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Abstract

Artificially induced spin-orbit coupling in ultracold atoms and the research avenue
of analog gravity are excellent illustrations of implementing Feynman’s envision of
quantum simulators. We investigate the impact of the synthetic gauge fields in a
Bose-Einstein condensate on realizing a quasi-two-dimensional sonic black hole.
The velocity field in such spin-orbit-coupled Bose-Einstein condensate (BEC)
breaks the irrotationality constraint, contrasting the usual superfluid BEC’s case,
and the system exhibits a non-zero value of angular momentum even without the
existence of externally applied rotation. We study the condensate dynamics in
a suitably generated laser-induced potential and investigate the effect of spin-
orbit coupling on various properties of the resulting sonic black hole (SBH). The
formation of a sonic black hole in an annular region, bounded by an inner and
outer event horizon and elliptical ergosurfaces, is demonstrated.

We report amplifying density modulations due to the formation of such sonic
horizons and illustrate how they alter the nature of analog Hawking radiation
emitted from the sonic black hole. For identifying the emitted analog Hawking
radiation, we compute the density-density correlation at different times using the
truncated Wigner approximation accounting for quantum fluctuations in the sim-
ulation. However, implementation of the approximation requires the knowledge
of the quasiparticle amplitudes in the trapped configuration, which we determine
using the Bogoliubov-de Gennes formalism. The thermal nature of the emitted
analog Hawking radiation is investigated using the computed correlation function.
We firstly discuss the nature of the emitted analog Hawking radiation by consider-
ing radial densities alone for various angular directions. But, in a two-dimensional
SBH, the pair of phonons can be spread over the whole quasi-two-dimensional
plane exhibiting angular and radial correlations between them. Therefore, we
examine the consequences of such correlations between the phonons spread over
the entire plane on the emitted analog Hawking radiation.

In a later chapter, we also touch upon the issue of the spin-orbit coupled BEC

experiencing counter-propagating laser beams with orthogonal polarization to
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understand the nature of the collective excitation spectrum in this configuration.



MY-TAR

3feTThIce A3 H HHAH U ¥ ORkd fm-siiffe gmA iR TAran 3fadt & srdem
oY HicH RAAeR & 747 B! Hed-l Bl AR B & 3PP 38R0 o | g1 3e-fg-
3t RfF & BId B THR A R S-3ER T Heie § Ridfes 9 wie &
TUTT D1 o1 d R & | 39 IRE P - 3Hifele-gfd S1- e ho-ie (disan) # a1 8
I JRUTS S5t & A $ AU, RISTARIE a1e1 &1 disar g, iR ey argdt
0 Y ARRAYH & 31 & fom oft pofg nfa 1 -y aH velRfa srarg 1 gu 3fid
FU I T AoR-URT &mdr § g-yd AT BT SR Hd § 3R IR 9 e i
B (THEe) & faf Ton R fR=-3iffdc 3799 & WHIa &1 &g BRd & 1 T ik 3R
e geT fEfas 3R SueTHR 3iif Tag ¥ foR U FeddR &5 H Ush Wi &id aid &l
fofor yelRid fsar man 5|

BH 39 dRE & @i ifeT 3 716 % BRI vafiid g Afge o RO a3 § 3R 9dmd 8
% 9 @af i B ¥ o ara TTanT 8ifdh T fafahRur & Uehfa &) v daad 8 | Saford
TATANT Bich 1 fafd 0l & Uga d= o o, 89 RgaRH o ®hicH SdR-d¢1d o e 31erl-
3T TG TR Icd-U9cd YgHael B! 0T 6Rd & | gTaliieh, A & drafaa- & forg
B gU foam # SR THdiiegs & 14 &1 Savgendl gl &, ford g4 sSfieitaia-
S T AT &1 STANT HRap UG ®Rd § 1 Seford TATaT gifcpTT fafdor &t
SR U @ UM 70T Tedae THRIE &1 SUANT $HRa HI ol ¢ | g4 Ugd fafid
DI fE=maf & o Iead T IR f[aaR SR Scord TATANT g1 T [afdul Bt Uhidl
IR T B g | Afp, T fg-man e # w9 &t siret O 3ref-fg-smarh faum
Tdl Tahdll § ol 31 ad PV R ASTT Tgdae USRI B« & | TG, §H ST
%ﬂﬁﬁ%ﬁ?ﬂﬁ%ﬂuﬁﬁﬂﬁﬁﬁ B & g T Tgdael & URUMH &1 offd Hd
|

§1C & Toh SN H, §H 9 BRI H gD Iao-l WacH Dl Upid bl JHSH &
forg SiRIfFa Yl & a1y RUH-siffde gita gt &1 $Ud H aid Brer-
TR doR S P gg R i axa g1




Contents

Certificate i
Acknowledgements ii
Abstract iv
Contents vii
List of Figures X
1 Introduction 1
1.1 Background: Analog black holes and Hawking Radiation . . . . . 1
1.2 Motivation of the thesis . . . . .. .. ... ... ... ...... 3
1.3 Thesisoutline . . . . . . . ... ... 5
2 Theoretical Framework
2.1 Hydrodynamic description in BEC . . . ... ... ... ... .. 8
2.2 Bogoliubov-de Gennes formalism . . . . .. ... ... ... ... 10
2.2.1  The System and the microscopic Hamiltonian . . . . . . . 11
2.2.2  Bogoliubov dispersion for homogenous SOC-BEC . . . . . 12
2.3  Truncated Wigner approximation . . . . .. . .. ... ... ... 23
3 Bogoliubov spectrum and the dynamic structure factor in a quasi-
two-dimensional spin-orbit coupled BEC 26
3.1 Model Hamiltonian for SOC-BEC and their low-energy collective
excitations . . . . . ..o 28

Vil



Contents

3.1.1 Synthetic spin-orbit coupling for an ultra cold atom and

the Gross-Pitaevskii equation . . . . . . . ... ... ... 28

3.1.2 Bogoliubov-de Gennes formalism . . . ... ... .. ... 30

3.2 Structure Factor. . . . . .. ... 45
3.3 Chapter summary . . . . . . . . . ... 56

(2+1)-dimensional sonic black hole from a spin-orbit-coupled

Bose-Einstein condensate and its analog Hawking radiation 58
4.1 Model . . . . .. 62
4.2 Hydrodynamic formalism and Analogue SBH metric for (2 4 1)-
dimensions . . . . . . ... 64
4.3 Time evolution of density . . . . . . . . ... ... ... ... .. 68
4.4 Correlation function . . . . . . .. .. ... L 79
4.5 Spectrum of radiation . . . . ... ... 87
4.6 Effect of increasing number of ensembles . . . . . . .. ... ... 95
4.7 Important comment and summary . . . . . . .. ... 97

Angular and radial density-density correlation function in a (2+

1)-dimensional sonic black hole 99
5.1 Hawking pairs identification from quasi-2D SBH . . . . . . .. .. 100
5.1.1 Angular and radial correlation function . . . . . . ... .. 101
51.2 G®(r,r' =0) at 10 ms, before IH formation . . . . . . . . 102
51.3 G®@(r,r' =0) at times, after IH formation . . . ... ... 103
5.2 Spectrum of emitted radiation from quasi-2D SBH . . . . . .. .. 105
5.3 Entanglement Measure . . . . . . . ... ... ... L. 107
5.3.1 CSinequality . . . . .. .. ... 108
5.4 Chapter summary . . . . . . . . ... 110

Effect of synthetic spin-orbit coupling to spontaneous crystal-

lization of Light and Ultracold Atoms 111
6.1 Model system . . . . . ... .o 112
6.2 Collective modes . . . . . . ... 114
6.3 Chapter summary . . . . . . . . .. ... 116

viil



Contents

7 Conclusion 117
Bibliography 120
Appendix A 136
A.1 Bogoliubov Interaction term for Scalar Condensate . . . . . . .. 136
A.2 Interaction term for 2-Component Case . . . . . . . . . ... ... 137
Appendix B 140
B.1 Details of Basis chosen and Integrals used in section 3.1.2 . . . . . 140
B.2 Details of Derivation from Section 3.2 . . . . . . .. .. ... ... 142
B.2.1 Dynamic Structure factor in Lehmann representation . . . 142

B.2.2 Details of matrix element in Eq.(3.13) . . ... ... ... 143
Appendix C 144
C.1 Derivation of the GP Equation from the microscopic hamiltonian 144
C.2 Bogoliubov dispersion of SOC BEC and the sound velocities . . . 145
C.3 Expression for current and Hydrodynamic description . . . . . . 147
C.4 Thermal Spectra of Hawking radiation . . . . . ... .. ... .. 153
List of Publications 159

1X



List of Figures

2.1

3.1

3.2

3.3

(a) Shows the basic tripod system, (b) shows the four states ob-
tained from the atom-laser interaction Hamiltonian and a schematic

that we are going from dark states to lower energy subspace. . . .

A

Dispersion relation as a function of both ks and (L, )mms : (a)
shows the single-component BEC case with g, = 0, (b) shows
the dispersion relation for two-component BEC with g, = g¢.
(c-d) shows the dispersion relation for 7'/n = 0.4 and 0.78 respec-
tively, with n = O.GW and g, = g. Inset of (d) shows the
canonical and gauge contribution to the rms value of total angular
momentum. . . . . ...
Quasi-particle amplitudes u, and vy, for the dipole (a,b) and
quadrupole modes (c,d) is shown for the single-component BEC
with intra-species interaction strength g, = 0. u, and v, are
in units of a;l. Each sub-figure is superimposed with the conden-
sate’s density contours (black lines). . . .. ... ... ... ...
Quasi-particle amplitudes u4 and vy, for the dipole mode is shown
for the case with intra-species interaction strength g, # 0 and
n'/n = 0.78. wuy and vy are in units of ap_l. Each sub-figure is
superimposed with the condensate’s total density contours (black

lines). . . . ..

12



List of Figures

3.4

3.5

3.6

Quasi-particle amplitudes u4+ and v, for the quadrupole mode is
shown for the case with intra-species interaction strength g, =g
and 7' /n = 0.78. uy and vy are in units of a,'. Each sub-figure is
superimposed with the condensate’s total density contours (black
lines). . . . ..
Quasi-particle amplitudes u,.(z,y) (in units of a,') in the uncou-
pled scalar condensate (without SO coupling) with g, = 0, for
few excitations marked in Fig. 3.1 (a), is shown. Here (a-b), (c-e)
and (f-h) shows the quasiparticle amplitude corresponding to the
excitations marked with m, @ and A respectively. In each set shown
here, quasiparticles begin with small values of k., (at left) and
move towards large values of ks (at right). The value of dimen-
sionless energy €/(hw,) is written at the left corner (at bottom) in
each figure. Each sub-figure is superimposed with the condensate’s
density contours (black lines), i.e., in this case, corresponding to
the ‘+’ component only. . . . . . . .. ... ...
Quasiparticle amplitudes u (z,y) (in units of a;') with moderate
ratio of SO coupling strengths n'/n = 0.4 with n = O.GW,
for few excitations marked in Fig. 3.1 (c), is shown. Here (a-c),
(d-f) and (g-i) shows the quasiparticle amplitude corresponding
to the excitations marked with m, ® and A respectively. In each
set shown here, quasiparticles begin with small values of ks (at
left) and move towards large values of ks (at right). The value
of dimensionless energy €/(fuw,) is written at the left corner (at
bottom) in each figure. Each sub-figure is superimposed with the

condensate’s total density contours (black lines). . . .. ... ..

x1



List of Figures

3.7

3.8

3.9

3.10

Quasi-particle amplitudes u (z,y) (in units of a;') with SO cou-
pling strengths ratio n'/n = 0.78 with n = 0.6/fw,/m, for few
excitations marked in Fig. 3.1 (d), is shown. Here (a-c), (d-f) and
(g-1) shows the quasiparticle amplitude corresponding to the exci-
tations marked with m, ¢ and A respectively . In each set shown
here, quasiparticles begin with small values of ks (at left) and
move towards large values of ks (at right). The value of dimen-
sionless energy €/(hw,) is written at the left corner (at bottom) in
each figure. Each sub-figure is superimposed with the condensate’s
total density contours (black lines). . . .. ... ... ... ...
Excitation spectrum for various SOC strengths n = 1.5,1.8,2 (in
units of \/hw,/m) with n//n = 0.78, in the miscible (a) and im-
miscible (b) cases, are shown. (bl)-(b2) respectively shows the
magnified part of the dispersion near the minima, in miscible con-
figuration, concerning ks and (L,).ns separately. Some points
on the outermost branch of the dispersion, viewed w.r.t ks, are
marked (using squares). The corresponding points are marked in

(b2) also, and dashed lines guide the eye joining these. . . . . . .

The variation of the lowest lying excitation energy with SOC strength

n, for immiscible case, is shown. Here, 7 is in units of \/W,
and Re (Imag) refers to real (imaginary) part of the excitation
CNETEY. .« o o v v e e e e e
Quasiparticle amplitudes for modes near the minima: (a) displays
the excitation spectrum for miscible case from Fig. 3.8 (b), for
ratio of SOC strengths n'/n = 0.78 with n = 1.8 (in units of
/i, /m). Inset shows the magnified view near the minima. (b-e)
respectively shows the quasiparticle amplitude uy(z,y) for a few
modes in (a), labelled as (i-iv) with marker ‘+’. Figures in (b-
e) are superimposed with the condensate’s total density contours

(black lines). . . . . . . ...

xil



List of Figures

3.11

3.12

3.13

3.14

3.15

3.16

3.17

(a) shows the dynamic structure factor for single-component BEC
with respect to k,(= k) and w. (b-c) shows the dynamic structure
factor for density Sp(k,, k, = 0,w) and spin Sg(k,, k, = 0,w) in
two-component BEC. (d-e) shows these for SOC case for strengths
n'/n=0.78 with n = 0.6\/hw,/m. . . .. ... .. ... ... ..
The figure shows the dynamic structure factor for various cases
illustrated in Fig. 3.11 with the wavevector scaled with respect to
healing length &g, instead of a, as done in Fig. 3.11. Colorbar is
same as used in Fig. 3.11. . . . . .. .. ...
(a-b) respectively shows the density Sp(k,, k, = 0) and spin static
structure factor Sg(k,, k, = 0) for various listed cases. . . . . ..
(a,b) shows the density and spin dynamic structure factor in a
SOC-BEC for strengths 7'/n = 0.78 with n = 0.6y/hw,/m at
k, = a;l. The corresponding results at &, = 4a;1 are shown
(c,d) respectively. . . . . ..
(a-b) shows contribution of the first three excited states (j=1,2,3)
to the total density and spin static structure factor in SOC-BEC,
respectively, for n//n = 0.78; (c-d) shows the same for the two-
component BEC. . . . ... .00
(color online): (a) displays the Fourier transform of the fluctua-
tions in the total density relative to the total density, for several
cases mentioned. (b) shows the Fourier transform of the spin-
density fluctuations. . . . . ... ... L
(a-b) respectively shows the ground state corresponding to the to-
tal density and spin-density (in units of ap_Q) in miscible SOC con-
figuration (g < g) for n/'/n = 0.78 with n = 0.61/hw,/m. The
dynamic structure factor for density Sp(ky, ky, = 0,w) and spin
Ss(ksz, ky = 0,w) in this case is shown in (c-d) respectively. (e-h)

shows the corresponding results for g, >g¢. . . .. .. ... ..

x1il



List of Figures

3.18

3.19

4.1

4.2

(a-b) respectively shows the ground state corresponding to the to-
tal density and spin-density (in units of a;Q) in miscible SOC con-
figuration (g._ < g) for n'/n = 0.78 with n = 2y/hw,/m. The
dynamic structure factor for density Sp(ky, ky, = 0,w) and spin
Ss(ks, ky = 0,w) for this case is shown in (c-d) respectively. (e-h)
shows the corresponding results for g, >g¢. . . ... ... ...
Static structure factor for density Sp(k,, k, = 0) and spin Sg(ks, ky
0) in the SOC-BEC case for ratio SOC strengths 1’ /n = 0.78 with
n = 0.6,2 (in units of y/Aw,/m), for g, < g is shown in (a-b)
respectively. (c-d) shows the corresponding results for g, > g.
Here, the results have been normalized by the maximum value of

the corresponding static structure factor. . . . .. .. ... ...

(a) Cross-section of the potential, Vop along the x-axis, experi-
enced by the SOC-BEC at 20 ms. (b) Schematic illustration of
the formation of the supersonic region (area B) and the subsonic
region (area A) of the analogue black hole formed. Region A rep-
resents the outside of the analogue black hole and shaded region B
represents the inside of the analogue black hole. Thus, the emis-
sion of the analogue Hawking radiation from this SBH takes place
in region A (indicated using curved arrows). AEH and IH are also
marked. The arrows in region B represents that the flow is from
AEH to IH inside the SBH. . . . . . .. .. ... ... ... ...
Total density evolution for various times corresponding to n'/n =
0.4 (left), 0.78 (right) is shown. The white dashed lines in each

figure represents the location of the circular step. . . . . . .. ..

X1iv



List of Figures

4.3

4.4

(a-b) shows the cross-sectional total density at 60 ms, along ¢ =
0°,45° for n'/n = 0.4 respectively. Inset shows 1D-WFT, ny(k,r)
with a window of width D = 6.5 pum, centred at r = 20.14 pm.
(c¢) Growth of background density, n; and the fluctuation, n4 as a
function of time and, (d) shows the ratio of fluctuations in total
density to background total density as a function of time. (e,f)
shows the results corresponding to (c,d) respectively for the case
/=078 . .
Fvolution of the SBH: The figure shows the formation of a single
horizon (AEH) of the SBH at the initial time and, as time pro-
gresses IH also gets formed, which is followed by, the stratified
formation of “local” supersonic-subsonic layers in the annular re-

Cs

gion. The supersonic zones, where [vf| > Wt are illustrated
o

v/ (1+a)
white. After the entire appearance of the IH boundary, data be-

in black; and the subsonic zones with |vff| < are marked

yond TH is not shown [in (b-d,g-h)]. The evolution is shown in

(a-d) for n'/n = 0.4 and in (e-h) for '/n = 0.78, at various times:
0,30,70 and 80 ms respectively.. . . . . . . ... ... L.

XV



List of Figures

4.5

4.6

4.7

4.8

(a-c) Comparison of flow in a 2D two-component BEC (without
spin-orbit coupling) to the SOC case for the same set-up consid-
ered in this chapter: (a) Normalised velocity (v,/|v|,v,/|v]) at 80
ms, in the supersonic region, for a two component BEC without
spin-orbit coupling. (b,c) To illustrate the azimuthal flow in a
SOC-BEC, we plot the normalised velocity for n'/n = 0.4, 0.78
respectively at 80 ms. Length of arrows represents the magnitude
of the velocity. The figures are superposed with the boundaries
of the event horizon(red) and ergorsurface(black) of the SBH. Er-
goregion, defined by g4 > 0, corresponds to the region in the con-
densate where magnitude of velocity exceeds that of sound and,
is bounded by ergosurface. The conditions v/ v 4 pd? = \/ﬁ
L ——

and |v Jore are used to define the acoustic ergosurface and
event horizon respectively. Inset in (c), shows slight distinction
between the two. . . . . . . ... ... L
Time evolution of total density for one of the realizations from the
ensemble using TWA| at various times for n'/n = (a) 0.4 and (b)
0.78. . . e
Density-density correlation, G (r,7/; 0°) obtained using TWA, for
n'/n = 0.4 and 0.78 is shown in (a-f) and (h-m) respectively at
various times mentioned on the top of each figure. (g) shows
the ensemble-averaged cross-sectional density, (ng(r,0°)). Arrows
marked in (b,c; 1), along the negative correlation band emanating
from the AEH, are indicative of the presence of spontaneous Hawk-
ing radiation emitted from AEH as discussed in the text. AEH and
IH, are marked for all the illustrative times. . . . . . .. ... ..
(a-c; d-f) Density-density correlation for '/n = 0.4, along ¢ = 45°
and 90° respectively, at various times mentioned on the top. (g-i)
G®(r,r';45°) at these illustrative times for 7//n = 0.78. Arrows
marked in G® at the initial times in (a,d; g) are just symbolic of
the presence of spontaneous Hawking radiation emitted from the
horizon. AEH and IH are also marked. . . . ... ... ... ...

XVvi



List of Figures

4.9

4.10

4.11

4.12

G@(r,r';0°) for 1/ /n = 0.4 at various times, evaluated using con-
sideration of atom number fluctuations in the simulation. AEH
and IH are marked. . . . . . ... .. oo
(a-b) Correlation function (with re-scaled spatial coordinate) for
n'/n = 0.4 along ¢ = 0° at 20 and 50 ms respectively. Here,
the red (thick) line corresponds to the correlation between the
distant points located on opposite sides of the horizon with equal
propagation times. The corresponding region consisting of these
points are also marked in the total density (blue and red) in (c-d),
respectively. (e-f) displays the profile of G(® along the black line
in (a-b), respectively. (g-h) shows the spectrum of the radiation
corresponding to (a-b) at the respective times. . . . . . . ... ..
(a-c) Correlation function (with re-scaled spatial coordinate) for
n'/n = 0.78 at various times mentioned and angle, ¢ in each of the
figure. (d-f) shows the corresponding density of outside (red) and
inside (blue) regions of SBH, where the correlations are observed in
(a-c) respectively. (g-i) displays the profile of G® along the black

line in (a-c), respectively. (j-1) shows the spectrum of the radiation

emitted corresponding to (a-c) respectively at the mentioned times. 89

(a-b) Correlation function (with re-scaled spatial coordinate) for a
two-component BEC (without spin-orbit coupling), along ¢ = 0°,
at 20 and 50 ms respectively. The red (thick) line corresponds to
the correlation between the pair of distant points (r,r’) located
on the opposite sides of the horizon, with equal propagation times.
The corresponding region consisting of these points are also marked
in the total density (blue and red) in (c-d), respectively. (e-f)
displays the profile of G® along the black line in (a-b), respectively.
(g-h) shows the spectrum of the radiation corresponding to (a-b)
at the respective times. Inset shows the agreement between the
spectrum evaluated using Eq.(4.21) (solid curve) with that of the

predicted spectrum (dashed curve). . . .. ... ... ...

xXvii



List of Figures

4.13 Comparison of the predicted spectrum (using TWA simulation
with 100 realizations) at 20 ms is shown, for the case of two-
component BEC (without SOC) (solid curve blue) with two sets of
SOC-strengths: 7'/n = 0.4 (dashed black) and 0.78 (dotted red).
The results along ¢ = 0° are labelled, with a marker ‘o” and, results
along ¢ = 45° are without any marker. . . . . . . . .. .. .. ..

4.14 The analogue Hawking temperature, Ty [using Eq. (C.28)] at the
acoustic event horizon is shown at 20 ms, for two sets of SOC-
strengths: n'/n = 0.4 (left) and 0.78 (right). . . . ... ... ...

4.15 Correlation function (with re-scaled spatial coordinate) for n'/n =
0.4 along ¢ = 0° at 20 ms, for N, = 200-500 realizations is illus-
trated. . ...

4.16 (Left) The profile of G® along the black line 7 is illustrated for
various number of ensembles, for ' /n = 0.4 along ¢ = 0° at 20 ms.
(Right) shows the spectrum of the radiation for the same, with

respect to various number of chosen realizations. . . . . . . . . ..

5.1 (a,c) displays a schematic illustrating the emitted phonons from
the acoustic event horizon in (141)- and (2+1)-dimensional SBH.
(b) Correlation function taken from [21], displaying negative cor-
relation band between analog Hawking pairs. . . . . . . . . .. ..
5.2 Density-density correlation function G (r,r’ = 0) at 10 ms, for
n'/n=(a)04and (b) 0.78. . . . ... ...
5.3 Density-density correlation function G® (r,r’ = 0) at various times
in the simulation, for n'/n =0.4. . .. ... ... ... ... ..
5.4 Density-density correlation function G® (r,r’ = 0) at various times
in the simulation, for n//n =0.78. . . . . .. ... ... ... ...
5.5 Spectrum S?(|kg|, |kp|), shown in pixels, at various times in the

simulation for n'/n =0.78. . . . . ... oo

Xviii



List of Figures

5.6

5.7

6.1

C.1

C.2

C.3

C4

C.5
C.6

Top (Bottom) row displays spectrum S? at 20 ms (60 ms) by
utilizing the data from the dashed line from Fig. 5.5 at the corre-
sponding times, for '/n = 0.78 in (a,c), respectively. Inset in the
figures displays the previously computed spectrum from Fig. 4.11
(j,1) respectively. . . . ...
Coeflicient C using Eq.(5.10), for n'/n = 0.78, at various times
in the simulation, is illustrated. Please note that the first event
horizon of SBH (AEH) forms at 0 ms, as mentioned in the previous

chapter. . . . . . ..

Schematic model of the system of quasi-one-dimensional SOC-BEC

with orthogonally polarized laser beams impinging on the conden-

Dispersion relation in subsonic region and supersonic regions for
n'/n=04at 20 ms along ( =0°. . .. ... ... ... ... ...
We plot the one-dimensional cross-sectional view of the subsonic
and supersonic regimes at 50 ms for 7'/n=0.78 superposed with
the space-time diagram. . . . . . . .. .. ... .. ... ... ..
Comparision of quantum pressure term with the interaction en-
ergy is shown for the cross-section of density component, n along
0°,45° and 90° for n'/n = (a) 0.4 (in left), (b) 0.78 (in right) at

Total density (left) and its corresponding phase variation (right)
for n’/n = 0.78 at 80 ms. The marker ‘+’ in the phase shows the
presence of vortices at few of the marked minima location of the
left figure, where the interference fringes are formed. . . . . . . . .
Time evolved density for a two-component BEC. . . . . . . . . ..
Density-density correlation for a two-component BEC G (r,7/; 0°)

without SOC, obtained using TWA, is shown at various times. . .

Xix



List of Figures

C.7 A cross-sectional profile of time-dependent GPE (TDGPE) density
evolution superimposed with those obtained from TWA along ¢ =
0° using Fig.4.2(a) and Fig.4.6. In both the cases, amplification
of density in the supersonic region (where density modulations
appear), is observed. However, in this region, slight shifts in the

amplitude were observed in the density profiles obtained using TWA.155

XX





