it is easy to see that ¢1(x) := ¢J(x1)¢)(22) and ps(x) =
¢)(x1)¢)(x2) are two linearly independent orthonormal first excited states. In fact,
Wy = span{p1,¢2}. In order to find an appropriate approximation of the first

excited state when 0 < § < 1, we take an ansatz
Pas(X) = api(x) +bpa(x),  x €R? (6.2.19)

where a,b € C satisfying |a|? + |b|? = 1 implies ||¢ap|l2 = 1. Then a and b can be
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determined by minimizing E(p,;). Plugging (6.2.19) into (1.3.6), we have for 5 >0

E(¢ap) =37+ 7[\61 +0*7 + 2(|al® + [b])*] = 37 + ﬁ (6.2.20)

which is minimized when a® + > = 0, i.e. a = #ib. By taking a = 1/y/2 and
b=1/ V2, we get an approximation of the first excited state as

(@2+22) r2
l(m1+ix2)e_v T = lre_%ew, (6.2.21)

NZS VLS
where (r,0) is the polar coordinate. Substituting (6.2.21) into (1.3.6) and (1.3.5),
we get (6.2.17). O

9 (x) = ¢1,4(x) =

Remark 6.2.2. The degenerate case in 3D in weak interaction regime can be com-
puted in a similar, but much more complicated way. If v1 = v9 = v < 73, then the
problem shares the same property as the 2D degenerate case as the dim(Wp) = 2,
where W1 is defined in (6.0.2). If 1 = vo = 73 = v, then dim(W7) = 3. It can be

shown that, in this case, the first excited state in weak interaction regime is of form

B1 (%) =~ ad)(1)00 (22) 8% (23) + bl (1)) (22)$0(23) + e (21) Py (w2)P) (w3),

where x = (1,12, 13) € Q, a,b,c € C satisfying |a|®>+[b]* +|c|*> = 1,a® +b* +* = 0.
Therefore, one choice of the first excited state is

, (@3 ted+ad) 3
—(x1 + izy)e 2 , x = (21, %9, 73) € R".

NZS
Lemma 6.2.4. For the 2D case with strongly repulsive interaction, i.e. d = 2 and

B> 1, we have

_ gy T 1 _ e Y T 1
E\(B) = E, +2\f51 (6)+O(\/B),u1(ﬁ) 1y +4\f51 (5)+0(\/B), (6.2.22)

where pl " is given in (6.2.10) and BT = 34, TF.

Proof. From Lemma 6.2.3, when 0 < [ < 1, the first excited state needs to be taken
as a vortex-type solution. By assuming that there is no band crossing when g > 0,

the first excited state can be well approximated by the vortex-type solution when
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B> 1 too. Thus when > 1, we approximate the first excited state via a matched
asymptotic approximation.
(i) In the outer region, i.e. |x| > o(1), it is approximated by the TF approxima-

tion as

22
¢P (%) ~ ¢(x) ~ \/W r > o(1), (6.2.23)

where = () is the chemical potential of the first excited state.
(ii) In the inner region near the origin, i.e. |x| < 1, it is approximated by a

vortex solution with winding number m =1 as

0P (x) ~ ¢"(x) = ’gf(r)e”, x| < 1, (6.2.24)

Substituting (6.1.27) into (7.1.1), we get the equation for f(r)

2.2
—;f”o«)—217ﬁf'(7«)+21r2 (1) + 5 f) + i fi ) = mf (). >0, (6:225)

with boundary conditions f(0) = 0. When § > 1, by dropping the terms —%f”(r)

and 72;2 f(r) in (6.2.25) and then solving it analytically with the far field limit

lim, 1 f(r) = 1, we get (6.1.30). Combining the outer and inner approximations
via the matched asymptotic technique, we obtain an asymptotic approximation of
the density of the first excited state as

P2 2T Q=)
! 1+ 2uq7? 203 ’

Substituting (6.2.26) into the normalization condition ||¢7|l, = 1 and (1.3.5), a

r>0. (6.2.26)

detailed computation gives the approximation of the chemical potential and energy

in (6.2.22). The details of the computation are omitted here for brevity. O

Lemma 6.2.3 and Lemma 6.2.4 implies the results for the degenerate case in

Proposition 6.2.1.

6.2.2 Numerical results in the whole space

In this chapter, we will first show the accuracy tests of our asymptotic results in
Proposition 6.2.1. And then we will do numerical tests for problems with a general

domain and a general external potential.
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(I) Accuracy tests for the nondegenerate case:

Fig 6.19 checks the accuracy of the asymptotic approximations of fundamental gaps
for Ly > Ly in 1D, 2D and 3D proposed in Proposition 6.2.1. From Figure 6.19, we
can see that the asymptotic results in Proposition 6.2.1 are very accurate in both
weakly interaction regime, i.e. 0 < # < 1, and strongly repulsive interaction regime,
i.e. 8> 1. In addition, our numerical results suggest that both 6z(5) and 6,(3)

are decreasing functions for § > 0, which immediately imply that

0y = é’%%‘SE(ﬁ) > 0p(o0) > 5 0y = ég%(;“(ﬁ) > §,(00) > - N (6.2.27)

(IT) Accuracy tests for the degenerate case:

Fig 6.20 checks the accuracy of the asymptotic approximations of fundamental gaps
for 71 = 9 in 2D and 3D proposed in Proposition 6.2.1. Our numerical results

suggest approximation (6.2.4) gives a lower bound of ég(8) and 6,(5).
(IIT) Numerical tests for general cases:

Ground and first excited states as well as their corresponding energy and chemical
potentials can be computed numerically for different external potentials. The ground
state can be computed by the normalized gradient flow method [14,16-18]. For
problems with a symmetric convex external potential, the first excited state can
be also obtained numerically by the normalized gradient flow method [14, 16-18];
while for other cases, the first excited state is obtained numerically by finding the
critical point of the energy functional with a proper initial guess with the help of
the continuity technique [29], i.e. using the first excited state for a small § as an
initial guess for computing the first excited state for a larger (.

Again, we first report numerical results of the GPE in 1D, i.e. d = 1. Figure 6.21
plots ground states and first excited states with V' (z) = % + 0.5 cos(z) for different

B’s, and Figure 6.22 depicts fundamental gaps in energy and chemical potential with
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Figure 6.19: Fundamental gaps in energy for the GPE with a harmonic potential

in 1D with 3 = 1 (top), in 2D with 73 = 1 and 7, = 2 (middle), and in 3D with

7 =1 and 7, = 73 = 2 (bottom).
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Figure 6.20: Plot for the fundamental gap with harmonic potential V(z1,z5) =
(2 +22)/2 in 2D (top) and V(z1, xq, z3) = (2% + 23 + 22)/2 in 3D (bottom).

V(z) = % + Vp cos(kx) for different Vp, k and 8. Figure 6.23 shows ground states
and first excited states with 5 = 50 for different trapping potentials, and Figure 6.24
lists fundamental gaps in energy and chemical potential for different 8 and different
trapping potentials.

Based on the above numerical results and additional extensive numerical results
not shown here for brevity as well as our asymptotic results in Proposition 6.2.1, we

speculate the Gap Conjecture which will be stated later in Section 6.2.3.

6.2.3 A gap conjecture

As indicated from the numerical tests, the asymptotic results proposed in Propo-
sition 6.2.1 are indeed lower bounds of the fundamental gaps in both weak and strong
interaction regimes. Based on the asymptotic results for the special problem con-

sidered in Section 6.2.1, we propose the following gap conjecture.

Gap Conjecture (for GPE in R%). Suppose Q = R¢ and the external potential V (x)

satisfies D?V (x) > 721, for x € R® with v, > 0 a constant, we have the following
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Figure 6.21: Ground states (left) and first excited states (right) of the GPE in 1D
with V(z) = %2 + 0.5 cos(z) (dot line) for different .
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Figure 6.22: Fundamental gaps in energy (left) and chemical potential (right) of the

GPE in 1D with V(z) = % + Vp cos(kx) satisfying Vok? = 0.5 for different 3, V; and
k.
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Figure 6.23: Ground states (left) and first excited states (right) of the GPE in
1D with 8 = 50 and (I) V(z) = £, (I) V(z) = & + 8cos(0.25z), (IIT) V(z) =
2 1 0.5sin(z), (IV) V(z) = |z| + 20sin(z).
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conjectures.

(1) If the first excited state for the linear problem is nondegenerate,

o V2 o V2

(2) If d = 2 and the first excited state for the linear problem is degenerate,

5 =l 0p(5) = 0. & = inf 5,(8) = 0. (6.2.29)

6.3 With periodic boundary conditions

Consider the time-independent GPE
1
—SA V) + OGP | 6(x) = polx), x €0, (6.3.1)

where Q = []%_,(0,L;) € R? (d = 1,2,3) is a bounded domain satisfying L, =
max{Lq,...,Lq} > 0, V(x) = 0 for x € Q is a given convex real function and
the wave function ¢ satisfies the periodic BC and is normalized via (1.2.6). When
d = 1, it corresponds to a BEC on a ring [14]; and when d = 2, it corresponds to
a BEC on a torus. In this case, the ground state gbg is defined the same as before
provided that the set S is replaced by S = {¢]||¢]l5 = [ |0(x)[*dx = 1, E(¢) <
00, ¢ is periodic on 090}, and the first excited state QSf is defined similarly.

In this scenario, when g = 0, all the eigenfunctions can be obtained via the
Fourier series [25,26]. Similar to the case when d = 1, we have the following results

for the ground state [25,26].

Lemma 6.3.1. Assume V(x) =0, for all 5 >0 and d = 1,2,3, we have
1 _

9y (%) = dy(x) = Ag = N x € Q, (6.3.2)
A2
Ey(B) =38, n(B) =438, B=0. (6.3.3)

Proof. 1t is easy to see that <Z55 € S. For any ¢ € S, we obtain

1= ol = (f loFax) < [ lol'ax [ 1ax =2 [ |ofax. (63.)
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Thus we have

/Q|gz5|4dx2Agz/QAédx:/Q|¢§(x)|4dX. (6.3.5)

When g > 0, we get

£(@) = [ |319eP + Jlol! | ax= [ [l3altix = E@)). o€ 5. (630)

Therefore, ¢) is the ground state when 3 > 0. Plugging (6.3.2) into (1.2.7) and
(1.2.11) with V(x) = 0, we obtain (6.3.3). O

Lemma 6.3.2. Assume V(x) =0, for all 3 >0 and d =1,2,3, we have

272 272

T D5 )= 2+ At (637

El(ﬁ) L2

Proof. for simplicity, we only present 1D case and extensions to 2D and 3D are
straightforward. When d = 1 and 3 = 0, it is easy to see that ¢, () := /24, cos (27z/L,)
and o(z) 1= v/2Agsin (2r2/L,) are two linearly independent orthonormal first ex-
cited states. In fact, in this case, W1 = span{¢1, p2}. In order to find an appropriate

approximation of the first excited state when 0 < § < 1, we take an ansatz

Pap(X) = ap1(x) +bpa(),  0<w < Ly, (6.3.8)

where a,b € C satisfying |a|* + |b|> = 1 implies ||@qp|l2 = 1. Then a and b can be
determined by minimizing E(p,;). Plugging (6.3.8) into (1.3.6), we have for § > 0

2
e bl b e > 2 D ea)

Epap) =
(SO ,b) L2 2L1

which is minimized when a® + > = 0, i.e. a = #ib. By taking a = 1/y/2 and
b=1i/v/2, we get an approximation of the first excited state as

I&] ~ 40 L i2wx /Ly
1 T ) = =~ . ..
01 (z) = ¢i(x) := Ape 0<z<I (6.3.10)
In fact, noticing [, |¢9(z)[*dz = A2 and (6.3.5), we can prove rigorously that
Bla) = ¢%x) = Aoeﬂm/h, 0<x<lLy, 6.3.11
1 1

for all > 0. Plugging (6.3.11) into (1.3.6) and (1.3.5), we obtain (6.3.7). O
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Remark 6.3.1. The choice of the first excited state may not be unique in the de-
generate case. It is trivial to see that when d = 2 and Ly = Ly = L, we can choose

the first excited state to be ¢ (x,y) = Age®™/L or ¢F (x,y) = Age>™v/L.

To obtain the asymptotics of the fundamental gaps, we subtract (6.3.3) from
(6.3.7) and get the following statement.

Proposition 6.3.1. When Q = [19_,(0, L;) (d = 1,2,3) satisfying L1 = max{Ly,...
and V(x) =0 forx € Qin (6.5.1), i.e. GPE with the periodic boundary condition,

we have

B 22

0p(B) = 6u(B) = VAl (6.3.12)

Based on above asymptotic results and numerical results, a conjecture for the

general case is proposed as follows.

Gap Conjecture (for GPE on a bounded domain with periodic BC). Suppose
the domain Q = T[}_,(0,L;) (d = 1,2,3) satisfies Ly = max{Ly,...,Lq} and the
external potential V (x) is convex, we speculate the following gap conjecture for the

fundamental gaps of the GPE with periodic BC,

o . 272 o . 212
0y = ég%éE(ﬁ) > 6 = inf 6,(8) >

= ﬁ’ 550 ﬁ’ (6313)

where D is the diameter of €.

6.4 With Neumann boundary conditions

Again we consider the time-independent GPE (6.3.1) where Q = []%_,(0, L;)
satisfying L; = max{Ly,...,Ls} > 0, V(x) = 0 for x €  and assume that ¢
satisfies the homogeneous Neumann BC, i.e. On¢|,, = 0 with n the unit outward
normal vector. In this case, the ground state ¢'§ is defined the same as before
provided that the set S is replaced by S = {¢||6]3 := [ |¢(X)|?dx = 1, E(¢) <
00, On®lyo = 0}, and the first excited state ¢ is defined similarly.

aLd}
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6.4.1 Asymptotic results

In this scenario, when § = 0, all the eigenfunctions can be obtained via the
cosine series [25,26]. Similar to Lemma 6.3.1, we have the following results for the

ground state and its corresponding energy and chemical potential.

Lemma 6.4.1. For all § > 0, we have
1 _

P(x) = ¢)(x) = Ay = ————, e, 6.4.1

(%) = 60(x) yrli (6.4.1)
2

8 =28, w() =48 B0 (64.2)

However, for the first excited state, we first consider a special case by taking
) = Qg and distinguish two different cases: (i) nondegenerate case L; > Lo (<

dim(W;) = 1); and (ii) degenerate case L; = Ly and d > 2 (< dim(W;) > 2).

Lemma 6.4.2. (nondegenerate case) Assume d =1 ord > 2 with Ly > Ly, we have

(i) in the weakly repulsive interaction regime, i.e. 0 < <K 1,

2 AQ 2 A2
BL(B) = 5z + 1B+ 0(B). m(B) = 57+ 52+ ol (643

(11) in the strongly repulsive interaction regime, i.e. B > 1,

El(ﬂ)Z/;%f@ 4A061/2+ so(1), m(f) = A36+ 51/2+ s+o(L). (6:44)

Proof. Here we only present the proof in 1D case and extension to high dimensions
is similar to that in Lemma 6.1.2. When d = 1 and 8 = 0, the first excited state
can be taken as ¢{(x) = /24 cos(rx/L,) for x € [0, L;]. When 0 < 8 < 1, we can

approximate ¢ (z) by ¢?(z), i.e
¢ (x) = ¢¥(x) = V2Ag cos (mx/Ly) 0<z<L. (6.4.5)
Plugging (6.4.5) into (1.3.6) and (1.3.5) with V(x) = 0, we obtain (6.4.3). When

£ > 1, i.e. in strongly repulsive interaction regime, the first excited state can be

approximated via the matched asymptotic method shown in [25,26] as

B8 (2) ~ BVA () = MgA tanh <\/F<L21 _m)> 0<z<Li (64.6)
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Substituting (6.4.6) into the normalization condition (1.2.6) and (1.3.5), we obtain
(6.4.4). O

Lemma 6.4.3. (degenerate case) Assume d > 2 and Ly = Ly := L, we have

(i) in the weakly repulsive interaction regime, i.e. 0 < f < 1,

m?  BAZ 72 HAZ
Ey(B) =575 + ?05 +o(B8), m(B)= o2 + Toﬂ + o(p); (6.4.7)
(11) in the strongly repulsive interaction regime, i.e. B> 1, and d = 2,

BL(B) = 5oy + 5o n(8) + on()), (8) = Ty + 55 (5) + ofin(5)).
(6.4.8)

Proof. The proof is similar to that for Lemmas 6.1.4&6.1.5 in the box potential case
and thus it is omitted here for brevity. O]

Lemmas 6.4.2&6.4.3 implies the following proposition about the fundamental

gaps.

Proposition 6.4.1. When ) = H?zl(O, L;) (d=1,2,3) satisfying Ly > Ly > --- >
Ly and V(x) =0 forx € Q in (6.5.1), i.e. GPE with the homogeneous Neumann
BC, we have the following asymptotics for the fundamental gaps dg(5) and 6,(5).

(i) if d =1 or Ly > Ly when d > 2, i.e. nondegenerate case,

s AZ s A3
oz + B8+ olb), st BB +o(B),  0<B<,

op(B) = 0u(B) =
S8+ Fr + o(1), Zep+ & +o(1), B> 1
(6.4.9)
(ii) if L1 = Ly := L, i.e. degenerate case, with 0 < f < 1 and d > 2,
w2 Al w2 Al
0p(8) = oz T @5 +o(B), 6.(8) = oz T Zﬁ +o(B). (6.4.10)
For the degenerate case with > 1 and d = 2,
7r T
55(5) = 575 W(8) + o(n(3)), 6u(6) = 35 In(3) + olIn(3)). (6.411)
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Figure 6.25: Ground states (left) and first excited states (right) of the GPE in 1D

with homogeneous Neumann BC for different f3.

6.4.2 Numerical results

In order to verify the asymptotic results on the fundamental gaps in Proposition
6.4.1, we solve the time-independent GPE (6.3.1) numerically by using the normal-
ized gradient flow via backward Euler finite difference discretization [14,16-18] to
find the ground and first excited states and their corresponding energy and chemical
potentials. Figure 6.25 shows the ground and first excited states for different g in
1D, while Figure 6.26 depicts fundamental gaps in energy obtained numerically and
asymptotically in 1D and 2D.

From Figure 6.26, we can see that the asymptotic results in Proposition 6.4.1
for nondegenerate case are very accurate in both weakly interaction regime, i.e.
0 < B < 1, and strongly repulsive interaction regime, i.e. [ > 1, while the
asymptotic results roughly captures the leading order behavior for the degenerate
case. In addition, our numerical results suggest that both dg(8) and §,(5) are

increasing functions for g > 0, which immediately imply that

2 2

> oo 0F = infa.(8) > T (6.4.12)
1

0p = }32% 0r(B) mh = ore

Based on above asymptotic results and numerical results, a conjecture for the general

case is proposed as follows.

Gap Conjecture (for GPE on a bounded domain with homogeneous Neumann

BC). Suppose the domain 2 is a conver bounded domain and the external potential
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Figure 6.26: Fundamental gaps in energy of the GPE for different £’s in 1D with
Q2 = (0,2) (top), in 2D with Q = (0,2) x (0,1) (middle) or 2 = (0,2) x (0,2)

(bottom). The homogeneous Neumann boundary condition is applied.
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V(x) is weakly convezx, we speculate the following gap conjecture for the fundamental
gaps of the GPE with homogeneous Neumann BC,

w2 2

OF = é’rzl% o5(B) 2 B3>0 = 9oD?



Chapter 7

Energy Asymptotics of the NLSE

7.1 The nonlinear Schrédinger equation (NLSE)

In this chapter, we will consider the dimensionless time-independent nonlinear

Schrédinger equation (NLSE) in d-dimensions (d = 3,2, 1) [10,14,21,54,93,103]
1
AV + B0 | 600 = wolx),  xeQCR, (7.1.1)

where ¢ := ¢(x) is the wave function (or eigenfunction) normalized via ||¢]ls = 1,
V(x) is a given real-valued potential, 5 > 0 is a dimensionless constant describing the
repulsive (defocussing) interaction strength, o > 0 represents different nonlinearities,
and the eigenvalue (or chemical potential in physics literature) pu := p(¢) is defined
as [10, 14, 54, 93]

o
c+1

p(6) = B() + 2= [ o)+ (7.1:2)

with the energy E := E(¢) defined as [14,103]

B6) = | :

1 2 2
SIVOGIE +V(le0o + ——

|6(x)*72| dx. (7.1.3)

Again, if Q is bounded, the homogeneous Dirichlet BC, i.e. ¢(x)|aq = 0, needs to
be imposed. Thus, the time-independent NLSE (7.1.1) is a nonlinear eigenvalue
problem under the constraint ||¢||; = 1. It is a mean field model arising from Bose-

Einstein condensates (BECs) [4, 10, 54, 76], nonlinear optics [50], and some other

159
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applications [1,93,103] that can be obtained from the Schrodinger equation (1.1.3)
via the Hartree ansatz and mean field approximation [14,45,79,93]. When g = 0
or o = 0, it collapses to the time-independent linear Schrodinger equation. When
o = 1, the nonlinearity is cubic and it is usually known as the Gross-Pitaevskii
equation (GPE) [10,54,55,93]. When o = 2, the nonlinearity is quintic and it is
used to model the Tonks-Girardeau (TG) gas in BEC [65,77,79,107].

The ground state of the NLSE (7.1.1) is usually defined as the minimizer of the

non-convex minimization problem (or constrained minimization problem) [10,14,54,

76]

¢, = argmin E(¢), (7.1.4)
peS

where S = {¢|||¢]|3 := [o|o(x)]?dx = 1, E(¢) < 00, ¢lsq = 0 if Q is bounded}.
Similar to the case when o = 1 [14,80,112], we have the following theorem concerning

the existence and uniqueness of the ground state [97].

Theorem 7.1.1. (Ezistence and uniqueness) Suppose V(x) > 0 satisfies the confin-

ing condition, i.e. ‘1|im V(x) = +oo, where x € RY, then there exists a minimizer
X|—00

€ S if one of the following conditions holds

Pg f f g

(i) B €R for0 < do < 2,

(ii) B > —"TDCy(d, o) when do = 2,

(i1i) >0 for do > 2,

where Cy(d, o) := info e (ra ||Vf||d||o}‘uj;‘(‘,2:2<27d>a. Furthermore, when > 0, o > 0,

2042

the ground state can be chosen as nonnegative |¢,|, and ¢, = €?|¢,| for some con-
stant 6 € R. For o > 0 and 8 > 0, the nonnegative ground state is unique.

In contrast, there exists no ground state if one of the following conditions holds
(i) B < T Cy(d, o) when do = 2;

(i) <0 for do > 2.

Thus, from now on, we consider f > 0 and ¢ > 0 and refer to the ground

state as the nonnegative one. It is easy to see that the ground state ¢, satisfies the
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time-independent NLSE (7.1.1) and the normalization constraint. Hence it is an

eigenfunction (or stationary state) of (7.1.1) with the least energy.

7.2 Asymptotic results under a box potential

In this section, we take Q = ]7_,(0, L;) with L; > 0 for j = 1,...,d, V(x) =0
for x € © in the NLSE (7.1.1) with the homogeneous Dirichlet BC, i.e. the NLSE
with a box potential. We denote the ground state as ¢ (x), obtained from (7.1.4),
for any given > 0 and ¢ > 0, and the corresponding energy and chemical potential
are denoted as Ey(3,0) = E(¢2°) and py(83,0) = p(¢37), respectively. For o = 0,
it collapses to the linear Schrédinger equation and the ground state ¢2%(x) = ¢ (x)

with ¢)(x) given in (6.1.6). Thus from now on, we assume o > 0.

7.2.1 Approximations with a fixed nonlinearity o

When 0 < g <« 1, i.e. weakly repulsive interaction regime, we can approximate

the ground state ¢7(x) by ¢J(x) given in (6.1.6). Thus we have,

Lemma 7.2.1. When 0 < 8 < 1, i.e. weakly repulsive interaction regime, the

ground state (bg"’ can be approximated as

d d T ; —
(bg,a(x) ~ ¢2<X) = 25140 H sin ([/j> s X € Q, (721)
J

j=1
and the corresponding energy and chemical potential can be approximated as
) 4375 [T + T
(0+1)m? | I'(o+2)
(

)

Eg<ﬁ, O') = A2 + o
2d (0+1) A%ﬁ ( )F %)
R

]+¢m, (7.2.2)

Ho(B,0) = A+ ———3 ) ]+dm, 0<B<1.
(7.2.3)

Proof. Plugging (7.2.1) into (1.3.6) with V(x) = 0, we get

1
E,(8,0) = B(03") ~ E@) = [ [519e60 + L1000 P72 ax. (7.2
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Substituting (7.2.1) into (7.2.4) and noting (6.1.3), we can obtain (7.2.2) after per-
forming a detailed computation, which is omitted here for brevity. Similarly, we can

obtain (7.2.2) via (1.3.5) and (7.2.1). O

When > 1, i.e. strongly repulsive interaction regime, the simplest approxi-
mation of the ground state is via the Thomas-Fermi (TF) approximation. Then we

have,

Lemma 7.2.2. When 8 > 1, i.e. strongly repulsive interaction regime, the TF

approximation of the ground state can be given as
6p7(x) m gyt (x) = Ay, x€Q, (7.2.5)

and the corresponding energy and chemical potential can be approrimated as
Az
o+1

Ey(B,0) = E]" = B, pg(B,0) = pl" =AYS8, B>1 (7.2.6)

Proof. Dropping the diffusion term in (7.1.1) with V(x) = 0, we get

By 04 (X) = Blog (x)[70," (%),  xe€Q. (7.2.7)

Solving the above equation, we get

/’LTF i
¢y (x) = (%) . xeq. (7.2.8)

Plugging it into the normalization condition, we get the second equation in (7.2.6)
and thus, we can obtain the TF approximation (7.2.5). Inserting (7.2.5) into (1.3.6)
with V(x) = 0, we obtain the first equation in (7.2.6). O

Note that the TF approximation (7.2.5) does not satisfy the homogeneous Dirich-
let BC. Therefore, the approximation is not uniformly accurate. In fact, there exists
a boundary layer along 0f2 in the ground state when > 1. Similar to the case of
o =1 [25,26], by using the matched asymptotic expansion method, we can obtain

an approximate ground state which is uniformly accurate when g > 1.
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Lemma 7.2.3. When 8> 1, i.e. strongly repulsive interaction regime, a uniformly

accurate ground state approximation can be given as

37 (x) ~ ¢y (x)

—5 (Liy/my™) ], (7.2.9)

where o, (Lj ué‘“‘) ~ 1 and p)'* ~ py(B,0) = O(B) is the approzimate chemical
potential determined by the normalization condition ||¢|la = 1 and ¢, (x) satisfies

the problem

1. n

po(z) = —305(x) + 37 (x),  0<z<+oo,
(7.2.10)

©s(0) =0, xgr_{loo po(x) = 1.
Proof. For the simplicity of notation, we only prove it in 1D here. Extension to
higher dimensions can be done via dimension-by-dimension. When d = 1, there are

two boundary layers in the ground state at x; = 0 and x; = L, respectively. Near

z1 = 0, we introduce the new variables

1

b )2”¢(x1), o >0, (7.2.11)

1g(B, )
Substituting (7.2.11) into (7.1.1) with d = 1, Q@ = (0, L;) and V(x) = 0 and then

b= ah(B.a) o) = (

removing all | we get (7.2.10). After obtaining the solution of (7.2.10), an inner
approximation of the ground state near x; = 0 is given as

(1) <ug<§,0>>% oo (tig(B ),  0<m <l (72.12)

Similarly, we can get the inner approximation of the ground state near z; = L, as

70- %
0,7 (s) = (“g(g )> eo (5Vhg(8,0)). 0<s=Li—a <1 (1.2.13)
Combining (7.2.12), (7.2.13) and the outer TF approximation (7.2.5), using the
matched asymptotic expansion method via denoting p;FF and f4(3,0) by ,ulgVIA, we

can obtain (7.2.9). O
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When o = 1, i.e. GPE, the solution of (7.2.10) is given as ¢;(x) = tanh(z) for

x >0 [25,26]. For 0 < o # 1, in general, the problem (7.2.10) cannot be solved

explicitly. But a mathematical analysis of ¢, (z) can be done as follows to get some
properties of it. Multiplying (7.2.10) by ¢/ (x), we get

1 1 1

/ 2\/ - !
5 (P2(x)) = 1 (5 (2)°) + % 12 (w27 2(x)) x> 0. (7.2.14)
Therefore, we have
1 1
ea(@) = =5 (@@ + — e @) + O 220, (7.2.15)

where C' is the integrating constant. When x — +o00, we have ¢,(z) — 1 and

¢, (r) = 0. So we get C' = ;7. Letting x = 0 in (7.2.15), we get

20
o+ 1’

©,(0) =

o> 0. (7.2.16)

For ¢ > 0, by using the maximum principle, we have 0 < ¢, (z) < 1 for z > 0.

20+1
o

When o — oo, we have 27t (z) — 0 for > 0. Therefore, when 0 — oo, noting

(7.2.16), the problem (7.2.10) converges to the following linear problem:

1 n

Yoo(x) = 5(,000(3:), x>0,

pe(0) =0, @ (0) = V2.

(7.2.17)

Solving this problem, we obtain (7.2.18) immediately. OJ

To illustrate the solution ¢, (z) of (7.2.10), Figure 7.1 plots ¢, (x) obtained nu-
merically for different . From this figure, we can see that: (i) For any o > 0, ¢, (2)
is a monotonically increasing function. (ii) When ¢ — +o00, ¢, (x) converges to
Yoo () uniformly for z > 0 (cf. Figure 7.1).

The results for ¢,(z) can be formulated as the following lemma.

Lemma 7.2.4. For any o > 0, the solution ¢, (x) of (7.2.10) is a strictly increasing

20

77 In addition, when o — +o0, we

function for x > 0 and satisfies ¢/ (0) =
have
sin(v2z), 0<z< %,

0o () = Yoo(x) = (7.2.18)
1, > Vor
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Figure 7.1: Plots of the solution ¢,(x) of the problem (7.2.10) for o = 1,3, 10, 00
(with the order from right to left).

Combining Lemmas 7.2.3 and 7.2.4, we get the width of the boundary layers in
the ground state of the NLSE in strongly repulsive interaction regime, i.e. 5> 1,
is of order O (ﬁ) for any o > 0, which is the same as in the GPE case [25,26].

Figure 7.2 shows the relative error of the energy approximation of the ground

state, i.e. e(f) = %ﬁ when o = 2 for different § > 0 in both weak and

strong interaction regimes.

0.02 -
0.2°
(o]
0.015
5 50.15 ©
] ° | o
(&) [0
z 001 2 °
5 5 0.1 o R
[} (o) o
o o o ° 4
0.005 0.05 %0 o,
o]
0! 0
0 0.5 1 5 1.5 2 2000 4000 [36000 8000 10000

Figure 7.2: Relative errors of the energy approximation of the ground state for the
NLSE with L = 1 and ¢ = 2 in 1D with the box potential in the weak (left) and

strong (right) interaction regimes.
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7.2.2 Approximations when o — oo

Here we assume 8 > 0 is a given constant and we shall study the limit of the
ground state (bfj*" when ¢ — oo. For the simplicity of notation, we will only consider
the NLSE in 1D, i.e. d = 1 on a bounded domain 2 = (0, L) with L > 0 a fixed

constant. Then we have

Lemma 7.2.5. For any given > 0, when 0 — oo, we have

(1) if 0 < L < 1, the ground state converges to the TF approximation

¢ (x) = o) (x) = \/13 0<z<lL, (7.2.19)

A B
po(B,0) = pog =00, Ey(Bi0) = CES Tz it (7.2.20)

(i1) if L > 2, the ground state converges to the linear approrimation

0y (x) = dy() = \/gsin (7) ,  0<z<L (7.2.21)
N 72 2B (2\° HT(L)

Ho(B,0) ~ 505 + — <L> [ E + 3 (5 ] L2’ (7.2.22)
o 268 (2\° Hr(d) =

EgBo)~ 5 + (c+D)m (L) l r(a+2)2 ] ar (7.2.23)

(111) if 1 < L < 2, the ground state converges to

sm(2<L 1)), 0<z<L-1,
¢ (1) = ¢ (x) = { 1, L-1<z<I, (7.2.24)
sin(”gL(zrf;)Z)), l<z <L,
w2 z 2
= 57 1\ — S 7.2.25
,Mg(ﬁ,(f) 8([/—1)27 9(570) 8<L—].) ( )
Proof. For any given > 0, when ¢ > 1, note that
0, la| <1,
=<1, a=1, (7.2.26)

400, a>1.
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Thus, to find the limit of ¢5"’ (x) when o — oo, the main idea is to determine which
term on the left hand side of (7.1.1) is negligible when o >> 1. In the region where
|¢p(x)| < 1, the nonlinear term can be dropped and we get the linear approximation,
whose solution is the sine function. In the region where |¢(z)| > 1, the diffusion
term can be dropped and we get the TF approximation, whose solution is a constant.
Therefore, there are three possible cases concerning the limit ¢J7(z) — ¢**P(x) for
0 < x < L when 0 — +o00: (i) [¢*PP(z)| > 1 for all x € (0, L), (ii) [¢p*PP(z)] < 1
for all x € (0,L), and (iii) there exists 0 < x. < L/2 such that |¢**?(x)| > 1 for
x € [z, L — z.] and |¢*PP(z)| < 1 otherwise.

(i) When 0 < L < 1, the TF approximation suggests that ¢**P(z) = \/1/7[/ >1
for 0 < x < L. Note that the requirement that . <1£1£ . ¢*PP(z) > 1 implies that L < 1.
Therefore, we get the necessary and sufficient condition about L for (7.2.19) to be
true.

(ii) When L > 2, the linear approximation suggests that ¢**P(z) = 2 sin (%) <1
for 0 < < L. Note that the requirement that sup ¢*"P(x) < 1implies that L > 2.
Therefore, we get the necessary and sufficient Oc<ogclr1<dLition about L for (7.2.21) to be
true.

(iii) When 1 < L < 2, we may expect neither the linear approximation nor the
TF approximation is valid for 0 < = < L. Instead, a combination of the linear
approximation and TF approximation should be used. To be more specific, for any
fixed 0 > 0, when  >> 1, there exists a constant x7 such that when x € (0,27) or
x € [L—2x7, L], the linear approximation is used; and when x € [27, L — 27, the TF
approximation which is a constant, should be used. For x € [29, L — x7], assuming
that ¢7(r) = A, with A, > 0 is a constant to be determined, the approximate
solution in (0,27) must be ¢7(x) = A, sin (2’;—%’,) in order to make the combined
solution to be C! continuous. Now we need to determine the value of A, and z9.

By the normalization condition, we get

1_ % o 2 _ e o 2 % o 2 _ 12 é_xig
= [ Vog@Pde = [ jog@Pde - [ log ()P = 43 (5 -5

. )(7.2.27)
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Thus, we have

1
Ay = (7.2.28)

VL — 7
In [0, 27), dropping the nonlinear term in (7.1.1) and substituting the approximate

solution into it, we get

2

m
= 7.2.29
Mg 8(£Eg)2 ( )

In [z7, L — x7], dropping the diffusion term in (7.1.1), we get
g = BAZ. (7.2.30)

Combining (7.2.29) and (7.2.30), we obtain
2 1/o

A2 = W) . 7.2.31
= (st 7230

Inserting (7.2.28) into (7.2.31), we have

(SBET;)?) L —lxg' (7.2.32)

Letting 0 — oo and assuming 27 — z. and A, — A, we have 1 =

—L_lmc, which
implies that z. = L — 1 and we get A = 1 via (7.2.28) when ¢ — co. Thus we get
(7.2.24) when 0 — 00. py(f,00) can be computed from (7.2.29) and E,(8,00) is

from definition (1.3.6),

L 1 ﬁ
S B B,0 2 B,0|20+2
Ey(.o0) = Jim [ |5IV6pe P+ S lope e an

However, direct computation by using (7.2.24) may be unreasonable because we
cannot get the limit of le—l |¢§’”|20+2dx. In fact, to get E (3, 00), we only need the

upper limit of [}, 9272 2dx is bounded, which is true because

1 2
0<li B 1204200 < =
<limsupf | |67 z < lim py(5,0) S —1)2
It follows that limg_,o fOL %H|¢§’U|20+2dx =0 and
: L1 B,012 L1 B,0012 7T2
Eg(ﬁ,OO) = ah—>Igo ) §|V¢g’ | dx %/0 §‘V¢g’ | dr = m
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Figure 7.3: Ground states of the NLSE in 1D with § = 1 and the box potential for

different 0 and L = 0.9 < 1 (upper left), 1 < L = 1.5 < 2 (upper right) and L = 2.0
(bottom).
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In order to check our asymptotic results in Lemma 7.2.5, we solve the time-
independent NLSE (7.1.1) numerically by using the normalized gradient flow via
backward Euler finite difference discretization [14,16-18] to find the ground states
and their corresponding energy and chemical potentials. Figure 7.3 plots the ground
states with § = 1 for different ¢ and L, and Figure 7.4 depicts the ground state
energy with 8 =1 and L = 1.2 for different o.

6.5
o S °©
6 o -1
=}
=}
5.5 -1
=
= (=]
c3
i
5 .
© Numerical
—— Asymptotic
4.5 1
a L L
(o] 640 1280

Figure 7.4: Ground state energy of the NLSE in 1D with 8 =1, L = 1.2 and the

box potential.

7.3 Asymptotic results under a harmonic poten-

tial

2|x‘2

2

In this section, we take Q@ = R? and V(x) = * with v > 0 a constant in
the NLSE (7.1.1), i.e. the NLSE with a harmonic potential. We denote the ground
state as qbg’"(x), obtained from (7.1.4), for any given § > 0 and ¢ > 0, and the
corresponding energy and chemical potential are denoted as E,(8,0) = E (gbg") and
wy(B,0) = [L(¢§’U), respectively. For o = 0, it collapses to the linear Schrodinger

equation with the ground state given by ¢70(x) = ¢)(x), where ¢)(x) is given in

(6.2.6). Thus from now on, we assume o > 0.
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7.3.1 Approximations with a fixed nonlinearity o

When 0 < 8 < 1, i.e. weakly repulsive interaction regime, we can approximate

the ground state ¢07(x) by ¢)(x) given in (6.2.6). Thus we have,

Lemma 7.3.1. When 0 < 8 < 1, w.e. weakly repulsive interaction regime, the

ground state ¢>§"’ can be approximated as

d L
977 (x) = ¢o(x) =[] (%) Yeo?t, xeRY (7.3.1)
j=1

and the corresponding energy and chemical potential can be approximated as

_d B 7%
Ey(B,0) = o m (;) +0(8), (7.3.2)
d E
fg(B,0) = 77 + (ofl)g (%) +o(B), 0<p<L (7.3.3)

2|x‘2

Proof. Plugging (7.3.1) into (1.3.6) with V(x) = 2

, we get

B,(5.0) = B(6}") ~ B(¢})
= [, IV + VOIS + S lle0P Y dx (T3a)

Substituting (7.3.1) into (7.3.4), after a detailed computation which is omitted here
for brevity, we can obtain (7.3.2). Similarly, we can obtain (7.3.3) via (1.3.5) and
(7.3.1). O

When > 1, i.e. strongly repulsive interaction regime, the simplest approxima-

tion of the ground state is via the TF approximation. Then we have,

Lemma 7.3.2. When 8 > 1, i.e. strongly repulsive interaction regime, the TF

approximation of the ground state can be given as

1
pg ¥ =2 x2/2) 27
<9# , ’)/2|X|2 S QMEF

0, otherwise,

P27 (x) ~ gL 7 (x) = (7.3.5)
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and the corresponding energy and chemical potential can be approximated as

1

L d +
1y(B,7) ~ ¥ = Skl (7:3.6)
T 2o Y))

2+do TF
20+2+d0u9 ’

[SSY
ql=

Ey(B,0) = E;" = B> 1. (7.3.7)

where B(a,b) is the standard beta function and Cy is defined in (6.2.12).

Proof. When (3> 1, we drop the diffusion term in (7.1.1) and obtain
7/

5 0g (X)+Blog" (76,7 (%) = g 6" (%), x €R (7.3.8)

Solving the above equation, we get (7.3.5). Substituting (7.3.5) into the normal-
ization condition, we get (7.3.6) after performing a detailed computation. Plugging

(7.3.5) into (1.3.6), we get

B8 =B = ey MCAl

Ny = 1+ pl A COTRARTES (7.3.9)
Inserting (7.3.5) and (7.3.6) into (7.3.9), we obtain (7.3.7). O

Figure 7.5 depicts the energy asymptotics with o = 2 and v = 3 for different (’s.

7.3.2 Approximations when o — oo

Here we assume 8 > 0 is a given constant and we shall study the limit of the
ground state gbg 7 when 0 — 00. For the simplicity of notation, we will only consider

the NLSE in 1D, i.e. d = 1 with a harmonic potential V(z) =

constant. Then we have

Lemma 7.3.3. For any given > 0, when 0 — oo, we have
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Figure 7.5: Plots of the ground state energy of the NLSE (7.1.1) in 1D under a
harmonic potential with v = 3 and ¢ = 2 (quintic nonlinearity for TG gas) for

different 3’s.

(1) if 0 <~ <, the ground state converges to the linear approzimation

07 (x) ~ py(w) = (Z)4622 z €R, (7.3.10)
ST By LB i L
Eg(ﬂaU)N§+<O_+1)% (;) _>§7 Mg(570)~2+(0+1)% (71') —)2,
(7.3.11)

(i1) if v > 7, the ground state converges to

o(—z), =< -—x,

o7 (1) = ¢ (x) = {1, <1<, (7.3.12)

@(I‘)? x>‘r’77

where p(x) is the unique positive ground state of the following linear eigenvalue

problem with p the corresponding eigenvalue

pp(z) = —Lo"(@) + TZ0p(s), x>,
? ? k (7.3.13)
SO(I’Y) - ]-7 Qol(x’Y) - 07 hm gO(I) = 07

T—+00

with the constant x, > 0 determined by

00 1
v+ [ lp@)da = 3. (73.14)
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Proof. Similar to the proof of Lemma 7.2.5, in order to find the limit of gbg’”(x) when
o — 00, the main idea is to determine which term on the left hand side of (7.1.1)
is negligible when ¢ >> 1. In the region where |¢(x)| < 1, the nonlinear term can
be dropped and we get the linear approximation, whose solution is the Gaussian
function. In the region where |¢(x)| > 1, the diffusion term can be dropped and we
get the TF approximation. Therefore, there are two possible cases about the limit
27 (x) — ¢*P(x) for x € R when o — +o0: (i) [¢**P(x)| < 1 for all z € R, (ii)
there exists a z. > 0 such that |¢*"P(z)| > 1 for x € [—z.,z.] and |¢*PP(x)] < 1

otherwise.

ya?

1
(i) When 0 < v < 7, the linear approximation suggests that ¢**?(z) = (1) tem 2 <

™

1 for € R. Note that the requirement that sup ¢$**?(z) < 1 implies that 0 < v > 7.
Therefore, we get the necessary and sufﬁciefl’iRcondition about «y for (7.3.10) to be
true.

(ii) When v > 7, we may expect neither the linear approximation nor the TF
approximation is valid for z € R. Instead, a combination of the linear approximation
and TF approximation should be used. To be more specific, for any fixed o > 0,
when 5 >> 1, there exists a constant 7 > 0 such that when x € (—o0, 27)U(z7, 00),
the linear approximation is used; and when z € [—27,27], the TF approximation
o(z) = (%%2/2)% which goes to the constant 1 as ¢ — oco. Therefore, we can
simply use the constant function 1 in the case. The constant 7 can be determined
by the normalization condition. Letting 0 — oo and assuming x7 — ., we get

(7.3.12) when ¢ — oo. Plugging (7.3.12) into the normalization condition, we
obtain (7.3.14). O

In order to check our asymptotic results in Lemma 7.3.3, we solve the time-
independent NLSE (7.1.1) numerically by using the normalized gradient flow via
backward Euler finite difference discretization [14,16-18] to find the ground states
and the corresponding energy. Figure 7.6 plots the ground states with § = 1 for
different o and v, Figure 7.7 shows the numerical solution of (7.3.13) while Figure 7.8
depicts the energy asymptotics with g = 1 and 7 = 3 for different o’s. One thing
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corresponding to the different ~’s.
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Figure 7.8: Plots of the ground state energy of the NLSE (7.1.1) in 1D under a

harmonic potential with v = 3 and g = 1 for different nonlinearities, i.e. o’s.

that needs to be pointed out is that we can speculate the solution to (7.3.13) to
have the following properties from Figure 7.7:

7!'$2
(i) z, = 0, and ¢J(z) — ¢} (z) = e~ "2~ when v — T,

(ii) 2, = 0.5 and ¢J(z) = ¢5°(x) = 1 — 1{jz/>05) When v — oc.



Chapter

Conclusions and Future Works

The thesis focuses on the mathematical analysis and numerical simulation for
the modified Gross-Pitaevskii equation (MGPE), as well as the the fundamental
gap problems for the GPE and the ground state asymptotics for the NLSE. The
main work in my thesis is summarized here and my contributions are highlighted as
well.

1. Mathematical theory and numerical computation of the MGPE

Most efforts are devoted to the theory and efficient computation of ground states.
We not only establish the existence, uniqueness and non-existence results of the
MGPE, but also provide a detailed characterization of the ground states under the
box potential or harmonic potential. It is worth noticing that due to the extra
nonlinear HOI term, we need to compare the effects of both nonlinear terms in
the MGPE and therefore the Thomas-Fermi (TF) approximations become more
complicated. The complete and detailed characterizations of the TF approximations
are listed.

For the strongly anisotropic harmonic potential case, we studied the dimension
reduction problem. A significantly different scenario for the 3D to 1D case is discov-
ered, which tells us the HOI term in the MGPE does introduce something nontrivial.
Effective one-(1D) and two-dimensional (2D) models are derived rigourously.

For computing the ground state, we firstly generalized the methods for the GPE
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case to the MGPE case and numerical accuracy tests are performed. And then,
we propose a new method, which minimizes the discrete energy formulated via the
density function. Due to the possible singularity problems, a regularized energy
needs to be considered instead. The convergence of the regularized energy to the
original one is considered and accuracy tests are performed as well. Finally, some
simple dynamical properties of the MGPE are studied.

In future, the MGPE combined with other terms, such as the dipolar term and
the rotation term, may be considered both theoretically and numerically. It is not
clear now whether the HOI term will result in new phenomenons in such cases. I will
also try to improve the performance of the current numerical methods, especially
the scheme for the dynamics. More stable schemes with higher order convergence
and easy implementation need to be designed.

2. Fundamental gap for the GPE

We provide explicitly the asymptotic expressions for the fundamental gaps in
energy and chemical potential of the GPE with repulsive interaction under some
specially chosen box potentials and harmonic potentials. And gap conjectures con-
cerning the effect of the interaction strength on the fundamental gaps are proposed.

One future work is to make the results more rigorously in mathematics since
currently only asymptotic results are shown here while the analytical results are left
far behind. Other future works include studying the fundamental gap problem for
other equations, for example the MGPE and the fractional Schrodinger operator.
Besides, designing efficient, accurate and stable numerical schemes for the ground
state and the first excited state is also a topic to be studied in future.

3. Ground state asymptotics for the NLSE

We study the ground state approximations for the NLSE with box or harmonic
potential for several limiting processes: § — 0 or oo with ¢ > 0 fixed, OR ¢ — o0
with 8 > 0 fixed. The limit process when the power of the nonlinearity goes to oo
is of particular interest, where a bifurcation in the ground states is observed.

One possible future work is to consider the fundamental gap problems for the
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NLSE, which requires me to find more accurate approximations for the ground state
energy and the first excited state energy. Efficient and stable computation for the

ground state and the first excited state is needed as well.
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