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Introduction

The coupling of two macroscopic quantum states through a tunnel barrier brings to
Josephson phenomena such as Rabi oscillations, the AC and DC effects, or macroscopic
self-trapping, depending on whether tunnelling or interactions dominate. This effects were
seen for the first time by the British physicist Brian Josephson, and one way to obtain
them theoretically is using the Gross—Pitaevskii equation (named after Eugene Gross
and Lev Pitaevskii), that describes the ground state of a quantum system of identical
bosons using the Hartree-Fock approximation and the pseudopotential interaction model.
The aim of this work is to analyze the general behavior of a Bose-Einstein condensate
under a double-well confinement and to describe what happens with the introduction
of a dissipative term in the Gross-Pitaevskii equation. In particular we are interested
in the dynamics of the systems and how the transition between Josephson regime and
self-trapping regime changes in a dissipative system.

In chapter 1 we describe the concepts of Bose-Einstein condensate and ultracold atoms,
using the Gross—Pitaevskii equation and its dimensional reduction to 1-D GPE.

In chapter 2 we analyze the dynamics of a Bose-Einstein condensation analytically, getting
the Josephson equation from the 1-D GPE, and numerically, using the four-order Runge-
Kutta method, that helps us to understand the time evolution of the system.

In chapter 3 we perform analytical and numerical analysis of a dissipative coupled system,
obtained simply adding a dissipative term in the GPE.

Chapter 4 is a brief check of our results with a seminal experimental evidence in the study
of coupled macroscopic quantum states.






Chapter 1

Ultracold atoms and Bose-Einstein
condensation

Ultracold atoms are atoms that are maintained at temperatures close to 0 kelvin (ab-
solute zero), typically below temperatures of some tenths of microkelvins (uK). At these
temperatures the atom’s quantum-mechanical properties become important.

The study of ultracold atoms is important for understanding Bose-Einstein condensation
(BEC), bosonic superfluidity, quantum magnetism, Bardeen-Cooper-Schrieffer (BCS) su-
perfluidity and the BEC-BCS crossover.

In particular, the study of BEC is one of the most important field of physics. Theorized
by A. Einstein and S.M. Bose [1, 2] in 1925, a Bose-Einstein condensation is a particular
condition in which, taking an ideal Bose gas at zero temperature, all particles occupy the
lowest energy level. So all particles are in the same single-particle quantum state.

The first experimental evidence was the observation of a BEC in 1995 [3], using alkali-
metal atoms confined and cooled down to a temperature of 100 nk.

ﬁ

1100nK ‘
408nK l

222nK

Figure 1.1: BEC of Erbium. Obtained by Ferlaino group, Innsbruck in 2012.

Mathematically, for a couple of bosons, the wave function is odd respect to swapping
particles

oL 1 . . - -
Wy na (71, T2) = E(‘I’m(ﬂﬁl)q’nz(@) + W, (%2) Wy (71)).

Generalizing to the N dimensional case

V(T ) = %# gwm<@fl>>...<wnn<@fn>>,
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with Q the possible permutation, and v,, the occupation number of the state n.

To describe an ideal Bose gas at finite temperature, we can use the Bose-Einstein dis-
tribution N, = 25—, with N, the number of bosons in the state |a) of energy e,
1 < €y the chemical potential, 5 the Bose thermal distribution an g, the degeneration
of the state |a). It is useful to introduce the concept of BEC fraction 4¢ =1 — E]\J[V =3
and of critical temperature. The latter one is the temperature at which the number of
condensated bosons starts to increase, the fugacity is equal to 1, and consequently the
chemical potential is 0.

A theoretical description of BEC at T' = 0° K is given by the use of Gross-Pitaevskii equa-
tion (GPE).Taking a system composed by N bosons, with an external potential U(7;) and

an interacting potential V (7}, 7;), the N-body hamiltonian is

H= Z——V2+U Zv
i=1

Z]l

We said above that a BEC is a collection of bosons in the fundamental state. The ground
state corresponds to the state with minimum energy and thus we can find it by minimizing

Wi
(W)

It could be convenient to introduce the concept of free energy, useful to search the equi-
librium state of a system.

So taking F' = F — uN, what we are searching is the condition of minimum free energy.
Let us make some consideration.

First of all we introduce a normalization condition (1|¢)) = N. Then we consider a mean
field approximation, with (7, ...,7y) = ¥(71)¥(7%)...1 (T ), that means all particle in
the same state.

What we obtain is F[i)] = M]\W, and applying the variational method we find

Ely] =

SuFly) = (001 H — Niu)
= / o Y (~ae- 92+ U(R)) ~ Nulo(r)+
by [ @@L [ @ VEDE e
= [@rsu g+ v a2 [amve D@ e <o

This expression must be truth for each transformation d¢*, consequently we obtain

v+ S [av e e v = mw,

2m

If the bosons are weakly interacting [4], it is possible to substitute the true potential
with the so called Fermi pseudo-potential approximation V (7,7') = Vod(¥ — '), with
Vo = %ag (ag is the S-wave scattering length) and 6(7"— r’) the Dirac function

1)

v o + E v e = we



that is the stationary Gross-Pitaevskii equation (GPE).
Using the variational method, it is possible to obtain also the time-dependent GPE.
Minimizing the Dirac action

L0 5
5= [ atfwieing, - Aluo), (1)
we find the time-dependent GPE
o R, (N=1)
where g = %ag.

The trapping potential considered in our study is taken with a strong harmonic con-
finement in the yz plane, and with a double well potential on the z-axis

mw?

U = "5 + 22) + Vow(a) (13)
1 ~ 2
\ " flr
\ /| /
\\\ fl ’r "‘.,\ ;.-"‘
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Figure 1.2: The monodimensional and asymmetric double-well potential Vpy,

Coming back to Eq. (1.1), making explicit the trapping potential, we can find a
monodimensional equation.
Let’s consider the following ansalz [5]

1 vt

23 (g, ¢ 1.4
ﬁaf (z,t), (1.4)

with ay = /-2~ and [ [ [dedydz|¢(z,y, 2)|* = N.

Using Egs. (1.3) and (1.4) in Eq. (1.1) we find

2

»(Ft) =

1 e 0 h? mw?
S= [dt [ dFi—e >L U*(x,t)[ih; + =V — —L(y* + 2°)—
[t [ ar—ge v ling ¢ govr TR
42422

— Vow(@) = Sl oPle T W, (15)




Here, introducing cylindrical coordinates, and integrating over p and 6 we obtain

0 R
S = /dt/dx\l/*(x, iy + 5~ Vow(w) e — gup W (e, )] U(, 1),

2,2
mw-a’

— _9
2 and 91D = 2ma?

. . _ h
in which € = Ima? +

Minimizing Eq. (1.6) respect to U*(z,t), we get

- 8 h2 d2 9
ZﬁE\P(iL‘,t) = [_%E + UDW(x) + 91D|\Ij($vt>’ ]‘Ij(xvt)>

the 1-D GPE, where we have defined Upy = Vpw + €.

(1.6)

(1.7)



Chapter 2

Bose-Einstein condensate in a
double-well potential

What we consider in this chapter is a system of N bosons, confined in a double-well
potential. Following the ansalz used by Smerzi in his work [6], wave functions localized
in the right and left well can be seen as combinations of the first two eigenvectors of
harmonic oscillator.

In particular

1
1(2) = (@ol) = ().
br(z) = ——(@o(x) + B (1)).

V2

What we want to do now is to find the Josephson equations.
We start from 1-D GPE (1.7). ¥(x,t), given the two mode approximation, can be rewrit-
ten as follows

U(x,t) = fr(t)or(z) + fr(t)or(x)
with
fr(t) = /Np(t)er®
fr(t) = \/Ng(t)er®).

Inserting the two-mode wavefunction in the (1.7), and multiplying the left-hand side by
¢Rr, We obtain:

() n [ 1nl* o g [ onovasl -

(S i = iy + i)
For the right-hand side, we obtain
B2 2
¢R[—%@ + Upw](frér + fror)+

+91D/¢R 1f (@, ) (fror + fror)d.



Assuming ¢; = ¢f (due to the definition of ¢;), the last term becomes

(395 / or|f(z, t)|2 (froL + fror)dx =

gw/%@%+ﬁ%%%+h%m%+h%@W:

1295 / |0r|* Nrfr,

in which we neglect exponentially small ¢pr¢; terms.
Rearranging we obtain

_ Ng
h(m+293)fR—ERfR+KfL+UNRfR7 (2.1)
with

h? d?
ER=/¢R 3 dn —— + Upw|¢r,

h* d?
KZ/QbR o dn —— + Upw]¢r,

U:ng/\¢R|4-

Now multiplying the left-hand side and the right-hand side by ¢, we find:

. N
h(m + ZeL)fL = ELfL + KfR + UNLfL (22)
We set N N
L — 4iVR
)=~ &
a(t) = 2,
0(t) =0r — 0y,

with Ny = N(0) the total number of particles at time t=0.
Summing Eq. (2.1) with its complex conjugate, and dividing by fr, we get

. N,
—2h0p = 2(Eg + UNg + 2K N—L cos ). (2.3)
R
We perform the same procedure for Eq. (2.2)
Ngr
—2hf;, = 2(E + UNp, 4 2K ~, cos 0). (2.4)
L

Subtracting Eq. (2.4) to Eq. (2.3)

b, = 6 =L
U 2K 2
+%(NL—NR)+7 — cos (6)



and so

j AFE . U Nzt 2Kz

= — _— Z _—
A T g1
with AE = (EL — ER) the difference between the energy in the two well, U the energy

due to coupling effects and 2K the energy due to tunneling.

Now taking the difference between Eq. (2.1) and its complex conjugate, and dividing
by J{[—R
R

cos @, (2.5)

ihNg = +2iK /N Ngsin 6,
: K
NR = +2%\/ NLNRSiHQ.
Doing the same for Eq. (2.2)

: K
NL:—Q% NLNRsine,

and consequently

N, - N K
L R = 9T 22sind.
Np h

Finally, the Josephson equations for BEC are found:

_% U 2K z

j — N, —_—— 2.
0(t) A +h 0z + W mcos&, (2.6)
K
2(t) = _QEV 1 — 22sin6. (2.7)
Under the condition AE # 0 and U = 0, Egs. (2.6, 2.7) becomes
: AFE
i) = ==
( ) },—L ?

K
2(t) = _2ﬁ sin 6,

and we get the “AC Josephson effect”. In that case, in presence of a very small fractional
imbalance (|z| < 1,U|z| < K|z| < 1, typical of superconductor), we find

_AE

it ===

K
2(t) = _2E sin 6,

and introducing the Josephson current [7], defined as I(t) = —Z(t), we obtain
AE
](t) = I(O) sin(@o + Tt),
: AE
0(t) = —
( ) h Y



that are the typical Josephson equations in superconductor.

Historically these were the first equations found by Josephson in 1962 [7]. The first
Josephson junction was realized by Anderson and Rowell in 1963 [8] and they used two
strips of superconductors separated by an insulator (Fig.(2.1)). In the following years
it became clear that the role of superconductors could be replaced by ultracold gasses,
giving thrust to the study of this important phenomenon. The first group to reach this
result, using a BEC confined in a doublewell, was a research team from the university of
Heidelberg in 2007 [9].

Insulator

Superconductor Superconductor

AC P | Y| elpr

@

Cooper pair

Figure 2.1: The Josephson junction is composed of two strips of superconductors sepa-
rated by an insulator. The physics underlying the Josephson junction is based on tunnel
effect, that allows the transition of Cooper pairs of electrons from one side to the other.

Now setting AEF =0 and z < 1 we obtain

. 2K
0(t) = % cos 9,

I(t) = —2(t) = 2% in 0,

that describes the “DC Josephson effect”. The effect is a direct current crossing the in-
sulator in the absence of any external electromagnetic field, owing to tunneling. This DC
Josephson current is proportional to the sine of the phase difference across the insulator,
and may take values between —/(0) and 7(0)

Consequently what the Josephson effect underlines, is that taking a Josephson junc-
tion (Fig. 2.1), a current can flow through the junction without voltage across up to a
maximum current /(0) = I, said critical current.

2.1 Computational analysis of different behaviors in
BEC dynamics

First of all let us make a simplification.
We rewrite Egs. (2.6, 2.7) as

(') = AE" + Az + cos 6, (2.8)

=
Z(t") = —V1 — 22siné, (2.9)
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where we have rescaled to a dimensional time % — t and
AE
AF = —
2K
U Ny
A=
2K

Consequently the dimensionless parameters A and AE’ determinate the dynamic regimes
of the BEC tunneling. We also assume A > 0.
In particular it is possible to estimate the total, conserved energy:

A 2
H= TZ +AE'z — VT - 22 cost, (2.10)

and the equations of motion (2.8, 2.9) can be written in the Hamiltonian form

_od
00

. OH
§=22
0z

z =

2.1.1 The symmetric trap case AF =0
Rabi oscillations

For non interacting atoms (A = 0) the equations found describe sinusoidal Rabi
oscillations between the two traps, with a frequency wg.
On a practical point of view, this behavior of the dynamics of the system could be used
for important experimental observation [10].

0.001
z(t)

~0.001—
L |

0 10 20 ¢ 30

Figure 2.2: Rabi oscillations with Rabi frequency wgp = (%)K . Plot of the population
imbalance z(t) as a function of the rescaled time ¢, when the coupling energy A = 0 and
for the specific initial condition [z(0), #(0)]=[0.001, 0].
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Oscillations in zero-phase mode

In Fig. 2.3 we stressed out the different dynamics of population imbalance in different
situations. Time t is expressed in units of %

0.7 0.7
2(t) 2(t) \

-0.7 ’ 07 5 10
t r

Figure 2.3: Population imbalance z(t) as a function of rescaled time t', when the coupling
energy A = 10 and for the specific initial condition §(0)=0. We consider different values
of the parameter z(0): (a) z(0) = 0.1, (b) 2(0) = 0.5, (c) 2(0) = 0.59, (d) z(0) = 0.65,
(e) z(0) = 0.6.

In particular we can see how, at fixed A, dynamics change drastically varying z(0). With
a small z(0) (case a), we find sinusoidal oscillations. The period increases with z(0) (case
b), until arrive to not sinusoidal oscillations (case ¢). When z(0) is equal to the critical
value 2.(0) = 0.6 (case e), we find a transition from zero average oscillations (a, b, c) to
a macroscopic quantum self-trapping (MQST) situation (d).

There are different ways in which this case can be obtain [6], but all of them correspond
to the condition

A
Hy = H(2(0),0(0)) = 52(0)2 — /1 —2(0)2cos[0(0)] > 1.
Consequently the critical condition H = 1 leads to

A — 21 + /1 —2(0)? COS[Q(O)].

2(0)?

From this equation it is possible to find 2.(0) fixing A.

12



Oscillations in 7m -phase mode

We now consider the tunneling dynamics in which () = w. Fixing the value of
2(0) = 0.6, we change A to analyze the different behaviors.

0.7 \ z(t) 1
z(t) // \x‘ ,'/ 1
A 0.8,
/ \ / \ . ~ -~
/ fof 0.6~ S el S S S
0 / \ / \ 1 )
' 1] 04 ¢
/ / 0.2
\ A4
-0.7 | I 0 | !
0 20 40 0 20 40 t
t

Figure 2.4: Population imbalance z(t) as a function of rescaled time ¢, for the specific
initial condition [2(0),0(0)]=[0.6, pi]. We consider different values of the coupling energy
A (@) A=01,(b) A=1.1, (c) A=1111, (d) A =12, (e) A =1.25, (f) A = 1.3.

What we see, is that increasing A we obtain oscillation with an increasing period (cases a,

LEV1-06%coslr] _ 1.111, we find the transition

b). Then, reaching the critical value A. = 2 N

to MQST, just like the zero-phase mode.

But in that case we have different self-trapped behaviors (case d, f) and a stationary
condition (case e).

Starting from Eq. (2.10), it’s possible to find a class of degenerate GPE eigenstates that
break the z-symmetry [6]:

0s = (2n+ 1)m,
1
2 _
A=l

1
£/ 1—2(0)2
Consequently, when A, < A < A, we have the first kind of MQST, when A = A, we have
the stationary condition and when A > A, we have the second kind of MQST.

This behavior was impossible in the previous mode, due to the condition A > 0.

and so Ay = . These are stationary solutions for Eqs. (2.8, 2.9).

2.1.2 The asymmetric trap case AFE # 0

In this case we can find immediately two different situations.
If AE" > Az(0), we obtain something like the AC Josephson effect, with approximated
equations:

O(t") ~ AE',
Z(t") = —sin 6.

This implies a small oscillation of population imbalance with a well defined frequency
wop = AFE'. Tt is showed in Fig. (2.5). We can easily see that this is a nonzero average
oscillation.

13



0.59

0 0.5

t 1
Figure 2.5: Population imbalance z(t) as a function of rescaled time ¢, for the specific
initial condition [2(0),0(0)]=[0.6, 0]. We set the coupling energy A = 10 and the nergy
difference AE" = 100.

If instead AE’ < Az(0) we find similar results to the symmetric trap case, with some
difference. The introduction of AE’ changes the hamiltonian, that becomes

AQ
H:TZ—FAE/Z—\/l—ZQCOSQ.

This brings to new A, and A values. In Fig.(2.6) we give an important example of the
difference between the two trap cases.

z(t) z(t)
) d)
0 0
0.5 b) -0.5[-
L 1
b 20 40 ¢ b 10 20 t

Figure 2.6: Population imbalance z(t) as a function of rescaled time ¢, with energy
difference AE’ = —1.2 and for the specific initial condition [2(0),0(0)]=[0.6, 0]. We
consider different values of the coupling energy A: (a) A = 0.1, (b) A = 1.1, (¢) A = 1.111,
(d) A=1.2, (e) A =1.25, (f) A =1.3.

First of all, what we expect to see is the presence of a new A., obtainable from the
MQST condition H = 1. In this specific case the theoretical value is A’ = 14, but the
experimental one is A, = 13.64. That means that AE’ changes the MQST condition.
Then we see that is possible to find, with some particular negative values of AE’, a positive
A, also in the zero-phase mode. That implies the presence of a stationary condition.
The last important thing to stress is that the nonzero average imbalance persist, and its
value depend on A and AFE'.

14



Chapter 3

From dissipative GPE to dissipative
Josephson Equations

Until now we consider the dynamics of a BEC in a double-well confinement in a
conservative system, using a GPE to describe it. But an important role in these processes
is linked to the dissipation that is always present, and affects the dynamics of the junction,
thereby changing the tunneling process. A way to take into account this effects is adding
a dissipative term in Eq. (1.7) we obtain the “dissipative 1D GPE equation”

h? d?

zh(% + )V (x,t) = [—%@ + Upw(z) + g ¥ (z,t)]*] ¥ (, 1), (3.1)

where ~ is the dissipative coefficient.
Doing the same mathematical steps of chapter 2, we find

. Np
Zh(ﬁ +i0L +7)fo =ErLfr+ Kfr + UNLfL

., Np ..
@h(ﬁ +10r +7)fr = Erfr+ KfL + UNgfr

and consequently

. 1 N
0p = ——(Egr + UNg + 2K | == cos 0),
h Ng

: K
NR = —Q’YNR—FQE\/ NLNRSiHQ,

: K
NL = —2’)/NL —QE\/ NLNRSiIle.

Setting
N; — Np
="~ &
N + Np
t) = ,
n(t) N,



0(t) = Or — 01,
with Ny = N(0) the total number of particles at time t=0, we get

o(t) = AhE + %NOZ( t) + 25 tz(t_) e 0059 (1), (3.2)
St) = —2y2(t) — % (2 = z<t>2sine(t), (3.3)
n(t) = —2yn(t). (3.4)

The difference between Egs. (2.6, 2.7) and Eqs.(3.2, 3.3, 3.4) are:

a) In the population imbalance’s time derivative there is a new term due to the
presence of . This one is linked with a dissipative behavior of the equation of motion
for z. Taking the derivative of Eq.(3.3) with respect to t we find

— = 2K s (00)

and clearly the new term adds a dissipative trend in the dynamics.

b) There is the introduction of a new variable, 1, that can be interpreted as the BEC
fraction. Consequently Eq. (3.4) implies that the number of condensated bosons changes
in time. In this particular case we find that the BEC fraction has a negative exponential
trend n(t) = e=*" with 7(0) = 1.

3.1 Computational analysis

As we have already said, the introduction of v leads to a dissipative effect. Let us
figure it with the computational analysis. Taking some example from chapter 2.1 it is
possible to point out the role of v in the dynamics.

Before starting, it is useful to introduce I' = 27%, to find the rescaled equation

2(t) = =Tz(t) — /()% — z(t)?sin (6(¢)).

z(t)

o

-0.1— ‘ ‘
0 10 20 t 30

Figure 3.1: Population imbalance z(t) as a function of rescaled time ¢, where the coupling
energy A = 10, AE’ = 0, the dissipative term I' = 0.05 and for the specific initial
condition [2(0),0(0)]=[0.1, 0].

In Fig. (3.1) it is clear that, in general, the oscillation regime is affected by a contin-
uous reduction in the amplitude, due to the presence of the dissipative term.

16



Now studying how the limit case of Fig. (2.3, e) change with the introduction of I,
we find that there is not anymore a well defined condition for the transition from the
MQST regime to the zero average oscillation regime.

z(t) z(t)
0.5 0.5
a)
b)
(V= 0
—0.5- -0.5(-
L | 1 |
0 10 20 t 30 0 5 10 t 15

Figure 3.2: Oscillation of z(t) as a function of rescaled time t, where the coupling energy
A = 10, AE" = 0, and for initial condition #(0) = 0. We consider different values
of[2(0),T']: (a) [0.6, 0.01], (b) [0.7, 0.1].

Watching Fig. (3.2, a) it is clear that the presence of I" introduces a time-dependent
changing of behavior. Furthermore Fig. (3.2, b) give us an idea of what a big I" does to
an initial MQST regime.

The last thing to consider is the stationary condition, and the near MQST behaviors,
found in the m-phase mode.

2(t) 1 z(t) !
05" 05
a) b)
o ol
05 —05-
_ | | | | _ | | | |
b 20 40 60 80 b 20 40 60 80 |

Figure 3.3: Oscillation of z(t) as a function of rescaled time t’, where the energy difference
AE'" = 0, the dissipative term I" = 0.004, and for initial condition [z(0), #(0) = «w]. We
consider different values of A: (a) A = 1.25, (b) A =1.3.

Fig.(3.3) show that now it is not possible to have a stationary condition, and show that
the presence of I' not only changes the amplitude of the oscillation, but also its average,
(z), from the starting value to zero.
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Chapter 4

Experimental evidence of Josephson
effects

As already said in chapter 2, the first experimental evidence of Josephson effect was
with Anderson and Rowell in 1963 [8], studying a Josephson junction with superconduc-
tors. Only in the first years of this decade they were made experiments concerning with
ultracold gasses.

In Fig. (4.1) is reported what the research team from the university of Heidelberg [9]
found about dynamics of the system.

(a) Plasma oscillations (b) Self trapping

o/ = Y

20 40 1 60 80 5 10 15 20 25 30

o 10 20 30 40 50 0 5 10 15 20

time

Figure 4.1: Dynamical response of the bosonic Josephson junction. Column (a) shows
the measurement of temporal evolution of population imbalance z(t) and phase difference
6(t) in the Josephson regime. Column (b) shows the measurement of temporal evolution
of population imbalance z(t) and phase difference 6(t) in the self-trapping regime.

We can clearly seen the presence of two types of regimes, just as we found: the
Josephson regime, with zero average oscillations, and the MQST regime, in which the

19



population imbalance is locked. This work doesn’t show the existent of dissipative effects.
But it is possible to find evidence of these in a recent study, by Barzanjeh and Vitali [11].
This work shows that the coupling between two non linear nanomechanical resonators
(NMRs) has some interesting analogies with Josephson Junction. In their work, they
observe that Egs. (2.6, 2.7) describe very well the dynamics of two coupled NMRs.
Looking Fig. (4.2) we can see that they get the same dynamical result obtained in
chapter 2, in which g is our A, g, is A, and g, is A, .
Subsequently they include the effect of mechanical damping, by adding phonon loss terms
v in the Hamiltonian of the system, finding Eqs. (3.2, 3.3, 3.4), and so obtaining the
same dissipative dynamics of chapter 3 (Fig. 4.3).

z(t) 03 03 0.30

02\ g<i @) o2 g=1 (®) 025 g=g ©
0.1 0.1 0.20 cr
0.0 0.0 015
0.1 0.1 0.10
02 02 0.05
—03 03 0.00

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
0.30 0.6 0.34
020l \9er<g<gs /D05 9=0s ©) 033 Ger» 9s<9
028 8‘31' 0.32
0.27 0:2 .
0.26 0.31

0.1

0.25 0.0 0.30

0 5 101520 25 0 5 10 15 20 25 0 5 10 15 20 25

time

Figure 4.2: Population imbalance as a function of rescaled time, in the conservative case.
Initial condition: z(0) = 0.3, #(0) = m, AE = 0. The coupling energy is g. Figures (a)
and (b) represent oscillations for small value of g. Increasing g the period grows. Figure
(c) shows the limit case in which g reaches the critical value for the regime changing.
Figures (d) and (f) show the two self-trapping oscillations with different mean values. In
the end figure (e) shows the stationary case.
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Figure 4.3: Population imbalance z(t) as a function of rescaled time, in the dissipative
case. Initial condition: z(0) = 0.3, 6(0) = 7w, 7 = 0.001, AE = 0. Figure (a) shows the
damping of oscillations for small values of the coupling energy. Figure (b) displays the
limit case for the regime changing and figure (c) exhibits the stationary case. In all cases
z(t) goes to zero
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Coming back to the Josephson junction case, the effect of mechanical dumping is

replaced by the creation of quantum vortex. For example, a research team from the Uni-
versity of Maryland [12], have experimentally measured transport of superfluid bosonic
atoms in a mesoscopic system. They observe the presence of a large dissipation, related
to the creation of excitations in one of the reservoir. They modeled this dissipation with
vortex pair production by a mechanism considered by Feynmann [13].
To fit the behaviour found, they model their system as a RLC circuit (Fig. 4.4), where
the capacitor represents the energy stored in the two reservoirs of BEC, the inductor
represents kinetic energy stored in the flow of atoms, and the resistor in parallel allows
additional current to flow in the Josephson junction, but with dissipation.

L
— T

L — X, gﬁ

Figure 4.4: A circuit composed by a Josephson junction connected in series with an
inductance L and a capacitance C, and connected in parallel with a resistance R.

The equations that describe the circuit in Fig. (4.4) are

—Z2=1=1Ip+1;9 (4.1)
0 = R(I — I sinf)

. 1, =z ) . =z
[=—7(~5+RU~Icsing) = (= +0) (4.3)

Comparing this with what we found, we get that, just like for Eq. (3.3), even in Eq. (4.1)
appear an additional term not present in the classical Josephson equation Eq. (2.7). In
that case it is linked with the presence of resistance R in the circuit.
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Conclusion

We have investigated the Josephson junction dynamics with a Bose-Einstein conden-
sate under double-well confinement both without and with dissipation. Using a two-mode
model, we have described the temporal oscillations of the population imbalance of the
condensates. Our predictions show how the behaviour of the dynamics changes, from
Josephson regime to self-trapping regime, varying system’s parameters: the coupling en-
ergy, the tunneling effect and the energy difference between the two wells. We clarify
the connection and the difference of the two different regimes in the conservative and
dissipative situation, through a numerical analysis made using a four-order Runge-Kutta
method. What we found is that, in the conservative case, the initial condition define a
specific regime. We saw that varying the coupling energy it is possible to modify the
period of the oscillations, and varying the energy difference between wells it is possible
to change the average of the oscillations. Instead, in the dissipative case, the population
imbalance goes to zero, faster the greater is the dissipative term. So in this situation it
is impossible to have a self-trapping regime.

The interest in this research has been borne out by the possibility that experimental
realization of weakly coupled Bose-Einstein condensates might add new tool to quantum
optics with interacting matter waves. Moreover, the study of the self-trapping phe-
nomenon could provide a test of the validity of the mean field description in atomic gases
in the strong nonlinear regime [14].
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Appendix A

Discussion about programs used in
computational analysis

For the computational analysis, the algorithm used for the approximation of solutions
of ODEs was the 4-order Runge-Kutta method, that is the widely used. This is a method
that use a particular discretization of the time-depending variables to approximate the
solutions. Taking the following initial value problem

y=f(ty)

Yo = y(to)

we pick a step-size h > 0 and we use this discretization:

h
Ynt1 = Yn + = (k1 + 2Ky + 2k3 + ky)

6
tni1 =tn+h
with
ki = f(tn; yn)
ke = f(t, + g Yn + gkl)
ks = f(t, + g Yn + gl@)

ky = f(tn + h,y, + hks)

ki is the increment based on the slope at the beginning of the interval, using y (Euler’s
method);

ks is the increment based on the slope at the midpoint of the interval, using y + 2k1;

ks is again the increment based on the slope at the midpoint, but now using y + 5k»;

k4 is the increment based on the slope at the end of the interval, using y + hks.

The RK4 method is a fourth-order method, meaning that the local truncation error is on
the order of O(h®), while the total accumulated error is on the order of O(h?).
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To produce graphics, and so to complete the analysis, we write a Macro for the pro-
gram ROOT.

ROOQOT is a modular scientific software framework, made by CERN. It provides all the
functionalities needed to deal with big data processing, statistical analysis, visualization
and storage. It is mainly written in C++. With this Macro we was able to find the step
by step solutions of ODEs, using the RK4 method aforementioned, and to report them
on graphics, showing the time evolution of the solutions.
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