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Chapter 1

Introduction

A system made of bosonic particles makes a Bose-Einstein condensate when,
under a critical temperature T, a finite fraction of its particles occupies the
lowest accessible energy state. Since these particles can be described by the
same wave function, they show the same behaviour, which can lead to quan-
tum effects on a macroscopic scale. Bose-Einstein condensation (BEC) was
first theorized by A. Einstein in 1924 [1, 2], however, its experimental real-
ization in atomic gases has come almost a century later. The main problem
that needed to be solved in order to achieve the Bose-Einstein condensa-
tion was the extremely low temperature that needed to be reached for the
condensation to take place, which is of the order of the nK. The develop-
ment of laser cooling techniques has allowed to overcome this problem and
BEC in atomic gases was first observed in 1995 [3]. The fact that the Nobel
Prize was awarded in 2001 to E. A. Cornell, W. Ketterle and C. E. Wieman
”for the achievement of Bose-Einstein condensation in dilute gases of alkali
atoms, and for early fundamental studies of the properties of the conden-
sates” and in 1997 to S. Chu, C. Cohen-Tannoudji and W. D. Phillips ”for
development of methods to cool and trap atoms with laser light” clearly
shows how remarkable such achievements have been.

The development of techniques aimed at confining the atoms has allowed
the creation of systems with easily tunable parameters. In particular, the
combined use of laser beams and magnetic fields in the so called magneto-
optic traps has given the possibility to study condensates in optical lattices
and also in quasi one-dimensional systems.

A fundamental effect in quantum mechanics is the so called quantum
tunneling. It consists in the fact that a particle that does not have enough
energy to classically cross a barrier, can do so. In solid state physics this
phenomenon happens in a Josephson junction, which is formed by two su-
perconductors separated by a thin layer of insulating material. Using a
BEC, a similar system can be realized by inserting a barrier in the potential
trap that contains the atoms, thus making a double well potential, which

)



6 CHAPTER 1. INTRODUCTION

separates the condensate in two parts. In both systems particles can move
from one side of the barrier to the other through quantum tunneling. This
can occur because the wave functions that describe the particles in either
side of the barrier are not completely localized, but have a non-zero overlap.
The Josephson effect was first theorized in 1962 by B.D. Josephson [4], who
predicted the tunneling of Cooper pairs between to superconductors, and
was seen experimentally by P. Anderson a year later [5]. The first obser-
vation of Josephson oscillations in a single Bosonic Josephson junction was
achieved in 2005 by M. Albiez et al. [6].

When ultracold atoms are inside of an optical cavity, the interaction
between light and matter plays a crucial role, even in the dilute gas limit
[14]. As a consequence the atomic and photon degrees of freedom influence
each other. Therefore the description of the atomic motion dynamically
depends on the photon field [15].

In this thesis we study a Bosonic Josephson junction (BJJ) that is in-
side of a optical cavity, following and expanding on the work carried out in
[11]. While previous proposals of similar systems [17, 18, 19, 20, 21| consid-
ered the effect of the cavity photons on the on-site energies of the Bosonic
Josephson junction, in our system, because of its geometry, we also consider
the phenomena arising from cavity assisted boson tunneling.

We will start in the second chapter by describing the components of
the system, i.e. the Bosonic Josephson junction and the cavity and we will
derive a model that describes their interaction. Adopting the semiclassical
approximation, that uses coherent states to describe both the cavity pho-
tons and the bosonic atoms, we will derive a set of equations that describes
the dynamics of the system. In the third chapter we will study some fea-
tures of the dynamics of the system, and we will show how the dynamics
of the Josephson junction is influenced when the photon field is constant.
In particular, using this last approximation, we will show how the cavity
photons can be used to induce a crossover between the different regimes
in which a Josephson junction can be found. This is one of the novelties
presented in this thesis. In the fourth chapter, we will study the system in
a different way, by treating the bosonic atoms in the junction in a purely
quantum manner. This description of the system, which we will call ”half-
semiclassical”, is an original contribution to the topic. We will study the
ground state of the system and see how the presence of the cavity photons
influences it. Some analogies between the results of this chapter and the
previous one will be then pointed out. The last chapter is the conclusion,
where we briefly summarize the main results of the thesis.



Chapter 2

Bosonic Josephson junction
coupled to photons: Model

2.1 Interacting Bose-Einstein condensate

The Bose-Einstein condensate in our system is composed of an atomic gas,
usually made of alkali or alkali-earth atoms, such as 8”Rb or 2*Na, which is
trapped with an external potential and it is cooled to a temperature of the
order of 100 nK. In order for the gas to show a purely quantum behaviour, it
needs to be degenerate. A gas is considered degenerate when the de Broglie
wavelength of its atoms is larger than their mean interparticle distance. If
the gas has density n, the mean interparticle distance is d ~ n~1/3 and the
de Broglie wavelength is A\ = \/27h?/mkpT, where m is the mass of the
atoms, T their temperature and kp is Bolzmann’s constant. The condition
can therefore be written as A > d. When such condition is satisfied the
wave function of the atoms overlap, and they show quantum interference.
The gas we are studying is weakly interacting and can be considered to be
dilute. A gas is weakly interacting when the mean interparticle distance in
much larger than the s-wave scattering length, a, of the atoms: n|a,|? < 1.
This does not mean that the interactions between atoms are weak. The
interaction can be strong as long as the interaction energy of the atoms is
small compared to their kinetic energy.

When such a gas is cooled to a low enough temperature it becomes a
Bose-Einstein condensate. The condensation is a consequence of the sta-
tistical properties of bosons, whose wave functions are symmetric for the
exchange of any two particles.

2.1.1 External potential

Ultracold atomic gases can be cooled and trapped with the combined use of
laser beams and magnetic fields in a so called Magneto-Optical trap [7].

7



8 CHAPTER 2. MODEL

Such a trap is composed of an arrangement of lasers tuned to a frequency
just below the resonant frequency of the atoms. In this system, an atom
headed toward such a beam will see the photons from the laser as having
a frequency closer to the resonance because of the Doppler effect. The
oncoming photons will affect the atom more than those coming from the
opposite direction, so they will tend to slow down the atom and therefore
cool it. Using three pairs of laser beams intersecting in the same point will
result in cooling along three orthogonal axis. This arrangement is called
optical molasses, because atoms moving in any direction will tend to slow
down as if they were in a viscous fluid. A position dependent trapping force
can be provided through a spatially dependent magnetic field. Because of
it, the resonance frequency of the atoms will experience a Zeeman shift and
the interaction of the atoms with the laser photons will result in a spatially
dependent force which constitutes the trapping potential.

Another technique for the trapping of the atoms is the optical dipole
trap that is based on the interaction of the induced electric dipole moment
of the atoms with an external light field. Such kind of traps are used in [§]
to build the same type of confining potential we are considering.

In our system the atoms are confined by a double-well (DW) potential,
Vpw (), along the x direction and we assume that the confinement is tightly
harmonic, with frequency wy, in the (y, z) plane, so that the system can be
considered almost unidimensional. The total external potential V (r) for the
atoms is therefore given by

V() = Vow(a) + gmud s + 2%) (2.1)

where m is the mass of the bosons.

2.1.2 Atomic Hamiltonian

The Bose-Einstein condensate we are studying is formed by bosonic alka-
line or alkaline-earth-metal atoms having an electronic ground state, which
we will label with the subscript g, and an optically accessible excited state,
which we will label with e. The atomic transition frequency w4 is in the opti-
cal range, i.e. w4 ~ 10 Hz. The Hamiltonian that describes the interacting
bosons in the trapping potential can be written as:

. . K2
HA = Z /d?’r \Ijj;.(r)|:— %VQ +V(r) +hCUA 50’,6

o=g,e

%Zggd@g,(r)@o,(r) Uo(r), (22)
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where W, (r) is the bosonic field operator that creates an atom in the state
o at the position r and it satisfies the bosonic commutation relations:

(W (r), U1, (r1)] = 6(r — 11) 35,00
[Wo(r), Wpr(r1)] = 0.

In principle, the trapping potential could depend on the internal state
of the atom, but it will play no role in our considerations.

In our study, atom-atom interaction is modelled by s-wave scattering,
with coupling constants gyg, gee and gge, where g, . = 47rh2a070/ /m. Here
aso is the s-wave scattering length pertaining to collisions between two
atoms in the state o and o', respectively.

Elementary theory of particle scattering

Let us give a brief introduction to the theory of particle scattering with the
sole purpose of explaining why we model the interaction between the atoms
with the s-wave scattering.

When studying the scattering of two distinguishable particles it is con-
venient to use the center of mass coordinates and the relative coordinates.
The center of mass behaves like a free particle and can be described using a
plane wave. The wave function for the relative system ¢, is made up of the
sum of an ingoing wave ;,, described by a plane wave, and of an outgoing
wave pout. If we observe the outgoing wave at a distance much larger than
the interatomic distances, the outgoing wave can be described by a spherical
wave which is modulated by a function f(k):

ikr

. e
Pr = Qin + Pout = e’ + f(k) r’

where f(k) is the scattering amplitude and where we assume that the in-
going wave has a wave number parallel to z. If the interacting potential is
spherically symmetric, the scattering amplitude depends only on the angle
0 between the relative momentum of the atoms before and after the scatter-
ing. The scattering amplitude f(0) is linked to the differential cross section
do /dSY as:

do
o =1re)P

Because of the spherical symmetry of the potential, f(#) can be expanded
using Legendre polynomials:

1 [e.@]
= ok Z 21+ 1)(e2% — 1) P(cos h),
1=0
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where [ is the angular quantum number, §;(k) the scattering phase shift,
and Pj(cos ) is the 1-th Lengendre polynomial. The total cross section is:

o = o / " dcos0) £(9)

4 o0
= kl (21 + 1) sin2(6)).
=0

The calculation of the cross section can be carried out by using some theo-
retical results regarding the relation between §; and k. It can be proven that
for a short-range potential, when k& — 0 then &; ~ k?*!. For a long-range
potential that decays as 7—", when k — 0, then § ~ k2t1if [ < ”T_?’ and
0, ~ k"2 otherwise. Assuming that the potential between the atoms is
Van der Waals-like and it decays as 7%, we see that when k — 0, which is
satisfied for an ultracold Bose gas, all the d; become very small. The largest
contribution to the cross section is given by the s-wave, which is the [ = 0
term of the sum. Given that g ~ k, it can be written as:

0o = —ask
and in the k& — 0 limit:

f(0) = —as.

where a; is the s-wave scattering length and it depends only on the interac-
tion potential. The total cross section is:

o = 4ma?

and it depends only on the scattering length. The scattering length allows
us to model the actual interaction potential with a simpler pseudo-potential
V(r), which describes the interaction between the atoms as:

7 2@
V(r) = Anh Z5(r) (2.3)

m

where m is the mass of the atoms and d(r) is the Dirac delta function.
This potential well describes the short range of the interaction and also its
spherical symmetry. We are justified in using a two-body interaction because
the gas we are studying is dilute. This means that the probability of having
collisions between more than two atoms is negligible.

2.2 Optical cavity

An optical cavity, or optical resonator is an arrangement of optical com-
ponents that allows a light beam circulating inside of it to form standing
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waves. The type of optical cavity used in our system is a Fabry-Pérot res-
onator which is made of two highly reflective parallel mirrors.

In general, given an empty cavity we are interesting in knowing its normal
modes which are defined as the solutions of the Helmholtz equation:

g W
V7 + —<)u(r) =0,
(V2 + 2 u(r)
with appropriate boundary conditions. In general, there is a discrete set of
eigenfrequencies w,, and of orthogonal eigenfunctions u,(r), labelled by an
index n. The electric field inside of the cavity can be expanded in terms of
its normal modes as:

E(r,t) = Z en(t)un(r)e“nt + cc.,

n

where €,(t) are the complex mode amplitudes and c.c is the complex conju-
gate of the same expression. By explicitly writing the term e, we ensure
that €,(t) is a slowly varying amplitude. However, since most cavities are
open because they are not bounded by closed surfaces, the formal definition
of a normal mode is not strictly applicable. Nevertheless, it is customary
to use the term cavity mode, because, after many reflections, additional
reflections have little effect on the distribution of the cavity field.

For on optical cavity formed by plane mirrors located at positions y =
—L/2 and y = L/2, the eigenfrequencies and eigenfunctions are:

nmc

on =
™y
unly) = cos ("7

where u,(y) vanishes at the surfaces and n is a large number. However for
more complicated geometrical configurations, the normal modes cannot be
approximated by plane waves.

In our system the cavity axis is perpendicular to the direction of the
double-well potential and the resonator is operated at the so called T'E Mg
mode [9]. TEM stands for transverse electromagnetic mode, and has neither
electric nor magnetic field in the direction of propagation. Its mode function

1S:
/2 e~ (@+2%)/(20%)
fr) = i3 cos(ky) T2, (2.4)

where k = w¢/c is the wave number of the cavity mode, L is the distance
between the mirrors and o is the width of the Gaussian profile in the (z, 2)
plane.

The Q factor of a resonator is a measure of the strength of the damping
of its oscillations, and the average lifetime of a resonant photon in the cavity
is proportional to the cavity’s Q.
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double well
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Figure 2.1: Illustration of the setup. The bosonic Josephson Junction is created by
magnetic or optical means along the x direction. A Fabry-Pérot cavity is placed around
the junction with an axis orthogonal to the junction. The resonator is operated on the
TEMO() mode.

2.2.1 Cayvity Hamiltonian

In our system, the bosonic Josephson Junction is located inside of a high-Q
optical cavity with a characteristic frequency we which is close to the atomic
transition frequency w4 of the bosonic atoms. The setup is illustrated in
Fig. 2.1.

Moreover, the cavity is pumped through one of its mirrors by a coherent

laser light. The single mode of the radiation inside of the cavity can be
described by the Hamiltonian [14]

He = hweal é — il (a’%ta — ettt ) (2.5)

where n > 0 is the strength of the driving laser, and wy, is its single-mode
frequency.

The first part of the Hamiltonian represents the cavity photons which
have frequency wc.

The second part of the Hamiltonian describes the laser pumping. Its
expression is phenomenological and it models a coherent source of light.
However it can be shown that Hc is the quantum analogue of a driven
harmonic oscillator. Let us show this analogy.

Using the position and momentum operators & and p, the creation and
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annihilation a! and @ operators can be written as:

o We [ 4 ~
- E e
at = We <(j _ iﬁ)

2h wo

By substituting these expressions into the Hamiltonian He we get:

2 A . ‘
R Y R e
W 2h w we
2
= % + 20(1 +V2hwen [q sin(wrt) + — cos(th)}
wco

This Hamiltonian leads to the following Hamilton equations:

. OH 2h
§ = ——=p+4/—mncos(wrt)
Ip we

: oH :
p = o0 = —wiq — \/2hwe 1 sin(wrt)

These equations are equivalent to the second order differential equation:

. w .
G+ wiq +\/2hwen (1 + wL> sin(wrt) =0,
C

which is the equation of a driven harmonic oscillator where the driving force
is sinusoidal with frequency wry,.

2.3 Interaction with the cavity

2.3.1 Atom-light interaction

Since the bosonic Josephson junction is inside of an optical cavity, it is very
important to model the interaction of the bosonic atoms with the radia-
tion. This can be done through the Jaynes-Cummings Hamiltonian, which
describes the interaction of a single two-level atom with a single-mode light
field. We will derive this model and understand under which conditions it
holds.

As it is the case in our system, let us consider a single bosonic atom
which has only two electronic states, a ground state and an excited one and
it is interacting with an electromagnetic field. The interaction of the atom
with the light field can be modelled by using the minimal substitution. The
Hamiltonian of a single atom which interacts with an electromagnetic field
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is:

R 1 . .
H:§E@—MP+UW+HQ+Mﬂ%

1 9 o o q ,. 2 R q 29 At A
= —p“+U +H;,——(p-A+A- +—A+E hw
2mp (") el 2m (P p) 2m . kLK

where p, 7, ¢ and m are the momentum, position, charge and mass of the
atom. A is the vector potential of the field, H,; is the part of the Hamiltonian
that describes the electronic state of the atom, U(7) is a general external
potential that acts on the atom and wy, &L and aj are the frequency and
the creation and annihilation operators for the k-th mode of the quantized

electromagnetic field. From the second line of the previous expression we
find that

: T 5. A+ A5 +-L 42
p-A+A p)—l—2mA

Hint - —%

is the interaction Hamiltonian that we are interested in studying. If we use
the Coulomb gauge V - A = 0, then [P, A] = 0 and we can write:

A~

Hint:* ﬁA+iA2

4

m 2m

Moreover, the A? term is usually very small except for very intense fields,
so it can be neglected. Thus the interaction Hamiltonian is simply:

Hp=—-Lp. A (2.6)
m

At this point it is convenient to quantize the atomic field and write the
atomic Hamiltonian in terms of the field operators. The atomic Hamiltonian
written in the coordinate representation reads:

L 1 ~92 ~ 2 hz 2
Hy = %p + U(T) =+ Hel = —%V + U(’l“) + Hela

where it is not necessary to explicit the form of H.;. The normalized eigen-
functions v;(r) and the eigenvalues E; of H4 satisfy:

Havi(r) = Ejap;(r),

and the corresponding atomic field operators can be written as:

h(r) = Z bjtb;(r)

) = S b,

J
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where I;; and IA)j are the creation and annihilation operators of an atom in

the state j, and they obey bosonic commutation relations [bz, b]] = §;; and
[l;z,l; | = [bj, b;] = 0. The atomic Hamiltonian can be written as:

Hy= /d%w YH At (r ZEb’fb
Using the field operators the interaction Hamiltonian can be written as:
o = [ 1) [~ LA 5] d0)
The quantized vector potential operator A can be written as:

. D
A= zk: Ve [ () + a7 ()|

where wy(r) are the normal modes of the field. After substituting the ex-
pression for A the interaction Hamiltonian becomes:

s = =L 52 8b; [ @ po 5 () + al i 0] )

1,5,k

After renaming:

i = =y [ o) @) 5)v,0)

the interaction Hamiltonian can be written as:

Hint = Z b b (gzykak + gz]kaz>
0.5,k

The expression for g;jx is quite complicated. However, for typical light
sources, with a wavelength much larger than the atomic size (the optical part
of the light spectrum has a wavelength of about 500nm, which is 10* times
larger than the Bohr radius), the form of g;j; can be simplified. Because
of this great difference in length scales, we can assume that the light field
is constant in space for the atom and so we can substitute ug(r) = ug(ro),
where ry are the coordinates of the atom. This is the so called dipole ap-
proximation. Using this approximation and observing that p = %m[f[ A, T]
the term [ d®ripf (r)pi;(r) can be written as:
i

/ Proppvir) = pm(E - B)il))

= %m(Ez‘ — Ej)d;;
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where d_;'j is the dipole moment for the j — ¢ transition and where we used
the ket notation for the eigenvectors of the Hamiltonian. Then we can write:

Yijk = m \ 2weph

S i >
uk(ro)ﬁm(E, — Ej)dij.

We can simplify the model even more if we consider a sigle mode of the light
field and call its frequency w. By calling (Eo — E1) = hwa, where wy is the
atomic transition frequency, we can write:

. 1 R -
9(ro) = —igqy/ 2hweowAu(To) dij

where (rg) can be chosen such that g is real. From now on let us omit the
position dependence of g. The interaction Hamiltonian becomes:

AL A

Hipi = hig [b bo(a + ab) + by (a + af)

Let us now use the so called rotating wave approximation. If we work in the
interaction picture the operators become:

2 iHot/h 73 —iHot/h
(Hint)l = ot/ Hipe™ 70 /La

where H’O = H - I:Imt. In this picture the operators a and I;j transform as:

>

bi(t) = bj(0)e " Fst/n
a(t) = a(0)e ™.

After substituting the values of these operators we can write the interaction
Hamiltonian as:

( Aint)[ = ﬁg[@{l;gde*i(wf‘*w)t + 61]—-[;2&1-672'((0,4*&))1‘/_‘_
i)gi)l&ei(wA_w)t + [A);[;l&fe—i(wfx-&-w)t]

If wa &~ w , which means that the light field is close to the atomic resonance,
the exponential terms in the previous equation oscillate with very different
frequencies. The terms with e /WAt x ¢=2l while the terms e Hwa—w)t
oscillate much slower. For typical optical transitions w4 4w ~ 104 H z while
wa —w < 109Hz. The large difference of the time scales allows us to neglect
the terms that oscillate very fast because, on any appreciable time scale the
oscillations would average to zero. This is the rotating wave approximation.
It can also be pointed out that the terms that we are neglecting with the
rotating wave approximation are those that largely violate energy conserva-
tion. The term IST bod denotes the absorption of a photon and the transition
from the excited state to the ground state This process clearly violates en-
ergy conservation. Similarly, the term bl blaT represents the transition from
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the ground state to the excited state that emits a photon. This process
clearly violates energy conservation as well. The two terms that survive are
51 byal and l;;lgld which represent respectively the transition from the excited
state to the ground state with the emission of a photon and the transition
from the ground state to the excited state with the absorption of a photon.
Therefore, by switching back from the interaction picture, the interaction
Hamiltonian of a single two-level atom with a single-mode electromagnetic
field can be written as:

2.3.2 Interaction Hamiltonian

In our system we can describe the interaction of the atoms with the cav-
ity photons using a variation of the interaction Hamiltonian we just de-
rived. Using bosonic field operators and writing explicitly the parameter g
as g(r) = —ihQr f(r), the Hamiltonian can be written as:

o, = —z‘hQR/d3r F)[aTi(r)¥y(r) —a" Tl(x)T(r)],  (2.7)

where f(r) is the mode function of the cavity, and 2y is called the single-
photon Rabi frequency.

2.4 Complete Hamiltonian

The Hamiltonian that describes the whole system is the sum of the individual
contributions H = H4 + Ho + Hyp, and it can be written as:

2
H = Z /dgr \Ili,(r) [ - ;—mVQ +V(r) + hwa 0g.c
o=g,e

+ 5 S W 1) 1) )+
hwe ' a — ihn <eiwta - e—ithaT)
— ihQR / dr f(r)[aWi(r)Vy(r) — a" ¥l (r)T(r)] (2.8)

2.4.1 Rotating frame

We notice from Eq. (2.8) that the Hamiltonian of the system is time depen-
dent through He. However, it is possible to eliminate the time dependence
of He by switching to a rotating frame with frequency wy,, which allows us
to work with slowly varying variables. The change of frame is performed
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by using a unitary transformation U that acts on any given operator O and
any given state |¢) in the following manner:

O =U0U"
[¢) = Ulo)
where the tilde is used to identify the operators and the states in the new

frame. Let us now see how the Hamiltonian transforms. The Schrédinger
equation in the original frame can be written as:

L d 5
in10) = Hl9)

Let us now insert the identity U'U before the state |¢) and apply U on the
left:

PPN oood farn
UHU'U|p) = Uz’hdt(UTU@)
PN Cod (-
UHU'|p) = tha UT\o)
— anlinma it
= U (U'|p)+U %\@
— an(vdt+ 2L )
dt
Therefore, in the rotating frame, the Schrodinger’s equation
d - L
ih—|¢y = H
i |6) = H|9)

holds when . o .
H=UHU' +ihUU", (2.9)

where the identity UUT +UUT = 0 was used in the last step.
The unitary transformation we use to eliminate the time dependence of
the Hamiltonian is:

U(t) = exp {ith [a*a + / d3r \ifl(r)@e(r)} } (2.10)

The photon creation and annihilation operators @ and a' commute with the
field operators W, (r) and \ﬂ(r) because they act on different Hilbert spaces.
We are then allowed to write the unitary transformation as the product of
two exponentials:

U(t) = U, U, = exp {ith &Td} exp {iwﬁ/cf’r \i/l(r)\i!e(r)},
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A

where U, = exp {ith &Td} and U, = exp {ithfd3r \ifl(r)\lle(r)}, and we
can compute separately the action of the first and second exponential of the
unitary transformation U on the Hamiltonian. It is also worth noticing that
[ d3r \i/i(r)\ife(r) = N,, where N, is the number operator for the atoms in
the excited electronic state.

Let us calculate the transformed Hamiltonian through Eq. (2.9). Let us

start by computing its second part: ihUUT. The derivative of the unitary
operator U is:

U = iwg, [a*a + / dPr @Z(r)\@e(r)} exp {z‘th [a*& + / d3r \ill(r)\ife(r)} }

and
ihUUT = —hwr, [a*a + / d3r @l(r)@e(r)]

Let us now calculate the first term of the transformed Hamiltonian: UHUT.
Since the Hamiltonian of the system is the sum of three parts, H=Hj+
He + Hy, let us apply the unitary transformation to each of them. Let us
start with

He = hweal a — inn (e"%ta - e—mta*> = Hy + H,

where Hy = hweala and Hy = —ilin (¢r'a — e=™rT) . In He we find
only photon annihilation and creation operators. Therefore it is sufficient
to consider only the part of the unitary transformation U that depends on
these operators, Ua, as the part that depends on the atomic field operators,
ﬁe, commutes with ﬁc and gives no contribution. However, 0,1 cominutes
with Hy as well, because they are both functions of afa. This means that:

Hy = U,HoU! = Hy = hwed'a.
The transformed operator of Hy is:
i1y = 0,10 = it (ewmaﬁg _ e—wﬁa&m;).
Now we need to evaluate a = UG&UJ and af = (A]a&T[A],I. We can compute
them by using a special case of the Campbell-Baker-Haussdorf equality:
MM B M _ M,

A~

where A and B are operators that satisfy [A, B] = yB. Since [afa,a] = —a
and [afa,al] = af, we find that:

a = e*tla
al = e wrigh
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We can now compute Hi:

H, = —ihn (é%ta — e twrtgt ) = —iln(a —a')

Therefore the expression for He is:
Ho = hwea'a — ihin(a — al). (2.11)

When applying the unitary transformation to light-matter interaction
part of the Hamiltonian, H;, we need to compute:

H; =UH;U' = —ihQp / d*r f(r)[UaVi(x)V,(r)UT — Ual U] (r) V. (r)TT]

The expression between brackets can be written in a more convenient fash-
ion. After inserting UTU after the photon operators and reordering the
operators we get:

AWl (r)Wy(r) — albf (r) Te(r),

where \ﬂ(r) = ﬁ\ifl(r)fﬂ and W, (r) = UV, (r)U' are the transformed ex-
pressions for the atomic field operators. Using the Campbell-Baker-Haussdorf
equality and the commutation relations [ [ d°r Ui(r)Wo(r), U (r)] = —T.(r)
and [[ d3r Wl(r)W.(r), Ul(r)] = Ul(r), we find that:

(r) = i, (r)

e
fr) = et wi(r).

This means that:
H; = Hj. (2.12)

The last term of the Hamiltonian we need to calculate is the transformed
expression of H 4. We will show that this part of the Hamiltonian commutes
with U, remembering the commutation relations of the atomic field opera-
tors:

[quﬁo(r)] = —1[1(;(1')5@,(;
[Nevél(r)] = 1@;(1‘)56,0,

and the fact that [eA,B] —= 0 if [A,B] = 0. H4 can be separated into its
one-body part, which contains two field operators, and its two-body part,
which contains four field operators. The one-body part that depends on the
ground state field operator is:

/ d*r Ul (r)T(x)Ty(r),
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where T'(r) = —%VQ +V(r)+hwa 0, with 0 = g, and it clearly commutes
with N,. The one-body part that depends on the excited state field operator
is:

/ &Br Ul (r)T(r)V,(r),

and for the sake of clarity let us call it H 41. Let us show that H 41 comimutes
with N, by proving that H 1 N, = N.H 41:

HyuN, = / &r Ul(r)T(r)V,(r)N,

Therefore the one-body part of H, commutes with U. With similar, but
more tedious calculations, it can be shown that the two-body part of H 4
commutes with N, as well. Therefore:

Hy=Hy. (2.13)

At this point we can write the complete Hamiltonian in the rotating
frame by summing all the previous terms:

where the tilde symbol is no longer used. The Hamiltonian is no longer time
dependent. However, the change of frame has another consequence on the
expression of the Hamiltonian: the bare frequencies of the atomic transition
w4, and of the cavity we are substituted by the following detunings: Ay =
wp, —wa and Ac = wy, — we.
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2.5 Heisenberg equations

Now that we have written the Hamiltonian of the whole system we can derive
the Heisenberg equations of the field operators. The Heisenberg equation
for an operator O and Hamiltonian H are:

L 0. o
zhaa—[a,H]

= —hAca+ ihn + ihQR / d*rf(r) ¥l (r)Pe(r), (2.15a)

. . 2
in2 (r) = [Uy(r), H] = [ h—VQ—i-V(r)

ot 7 - 2m
+ 3 g V() Wo(x) | Wy (r) + ihQpf(r)al We(r), (2.15b)
in2 (r) = [W.(r),H] = | — h—QW +V(r) — hA
ot e - e 3 - m A

+ ) 9o UL () Uo(r) | Te(r) — ilQpf(r)aTy(r). (2.15¢c)

In the limit, when the atomic detuning A 4 is much larger than the other
characteristic frequency scales of the system, the population of the excited
state follows adiabatically the ground state. Therefore the excited state
field operator can be adiabatically eliminated. In fact, the field operators
y(r) and @ vary on a much larger time scale than 1/A4, which is the
characteristic time of &e(r). Under these conditions the square bracket in
Eq. (2.15¢) is dominated by the atomic detuning, and the excited state field
operator immediately relaxes to its steady-state value. Therefore we can set
its time derivative to zero and calculate its value as a function of the slow
evolving fields ¢, (r) and a:

W, (r) ~ S/ T, (r). (2.16)
Ay
At this point we can substitute the expression (2.16) into the Heisenberg
equations for ig(r) and a and we get:

02 S
ihdwa = —hAc a + ihn + hA—R& / dPrf2(r) W () Ty (r), (2.17a)
A
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. R s OF o, ot
ihoyWg(r) = —%V —i—V(r)—i—hA—Af (r)a'a

U, (r), (2.17b)

where we have neglected the interaction with excited state atoms, assuming
that the population of the excited state is much smaller than that of the
ground state. At this point we can notice that Equations (2.17) can be
thought as the Heisenberg equations that derive from the following effective
Hamiltonian:

EVQ

H.g = —hAca'a —ilin(a — ab) + / d*r Ui(r) o

1 A N
+V(r) + U aTaf?(r) + = ggg ¥l (r) ¥y (r)

5 T,(r), (2.18)

where Uy = Q%/ A4 has been introduced. As a result of the adiabatic
elimination of the excited state, the atom-photon interaction is represented
by the term AU a'af?(r), which has the form of a new optical potential with
position dependence f2(r) and an effective amplitude Uya'a. When the
atomic transition is red detuned from the pumping (A4 < 0 and therefore
Uy < 0), the atoms are attracted to the intensity maximum of the cavity
field, which effectively lowers the double-well barrier. When the atomic
transition is blue detuned (A4 > 0 and therefore Uy > 0) the atoms are
repelled from the intensity maximum of the cavity field [12]. This effect is
proportional to the photon number a'é and therefore the state of the cavity
influences the parameters of the Josephson junction.

2.6 Two-Mode Hamiltonian

It is convenient to transform the Hamiltonian into a simpler form. In order
for us to do this we take advantage of the properties of the eigenfunctions
of a double well potential, and therefore use a two-mode description of the
system. The Hamiltonian of a double well potential in one dimension is:

If the double well potential is symmetric with respect to x, then the Hamil-
tonian Hpy commutes with with the parity operator P. This means that
the eigenfunctions of the system must be eigenstates of both Hpw and P,
and so they must have a defined parity. By solving the Schrédinger equation
of the system it can be found that the ground state |ps) is symmetric and
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the first excited state |p,) is antisymmetric. From these two eigenstates
it is possible to build local Wannier-like states wq(z) and wa(x), which are
highly localized eigenstates, centered around the minima of the unperturbed
double-well potential Vpy (x). The Wannier states are linear combinations
of the ground and first excited states of the system:

lps) + lpa)
V2
ls) = la)

wy(x) =
wa(x)

We assume that the Wannier states remain unchanged when the cavity field
is turned on. This assumption means that the second excited state of the
double well potential stays away from the low-energy doublet even when a
classical cavity field is present. If Apy is the difference in energy between
the second excited state and the first one, the condition that makes the
assumption hold can be written as: Apy > —Upé2(f?(r)), where £2 is the
average number of photons in the cavity and the average ( f2(r)) is calculated
with respect to the condensate wave function [11].

The atomic field operator can then be approximated as:

) | eGP/
y(r) = (w1(a) b+ wale) ba) —

(2.19)
where 31 and 52 are the bosonic annihilation operators of the Wannier-

like functions centered around the two minima of the double well potential,
W2 +2%) /23
ﬂ'l/QZH

in the (y, z) plane, and Iy = /h/(mwpr) is the characteristic length of the

strong harmonic confinement.

is the lowest energy eigenfunction of the 2D harmonic potential

For the sake of simplicity we can write the atomic field operator as:

Uy (r) = d(x)e(y, 2)

in which we have separated the part of the field operator that depends on
the coordinate z and on the coordinates (y, z).

In order for us to write the two-mode description of the Hamiltonian we
need to substitute the new expression for W,(r) into the effective Hamil-
tonian. The part of the effective Hamiltonian ﬁeff that depends on the
atomic field operator is:

h? . 1 . . .
— %V2 + V(r) + AUy aTaf2(r) + fggg\llj](r)\lig(r) U, (r).

3 &
/dr\IJg(r) 5
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This integral can be divided into three parts:

HT = / d*r ¥l (r)| - hz v2+V() 4(r) (2.20)
H T = / d*r Ul (r) [WUgafaf?(r) |, (r) (2.21)
B = [ U)o U0E,0) | T @2

Let us start by evaluating the first part. Between brackets in H ff 7 we find
the kinetic part of the Hamiltonian and the external potential. The explicit
expression of the external potential is V (r) = Vpw (z) + gmw? (y* +22). We
can separate the terms inside of the brackets in H ff I into its z-dependent
part and (y, z)-dependent part:

and gp R &2 &1
1,yz=—%(7y2+dzz
Let us now integrate H-//. The integral can be written as:
o = [ dedyds [§(0)et.2) (H + Hi]D) dle)o(w.2)]
= [dvdyaz (3 @)ty L oty 2) + 6 @)y, HEYL bl )ty )
= [ [F@niiw] + [ [§ @) [dvds (om0 ot
(2.23)

In the last line we used the fact that ¢(y, z) is normalized. The last term
of the last integral in the y, z variables can be calculated explicitly:

/dydz [ (. 2)Hipl o(y, 2 )} = hwm,

and the integral in the variable z becomes:

/ dz & (2)d(x) = / dr [ (wi@) B+ wi(e) ) (wi(a) by + ws(a) b))

Using the fact that the wi(z) and ws(z) are orthonormal functions we find
that the integral becomes simply:

Z;J{l;l + 8;62 =n] +ng = NA7
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where 3151 = f1 is the number operator of atoms in the left well, 3;132 =Ny

is the number operator of atoms in the right well and Ny is the operator of
the total number of atoms. As for the first integral in Eq. (2.23), we can
write it as:

/dm ¢T Heff b(x )} _
h? d?

/dac (wi (@) B} + wi(a) B { A+ Vow( )] (wr(@) by + ws () b2)

This integral is made of four terms which can be written as:

A r 2
[ded @t @) = b [ douite)|- 525+ Vo) | wi

o o R & 7

+ b;bg/dwa(:c) _ S da? + Vpw (z ) wa ()
. N ‘

+ byby [ dzwi(z) |— _ Ey— ) + Vow (z) | wa(x)

- RO B
+ bgbl/dmw2(a}) _ D + Vow (z) | wi(z).

Now we can rename the integrals:

where ¢ # j. The Wannier functions can be chosen so that J is real and
positive. Since the double well is symmetric, both ¢ and J do not depend
on the ¢ or j index. Therefore the whole integral H lef I can be written as:

ﬁfff = thNA + GINA —J <I;£I;1 + IA)];IA)Q)
= ENA —J (6581 + ZA)];IA?Q) , (2.24)

where € = hwgy + € is the on-site energy of a single well and .J represents
the tunneling amplitude.

Let us now evaluate ﬁ;f I By writing the mode function as the product
of its z-dependent part and its (y, z)-dependent part we can write:

i/ = [dwdyas o) (2 ain @0 0.2)) Hoholy. )|

_ 2o, / i [31(2) fo(2)b ()| / dy dz [y, 2) fy= (0, )y, 2)]

7TL0'2
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where f,(z) = e /7" and fy=(y, 2) = cos*(k y)e=**/7*  The second integral
in the last line can be carried out explicitly:

(e ¥l 4 1)

g€ 71
2 \Jor+ 13

/ dydz [0(y, 2) el )0y, )] =

The complete integral then becomes:

_1.272
(e Fl +1) WU

\J o2+ 1% mLo

The last integral is made of four parts:

gt = o [ @ [f@n@iw]. e

[ [F@n@i@)] = i [ delo@r

Now we can rename:

AU (1 + ¢t ) L
Wy = /dx\wj(:c)|26x lo (2.26)

Lﬂ'a,/l%{ + 02

WUo (1 n e’k%%{) * s
Wiy = dzwi(z) wa(z)e , (2.27)

Lmﬂ/l%{ + 02

where both W and W35 do not depend on the indices %, j because the double
well is symmetric. The parameters Wy and Wiy are the AC-Stark shift and
the cavity assisted tunneling amplitude, respectively [22]. Since the Wannier
functions are highly localized, and the expressions for Wy and Wiy are those
of overlap integrals of these functions, the magnitude of the parameter W
is always larger than that of Wja, therefore |Wia| < |[Wy|. The setup of the
system, in particular the direction of the cavity axis relative to the Josephson
junction, is such that Wy and Wiy can have values close to each other (see
Egs. (2.26), (2.27) and Fig. 2.2). The ratio between Wi2 and Wy depends
on the width o of the TEMgy mode function [11].
Therefore I:IQBf 7 becomes:

f{;ff — NL [W()NA + Wm(i){i)g + i);i)l) , (228)
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1.0

0.8 1

0.6 1

Wiy/W

0.2f 4

0'?).0 0.2 0.4 0.6 0.8 1.0
o (in units of the double well barrier width)

Figure 2.2: The ratio between W12 and Wy as a function of the ratio between the width
of the cavity waist and the width of the double-well barrier. The parameters are chosen in
such a way that the Wannier functions have some small but non-zero overlap (J & 0.1¢).

where Nj, = ata is the photon number operator.
As for the last part of the Hamiltonian, H;f 4 , which describes the inter-
action between the atoms, it can be written as:

517 = [ar @3 @) 2 [ drdyv.2)

The (y, z)-dependent part of the integral can be carried out explicitly:

1
27rl%{ '

/ dz dy p*(y, z) =

Remembering that q&(m) is written in terms of the operators by and by and of
the Wannier functions w(z) and ws(x), we can see that the first part of the
integral is made of a sum of the overlap integrals of powers of the Wannier
functions. The first part of the integral can be written as:

1 papa
5 O Uiublbibebi,
i,,k,1=1,2
where

Uiji = /d:cw:‘(w)w;‘(x)wk(a;)wl(w)

However, since the Wannier function are highly localized, we can omit the
off-site terms, i.e. the ones where 4, j, k, [ are not all equal, because they are
typically two orders of magnitude smaller than the in-site interaction terms
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[16]. ThereforeAwe only keep the terms that contain 513];31151 and 65636262
By doing this Hgf ! becomes:

Ay = oy (B{B}Blél [zl @)*+ 84ifpabs [ o yw2<x>|4) .

And by calling:

g 4
= 2;}% /da:|wj(x)] , (2.29)
we can write ﬁ;ff as:
gl = < (Blblb1b1 + ibLbabn) (2.30)

where U is the on-site interaction energy, and because of the symmetry of
the double well potential it does not depend on the index j.

Finally, combining all the parts of the Hamiltonian we find that, after
substituting Eq. (2.19) into the effective Hamiltonian Eq. (2.18) we get the
new Hamiltonian:

H=Hr+H;+ Hyr,
where the cavity is described by
Ay = —hAcata—ihn (a - a*) , (2.31)
the bosonic Josephson junction is described by

iy =Ny = (b]by +bfbr ) + 3 (blolbibn + biblbabs) ,  (2.32)

and the interaction between the atoms and the cavity photons is modelled
by
Hy = Ny, [WONA + Wia(blbo + b;bl)} . (2.33)

The Hamiltonian of a isolated bosonic Josephson junction is given by only
H ;. The effect of the cavity field is to change the parameters of this Hamil-
tonian, which can be written as:

1y = &N — T (bbo + b ) + 5 (B16]bub + Biblonbo) . (2.34)

where € = €+ WONL is the shifted on-site energy and J=J-— ngNL is the
assisted tunneling amplitude. For red detuned atoms (A4 < 0) both Wy and
Wio are negative. This means that the cavity field shifts the on-site energies
downwards and assists the tunneling by increasing the effective tunneling
amplitude. When the atoms are blue detuned (Ay < 0), Wy and Wiy are
positive and the cavity field has the effect of shifting the on-site energies
upwards and lowering the effective tunneling amplitude.

These parameters, ¢ and J depend on the number of photons in the
system Ny, and therefore become, in general, dynamical quantities.
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Heisenberg equations

From the new expression of the two-mode Hamiltonian we can derive the
Heisenberg equations of motion for the operators Bj (j =1,2) and a. When
writing the equations, the on-site energy term eN4 can be dropped from the
Hamiltonian, since N4 is a constant of motion and therefore gives no relevant
contribution to the equations. The Heisenberg equations then become:

d 7 7 o ~

ih by =Woalaby — (J = Wizala)by + U by, (2.35a)
d 7 7 o ~

ih=-by = Woalaby — (J = Wizala)by + U nab, (2.35D)
d O AL A AL A

th 33 = ~[PAc = WoNa - Wiz(biba + bib1)]a + ihn, (2.35¢)

where 7; = 6;(3] is the atomic population in the well j.

2.7 Semiclassical approximation

We can study the set of equation we have found by using the semiclassical
(or mean-field) approximation. Under this approximation we assume that
the system is in a full coherent state (FCS). This means that we describe
the atoms in the left and right well, as well as the photons in the cavity with
coherent states. The full coherent state can be written as:

|[FCS) = [B1)a® |B2)a @ |a)L; (2.36)

where b;|8;)4 = Bj|8;)4 and d|a);, = ala). Tt is convenient to write the
eigenvalues of the atomic coherent state as:

B = N (0) €%,

where N;(t) the average number of atoms in the j-th well at time ¢ and 6,(¢)
the corresponding phase. Similarly:

a=¢&(t) W,

where Np(t) = £(t)? is the average number of photons in the cavity at
time ¢ and ¢(t) the corresponding phase. At this point we can evaluate the
Heisenberg equations of the system in the full coherent state by substituting
the creation an annihilation operators with the corresponding coherent state
c-numbers. The Heisenberg equation for the G operator becomes:

d ) ,
ih 7= —[hAc — WoN4 — Wia(v/NiNo(elP2700) 4 e=102=00 o 4,
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where the t-dependence of the c-numbers has been omitted. By defining
Ni(t) — Nao(t
Z(t) _ 1( ) 2( )
Ny

as the fractional imbalance of the atomic population of the left and right
wells, and

(2.37)

0(t) = 02(t) — 01(¢) (2.38)

as the atomic relative phase, we can write:

vV N1Ng = 1NA\/ 1— 22
2

The equation becomes:

jta:i<AC— %NA— W;IQNA\/l—ZQCOSG) a+n.

By writing « explicitly and using a dot to represent the time derivative,
da/dt becomes: . o

& = €€ +ite?g,
and the equation can be written as:

ﬁem—i—ife“ﬁgb:i(Ac—hoNA—;NA 1—Z2C089>£€z¢—|—7].

Dividing both sides by e the equation becomes:

E+itd=1i(Ac — %NA — %NA\/I — 2208 0)& + ncos ¢ — insin ¢.
The real and imaginary parts of the equation are:
§ = neose (2.39)
o = <AC — %NA — %NA 1- Z2COSH> & —mnsing. (2.40)

This pair of equations describes the dynamics of the cavity photons.
As for the Heisenberg equations of the atomic operators b; and bo, after
substituting the operators with the c-numbers we get:

d . 4 - . :

iha(\/Nlewl) = Wot2\/ N1t — J/Noe® 4 UN;\/ Nyt

d . 4 - ) .

ih—( Noe'®) = W2/ Noe®2 — J\/N1et + UNyy/Noelt
where J = J — Wi2£2. After writing the time derivatives explicitly using the
dot notation we get:

N, . . , - . .

M5 Tlvl e +iy/N1b1e®) = Woe?/Nie® — Jy/Npe'® + UNy/Nye
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ih(ﬁ%6192+2‘\/]72926192)2W052 Noe'®2 — T/ Nyt + UNy\/Noel?2.

Let us now multiply the first and second equation by v/Nie "' and /Nae >
respectively, and take the imaginary part of the equations:

h .. ~

§N1 = —J\/ N1N2 sin
B -

§NQ = +J\/ N1N2 sin 6.

Taking the difference of the two equations, dividing by N4 and remembering
the definition of z we get:

. éj\/N1N2
TR N,

sin .

Since /N1 Ny = %NA\/l — 22 and defining v = j/h, we can write the equa-

tion as:
2= —2vy1— z2siné.

By taking the real part of the two equations we get:

—hN16, = Wot?N; — J\/NiNycosf + UN?
—hNyby = Wot2Ny — J\/N1Nycos + UN2

dividing the first equation by ANj, the second by ANy and taking their
difference we find:

- J [Ny — Ny U
=2 (222 o5 4+ —(N) — N
h< N1N2)cos + h( 1 2),

which can be written as:

9-_} 2.J cos
R \V1I- 22

—I—NAU> Z.

Therefore the Heisenberg equations for the field operators a, by and 132,
in the semiclassical approximation, can be written as the following set of
ordinary differential equations (ODEs) for the variables z, 0, £ and ¢:

z = —2vV/1-—22sind, (2.41a)

b = <§ + 2V cos 9> z, (2.41b)
1—22

£ = ncoso, (2.41c)

) = 5o — Lsing, (2.41d)

£
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We have here introduced the following parameters which have the physi-
cal dimensions of a frequency: § = UN4/h, which is the mean-field fre-
quency shift due to atomic collisions; v = (J — W12£2)/h, standing for
the effective tunneling strength modified by the photon assisted process;
dc = Ac — Na(Wy + Wiav1 — 22 cosf)/h is the effective cavity detuning.
The parameters v(t) and d¢(t) are shorthand notations that actually depend
on the mean-field variables. Moreover, also the tunneling amplitude .J, which
is a constant in the bare BJJ, is now replaced by the time-dependent term
v(t). In the absence of radiation fields, i.e. £(t) = ¢(t) = 0 at any time ¢,
the above ODEs reduce to those of the standard BJJ dynamics [10]:

J
= —2—+/1—22sin6
z " z4sin 6,

0'_<~+2J cos @ >z
- Ut hvis2)
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Chapter 3

Dynamics of the system in
the semiclassical
approximation

In this chapter we will be studying some features of the dynamics of the
system in the semiclassical approximation. In the first part we will find the
fixed point of the system and we will study how it behaves close to them.
In the second part we will study the system when the photon field can be
considered to be constant. This will allow us to perform a better analytical
study of the problem and to show how the presence of the cavity photons can
change the kind of dynamics the Bosonic Josephson junction can perform.

3.1 Fixed points

In order for us to study the the system (2.41), it is convenient to use a vector
notation, in which X = (X1, Xy, X3, X4) = (2,6,&,¢). The fixed points of
the ODEs (2.41), can be found by solving dX/dt = 0. We expect to find two
different types of equilibria: the ones with z = 0 are called zero imbalance
equilibria, because z = 0 implies that there is the same number of bosons in
the left and right well, while the ones with z # 0 are called finite imbalance
equilibria, because z # 0 implies that one of the wells is more populated
than the other.

3.1.1 Zero imbalance equilibria

Let us start with the zero imbalance equilibria. The second equation 6 = 0
is already met because z = 0. The condition Z = 0 is satisfied when 6 = 0,
or # = m. The third equation £ = 0 leads to ¢ = +7/2. Solving the last

35
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equation qﬁ = 0 with respect to &, we can find its value at equilibrium:

hn n
¢ hAc — No(Wy += Who) 5c(0) (3.1)

The first + sign depends on the value of ¢: there is a + when ¢ = 7/2 and
a — when ¢ = —7/2. The second + sign depends on the value of 8: there is
a + when 0 =0 and a — when 0 = 7.

So we can write the stationary points with zero imbalance as:

X1 = (O’ 0, hAc — NAh(?Z/Vo + Wig)’ g) ’ (3.22)
Xo = <0,o, AR j;;m) A —2) , (3.2b)
X3 = <0,7r, AT NAh(,Z/VO i g) : (3.2¢)
Xy = (o,n, Nl = hW"12) v —;T> . (3.2d)

Since £ is the amplitude of the photon field, £ > 0. Therefore, for 6 > 0
the actual fixed points are X7 and Xg; while for §c < 0 X5 and X4 are the
fixed points.

Let us now study how the system behaves close to these equilibria. We
can do this by linearizing the system (2.41). Using the vector notation the
system can be written as:

where f(X) is a vector of four functions such that:

z = filX),
0 = fo(X),
£ = fi(X),
¢ = fu(X).

The Jacobian matrix of the system is made of the derivatives of the
functions f; with respect to the variables z, 0, &, ¢:

ofi 9 9fi ON
0z 00 8; 8]?
dfa Ofs 9dfs Ofa

0z 00 0. 0
T=\0f bf O o
0z 00 8]5 8}75
ofs of 0fi Of
9z 99 9 06

When taking the derivatives of the functions f;(X), whose explicit formulas
can be seen in (2.41), it is important to remember that v and d¢ are functions
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of X. The elements of the Jacobian matrix are:

of:
0z
of:
00
of:
0§
ofi
99
o
0z
o
00
o
0§
o
99
dfs
0z
ofs
00
ofs
o¢
ofs
¢
ofs
0z
0fs
00
ofs
o8
Ofs
¢

2z (J — W12£2) sin(6)
h1 — 22
C2V1- 22 (J — W2€?) cos(0)
h
4W12\/ 1-— 2’25 sm(@)
h

0

2 (J — W12§2) cos(0)z?>  NU

2 (J — W12€?) cos(6)

h(l— 2,2)3/2 h
2z (J — W12€?) sin(0)
hiv1 — 22
4AW192€ cos(0)
 wi-2

—nsin(¢)
N Wiz cos(0)
h1 — 22
NAWi2v1 — 22sin(6)
h

nsin(¢)
52
~ ncos(p)
§

hv1l — 22
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In order to find the small oscillations frequencies of the system we need
to evaluate the Jacobian matrix J in one of the equilibria.
Let us start with the equilibrium X;. The Jacobian matrix becomes:

h2wygn?

0 72(# (hAG=NA(Wig+Wp)) )
R

H2Wy9n? )

2 J——— 127
J(X1) = %.} ( <"AC*N§(W12+W0>)2 0

0 0
0 0

0

0
0

(hAC—Na(Wi2+Wp))?

h2n

0

—n
0
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It is very interesting to notice how, in the linearized system resulting
from this Jacobian matrix, the atomic and photon degrees of freedom are
no longer coupled. For the sake of simplicity we can write J(X7) as:

0 a 00
b 00 O
TXD =190 0 ¢
0 0 dO
where
W2 Wian?
B 2 (J - (hAc*NA(Tl/é12+WO))2)
a = —
h
P Wian?
by - NAU+2<J_(hAc—NA(‘l/‘2/12+W0))2)
h h
c = —n
P (RAc — Ng(Whg + Wp))?
h2n

Such a matrix has eigenvalues

Ao = +£Vab
A3q = +Ved

The equilibrium is stable when all the eigenvalues are purely imaginary. The
corresponding frequencies are:

Wiat = +/|ab|
wiph = Vl|cd|
where the subscripts at and ph stand for the atomic and photon degrees of

freedom respectively; the two vertical bars represent the absolute value of
the expression. The linearized system at X; takes the form:

zZ = ab
6 = bz
£ = c(6-3)
o = d(¢-&)

where 51 = X1,4. This system is made of four equations which are coupled
in pairs.
The system of ODEs for any given variables x and y:

& = p(y—wo)

= q(z o)
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with initial conditions xz(0) = xg + dz, with dz small and y(0) = yo, has
solutions:

x(t) = x0+%(e\/ﬁt+e—\@t)
W) = e [I e ),
p

When all the eigenvalues +,/pg are purely imaginary the solutions clearly
represent oscillations around (xo, o).

z(t) = xo+ dzcos(+/|pg| t) (3.3)

y(t) = yo—ax\/@sm vl 1 (3.4)

The linearized system at X; is made of two pairs coupled ODEs of this
kind. Two ODEs for the photon degrees of freedom and two for the atomic
degrees of freedom.

Looking at to pair of equations that describe the linearized dynamics of
the photon viariables we notice that the product c¢d = — (h‘Ac_NAéZV”JFWO))Q
is always negative. This means that the dynamics of the photon degrees
of freedom, close to the fixed point, is made of small oscillations for every

value of the parameters that appear in the equations.

As for the dynamics of the atomic degrees of freedom we need to study
the sign of the product ab. Let us analyze how the various parameters affect
the sign of the product. First of all, as mentioned before, X3 is a valid
equilibrium only when ¢, > 0. This implies that Ag > N—,{‘(Wg + Whz). Let
us start by separating the case when Wig > 0 and Wis < 0.

When Wis < 0, a < 0. The sign of the product ab is then determined
by the sign of b. If we write b as b = 248 —a, then b > 0 if U > 4.

Solutions of the system equations with initial conditions close to Xj,
with ab > 0 and ab < 0 respectively, and W12 < 0 can be seen in the two
plots of Fig. (3.1). The green dashed lines represent the analytical solutions
as in Eq. (3.3). It can be clearly seen from the plots that when ab < 0
the system displays small oscillations around the equilibrium, as expected
from the analysis of the eigenvalues. On the other hand, when ab > 0 the
equilibrium is no longer stable and the solutions move away from the initial
values.

For Wiy > 0, the value of a can be either positive or negative.

a > 0 when J < (hAc—?\?ZI(/II/IZ/?;Wo))?' If we write b as b = % — a, then

b >0 when U > 1}\%.
The two plots in Fig. (3.2) depict the solutions of the equations when ab < 0
and when ab > 0 respectively.

2 Wian? e _ N
a < 0 when J > (hAc—NA(Il/I2/12+W()))2 . By writing b as b = == — a, then
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Figure 3.1: Time evolution of the variables (z, 0, &, ¢) around the fixed point X;. Time
is measured in units of i/ J. The red lines represent the numerical solution of the system.
The green dashed line represents the analytical solution as in Eq. (3.3). In panel (a) the
parameters of the system are such that the equilibrium is stable, and the green and red
lines overlap. In panel (b) the parameters of the system are such that the equilibrium
is not stable and only the numerical solution is showed. In both panels Wis < 0. The
four panels correspond to the four components of the state vector X. The parameters
for (a) are: hAc = —100J, WoNa = —90J, W12 Na = —30J, UN4 = 12J, Na = 1000,
hn = 20J. The initial condition is X (¢ = 0) = (0.01,0,1.01,7/2).The parameters for
(b) are: hAc = —100J, WoNa = —90J, W1a2Ny = —30J, UNa = —12J, N4 = 1000,
Iim = 20J. The initial condition is X (¢ = 0) = (0.01,0, 1.01,7/2).

b> 0 when U > ]@—‘Z. The two plots in Fig. (3.3) depict the solutions of the
equations when ab < 0 and when ab > 0 respectively.

It can be seen from all the plots that the analytical solution is very
similar to the numerical one, and that near the equilibrium, when ab < 0,
the system shows small oscillations.

A similar analysis can be carried out for the other zero imbalance equilib-
ria because their Jacobian matrix has exactly the same structure as J(Xj).
Therefore we only write the corresponding Jacobian matrices and the con-
ditions for the equilibria to be stable, without making other plots. Since
the frequency of the small oscillations for the photon degrees of freedom is
always real, we only need to study the product ab. When it is negative the
atomic frequency of the small oscillations is real, otherwise it is imaginary
and the equilibrium is not stable.

The Jacobian matrix for Xg is:
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(a) (b)

Figure 3.2: Time evolution of the variables (z, 0, £, ¢) around the fixed point X;. Time
is measured in units of ii/J. The red lines represent the numerical solution of the system.
The green dashed line represents the analytical solution. In panel (a) the parameters of
the system are such that the equilibrium is stable, and the green and red lines overlap.
In panel (b) the parameters of the system are such that the equilibrium is not stable and
only the numerical solution is showed. In both panels Wiz > 0 and a > 0. The four
panels correspond to the four components of the state vector X. The parameters for (a)
are: hAc = 130J, WoNa = 90J, W12 N4 = 30J, UN4 = 12J, N4 = 1000, hn = 200J.
The initial condition is X (¢t = 0) = (0.01,0,20.01,7/2). The parameters for (b) are:
hAc = 130J, WoNa = 90J, WiaNa = 30J, UNa = 25J, Na = 1000, in = 200.J. The
initial condition is X (¢ = 0) = (0.01, 0, 20.01, 7/2).

2((], W2 Wi 9n? )

0 (f"rﬁ\‘c*f\’}?(WO*Wm))2 0 0

J(X3) = N;;U . (hAc N;(Wo Wi2)) 0 0 0
0 0 0 -n
0 0 (hAc—N(Wo—Wi2))? 0

h2n

When Wi < 0, then a > 0. The sign of the product ab is then deter-

mined by the sign of b. Writing b = NgU —a, then b < 0 when U < ]@—‘Z.

For Wis > 0, a can have both signs. When Wi > 0 then also Wy > 0.
Since 6. > 0, A¢g > 0.

h2Wian? s
a > 0 when J > (hAc—NA(tlfIQ/?erWo))?' Writing b = N%%U —a, b < 0 when

U< &
W2 Wian? . NaU
a < 0 when J < (hAchA(IiI%:]ngWO))?‘ Writing b = =4= — a, then b > 0

ha
when U > Ny

Let us now write the Jacobian matrix for the equilibrium Xa:
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Figure 3.3: Time evolution of the variables (z, 6, £, ¢) around the fixed point X;. Time
is measured in units of i/ J. The red lines represent the numerical solution of the system.
The green dashed line represents the analytical solution. In panel (a) the parameters of
the system are such that the equilibrium is stable, and the green and red line overlap.
In panel (b) the parameters of the system are such that the equilibrium is not stable
and only the numerical solution is showed. In both panels Wi2 > 0 and a < 0. The
four panels correspond to the four components of the state vector X. The parameters
for (a) are: hRA¢ = 140J, WoNa = 90J, Wi2Na = 30J, UN4 = 12J, N4 = 1000,
hn = 20J. The initial condition is X(¢ = 0) = (0.01,0,1.01,7/2). The parameters for (b)
are: hAc = 130J, WoN4a = 90J, WiaNa = 30J, UNa4 = —12J, N4 = 1000, hn = 20J.
The initial condition is X(¢ = 0) = (0.01,0,2.01, 7/2).

of J— "2Wign?
(WA —N 4 (W12+Wp))?

0 - [0 0 0
2((]7%)
J(X2) = NaU (86 X (137750 0 . .
0 0 0 ,
0 0 ,W 0

When Wis < 0 a < 0. The sign of the product ab is then determined by
the sign of b. b > 0 if U > {&. If U > 0 then b > 0.

For W12 > 0 a can have both signs. When Wis > 0 then also Wy > 0.
. 2 2 . .
Since 0. > 0, then Ac > 0. a > 0 when J < (ﬁAc—;iV,F(‘l/é?Q—l-Wo))Q' Writing

b:M—a,thenb>0whenU>]CL—i.

h

h2Wian? " _ NuU
a < 0 when J > (EAC—NA(%/[%lz'i‘WO))z' Writing b = =4~ —a, then b > 0

ha
when U > N

The Jacobian matrix for Xy is:
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R2Wign?
2 (J_ (hA ¢ —N(Wo—W13))?

0 h 0 0
B T
J(X4) = % B 2(J (hAC—N’?(VVO_Vvlz))Z) 0 . .
0 0 0 ;
0 0 _ (hAc=NaA(Wo-W12))* )

52
When Wis < 0 a > 0. The sign of the product ab is then determined by
the sign of b. b < 0 if U < .
For Wis > 0 a can have both signs. When Wis > 0 then also Wy > 0.

Since 6, > 0 A¢g > 0. a > 0 when J > R2Wign? Writing

(RAc—Na(Wi2+Wp))? "
bz%—a,thenb<0when(]<£—‘i.

2 2 oy
a < 0 when J < (hACJiV:[(/é;:’QJFWO))Q. Writing b = % —a, then b > 0

ha
when U > Ny

3.1.2 Finite imbalance equilibria

Now let us turn to the finite imbalance equilibrium solutions, where 0 <
|z| < 1. These equilibria can be found by solving dX/dt = 0. The first
equation of the system implies that # = 0 or # = 7. The third is met when
¢ =+m/2.
Let us first consider the case when 8 = 0. The second equation becomes
UNy4 2u

+ =0
h V1—22

T2 2hv

UNy

Since the left hand side of the equation is positive, v/U needs to be negative.
This is a condition that must be satisfied in order for this equilibrium to
exist. Solving the equation for z we find:

2h \ 2
7 =-44/1— .
z <UNA> (3.5)

This means that

The last equation of dX/dt = 0 leads to the equilibrium value for &:

n hip
=4 =4 3.6
¢ 5c(0) hAc — Na(Wy + Wiav1 — 52) (36)

Let us now consider the case when 6 = 7. The second equation becomes

UNA_ 2u
h V1—22

This means that
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Since the left hand side of the equation is positive, /U needs to be positive.
This is a condition that must be satisfied to have this equilibrium. Solving
the equation for z we find:

2
z== 1—(57\2) (3.7)

where we have used Z to label the equilibrium value of z. The last equation
leads to the equilibrium value for &:

L T
£= i50(0) B imc — Noa(Wy — WizV1 = 22) 5

The =+ sign depends on the value of ¢: there is a + when ¢ = 7/2 and
a — when ¢ = —7/2.

For # = 0, the condition we have found for the existence of the equi-
librium is that v/U = (J — W12€2)/U < 0. This is different from the bare
BJJ, in which this condition can be satisfied only when U < 0 since J = J
is always positive. However, because of the light-matter interaction, the
numerator can change sign for a large enough number of photons, so this
equilibrium configuration can occur both for a positive and negative inter-
action between the atoms: U > 0 when J — ngf_z < 0 and U < 0 when
J — W1252 > 0.

Similar calculations can be carried out when 6 = w. The condition for
the existence of the equilibrium becomes U < 0 when J — W12§_2 < 0 and
U > 0 when J — Wi2€2? > 0. The finite imbalance equilibria we find are:

hn T
X5 = | z0, = |, 3.9a
> < hAc —Na (W0+W12\/1—22) 2) (3.9)

hn T
Xp = 270’ ,—= 1, 3.9b
0 < Ny (Wo—i—WlQ\/l—Eg)—hAC 2) ( )

and similarly for 8 = m,

hn T
Xy = |z, = | 3.9¢c
! ( AAc — Ny (W()—W12\/1—22) 2) ( )

hn s
Xg = | z,m, ,—= . 3.9d
i ( Na (Wo = Wisv1—22) — hA¢ 2) (36d)

In these equations

. & 2
c=afi- (AW’ 310
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where € is a formal shorthand notation referring to the third component
of the vectors X5...Xg, and it is a function of Z. This means that the
value of Z is the solution of Eq. (3.10), which is a third degree equation in
V1 — z2. A cubic equation has either 1 or 3 real solutions, and the condition
for zZ to be real is that the expression under the square root in Eq. (3.10)
is positive. This happens when —UN4/2 < (J — Wi2€?) < UN4/2 for
repulsive interactions (U > 0), and (J — Wy2&2) > —UN,/2 for attractive
interactions (U < 0). As ¢ has to be positive, it follows that for dc > 0 the
two finite imbalance fixed points are X5 and X7 , while for ¢ < 0 the finite
imbalance fixed points are Xg and Xg.

The study of small oscillations is more complicated for the finite imbal-
ance equilibria, because of the form of the Jacobian matrix. Let us show
what the Jacobian matrix looks like for Xjx:

J(Xs5) = (3.11)

O )
coc oo
S ow o
oo o

where

2 /1_ 2 _ h2W12772
e — _ o (J (hAch(WQ+W12\/17Z2))2

h
20 J— W2 Wazn® 22
_ (hAe—N(Wo+Wiav1—22)) NU
f - 2\3/2 +
h(1—22) h
2(J- P2 Wiz
N (hAe—N(Wo+Wiav1—22))
hv1l — 22
g = - 4Whozn
VI— 22 (mc ~N (WO FWiaVT = z2))
h = —n
P = Nngz
hv1 — 22
2
. (hAC — N (Wo + Wiav1 — Z2>)
j =

h2n

In these equations Z is the solution of Eq. (3.10).

It can be seen from the form of the Jacobian matrix that the atomic and
photon degrees of freedom are no longer independent of each other but are
coupled. Moreover the study of the stability of the equilibria is no longer
straightforward as it was before, and can not be carried out analitically as
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before The dynamics of the system around these equilibria will be carried
out later, by using a simplifying assumption.

3.2 Adiabatic elimination of the photon dynamics

In the system we are studying the characteristic frequency of the photon
dynamics is the effective detuning dc, while the characteristic frequency for
tunneling processes is given by A~ 'v and usually d¢ is orders of magnitude
larger than h~!v [14]. When such a relation holds between the two char-
acteristic frequencies, that is to say when dc > A~ 'v, the time scales of
photon and atom dynamics separate and the photon field can be adiabati-
cally eliminated. This means that the photon field evolves on a time scale
much smaller than the atom field and therefore we can assume that it relaxes
quickly to its steady state value when the atomic variables change. This al-
lows us to calculate the photon degrees of freedom £ and ¢ as a function of
the atomic degrees of freedom z and 6 by formally setting the derivative of
¢ and ¢ to zero and solving for £ and ¢.

Looking at the full system (2.41), and using the bar symbol to indicate
the value of the variables in this approximation, it can be seen that f =0
implies that 1 cos¢ = 0 and so ¢(t) = £%. Thus £(t) = ncos¢(t)/dc(t),
where ¢ is chosen so that £ is positive, and where we remind that dc(t) =
Ao — Na(Wy + Wiay/1 — 22(t) cos§(t))/h. This means that, in this ap-
proximation, the photon degrees of freedom can be written as a function of
the atomic variables of the system. Substituting the expression for & into
the system (2.41), we get a new set of two equations which describe the
dynamics of the system:

Z=-20\/1—2%sin#, (3.12a)

6= <§ + \/121/7 cos 9> Z, (3.12Db)
with 7 = 0(t) = (J — Wie&2(t))/h = (J — Wian® /64(t)) /.

It is important to notice that this set of equations has the same form
as the equations that describe the dynamics of a bare BJJ, however there
is a quite relevant difference. The assisted tunneling amplitude 7 is not a
constant but a function of z and 0, and therefore it varies with time.

3.3 Constant photon field

When the cavity detuning A¢ is much larger than N4Wy and NoWio, the
photon amplitude &, as it appears in Egs. (3.12), depends only weakly on
the atomic varables z and 8. Therefore, when this condition is satisfied, the
photon field amplitude £ can be considered to be constant in time and have
value £ = n/|Ac¢|. The new set of equations that describes our system is:
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z=—-20y1—22siné, (3.13a)

. 2v
=g+ ———=cosb | z, 3.13b
(g o2 > (3.13b)

where 7 = (J — Wi2€2)/h = (J — Wian?/62)/l = J/h and € = n/|Ac|.

This set of equations is very similar to the Josephson equations for a bare
Josephson junction. But here, because of the cavity photons, the tunneling
amplitude J is substituted with the assisted tunneling amplitude J. The
assisted tunneling J clearly depends on the number of photons £2. Since
the tunneling amplitude J is assumed to be positive, the presence of the
cavity photons can have three consequences. When Wio < 0 the assisted
tunneling amplitude J can only get larger. When Wia > 0, for £2 < J /Wha,
the assisted tunneling becomes smaller, but remains positive, and for £2 >
J/Wia, J changes sign and becomes negative.

At this point it is convenient to rewrite Eqgs. (3.13) as:

5= —2Jv/1— 22sin#, (3.14a)

0= (UNA + (3.14b)

2J 0
———=cosf | z,
V1— 22
where we used & = 1 and we have written explicitly the expression § = UN4
to show more clearly how U and N4 influence the dynamics.

These two equations are the Hamilton equations that derive from the
Hamiltonian that describes the total energy of the system:

N?% .
H(z,0) = U2 A 22 _INsJV1 — 22 cosf (3.15)
as
. _ _LloH
© T TN, 00
o - _L9H
NA 0z

3.3.1 Equilibria

We can now study the main features of the dynamics of the system by finding
the equilibria of the system and studying how the system behaves close to
them. By solving the equations 2 = 0 and ¢ = 0 we can find the stationary
points of the system, and using Eq. (3.15) we can calculate the energy of the
system at the equilibria. It is easy to see that the system has four equilibria.



48 CHAPTER 3. SEMICLASSICAL DYNAMICS

Using a vector notation in which Y = (Y1,Y2) = (z,0), we can write the
equilibria as:

Y, = (0,0), (3.16a)
Ys = (0,7), (3.16Db)
27\’
Y3=|+,|1— 0 3.16
3 <UNA> ) ) ( C)
27 \’
Y,= | L£4|1— . .16d
4 (UNA> , T (3.16d)

In order for the last two equilibria to exist the expression under the square
root must be positive and this implies that (UN4)? > (2J)2. We don’t
consider Y3 and Y4 as two equilibria each for the clear z — —z symmetry
of the system. The first two equilibria are the only ones we can have if
there is no interaction between the atoms (U = 0). The last two equilibria
are characterized by a non zero value of z. This means that there is an
imbalance in the occupation of the wells. This phenomena is called self
trapping and it is a consequence of the interaction between the bosons. In
particular we can separate the solution to the equations in two classes. One
is characterized by oscillations around z = 0 and therefore the time average
of the population imbalance is zero: (z(¢)) = 0. The second class of solutions
is characterized by an average imbalance in the population of the wells and
therefore (z(t)) # 0, where the angular brackets represent the time average.
When (z(t)) # 0 the system is said to be in the self trapping regime.

3.3.2 Equilibrium stability

To study the stability of the equilibria we can use the Jacobian matrix of
the system:

2%%1229 —2Jv1 = 22 cosb
J(Y) = UN 2J2%cosf | 2Jcosb _2Jzsinf (3‘17)
At G T e Vi—z?

Now we need to calculate the Jacobian matrix at the equilibria and find its
eigenvalues.
Zero imbalance equilibria

Let us start with the equilibrium Y7:

J(Y1) = <UNAO+ 2 _§J> (3.18)
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This matrix has eigenvalues

A = £i\/4J2 + 2UN4J.

The equilibrium is stable when the eigenvalues are purely imaginary. The
frequency of the small oscillations around Y7, written in the actual physical

dimensions, is therefore:
1 - -
wlzﬁ\/4J2+2UNAJ. (3.19)

The frequency ws is real when:
4J% + 2UN4J > 0,

which can be written as:

= UN
4.J? <1 + = ) > 0.
2J
Therefore this equilibrium is stable when

N
UNa o 1. (3.20)
2J

For the equilibrium Y2 we can follow the same steps:

T(Ya) = <UNA0_ 2 26] ) (3.21)

After calculating the eigenvalues of the matrix we find that the frequency
of the small oscillations around Y is:

1 - -
wy = T[4 = 2UNAJ, (3.22)
1 = UNy4
= —4/4J%2 1 - — .
- h\/ ( 27 >

The frequency is real when:

and we can write it as:

UN
A o1 (3.23)
2]

Let us now show some examples of how the cavity photons influence
the frequency of small oscillations for the zero imbalance equilibria. Let us
choose Y1. When the in-site interaction is positive, U > 0, the condition
that gives the stability of the equilibrium is always satisfied when Wiy < 0.
In this case the presence of the photon field only modifies the frequency of
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Figure 3.4: Frequency wi (3.19) written as a function of the number of photons 2. w;
is in units of J/h. Wiz = —0.03J in the first panel and W12 = 0.03.J in the second. In the
second panel, the frequency is not real when 33.33 < £2 < 233.33. The other parameters
are N4 = 1000 and U = 0.012J.

the small oscillations. This can be seen in the first panel of Fig. (3.4). On
the other hand, when Wis > 0, there exists a range of number of photons
for which the frequency is no longer real and the system no longer performs
small oscillations around the equilibrium. This happens when

J o, 1 <UNA >
— < < — +J]. 3.24
Wia § Wia 2 (3:24)

This can be seen in the second panel of Fig. (3.4).
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Figure 3.5: Frequency wi (3.19) written as a function of the number of photons £2. wq
is in units of J/h. Wiz = —0.03J in the first panel and W12 = 0.03J in the second. The
other parameters are Ny = 1000 and U = —0.012J.

When U < 0 the equilibrium is not always stable. When it is not,
however, it can be made stable by increasing the number of photons. When
Wisa < 0 the equilibrium is stable when:

1 UNy
2
. J 3.25
&> (4 7), (3.25)
and when W35 > 0 it becomes stable for:
J
&> - (3.26)

Wia
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The frequency w; as a function of &2 for this case can be seen in Fig. (3.5).

Finite imbalance equilibria

For the finite imbalance equilibrium Y3 the Jacobian matrix reads:

UNy — — 0

0 4.J2
J(Y3) = < N UNA) (3.27)

where we have used the fact that in order for this equilibrium to exist
UNy/2J < —1 and therefore the ratio U/J must be negative. The cor-

responding frequency is:
1 -
w3 = ﬁ\/UzNi—élJQ, (3.28)

UN

— < —1. (3.29)
2J

This condition is the same as the one that describes the existence of this

equilibrium. Therefore, when this equilibrium exists, it is also stable.

For the other finite imbalance equilibrium Y4 the Jacobian matrix reads:

4.J2
J(Y4) = 0 pays U4 (3.30)
UNy— =4 0

which is real when:

where in this cased we have used UN 4/ 2J > 1. The corresponding frequency

1S:
1 =
wi = £\JUINE — 42, (3.31)

UN4
2.J
In this case as well, the existence condition for the equilibrium is the same
that gives its stability, and thus, when this equilibrium exisits, it is also
stable. In Fig. (3.6) we can see how the number of cavity photons influences
the frequency wy.
When there is no interaction between the atoms U = 0. In this case the
only possible equilibria are Y; and Y2 the equations of the system describe
oscillations with frequency:

which is real when:

>1 (3.32)

2~ 2
wRZﬁm:ﬁU—Wm?% (3.33)

where wpg is called Rabi frequency and the osciallations Rabi oscillations.
The presence of the photon field modifies the Rabi frequency of the oscilla-
tions as can be seen from Fig. (3.7).
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Figure 3.6: Frequency w4 (3.31) written as a function of the number of photons £2. w;
is in units of J/h and W12 = —0.03J in the first panel and Wi = 0.03J in the second. In
both panels the range of £2 is given by the condition for the stability of the equilibrium.
The other parameters are N4 = 1000 and U = 0.012J
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Figure 3.7: Rabi frequency wr (3.33) written as a function of the number of photons
&2, wg is in units of J/h and Wha = 0.03J.

Energies

The energies of the stationary points can be calculated by substituting their
values for z and 6 into the expression of the Hamiltonian (3.15). The energies
of the equailibria with zero imbalance can be computed straightforwardly
and they are:

E, = —2N4J (3.34)
Ey = 2N4J. (3.35)

As for the energy of the finite imbalance equilibria, it is necessary to pay
attention to the relative signs of the in-site interaction U and of the assisted
tunneling amplitude J.

Let us start with the stationary point Y4. In order for Y, to exist,
UNA/2j > 0. This is a clear consequence of § = 0, when 6 = 7 and 2 #0
and it implies that U and J need to have the same sign. This allows us to
write the condition (UN4)? > (2J)%, as UN4/2J > 1. Tt is convenient to
rename UNy/ 2J = A, and the condition we have just mentioned becomes
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A > 1. Using this new variable we can write the energy of the equilibrium
as:

. 1
ﬁa:;NAJ<A+-A>. (3.36)

Since A > 1 the quantity (A + %) > 2.

Now let us calculate the energy for Ys. From the equation 6 = 0 we find
that this equilibrium exists only when UN4/ 2J < 0 which means that U
and J need to have opposite signs. The condition (UN4)? > (2.J)? becomes
UN4/2J < —1. Using A as before we find that:

~ 1
Es = NyJ <A + A) . (3.37)
The expression for the energy of F3 is the same as the one we have found for
E4, however, for F3, A is negative. Since A < —1 the quantity (A + %) <
—2.

Energy ranking

At this point we can compare the energies of the equilibria of the system and
and rank them to find out which one has the lowest energy. In particular
we are interested in understanding when the equilibria with a finite imbal-
ance are the most energetically convenient. The relevant parameters of the
system, for a fixed N4, are U and J. The ranking order of the energies is
different depending on the sign of these parameters, so we need to separate
all the different cases. Let us write again the formulas for the energy of the
equilibria we have previously calculated:

E, = —2N4J, (3.38)

Ey = 2NaJ, (3.39)
. 1

E374 = NaJ (A—l— A) s (340)

where F3 and E4 have the same expression, but can not both exist for the
same values of the parameters U and J.

Let us start with the case with repulsive interaction, U > 0. We can
consider two cases: J > 0 and J < 0.

When J > 0, J and U have the same sign and therefore F3 does not
exist. FEjy is positive and clearly larger 2NV 4J. Ei is the only equilibrium
with negative energy and therefore it has the lowest energy.

When J < 0, J and U have opposite signs and F4 does not exist. Fj
is positive and clearly larger than 2N4J. Es in the only equilibrium with
negative energy and it has the lowest energy. Therefore we see that when
the interaction is positive the zero imbalance equilibria are always the most
energetically favourable.



o4 CHAPTER 3. SEMICLASSICAL DYNAMICS

When the interaction is attractive U < 0 we get different results.

When J > 0, J and U have opposite signs and F4 does not exist. Fj is
negative and clearly smaller than —2N4.J. Therefore Es is the equilibrium
with the lowest energy. However, for this equilibrium to exist, the condition
(UN4)? > (2J)? needs to be satisfied.

When J < 0, J and U have the same sign and Fs3 does not exist. Fy is
negative and clearly smaller than —2N. 4J. Therefore Ej is the equilibrium
with the lowest energy. However, for this equilibrium to exist, the condition
(UN4)? > (2J)? needs to be satisfied.

Therefore we can see that when the interaction is negative the energies
of the equilibria with a finite imbalance, when they exist, are the most
favourable for the system.

Photon induced self trapping

Using the fact that the energy is a constant of motion of the system, the
expression of the energy for the finite imbalance equilibria allows us to find
a general condition that describes when the system can display the self
trapping [10]. Let us remind that when the system is in the self trapping
regime there is an imbalance in the population of the wells and (z(t)) # 0,
where the angular brackets represent the time average.

When U and J have the same sign we need to consider the equilibrium
Y, and when the have opposite signs Y3. Let us show how the cavity
photons in the system can induce self trapping solutions for the first case.

When both U and J are positive the condition A > 1 tells us that the
energy of the system must satisfy E4 > 2N 4J. This means that self trapping
can occur when the initial energy of the system Hj satisfies:

Ho = H(2(0),0(0)) = NaAJ2%(0) —2N4J\/1 — 22(0)cosf(0)
= 2NuJ %ZZ(O) — /1= 22(0)cos0(0)| > 2N4J,
(3.41)

and since we have assumed that .J is positive, this expression can be written

| 820~ VT= 20 cosb(0) > 1. (3.42)

This inequality allows us to find relations between z(0), #(0) and A for which
the system can show the self trapping.

If we assume to fix the initial conditions z(0) and 6(0), the self trapping
can occur only when A is larger than a critical value A¢. Solving for A we

find that:
1+ 4/1—22 0
Ag =27 Z;(O()O)COS © (3.43)
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While in a bare Josephson junction, the tunneling amplitude J = Jis
fixed, in our system it can be modified, by changing the number of the
cavity photons. This means that in our system we have one more relevant
parameter that allows us to switch between different regimes. Remembering
that A = UN4/2J, we can see that in a bare BJJ with a fixed number of
atoms, A can be changed to satisfy this condition only by changing the
interaction strength U and making it larger. In our system however we can
keep the interaction constant and satisfy this condition by making J smaller.
This can be done when Wis > 0 by increasing the number of photons.

By writing explicitly .J, we can see that for fixed initial values z(0), 6(0)
and a value of U that would not allow the self trapping in the absence of
photons, the condition that the photon number &2 has to satisfy in order for
the self trapping to occur is:

s J UN 22(0)
&> Wia (1‘_ J 41 +4/1- 22(0)c059(0)> ’ (3.44)

with €2 < Wim for J to be positive.
1.0 1.0f
0.5 0.5}
N~ 0.0 N~ 0.0
-0.5 -0.5;
-1.0 -1.0t ]
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Figure 3.8: The two panels show, highlighted in blue, the values of z and U that allow
self trapping for a fixed ¢ = 0. The differences in the panels depend on the number of
photons in the cavity. In the first one ¢2 = 0 and J = J, in the second &2 = 25 and

J = 0.25J. The other parameters are N4 = 1000, NaWi2 = 30J. U is written in units of
J.

Instead of fixing both z(0) and 6(0), we can fix (0) and A. This leads
to a critical value of the initial atomic imbalance z. = z.(6(0), A) for which
the system shows self trapping. The condition for the self trapping to occur
(3.42), by fixing #(0) = 0 and A can be written as:

2vA -1
2(0)] > 2z = =5 (3.45)
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Figure 3.9: The two panels show, highlighted in blue, the values of z and 6 that allow
the self trapping. The differences in the graphics depend on the number of photons in the
cavity. In the first one £€2 = 0 and J = J, in the second €2 = 25 and J = 0.25J. The other
parameters are N4 = 1000, NaWi2 = 30J, NaU = 12J

Remembering that A depends on the number of photons through J it
is clear that the value of z. depends on ¢2. This effect can be seen in Fig.
(3.8), where we can notice that the value of z that allows the self trapping
gets smaller when the number of photons in the system is increased.

In Fig. (3.9) we can see for which values if z(0) and 6(0) the self trapping
can occur, for a fixed interaction strength U. The area of the plot highlighted
in blue represents the initial values from which the system is in the self
trapping regime. By comparing the two panels, it can be clearly seen what
the effect of changing the number of photons is. In particular we can notice
that increasing the number of photons widens the area that allows the self

trapping.

Figure 3.10: Time evolution of the variable 2. Time is measured in units of #/J. The
first panel represents the bare junction in the absence of the cavity. The second one shows
the junction inside of the cavity. The red lines represent the numerical solution of the
simplified system, where the photon degrees of freedom are constant. The green dashed
line represents the solution of the complete system. The parameters for the second panel
are: hAc = 300J, WoNa = 4J, WiaNa = 3J, UNa = 12J, N4 = 1000, hn = 3000J.
The initial conditions for the first panel are for (z,60) = (0.7,0). The initial conditions for
the second panel are (z,0,&,¢) = (0.7,0,10.17,7/2)
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The change of regime can be clearly seen from Fig. (3.10). In the left
panel we can see the time evolution of the system in the absence of photons
and how the population of the wells has a zero average value. The right
panel shows the time evolution when the cavity photons are present in the
system: it can be clearly seen that the photons induce oscillations around a
non-zero average value of z.
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Chapter 4

Ground state of the system
in the half-semiclassical
approximation

So far we have studied the system in the semiclassical approximation that
allowed us to describe the photon field and the condensate in the left and
right well through coherent states. Now we want to study the static prop-
erties of the system, i.e. calculating its ground state, when we do not use
the semiclassical approximation for the atoms in the wells. We call this de-
scription of the system ”half-semiclassical” because the cavity photons are
still described with a coherent state, but the atoms are studied in a purely
quantum way.

Our intent in studying the system in the half semiclassical approximation
is twofold.

On the one hand we are interested in finding out how the presence of the
cavity photons influences the ground states of the system. In particular we
want to see how the photon field modifies the transition between the atomic
coherent state and the ”"macroscopic cat” state for attractive interaction,
and between the atomic coherent state and the separable Fock state for
repulsive interaction. This study will make use of some quantum indicators
to better identify when the transitions take place.

On the other hand we are also interested in finding out if there is some
analogy between the half-semiclassical study of the system and the semi-
classical study we have carried out in the previous chapter. In particular we
would like to compare the transitions we have seen when studying the equi-
libria of the Josephson equations and the transitions we find in the ground
state of the system.

59
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4.1 Bare Josephson junction

Let us start by studying the ground states of the bare Josephson junction
following [13]. The Hamiltonian of the system is:

iy =~ (Bbo + b ) + 5 (bfbfbaby + Blblbabs ) (4.1)

It is worth noticing that the number operator N 4 = N1 + No commutes with
the Hamiltonian and therefore the total number of particles is conserved.
Given a fixed number of atoms N in the Josephson junction we want to
see how the ground state of the system changes when we vary the ratio
¢ = U/J. In order to do this we need to solve the eigenvalue problem for
the Hamiltonian H T

Hj|E;) = Ej|E,), (4.2)

where E; is the j-th eigenvalue and |Ej;) the corresponding eigenvector.
To solve this problem numerically, we want to write the Hamiltonian H;
in its matrix form. By using the Fock basis {|n),n = 0,1,..., N}, where
|In) = |[N —n,n) = |N —n); ® |i)2, the Hamiltonian is represented by a
(N 4+ 1) x (N 4+ 1) matrix. The element of the Fock basis |n) describes the
state where there are n atoms in the right well and N — n in the left well.
The matrix elements of the Hamiltonian are:

(H1)pm = (n|H|m). (4.3)

The eigenstate |E;) for a given eigenvalue Ej, can be written as:

N .
By =)l n). (4.4)

where the square module of the coefficient \cg )\2 is the probability to have
n atoms in the right well and N — n in the left one when the system is in
the jth eigenstate of the Hamiltonian.

Since we are interested in the ground state of the system we will only

need the lowest eignevalue Ey and eigenvector |Ep).

4.1.1 Coherent, Fock and ”macroscopic cat” states

The ground state of the Hamiltonian (4.1) at a fixed N shows different con-
figurations depending on the relative strength of the in-site interaction U
and the tunneling amplitude J that can be represented with the dimension-
less parameter £ = U/J. Let us start by listing the theoretical results in
some limit cases.
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e When there is zero interaction U = 0, and therefore £ = 0, the ground-
state of the Hamiltonian H; is the atomic coherent state (ACS)

|Acs>—1{:l@T+BUTVmo> (4.5)
CVNT V2R T '

where |0,0) = |0); ® |0)2 is the tensor product between the vacuum of
the operator b; and the vacuum of and be, which is the state with no
atoms in either well [23, 24].

e When the interaction is repulsive, U > 0 and ¢ > 0. the ground-state
of the Hamiltonian can be found into two different regimes depending
on the value of the parameter ¢ [25, 26, 27, 28]. When ¢( < N the
ground-state is close to |[AC'S). If { > N, the ground-state is close to
the separable Fock state

IFOCK) = |

g}g>. (4.6)

where half of the atoms are in the right well and half in the left one.

e When the interaction is attractive, U < 0 and ¢ < 0 the ground-state
of the Hamiltonian can be close to the atomic coherent state |AC'S)
or in a entangled superposition of macroscopic states, i.e. macroscopic
Schrodinger cat states [29, 30, 31, 32, 33]. By changing the parameter
¢ = U/J < 0 towards smaller values the ground-state of the system
evolves towards the following macroscopic superposition state

1
V2
which is the linear combination of the states with all particles in the

left or in the right well. This entangled macroscopic superposition
state is also known as “NOON state” or “macroscopic cat state”.

|CAT) = (|N,0) +10,N)) (4.7)

4.2 Quantum indicators

The coherence and entanglement properties of the ground states can be bet-
ter described by using some estimators, that allow to identify the transitions
between the various regimes the ground state can be found in. The estima-
tors we will be using are the Fisher information [34], the coherence visibility
[28] and the entanglement entropy [35]. Let us briefly define this quantities
and their relation to our system.
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4.2.1 Quantum Fisher information

For pure states, such as our ground state |Ep), the quantum version of the
Fisher information Fyry, is defined as the variance of the difference of the
number of atoms in the right and left well [36, 34, 37]:

Forr = (Ai12)? = (A1 — h9)?) — (A1 — 72))?, (4.8)

where the expectation value (...) is calculated with respect to the ground
state |Ep). Since the Hamiltonian H is left-right symmetric, the ground
state has s definite parity and therefore it satisfies the condition (1) = (72).
At this point the Fisher Information Fyrr of the state can be written in

terms of the coefficients CEO) as:
al 2, (0
Forr =Y [2i — N]?|c”2. (4.9)
i=0

Fgrr can be normalized with respect to its maximum value NV 2 by defining
the Fisher information F' as:

_ Forr

F=-25 (4.10)

F' gives the width of the distribution |c£0)]2 centered at i/N = 1/2. We can
observe that F' = 1 holds for the “macroscopic cat state” |CAT), F =1/N
for the atomic coherent state |[AC'S) and F' = 0 for the “separable Fock
state” |FOCK). It is also worth mentioning that there exists a sufficient
condition to have entanglement between the atoms and it reads F' > 1/N
[34].

4.2.2 Coherence visibility

In cold atom physics, the coherence properties of condensates are usually
studied in terms of their momentum distribution n(p). The momentum
distribution is defined as the Fourier transform of the one-body density
matrix p1(z,2’) [25, 26, 28]:

n(p) = /dxdx' exp ( —ip(x — x')) p1(z, '), (4.11)

where R R
p1(2,2') = (B(2)' D)) (4.12)
Here the operators ¢(z) and ¢(z)! are the operators defined in Eq. (2.19)

and the average (...) is the ground-state average. It was proven [25, 26, 28|
that the momentum distribution n(p) can be written as:

n(p) = no(p) (1 + oy cos (pd)) , (4.13)
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where ng(p) is the momentum distribution in the fully incoherent regime
(which depends on the shape of the double-well potential Vpy (z)), and d
is the distance between the two minima of Vpw (x). «, is a real quantity
which measures the visibility of the interference fringes of the distribution
n(p). When calculated in our system, the coherence visibility a, can be
written as
2|(ajan)
N
and it characterizes the degree of coherence between the two wells.
When evaluated in the ground-state |Ep) and written in terms of the

a, = (4.14)

coefficients cgo), the visibility a becomes:

N
2 0) (0) /7 .
Qy = N| E_O ¢ iV (i+1)(N —1i). (4.15)

The coherence visibility has its maximum value when the ground state
of the system is the atomic coherent state |AC'S) and it equal to 1.

Density operator and entangled states

We quickly remind some of the properties of the density operator, because
it will be useful when defining the entanglement entropy of the system.

Given a system in the state [1(t)), the density operator associated with
the state of the system is p(t) = [1(¢)){(¢(t)]. The expectation value of an
observable O in the state [¢(t)) can be calculated as:

(0)(t) = (WOl (1)),

or using the density operator:

(0)(t) = Tr[p(t)O].

When p(t) represents a pure state, then p?> = p and Trp? = 1.

Let us now briefly intorduce the concept of entangled state. Let us
consider a system composed of two parts, (1) and (2), with Hilbert spaces
Hq and Ho respectively. The global system (1) 4 (2) has as Hilbert space
the tensor product H = H; @ Ha. If {|us)1} is an orthonormal basis for #;,
and {|vp)2} is an orthonormal basis for Ha, then H has as basis {|wmn)} =
{Jum)1 ® |vn)2}. A pure state of system (1) can be written as: |¢); =
> @m|Um)1, and a pure state of system (2) as: |x)2 = >, bn|vn)2. A pure
state of the complete system can be written as: [®) = 3 cmnlum)1 ®
|un)2 = Zmn Cmn|wmn). A pure state is used when the state of the system is
perfectly well known. However, when there is only incomplete information
about a system, we describe it through a mixed state. In this case, the
state of the system may be [¢;) with probability p;, or the state |i2) with
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probability ps, etc, with ) .p; = 1. In this case we are dealing with a
statistical mixture of states. Such a state can not be described with an
average state vector. However it is possible to define a density operator for
such a state as: p(t) = >, pi(t)|v:(t))(¥i(t)|. Since we are studying the
properties of the ground state of the system, which is obtained from the
diagonalization of the system Hamiltonian, and it is a pure state, from now
on we will be using only pure states. A pure state of a combined sysytem is
said to be separable if it can be written as the tensor product of the states of
its subsystems, that is to say: |®) = |¢)1 ®|x)2. When such a decomposition
of the state |®) is not possible, the state of the complete system is said to be
entangled. The density operator p of the complete system is separable if it
can be written as p = p1 ® pa. In fact if |®) = |p)1 ®|x)2, then p1 = @)1 (|1
and py = |x)2(x|2. For a separable state p; and po can be calculated from p
by taking the partial trace:

p1 = Tryp

,52 == Trlf).
When the state is not separable than the product of p; and p2 obtained
after taking the partial trace is not equal to p. However taking the partial

trace can be used to measure the correlations between the two parts of the
system.

4.2.3 Entanglement entropy

The third and last indicator we will use to analyze the quantum entangle-
ment of the the ground state |Ep) is the entanglement entropy .S, which
measures the quantum correlations between the atoms in the two wells [35].
If the system is in the state |Ep), its density matrix p is

p = |Eo)(Eo| - (4.16)

The entanglement entropy of this state is defined as the von Neumann en-
tropy of the reduced density matrix p; defined by

/31 = T?‘gﬁ y (417)

that is a matrix obtained by partial tracing the total density matrix (4.16)
over the basis vectors of the right well. The entanglement entropy S can be
written as:

S = —Trpylogs p1. (4.18)

The expression for the entanglement entropy written in terms of the co-
effiencients of the ground state is:

N
S=-3" 1" logy )2 . (4.19)
1=0
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The maximum value S can have, for a given number of bosons N, is log, (N +
1). This value is achieved when all the coefficients of the ground state take

the same value: 01(0) =1/V/N + 1.

4.3 Crossover between the ground states

We will briefly rederive the results obtained in [13] that describe how the
ground state of the system changes regimes when changing the value of (.
The results here provided will serve as a baseline for the study of the same
problem in the presence of cavity photons.

4.3.1 Repulsive interaction

Let us start by numerically solving the eigenvalue problem of Eq. (4.2) for
different values of the positive interaction, and therefore of ( = U/J, to find
out what the ground state of the system is. In panel (b) of Fig. (4.1) we can
see the plot of the coefficients \c%o)lz for N = 1000 for various values of the
positive interaction. When the interaction is U = 0, as expected, the state
of the system is the |ACS) which has a Gaussian profile. We notice that
when the interaction becomes stronger, the width of the distribution of the
coefficients ]c%o)|2 becomes narrower. This is related to the aforementioned
fact that when ( is large, the ground state becomes close to the separable
Fock state, in which half of the atoms are in the left well and half in the
right well. In this configuration only the coefficient \C%O)P with n = N/2 is

non zero.

4.3.2 Attractive interaction

In panel (a) of Fig. (4.1) we can see what happens when the interaction
is attractive. When increasing the absolute value of { we see a change
of regime. When || is close to zero the ground state is close to an atomic
coherent state and the plot of the coefficients |c$10) |2 shows a single maximum.
The width of the distribution of the gets wider when |(] increases. However
for a large enough |¢| (¢, ~ —0.00203 for N = 1000), a valley appears
in the middle of the distribution of the coefficients. The distribution has
two maxima which are symmetric with respect to n/N = 1/2. This means
that the system is most likely to be found in a state where there is an
imbalance in the population of the right and left well. The emergence of
this kind of ground state can be interpreted as the onset of the self trapping
equilibria in the semiclassical dynamics. For an even larger |(|, the two
maxima move away from each other and the ground state goes towz;rd the
|2

”macroscopic quantum cat” state, in which only the coefficients |c(()0 and

)|2

]cg\? have a non-zero value. When the ground state of the system shows
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Figure 4.1: Coefficients \c | as a function of n/N for N = 1000. In panel (a) the
interaction is negative U < 0 and in panel (b) it is positive U > 0. In both cases the
ground state is showed for 5 values of U, which is written in units of J and therefore
equivalent to ¢ = U/J. The coeflicients ? ) are normalized so that 3~ o |c |2 =1.n/N
is adimensional.

the two symmetric maxima, we will say that it is in the ”cat state regime”,
remembering however that the terminology ”cat state” is only used for the
aforementioned state.

4.3.3 Quantum indicators

Let us now see how the quantum indicators we have previously mentioned
can help us describe the change of regimes of the ground state. The values
of the quantum indicators are plotted in Fig. (4.2) as a function of U; since
U is written in units of J, in this case, ( = U/J and U are equivalent.

As for the Fisher information, we can see from Fig. (4.2) that it is a
monotonic decreasing function of U. This is in agreement with the fact that
F assumes its maximum value F' = 1 for the "macroscopic cat state” and
and its minimum value F' = 0 for the separable Fock state. As expected we
can see that F' = 1/N = 0.001 when U = 0. From the analysis of the plot
we can notice that there is a value of ¢ for which the second derivative of the



4.3. CROSSOVER BETWEEN THE GROUND STATES 67

Fisher information changes sign (r ~ —0.002, and above which F' plateaus.

In Fig. (4.2) we can see the coherence visibility «, as a function of U.
When ¢ = U/J = 0 the ground state is the atomic coherent state and o, has
its maximum value. For smaller values of ¢ the coherence visibility shows
a plateau but for larger values of (|, a, gets smaller. It is worth noticing
that on the attractive side of the interaction there is a value of ¢ for which
the second derivative of «,, changes sign. This value of {, which we can call
(o turns out to be the same as (g, and it is close to (.
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Figure 4.2: Fisher information F, coherence visibility a, and entanglement entropy S,
plotted as a function of U, which is written in units of J, for N = 1000. In panel (a)
the interaction is attractive U < 0 and in panel (b) it is repulsive U > 0. F,« and S are
adimensional.

Lastly, let us plot in Fig. (4.2) the entanglement entropy of the ground
state. We can notice that S shows a maximum for a finite value of { when the
interaction is attractive; we can call this value (g. We see that this ground
state has a larger S than the cat state for which S = 1. This means that
for a Bosonic Josephson junction the cat state is not the most entangled.
Moving away from (g in both directions, S assumes monotonically smaller
values. (g is close to (. that identifies the onset of the coherence loss and
the transition to the cat state regime.

Because of the close analogy between the critical points of these quantum
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indicators and the change of regimes in the ground states, the quantum
indicators can also be used to discriminate the transitions between the cat,
coherent and Fock state regimes instead of needing to plot the coefficients
of the ground state.

4.4 Complete system

Let us now study the ground state of the complete system, that is to say
the Bosonic Josephson junction inside of the optical cavity.

In the previous chapter, when studying the dynamics of the system, we
used the semiclassical approximation. This meant that both the atoms in
the left and right well and the photons in the cavity were described with
coherent states. We now use a different approximation, in which we describe
only the photons as a coherent state, but we describe the atoms in the wells
in a purely quantum way, by using Fock states.

We call the photon coherent state |a), with a|a) = «|a). Furthermore,
in the same way as we stated when we described the adiabatic elimination
of the photon dynamics in the previous chapter, we assume that the photon
field relaxes quickly and this allows us to consider the photon coherent state
to be a parameter on which the atomic ground state depends.

The ground state of the atomic field for a given photon field strength
can be written as:

GS)a = enla)n) (4.20)

where [n) = |[N —n,n) is an element of the Fock basis {|n),n =0,1,..., N},
as defined before and the coefficients ¢, («) clearly depend on the photon
field strength.

So the ground state of the complete system can be written as:
GS) = |0} ® |GS)a, (4.21)

which is the tensor product of the coherent state of the photon field and of
the atomic ground state for that field strength. Since the Hamiltonian H
of the complete system commutes with the number operator of the atoms,

Ny, the atomic ground state is also an eigenstate of the number operator
and therefore N4|GS)q = N|GS)q.

To perform the numerical diagonalization of the Hamiltonian we need
to calculate its matrix elements in the basis of the Fock states. The Hamil-
tonian of the Bosonic Josephson junction inside of the cavity is given by
Eq. (2.34). We can substitute the photon operators with the corresponding
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c-numbers since we are using a coherent state, and we get:

(@) = = (hAc = WoN) |a?~ifn (& — ")~ (] = Was|al?) (blbs + b1 ) +
+5 (bfbloaby + Blblbabs) . (4.22)

The Hamiltonian that needs to be diagonalized is such that:

H|GS) = H (jo) @ |GS)a) = H()|GS)a, (4.23)

which can also be written as:

N N
H()|GS)a = H(a)) cala)ln) = Y |m)(m|H(a)ln)ea(a)  (4.24)
n=0

m,n=0

where we inserted the completeness relation: Zz:o |m)(m| = 1.
Therefore the matrix elements of the Hamiltonian are:

Hyn(a) = (m|H(a)|n) (4.25)

To write explicitly the matrix elements of the Hamiltonian we use the
fact that:

(mlbjbaln) = VN = mvidmn
(mlbihiln) = VN = v s
(m|blbibibi|n) = (N —=n)(N —n—1)8mn
(m|bhblbobaln) = n(n—1)dmn
Finally the matrix elements of the Hamiltonian can be written as:
Hpp(a) = = [(hRAc — WoN) la|? 4 it (a0 — )] Sp—

- (J - W12|O"2) (V N — m\/ﬁfsm,n—l + VN - nm5m7n+l) +

FOUN = )N —n = 1) b nln = D) b (4:26)

By numerically diagonalizing this matrix we can find the value of the
coefficients ¢, (). We can notice that the first part of the matrix that
reads:

~ [(hAe — WoN) [af? + ifn (@ — 0)] b

is proportional to the identity matrix, as it does not depend either m or n.
Therefore it gives no contribution to the calculation of the eigenstates and
we can diagonalize the simpler matrix:

Hyp @) = = (= Wislal) (VN = my/bma-1 + VN = ny/m s ) +

FOUN = )N —n = 1) b o= D) b (4:27)
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If we assume that the photon field relaxes fast then ih %04 = 0. The
expression for ih %a calculated for the ground state reads:

N

ihia =— |:hAc — WoN — Wia Z i (@)en (@) (m|(b1by 4 bby)|n)

ihn. (4.2
7 o+ ihn. (4.28)

n,m=0

By setting this expression equal to zero we find that:

ihn
(07 = T oy
hAc = WoN = Wia 300, _o cin(@)en () (m](blb2 + bib1)|n)
_ in
Ac — h-1 [WON F Wi SN VN —n— Ty (c_y(a)en(a) + c;:(a)cn_l(a))]

(4.29)

Therefore, in order for this procedure to be consistent the coefficients ¢, («)

of the eigenstates of the Hamiltonian obtained as result of the diagonaliza-
tion must give the same value of a we started with.

The procedure here described is carried out numerically through a C++
program. The program starts with a trial value of the initial «, calculates
the coefficients of the ground state ¢, («) and using them it computes a new
value of . This procedure is repeated for several values of o until the «
calculated from the coefficients is equal to the starting one. From this « the
actual ground state coefficients are calculated.

The analysis of the ground state can be simplified using the same ap-
proximation we have used in the previous chapter when studying the assisted
Josephson Junction. When A¢c > WyN and Ac > Wis N, then o depends
weakly on the coefficients ¢, («). Therefore, for any starting number of pho-
tons |a|? the above procedure gives as result the starting |a|?. The number
of photons in the system can thus be modified by changing the parameters
n and Ac.

Under this approximation we need to study how the ground states of the
Hamiltonian with the assisted tunneling is influenced by the presence of the
photons.

4.5 Ground states of the assisted Hamiltonian

The matrix elements (4.26) of the Hamiltonian of the system differ from
those of the bare Josephson junction just for the modified tunneling ampli-
tude. The assisted tunneling amplitude becomes J = (J — Wia|a[?).

The assisted amplitude J can now change its magnitude and also its sign
when Wi is positive.

Let us now calculate the ground state of the system as we have done for
the bare cavity, but this time showing what the effect of the cavity photons
is.
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4.5.1 Wi <0

When Wiy < 0 the assisted tunneling amplitude J is always positive and its
magnitude gets larger as the number of photons in the system |a|? increases.

Let us choose W19 = —0.03J and plot together the ground states for
various values of U for |a|? = 1 and J = 1.03J. We always plot the ground
state of the bare junction, which correspond to |a|? = 0 to use as a reference.
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Figure 4.3: Coefficients |c{’|? as a function of n/N for Wiz = —0.03J and N = 1000.
In panel (a) the interaction is negative U < 0 and in panel (b) it is positive U > 0. U
is written in units of J. The red line represents the system with |o¢|2 = 0, while the blue
dashed line the system with |a|*> = 1. In both cases the ground state is showed for 5 values

of U. The coefficients c) are normalized so that Zﬁ;o |c£lo)|2 = 1. n/N is adimensional.

In panel (a) of Fig. (4.3) we can see what happens when the in-site in-
teraction U is negative. The valley in the middle of the distribution appears
only for a larger value of |U|. This means that the photons have the effect of
increasing the coherence of the state, and the transition to the ”cat state”
regime is delayed. This effect can be clearly seen also from Fig. (4.4) where
the plot of the entanglement entropy shows its maximum for a larger |U],
and from the Fisher information, which is smaller and therefore represents
a narrower width in the distribution for the coefficients |cn ]2
When the interaction is positive, the effect of the photons is still to delay
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the transition to the separable Fock state. While the effect can not be seen
from Fig. (4.3), because it is very small, it can be clearly seen in Fig. (4.4)
where the coherence visibility of the ground state in the presence of photons
is always larger that the state without them.
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Figure 4.4: Fisher information F, coherence visibility o and entanglement entropy S,
plotted as a function of U, which is written in units of J, for W12 = —0.03J and N = 1000.
The red line represents the system with |a|?> = 0, while the blue dashed line the system
with || = 1. In panel (a) the interaction is attractive U < 0 and in panel (b) it is
repulsive U > 0. F,« and S are adimensional.

4.5.2 Wiy >0

When Wia > 0 the assisted tunneling amplitude J gets smaller when increas-
ing the number of photons in the cavity. This can lead to two main con-
sequences. On the one hand, if the number of photons is sufficiently small,
J maintains its positive sign but its magnitude gets smaller 0 < J /J < 1.
On the other hand if the number of photons is large enough the assisted
tunneling can become negative J/J < 0.
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Figure 4.5: Coefficients |c£lo)|2 as a function of n/N for Wis = 0.03J and N = 1000.
In panel (a) the interaction is negative U < 0 and in panel (b) it is positive U > 0. U
is written in units of J. The red line represents the system with |a|? = 0, while the blue
dashed line the system with |a|*> = 1. In both cases the ground state is showed for 5 values
of U. The coefficients ¢!’ are normalized so that Zgzo \0510)|2 = 1. Both ¢ and n/N are
adimensional.

0<J/J<1

Let us start with the case when 0 < .J/J < 1. We can plot the ground states
of the system, for different values of U, and for |a|? = 1, and J = 0.97.J. We
can see from Fig (4.5) that the effect of the photons in this case is opposite
to the effect in the previous section where W1s was negative. Since the ratio
U/ J gets larger in magnitude, the transition from the atomic coherent state
to the separable Fock state, when the interaction U is positive, appears
more rapidly. The same holds for the transition to the ”cat state” regime,
when U is negative, which occurs for a negative U with smaller magnitude.
This effect can also be seen from the quantum indicators in Fig. (4.6). In
particular the maximum of the entanglement entropy can be used to observe
the transition to the ”cat state” regime, and how it appears for a smaller |U]|.
The plot of the coherence visibility « can be used to see how the coherence
of the system is always smaller.
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Figure 4.6: Fisher information F, coherence visibility o and entanglement entropy S,
plotted as a function of U which is written in units of J, for Wi2 = 0.03J and N = 1000.
The red line represents the system with |a|? = 0, while the blue dashed line the system
with |a|?> = 1. In panel (a) the interaction is attractive U < 0 and in panel (b) it is
repulsive U > 0. F, «, S and ¢ are adimensional.

It is worth mentioning that this result is actually more interesting then
the sole rescaling of the ratio U/J. Focusing our attention on the attractive
in-site interaction and on the emergence of the ”cat state” regime we can
notice a fundamental difference. For a fixed number of atoms in the system,
in the bare Josephson junction, the transition to the ”cat state” regime hap-
pens for a definite value of ( = U/J. However, in the complete system, with
a positive Wia, by fine tuning the number of cavity photons the transition
to the ”cat state” regime can happen for a given magnitude of negative U,
without changing the number of atoms. This means that the photons in the
system act as a new degree of freedom through which the transition between
different regimes can be manipulated. The significant effect the photons can
have, can be seen from Fig. (4.7), which compares the ground states for
|a|? = 0, |a|?> = 1 and |a|? = 25 for the same interaction strength U. The
ground state of the system when |a|? = 25 shows the ”cat-like” state much
sooner because the assisted tunneling J becomes much smaller for the same
value of U.
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atomic coherent state. On the other hand, the ground state of the system with |a|* = 25

clearly shows the transition to the ”cat state” regime. The coefficients c!? are normalized

so that SN 1) =1.

453 J/J<0

The change of the sign of J is significant when analyzing the Hamiltonian of
the system. In the case of the bare Josephson junction J can always be taken
to be positive. However, by numerically calculating the ground state of the
system we found out that the sign of J bears no relevance to the coefficients
|C$LO)|2 and to the value of the quantum indicators. Therefore, choosing
values of |o?| such that the values of the assisted tunneling amplitude J is
the same as the ones we have just studied, but with opposite signs, leads
to the same plots. Therefore, for |a|?> = 65.666, the assisted tunneling is
J = —0.97J, and it is described by the same plots we used for J = 0.97.J,
that is Fig. (4.5) and Fig. (4.6). For |a|?> = 67.666, the assisted tunneling
is J = —1.03J, and it is described by the same plots we used for J = 1.03.J,
that is Fig. (4.3) and Fig. (4.4).

It is very interesting to notice this analogy between the case with positive
J and negative J. One would at first think that, since the relevant parameter
in the analysis is the ratio U/ J, when J is negative, the same results could
be obtained by changing the sign of U as well. However this is not the case,
and we can justify it by comparing the results we have achieved for the
half-semiclassical system with the ones form the semiclassical analysis.

4.6 Analogies between the half-semiclassical and
the semiclassical study of the system

In the half-semiclassical analysis of the problem we have studied how the
ground state of the system is influenced by the cavity photons. In order to
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compare the results we have achieved in this chapter with the ones in the
semiclassical approximation of the previous chapter, we need to concentrate
our attention on the equilibria of the assisted Josephson junction equations.

In fact, we can think of the ground state in which the distribution of the
coefficients |c£LO) |2 has a single maximum centered on \053}2]2 as the quantum
analogue of the zero-imbalance equilibria of the semiclassical system. In
both cases the we have the same number of bosons in either well. When the

distribution of the coefficients \c,(f)) |2 of the ground state shows two maxima,

symmetrically placed on the sides of \cg\?{)lewe can think that this state is

the quantum analogue of the finite-imbalance equilibria of the semiclassical
system, where there is a actual imbalance in the populations of the wells.

Since the system (3.13) has several equilibria we assume that the one
with the lowest energy is the one that describes the ground state of the
system, because it is the most energetically favourable.

At this point we can see the first analogy between the analysis of the
system performed in the two approximations. From the study of the ground
states we have seen how the presence of a negative J did not influence the
coefficients of the ground states. In particular this means that the transition
to the cat state regime can occur only when the in-site interaction U is nega-
tive, independently of the sign of J. However, this is the same conclusion we
reached when studying the equilibria of Eqgs. (3.13), where we found that
the finite imbalance equilibria are the most energetically favourable only
when the interaction is negative, assuming that these equilibria do exist.

This leads to the second analogy. The finite imbalance equilibria exist
only if the parameters of the system satisfy the condition:

(UN/2J)? > 1. (4.30)

We can try to compare the values of U for which we saw the appearance
of the valley in the plots of the coefficients ]c%o)|2 of the ground state with
the ones given by the condition for the existence of the equilibria. When
Wiz = 0.03J and |a|? = 1, Eq. (4.30) gives U < —0.00194.J, and from
the numerical calculation of the coefficients |C£10)|2 we find that the valley
appears when U =~ —0.00196J. When Wis = —0.03J and |a|? = 1, Eq.
(4.30) gives U < —0.00206J, and from the plot of the coefficients we get
that the valley appears when U ~ —0.00209J. When |a|? = 0, Eq.(4.30)
gives U < —0.002J, and from the plot of the coefficients we get that the
valley appears when U ~ —0.00203J . The critical values of U we got from
both models are quite similar and therefore Eq. (4.30) describes quite well
the transition between the two relevant regimes also in the half semiclassical
case.



Chapter 5

Conclusions

In this thesis we have studied some features of the dynamics and of the
statics of a Bosonic Josephson junction inside of an optical cavity. The
Bosonic Josephson junction is made of an atomic Bose-Einstein condensate
trapped in a symmetric double well potential in one direction and by a tightly
harmonic potential in the two orthogonal directions. This makes the system
quasi one-dimensional. In order for the atoms to interact with the light field,
they have two electronic states, a ground state and an excited state with a
transition frequency w4. The cavity has a characteristic frequency we close
to the atomic transition frequency w4, and it is pumped by a coherent laser
light with frequency wr,.

We have first derived the Hamiltonian that describes the system and we
have introduced a simplified version of it using the two-mode approximation,
that describes the condensate wave function as a sum of the condensate in
the right and left well of the double well potential.

After introducing the ”semiclassical approximation” that describes the
condensate in both wells and the light field with a coherent state, we have
written a set of four coupled differential equations that describe the dynam-
ics of the system. Then we have calculated the equilibria of this system and
analytically computed the small oscillation frequencies for the zero imbal-
ance fixed points. In particular we have noticed how, close to these fixed
points, the dynamics of the atomic and photon variables were no longer
coupled.

We have then written a set of equations that approximate the complete
system when, the photon variables can be considered as constant. This has
allowed us to study the dynamics of the system, and in particular show
that the system can be found in two different regimes, one were the average
population imbalance is zero and one where it is different than zero. This last
regime is called the self trapping regime. We have shown how the presence of
photons can induce self trapping solutions, that would not occur in the bare
Bosonic Josephson junction. After studying the system in the semiclassical

7
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approximation, we have studied its static properties by treating the photon
field as a coherent state, but describing the atoms in the wells with Fock
states. By numerically diagonalizing the Hamiltonian of the system we
have managed to see how the ground states of the system are modified
by the presence of photons. In the bare Josephson junction, we have seen
a transition between different kinds of ground states by changing the in-
site interaction strength U between the atoms. When U is positive, by
increasing its magnitude the ground state changes from a atomic coherent
state to a separable Fock state. When U is negative, by increasing its
magnitude the ground state changes form the atomic coherent state to the
”macroscopic cat state”. In our system, the cavity photons can be used as
a new parameter that allows to change regime. In particular we have shown
how the transition to the ”cat state” regime can occur in the complete system
for a given negative U, by appropriately changing the number of photons in
the system. Lastly we have pointed out some analogies between the study
of the static properties of the system when describing the condensate with
a coherent state or in a purely quantum manner, using Fock states.
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