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Abstract

Ultra-cold quantum gases subjected to light-induced synthetic gauge potentials have
become an emergent field of theoretical and experimental studies. Because of the
novel application of two-photon Raman transitions, ultra-cold neutral atoms behave
like charged particles in magnetic field. The Raman coupling naturally gives rise to
an effective spin-orbit interaction which couples the atom’s center-of-mass motion to
its selected pseudo-spin degrees of freedom. Combined with unprecedented controlla-
bility of interactions, geometry, disorder strength, spectroscopy, and high resolution
measurement of momentum distribution, etc., we are truly in an exciting era of ful-
filling and going beyond Richard Feynman’s vision* of realizing quantum simulators
to better understand the quantum mechanical nature of the universe, manifested
immensely in the ultra-cold regimes.

In this dissertation, we present a collection of theoretical progresses made by the
doctoral candidate and his colleagues and collaborators. From the past few years
of work, we mainly address three aspects of the synthetic spin-orbit and light field
induced coupling in ultracold quantum gases: a) The ground-state physics of single-
particle system, two-body bound states, and many-body systems, all of which are
subjected to spin-orbit coupling originated from synthetic gauge potentials; b) The
symmetry breaking, topological phase transition and quench dynamics, which are
conveniently offered by the realized experimental setup; ¢) The proposal and impli-
cations of light field induced dynamical spin-orbit coupling for atoms inside optical
cavity. Our work represents an important advancement of theoretical understanding

to the active research frontier of ultra-cold atom physics with spin-orbit coupling.

*See the footnote in Section 1.5 for more details



To my parents, for supporting me and encouraging me to pursue my dreams.
To my aunt Rufen (Lily) Gao, for her tenacious mindset fighting against cancer,

always positive attitude towards life, and unfailing love to people around her.



Acknowledgments

First and foremost, I would like to thank my Ph.D. adviser Dr. Han Pu, for his
excellent guidance for me along this invigorating research path. As I stumble my way
through research works, Han has always treated me as an equal. His insightful yet
concise, thorough yet patient, sharp yet compassionate approach to mentoring has
prepared me to think and work as an independent researcher. He has given me time to
develop technical tools I need to get things done, freedom to explore some of my own
research ideas, and resources to establish great collaboration with other distinguished
scholars around the globe. Very often, I am encouraged to confidently present my work
at various conferences, self-promote my works to other like-minded physicists, and
even defend comments/critics raised by journal referees for my submitted manuscripts
in a scholarly way. Not only has Han been an excellent Ph.D. adviser but has also
become a great mentor, a good friend and a spiritual leader for me throughout the
past few years. I am truly thankful and grateful for his guidance, intuition and
mentorship.

I would like to thank my collaborators and colleagues that I otherwise will not be
able to know if not because of ultra-cold atomic physics research: Hui Hu, Biao Wu,
Ming Gong, Xia-ji Liu, Ying Dong, Lei Jiang, Ram Bala, Lu Zhou, and Chuanzhou
Zhu. 1 would also like to thank Dr. Pu’s cohort of students and scholars: Hong
Lu, Li Yang, Leslie Baksmaty, Shang-shun Zhang, Michael DeMarco, Hongyu Xiong,
Wen Wen, Liming Guan, Xinghai Zhang, Youjiang Xu and Li Chen. I appreciate
Dr. Qiyou Jiang’s kind and dedicated support and guidance for my ever increasing
computing needs, and Dr. Katerina Belik for her pragmatic way of teaching the

effective communication class UNIV 601. I am very grateful to Dr. Randall G.



Hulet for his wisdom and commitment in teaching atomic physics course, which is
essentially the underlying meat and bone of my theoretical endeavors. Dr. Hulet
closely kept track of my academic achievements and extensively served on both of my
Ph.D. advisory committee and defense committee, for which I am genuinely thankful.
Dr. Hulet went through the draft of this thesis VERY carefully and made countless
comments and annotations using his advanced iOS app on an iPad Pro, from which I
am truly inspired and got greatly motivated to be a perfectionist in preparing for this
dissertation. I am indebted to Dr. Anthony Arthur Chan’s thoughtful and caring
advises throughout my graduate career. Lastly, I would like to thank Dr. Gustavo
Scuseria for being on my PhD defense committee, asking many thought-provoking
questions at the time of thesis defense and helping me to further improve the quality
and readership of this thesis.

I would like to take this brief moment to thank many other friends I have made at
Rice University either academically or personally: Jiakui Wang, Yiting Xia, Yunxiang
Liao, Chong Zhang, Zhentao Wang, Yang-Chi Chou, Aditya Shashi, Yinbin Ma, Mi
Yan, Heng Ji, Ruoyu Chen, Ke Zhao, Mingjie Liu, Ming Luo, Yajing Li, Yun Li,
Kai Lou, Ang Cai, Sitti Buathong, Vaideesh Loganathan, Jianxiong Chen, Yang Xia,
Yue Zhang, Pu Han, Linglin Yu, Jianda Wu, Yuming Wang, Kai Li, Tianwu Zang,
Zhen Wang, Xingcheng Lin, Xiaodi Deng, Jinmo Zhao, Bo Shuang, Pingfeng Yu,
Jialu Xu, Ya He, Ya Liu, Lantao Yu, Ying Huang, Lin Tang, Lei Tang, Sidong Lei,
Lifei Liu, Yang Zhou, Peng Wang, A Qia, Zhiming Peng, Kefeng Xin, Wei Chen, Jun
Deng and Naili Qi, without all of whom my grad life could have been much tougher.
I appreciate the friendship with my physics buddies that we have been in touch
academically and personally: Huanglong Li, Mingyi Zhang, Ran Cheng, Xiao Ying,
Biao Huang, Chao Gao, Yong Xu, Ran Wei. I have had true friendship and happiness
with my “Panda” Ping-pong club members including Weihua Zheng, Songying Fang
(Associate Professor at Department of Political Science, Rice University), Fanglu Sun,

Di Du, Yimeng Zeng.



vi

My “host family” at Houston, introduced via the greatest OISS office at Rice,
have kept in close contact with me over the entire span of past seven years. They
not only opened their and their extended family’s house doors for me at holiday and
weekend gatherings, but also greeted me with the most genuine friendship, helped me
understand and even appreciate U.S. culture and western traditions. Most impor-
tantly, they heard me out, opened their hearts to love me, and revitalized me to keep
going onward and upward. I consider this friendship very special and very beautiful,
and look forward to establishing renewal of our friendship for the next few decades
to come.

[ am deeply inspired by my Aunt Rufen (Lily) Gao’s tenacious mindset fighting
against colorectal cancer, always positive attitude towards work, life and family, and
her unfailing love to people around her. This dissertation is dedicated to her, without
whom I could have had a lot less motivation for pursuing perfection in completion. I
thank my Uncle Hualin Li for encouraging me to come to U.S. for graduate studies
and my uncle Dr. Chen Dong, Dr. Yue Wang and aunts Dr. Ling Li, Dr. Xueling
Wu, all of whom have successfully achieved Doctoral Degree in their respective fields,
for taking good care of me and helping me to overcome cultural barriers.

I would never have made it to where I am today without the tremendous love,
continual inspiration, and significant support of my family. Not only have my parents
always been there for me, they have kept pushing me to follow my passions in life.
My dad only had formal education in elementary school before his adulthood, but
he managed to teach himself algebra, geometry, physics, chemistry, English, Chinese
literature, and even circuit design before he successfully entered college for advanced
studies as an electrical engineer. His passion for classical physics and advanced math-
ematics had deeply shaped me when I was a ten years old kid, and further motivated
me to pursue advanced education and research frontiers of modern physics. My mom
took great care of me and taught me the true meaning of hard work, caring and love

for the family. Together as a happy couple and successful parents, they taught me



Vil

how to seek fulfilling life, separate pride from vanity, help others who are in need,
and always be grateful and trustworthy to friends. I believe in them, their influence
on me and wisdom passed down on me will continue to be invaluable throughout my
life.

Last but not the least, I would like to thank the love of my life, my beloved fiancée
Zhang (April) Zhang. In the past two years of my life, I have been lucky enough to
get to know and fall in love with her. April is incredibly supportive in all of my
very different endeavors, such as theoretical physics research, data science/machine
learning self-studies, travel and photography, etc. We found out that we share a great
deal of common purposes in life. Ever since we have been in love, we have grown
together emotionally, intellectually, and spiritually. She is beautiful, genuine, my
better half and she makes me become a better self. For these reasons and many more,
I would like to thank April for helping me along this journey, for her commitment in

us, for continuing to make it wonderful in the our future decades to come.



Publications

I hereby declare that except where specific reference is made to the work of others, the
contents of this thesis are original and have not been submitted in whole or in part
for consideration for any other degree or qualification in this, or any other university.

The following journal publications are (co-)authored and extensively reproduced
by the Ph.D. candidate, Lin Dong, in this dissertation:

[1] L. Dong, L. Jiang, H. Hu, and H. Pu, “Finite-momentum dimer bound state
in a spin—orbit coupled Fermi gas”, Physical Review A, 87 (4) 043616, (2013).

2] L. Dong, L. Jiang, and H. Pu, “Fulde-ferrell pairing instability in spin—orbit
coupled Fermi gas”, New Journal of Physics, 15, (7) 075014, (2013).

[3] H. Hu, L. Dong, Y. Cao, H. Pu, and X.-J. Liu, “Gapless topological Fulde-
Ferrell superfluidity induced by an in—plane Zeeman field”, Physical Review A, 90,
(3) 033624, (2014).

[4] Y. Dong*, L. Dong* , M. Gong, and H. Pu, “Dynamical phases in quenched
spin—orbit coupled degenerate Fermi gas”, Nature Communications, 6, 6103 (2015).

[5] L. Dong, L. Zhou, B. Wu, B. Ramachandhran, and H. Pu, “Cavity—assisted
dynamical spin—orbit coupling in cold atoms”, Physical Review A, 89, (1), 011602
(2014).

[6] L. Dong, C. Zhu, and H. Pu, “Photon-induced spin—orbit coupling in ultracold
atoms inside optical cavity”, Atoms, 3, 2, pp. 182194, (2015).

[7] C. Zhu, L. Dong, and H. Pu, “Effects of spin-orbit coupling on Jaynes-
Cummings and Tavis—cummings models”, Physical Review A, 94, (5) 053621 (2016).

*with equal contributions



Contents

Abstract
Dedication
Acknowledgments
List of Publications

List of Illustrations

1 Introduction and Outline
1.1 The Birth of Ultra-low Temperature Physics . . . . . . ... ... ..
1.2 Quantum Statistics . . . . . . . . .. ...
1.3 Quantum Spin. . . . . .. ..o
1.4 Dilute Ultra-cold Quantum Gases . . . . . . . .. ... .. ... ...
1.5 Synthetic Gauge Field . . . . . ... .. ... ... ... ... .
1.6 Quantized Light Field . . .. ... ... ... ... . ... ......
1.7 Outline of the Dissertation . . . . . . .. .. ... .. ... .....

2 Synthetic Spin-Orbit Coupling
2.1 Single-Particle Physics with Spin-Orbit Coupling . . . . . . . . . ..
2.1.1 Equal Weight Rashba-Dresselhaus SOC . . . . ... ... ...
2.1.2 Non-interacting Fermi Sea . . . . . . . . ... ... ... ...
2.2 Dimer Bound State with Finite Center-of-Mass Momentum . . . . . .
2.2.1 Proof of nonzero q, induced by Zeeman field . . . . . . . . ..

2.3 Summary ... oL ...

3 Superfluid Pairing and Topological Order

ii
iii
iv

viii

xii

o O Ut N = =

12
15

16
16
17
20
21
24
32

33



3.1 Mean Field Many-Body Physics with Pairing Instability . . . . . . ..
3.1.1 Zero-temperature phase diagram on the BCS side . . . . . ..
3.1.2 Effects of interaction . . . . . . ... ...
3.1.3 Effects of temperature . . . . .. ...

3.2  Gapless Topological FF Superfluids . . . . . . ... ... ... ....
3.2.1 Mean-field Model Hamiltonian and Bogoliubov Theory . . . .
3.2.2 Topological Nodal Fulde-Ferrell superfluids . . . . .. ... ..
3.2.3 Majorana Surface States . . . . . .. ... ... L.

3.3 Summary ... ...

Quench Dynamics

4.1 Novel Topological Superfluids . . . . .. ... ... ... ... ....
4.1.1 Model Hamiltonian . . . . . . .. . ... ... ... ... ...
4.1.2  Vanishing energy gap of the ground state phases . . . . . . ..
4.1.3 Spin textures in momentum space . . . . . . . . . .. .. ...

4.2 Quench Dynamics . . . . . . . .. ...
4.2.1 Time-dependent Bogoliubov-de Gennes equation . . . . . . . .
4.2.2 Phase diagram of the quench dynamics . . . . . . .. .. ...
423 Phasel . .. ..
424 Phase Il . . . .. ...
425 PhaseIIl . . .. .. .

4.3 Summary ... oL

Light Field Induced Dynamical Spin-Orbit Coupling

5.1 Back-action From Atom(s) to Photon Field . . . . . . ... ... ...
5.2 Mean Field Theory . . . . . .. .. .. . .
5.3 Density Matrix Approach . . . . . . .. ... ... L.
5.4 Superradiant Phase in Thermodynamic Limit . . . .. ... .. ...

5.5 Summary ...

37
41
48
48
50
51
93
58
64

66
68
68
71
71
76
76
79
80
89
96

101



x1

6 Summary 137
7 Epilogue 139
A Derivations of 2-body Wavefunctions 145
A.1 Generalized Cooper Equation . . . . ... ... .. ... .. ..... 145
A.2 Inverse Vertex Function . . . . . . .. .. ... ... ... ...... 150
B Basis Expansion Method 154
C Time-dependent BdG formalism 180
C.1 Ground state solutions . . . . . . . . . .. .. ... ... ... ..., 192
C.2 Time evolution . . . . . . . . . . . ... ... 193
C.3 Case study: Rashba SOC with Zeeman field. . . . . . ... ... ... 195
C.4 Floquet spectrum . . . . . . . . . ... 201
D Partition Function for Superradient Phase 203

Bibliography 211



2.1

2.2

2.3

Illustrations

(a) and (b) Single-particle dispersion in the lower helicity branch.
The horizontal dashed lines represent the chemical potential of the
Fermi sea. (c) and (d) Momentum distribution along the z-axis for
the non-interacting Fermi gas represented by (a) and (b),
respectively. The relative population of the two spin components are
listed in the plot, blue dashed line for spin-down atoms and red thick
line for spin-up atoms. For the left column [(a), (¢)] we have § =0

and h = 0.6E,; for the right column [(b), (d)] we have § = 0.4E, and

Binding energy ¢, (in units of E,) (a) and the magnitude of the
momentum ¢o (in units of &,.) (b) of the dimer bound state, as
functions of Zeeman field strengths 0 and h. The white region is
where no bound states can be found. The scattering length is given
by 1/(kras) = 1.0 . o oo 26
(a) and (b) Momentum distribution along the z-axis of the dimer
bound state, discussed in section 2.2. (c¢) and (d) Difference between
ny(k,) and n;(—k,) for the cases shown in (a) and (b), respectively.
For the left column [(a), (¢)] we have § = 0 and h = 0.6E,; for the
right column [(b), (d)] we have 6 = 0.4E, and h = 0.6E,. For the
interacting case [(a)-(d)], the interaction strength is given by

U/ (krts) = 1o o oo oo 27



24

2.5

3.1

(a) For spherical SOC, bound state energy £, as a function of ¢
(momentum along the z-axis) for different values of Zeeman field
strength, from top to bottom §/F, = 0,0.2,0.4,0.6,0.8 and

1/(kras) = 1/2 for all curves. (b) Ground state momentum ¢ as a
function of § at different values of scattering length. From left to
right, the curves correspond to 1/(k.as) = —1, —1/2, 0, 1/2, and 1,
respectively. (c) qo as a function of 1/(k,as) at 0/E, =0.1. . . . ..
Finite momentum dimer bound state solution for 3DSOC. The
coloring shows the magnitude of ga},, varying with the SO coupling
strength v and the Zeeman field strength h; the inset shows bound
state energy Eq as a function of ¢/kp (along the z-axis) for different

h, from top to bottom h/Er = 0,0.1,0.2. We fix scattering length as

(a) Fermi surfaces (a cut in the &k, = 0 plane) in the absence of the
Zeeman field. The two concentric Fermi surfaces are spherically
symmetric. The inner blue sphere represents the Fermi surface of the
+ helicity branch, while the outer yellow sphere of the — helicity
branch. (b) Fermi surfaces in the presence of the Zeeman field along
the z-axis: both Fermi surfaces are deformed in such a way that the
cylindrical symmetry about the k,-axis is still preserved, but the

reflection symmetry about the k, = 0 plane is broken. . . . . . . ..

xiil



3.2

3.3

3.4

Zero temperature free energy as a function of h for fixed SO coupling
strength A = Er/kp and interaction strength 1/kpa, = —1. FF
superfluid phase is favored throughout the plotted parameter space.
In the inset, we plot the BCS order parameter Agcs, the FF order
parameter Apg (both in units of Er), and the FF momentum gpr (in
units of kr) as functions of h. Note that we have explicitly excluded
the consideration of the so-called LO phase, because of the fact that
h has explicitly broken the symmetry in momentum space. One
particular direction of quasi-momentum is always favored for a given
h value. Consequently, LO phase is guaranteed to give rise to higher
free energy state. . . .. ..o Lo
(a) Zero-temperature phase diagram at 1/kpas = —1 in the
parameter space spanned by h and A\. The FF phase is divided into
gapped and gapless regions by the green dashed line. The BCS state
only exists strictly on the axis marked by two red straight lines. The
two blue lines indicate the smooth boundary between the FF state
and the normal phase. Within the FF phase, the color scale indicates
the momentum gpp. LO and phase separation (PS) regions are added
schematically for illustration purpose. (b) Single-particle excitation
gap AFE, FF order parameter App and momentum g¢pr as functions of
h. The SO coupling strengths are A = 0.2EFr/kr (red curves) and
0.5Er/kpr (black curves). (c) App and gpr as functions of A for

h = 0.28 Er. In all plots, the energy is in units of Er, and the
momentum in units of kp. . . . .. ..o
Momentum comparison of the FF state and two-body bound state at

1//<;Fas = =1

Xiv



3.5

3.6

3.7

3.8

Nodal Fermi surface plots in momentum space. The closed surfaces
are formed by momentum values at which the excitation gap AF
vanishes. Both figures have the same interaction parameter

1/kpas = —1 as in phase diagram Fig. 3.2 and coupling strength

A = 0.5Ep/kp, while h = 0.2EF for (a) and h = 0.35E for (b).

Zero temperature phase diagram with interaction strength

1/kpas = —2 and 1/kras = 0 for (a) and (b), respectively. The color
scale represents grp/kp. (¢) FF superfluid momentum ¢gr as a
function of the interaction strength. For curves from top to bottom,
h/Er =0.25, 0.2, 0.15, 0.1, 0.05, and the SO coupling strength is
fixedtobe A\=Ep/kp. . . . . . ...
(a) Finite temperature phase diagram at 1/kras = —1 and

A = Er/kp. The color scale indicates the FF order parameter App.
(b) The free energy difference between the two superfluid phases
(BCS and FF) and the normal phase at temperature 7" = 0.17p. The
FF phase always has lowest free energy. . . . . . ... ... .. ...
Zero temperature phase diagram of the FF superfluid at the
interaction parameter 1/(kras) = —0.5. With increasing in-plane
Zeeman field, the Fermi cloud changes from a gapped FF superfluid
to a gapless FF superfluid, and finally turns into a gapless topological
superfluid. In our numerical calculations, using the number density n
we have set the Fermi wavevector kp = (37%n)'/® and Fermi energy
Er = B?k%/(2m) as the units for wavevector and energy, respectively.
Unless specifically noted, we shall focus on the attractive interaction
regime with a dimensionless interaction parameter 1/(kras) = —0.5
and at zero temperature T' = 0, for which our mean-field treatment

could be well justified. . . . . . . ... ... ... L.
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3.9

3.10

3.11

The evolution of the energy gap and of the topology of the Fermi
surfaces at A = FEp/kp with increasing the in-plane Zeeman field. (a)
The global energy gap E, = min Fy, (k) (red dashed line), the energy
gap at k = 0 (black solid line), and the minimum energy of the
surface states at k, = 0 and k, = 0 (green solid circles) when open
boundary is imposed along the y-direction. (b) The energy dispersion
Eyy (k) at ky, =0 and k, = 0. (¢), (d) and (e) The 3D full plot of the
energy dispersion Ey (ky, ki = \/k2 +k2) at ha ~ 0.3Ep (c),

hey ~0.327Ep (d) and h =04FEp (€). . . . . . . . ... ... ...
Majorana surface states arising from the hard wall confinement
perpendicular to the y-z plane. (a) and (b) The full energy spectrum
E,g:n) along the k, axis for m = 0 and m = 10, respectively. The
surface states at the two boundaries are highlighted by red solid
circles and blue empty squares, respectively. (c¢) and (d) The
wavefunction of the zero-energy Majorana fermions at finite k,
values, satisfying the symmetry u,(y) = v’ (y), where ¥ is a
constant phase factor and ¢ =1, ]. In numerical calculations, we have
set the length of the confinement L = 200k;'. Other parameters are
A=FEp/kpand h=04FEp. . . . . . ... ... ...
Majorana surface states arising from the hard wall confinement along
the y-direction. (a) The surface state dispersion forms two sheets
which crosses at the line k, = 0. (b) and (c¢) The full energy spectrum
Eoy (k.. k,) along the k, or k, axis, respectively. The surface states at
the two boundaries are highlighted by red solid circles and blue
empty squares, respectively. (d) The wavefunction of the zero-energy
Majorana fermions at k, = 0 and k£, = 0. In numerical calculations,
we have set the length of the confinement L = 200k'. Other

parameters are A = Er/kr and h = 0.4Fr as in Fig. 3.10. . . . . ..
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4.1

4.2

Topological phase transition in spin-orbit coupled superfluids. (a)
Plot of Ey (energy gap at zero momentum), A, and p as functions of
h. The arrow marks the critical Zeeman field A, ~ 0.545EF. The
topological phase transition is characterized by the topology of the
ground state instead of symmetry because no spontaneous symmetry
breaking takes place across the phase transition point. (b) Plot of the
total spin polarization S, and zero momentum spin population S, (0)
as a function of Zeeman field. S}, is a smooth function of h, whereas
S.(0) jumps at h. due to band inversion transition. Sey, is the spin
population averaged over a region in momentum space (see text),
which mimics the possible finite momentum resolution in realistic
experiments. Throughout this paper if not specified otherwise we
take By = 0.2Ep and akp = 12Ep. . . . . . . . . ... ..
Topological properties of the spin texture. (a), (b) Spin texture for
the normalized spin vector s (Skyrmion) of the ground state of a
non-topological state (h = 0.4EF) and a topological state

(h = 0.7EF), respectively. For the parameter we used, h. ~ 0.545E,
see also Fig. 4.1 (a). The corresponding z-component of the spin
vector, S, (k), are plotted in (c) and (d). (e) and (f) represent
schematic plot of the mapping from the 2D momentum space onto a
unit sphere for non-topological phase and topological phase,
respectively. The darker green region represents the area swept out

by the spin vector when the momentum k varies from 0 to co.
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4.3

4.4

xviil

Phase diagram of the quenched spin-orbit coupled superfluid
condensate. The different phases in this figure are obtained by the
long-time asymptotic behavior of the order parameter upon the
quench of the Zeeman field from initial value h; to final value hy. The
diagonal light blue line, with h; = hy, is the case without quench,
thus the quantum state is unchanged. h. marks the quantum critical
point separating the topological superfluid and non-topological
superfluid in the equilibrium ground state, which is determined by

h? = A% + p2. Three different dynamical phases observed in this
system are labeled with I, II, and III by green, white and purple
shaded areas, respectively. . . . . . . .. ..o 81
Dynamics of order parameter and spin polarization in phase I. We
plot the result for point A (h; = 2.1, hy = 0)Ep in Fig. 4.3 with green
solid line. The purple dashed line is the best fit using Eq. (4.18) with
fitted parameter A, = 0.282FEr, A_ = 0.047EF. Inset shows the
dynamics of spin polarization after quench, which quickly approaches

a constant at the time scale of few 1/Ep. . . . . ... ... ... .. 83



4.5

4.6

Dynamical Floquet state in a strip for phase I. Imposing a strip
geometry, we find the quasiparticle spectrum is trivial (gapped) in (a)
(h; = 1.5, hy = 0.3) Er and topologically nontrivial (gapless) in (b)
(h; =2.1,hy = 0.9)Ep. Seven pairs of edge states with linear
dispersion at small k have been identified in (b), which is a direct
manifestation of bulk topology based on bulk-edge correspondence.
(c) An enlarged view of the low-lying quasiparticle spectrum at

k, = 0. Here n is the index for quasiparticle states. (d) Evolution of
the wavefunction for one pair of edge states (the two symbols shown
in purple in (c), n = 249 and n = 250) in one full period. Here we
only plot the |u]?> component of the wavefunction, and the other
components show a similar behavior, i.e., they are also well localized
near the boundary. . . . . . ... ..o L
Dynamics of order parameter and spin texture in phase II. Green line
represents dynamics for point B (h; = 0.9, hy = 0) E and the purple
line is the result for point C (h; = 0.3, hy = 1.2) E in Fig. 4.3, and
dashed lines represent the fitted curve using Eq. (4.26). For point B
(blue dashed line), Ay = 0.455EF, E° = 0.456Ep, A = —0.16E",
0 = /4, and v = 1/2 while for point C (black dot-dashed line),

Ay =0.19EF, E° = 0.16Ep, A = 02E:", 6 = 7/4 and v = 3/4.
Inset shows the corresponding dynamics of the spin polarization, with

green line for point B and red line for point C. . . . . . . . ... ...
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4.7

4.8

5.1

5.2

5.3

Dynamical edge state in a strip for phase II. (a) Energy gap at k = 0,
E = |hy — /]Ax|? + 12|, as a function of final Zeeman field. The
closing and reopening of energy gap E{° signals a transition from a
trivial phase (W = 0) to topological phase W =1 at h. = 0.53FFr. In
this plot h; = 0.6 Er is used, and all the other parameters are
identical to that in Fig. 4.1. (b) - (d) show the band structure in a
strip geometry with hard wall boundary condition. Robust edge
states with linear dispersion can be observed in the topological phase
regime. The final Zeeman field from (b) to (d) are 0.4EF, 0.55EF,
and 0.7Ep, respectively. . . . . ... oo
Dynamics of order parameter and condensate fraction in phase III.
We plot the result for point D (h; = 0.3, hy = 2.4)Ep in Fig. 4.3.
Inset shows the dynamics of condensate fraction of singlet pairing n,
(green) and triplet pairing n; (purple), which remains finite values

although |A(t)| approaches zero in the long-time limit. . . . . . . ..

A new frontier in both CQED and cold atoms research, in which one
needs to take into account the interplay among the cavity photons,
the atomic external states, and also the atomic internal degrees of
freedom. . . . . ..
(a) Schematic diagram of the cavity-assisted spin-orbit coupled
system; (b) Level diagram of atom photon/light field interaction. . . .
Eigenenergy € as a function of quasi-momentum. We set 6 =0 and

ep = k. For nonzero 9., a loop structure forms when o <0 <.
For o, = £k, le) = 4, and ng) = 4\/551,. Throughout our
calcultion, we take x and v/2mx to be the units for energy and
momentum, respectively. A typical value for  is 2 x 1 MHz, and we

choose ¢, = 0.22 inour units. . . . . . .. .. ... ... ... ...,

108



5.4

9.5

5.6

Photon number distribution as a function of atom’s quasi-momentum.
The parameters are the same as in the right column of Fig. 5.3, where
de =K, gy =k, and Q/k =3, 5, and 7 from (a) to (¢). . . ... ...
Single particle eigen-energy spectrum “phase diagram”. The
dispersion curve is generally catagorized by four regions, represented
from I to IV in (a). From (bl) to (b4), we fix £, = k. In region I, the
dispersion has double minima as shown in (b1l) with Q = 0.03k;
region II is enclosed by the red solid curve in (a) and we show the
typical point in (b2) (£2 = k) where only a single minimum exisits in
the lower helicity branch; region III is enclosed by the black dashed
lines in (a) and it is a region where loop structure emerges, as in (b3)
with €2 = 5k; finally, in region IV we recover the double minimum
dispersion although it’s different from region I by closing the gap at

k =0, as in (b4) with Q = 8«. Throughout the paper we fix §. = &
and 0 = 0, and adopt a dimensionless unit system with

h=m =r =1. A typical value for x is 2m x 1 MHz, and we choose
¢ = 0.22 in our dimensionless units (based on a realistic
experimental parameter estimate). . . . . . ... ... L.
(a) Effective Raman coupling |Qeg| is plotted as a function of
atom-photon coupling strength €2 for different k values, 0, ¢, 10q, for
blue dash-dot, red solid and black dashed lines. We observe that |Qg]
does not monotonically increases with {2 but rather peaks at an
intermediate value, then approaches zero in the large () limit. Figure
(b) shows a comparison between critical boundary of region I and II

(red solid curve) and the analytical result (blue dashed line) given in

xxi

Eq. (5.10). At large ¢, limit, the two results match asymptotically well. 116



5.7 Stability analysis of the dispersion curve. Colored triangles represent

0.8

5.9

dynamically unstable states and black solid dots represent
dynamically stable ones. The colorbar represents 7, the decay rate of
the unstable states. In all figures, 2 = 1.1k and 6. = k. From (a) to
(c) &, = 2k and & = 0.05, 0, and —0.05x; from (d) to (f) g, = 0.2x,
and § = 0.05, 0, —0.05K. . .+« i
Evolution of photon number. The initial states are prepared using the
same set of parameters as in Fig. 5.7(a). In (a), we start from point
P with k, = —2¢, and in (b) we start from point P, with k, = 0,
both indicated in Fig. 5.7(a). From ¢ = 0 to 4000/x, ¢ is linearly
tuned from 0.05x to —0.05x and remains fixed afterwards. Red solid
dots represent the photon number corresponding to the instantaneous
eigenstate, while blue solid lines represent the dynamical evolution
according to Egs. (5.3) and (5.4) after mean-field approximation.
Time evolution of cavity photon number. The initial state is given by
|0; ) and we consider the same parameter as in Fig. 5.10(a) with
k/q. = —10, 0, 10. The steady-state values, obtained in the long time
limit as shown here, correspond to red dashed lines at corresponding

k values in Fig. 5.10(a). . . . . . . .. ..o
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5.10 (a)~(c) Photon number obtained from the mean-field approach (solid

5.11

5.12

curves) and from quantum mechanical Master equation approach (red
dashed curves). From (a) to (c), 2 = 3k, 5.6k, 6x. The color on the
solid curves represents the normalized decay rate v/) of unstable
mean-field states. The black color represents stable mean-field states.
We have used ¢, = k, and other parameters are the same as before.
(d)~(f) Corresponding photon number fluctuation (blue solid curve)
and negativity (green dashed line) obtained from the quantum
approach. The parameters used here are the same in (a)~(c),
respectively. The horizontal arrows indicate results from the J-C
model by taking ¢, =0. . . .. ... ...
Normalized photon number <cTc> /N as a function of temperature T’
and effective Raman coupling strength Q with E, = 0.5wp, where
<CTC> is the average photon number and N is the atom number. Here

<cTc> /N > 0 corresponds to the superradiant phase and <cTc> /N =0

corresponds to the normal phase. We take wy = 0.8wy in these figures.

(a) Normal-Superradiant Phase boundary in T’ —  plane for
E,Jwy=0,0.2,0.5,0.8,1. (b) (c'c) /N as a function of T for

Q = 29wy with E,./wy = 0,0.5. We take w;, = 0.8wy in these figures. .

xxiil
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Chapter 1

Introduction and Outline

1.1 The Birth of Ultra-low Temperature Physics

Born in Groningen, Netherlands, a Dutch physicist named Heike Kamerlingh Onnes
founded a very large cryogenics laboratory at University of Leiden in 1904. As a
member of the Royal Netherlands Academy of Arts and Sciences, he was a very
reputed figure in the scientific community. On July 10th. 1908, after following several
methodological steps in his cryogenic experiments, he was able to successfully liquefy
helium and lowered the temperature to -269 °C (4.2 °K). By further reducing the
pressure of liquid helium, he managed to achieve a temperature near -271.65 °C (1.5
°K). These were the lowest possible temperatures ever achieved in the lab by human
kind at the time. It was only five years later, on December 11th. 1913, he was awarded
the Nobel Prize in Physics, “for his investigations on the properties of matter at low
temperatures which led, inter alia, to the production of liquid helium” [1]. In his
Nobel lecture, he noted “The Nernst heat theorem and, especially, Plancks quantum
theory and zero-point energy theory have made measurements at low temperatures
of prime interest to physicists” and “the density of the helium, which at first quickly
drops with the temperature, reaches a maximum at 2.2 °K approximately, and if one
goes down further even drops again. Such an extreme could possibly be connected
with the quantum theory. At any rate, closer examination of the equation of state

of the helium in relation to deviations from the law of corresponding states is very



promising, as it is the critical temperature precisely of this gas which approaches
absolute zero so closely” [2].

Onnes did not stop the pursuit but rather kept focusing on the understanding
of ultra-low temperature physics. He further used liquefied helium-4 to cool down
mercury, and found that, at 4.2 °K| the resistivity of mercury metal abruptly dropped
to very small values beyond accurate experimental measurement. In other words, the
mercury became “superconducting”. Other metals such as Tin (50Sn) and Lead (g2Pb)
all showed the same remarkable phenomenon, at 3.8 °K and 6 °K respectively. In a
nutshell, the discovery of zero-resistance of metal at ultra-low temperatures essentially

opened the door of studying superfluidity and superconductivity in an electron gas.

1.2 Quantum Statistics

We now know that every elementary particle can be divided into two categories:
Fermions and Bosons. These two types of particle each obey distinctively different
quantum statistics.

Fermions, such as electrons, cannot all occupy the same quantum state but rather
need to arrange themselves in different quantum states, dictated by the Pauli exclusion
principle. More formally, systems containing N identical particles which are totally

antisymmetrical are said to satisfy Fermi-Dirac statistics:

P, ;IN identical fermions) = —|N identical fermions), (1.1)

Fermi-Dirac statistics: (N;) = (e-—u)/glng+1' (1.2)
e K3

where P, ; is the permutation operator that interchanges the ith and the jth particle
with i and j being arbitrary; (V;) denotes the expected number of particles with energy

€;, g; is the degeneracy of energy level i (in other words, the number of states with



energy ¢;), chemical potential x is obtained from the particle normalization condition
> (N;) = N where N is the fixed total number of particles, kg refers to Boltzmann
constant and finally T" denotes equilibrium temperature the ensemble of particles are
at. Precisely because of the total antisymmetrical nature of fermions, a state like
|1))1]1)2 which is symmetrical under exchange of particle 1 and 2, is not possible for
a fermions. The Pauli exclusion principle holds keys to solve many puzzles in the
microscopic and even macroscopic world, and it is not an overstatement to say the
principle paved ways to study atomic and molecular physics, as well as chemistry. In
other words, when combined with the spin-statistics theorem, the spin of electrons
results in the Pauli exclusion principle, which in turn underlies the periodic table of
chemical elements.

Bosons, however, are totally symmetrical under the interchange of any pair and

satisfy the so-called Bose-Einstein statistics:

P, ;IN identical bosons) = +|N identical bosons), (1.3)

. . C e N 9i
Bose-Einstein statistics: (N;) = e T (1.4)

with the requirement of €; > p and same notations used in Eq.1.2. A system made up
of bosons, such as liquid helium-4, exhibits a tendency for all particles to get down
to the same ground state (lowest possible eigen-energy solved from Schrédinger’s
equation) at extremely low temperatures. What Onnes and others did not realize at
the time was that he was actually the first one to achieve Bose-Einstein condensation
when liquid helium-4, being bosons obviously, is cryogenically cooled and vaporized at
saturation pressure. To put it quantitatively, a typical density of liquid helium-4 has
density of n = 1022cm™3. Assuming a uniform gas of helium atoms in 3-dimensions

being very weakly interacting, the only energy scale that can be formed from relevant



quantities of particle mass m, number density n, and the Planck constant 2xh, is

R?n?/3 /m. Dividing this energy by the Boltzmann constant kp, we get an estimate

H2n2/3
mkp

of superfluidity transition temperature ~ 3°K, which is strikingly close to the
famous A-point temperature 2.17°K. From another perspective, by re-arranging terms
a little bit, one can figure out that the critical temperature is only reached when the

spacing between particles in 3-dimensions n~'/® becomes closely comparable to the

2mh?
mkpT*

thermal de Broglie wavelength

In layman’s term, bosons are very sociable and they love to be in the same state,
to the extent that tens of millions of bosonic atoms are routinely produced to hold
“hands” and behave more or less like one giant atom in the recent experiments for
alkali metals, such as ?Na and 8"Rb. Fermions, on the other hand, are not at all
sociable and they avoid each other to make sure they are not in the same quantum
state.

It is important to note that, in space of three or more dimensions, fundamental
particles and composite particles do not have a mixed symmetry. In 2-dimensional
systems, however, quasiparticles can be observed that actually obey statistics ranging
continuously between Bose-Einstein statistics and Fermi-Dirac statistics, as was first
shown by Jon Magne Leinaas and Jan Myrheim of the University of Oslo in 1977 [3].
The operation of exchanging two identical particles may cause a global phase shift
but still do not affect observables. This type of quasi-particles that only occur in
2-dimensional systems are called anyon. Anyons are generally classified as abelian
or non-abelian. While the detected abelian anyons played a major role of explaining
fractional quantum Hall effect, the non-abelian anyons are yet to be detected definitely

in experiments and remain as an active area of research.



1.3 Quantum Spin

What is spin in quantum mechanics?

Spin is an intrinsic form of angular momentum, first inferred from observations
such as the Stern-Gerlach experiment in which particles are observed to possess angu-
lar momentum that cannot be accounted for by orbital angular momentum alone [4].
In some ways, spin is much like a vector defined in Hilbert space; it has a definite
magnitude, and it has a “direction” (but quantization makes this “direction” different
from the direction of an ordinary mathematical vector). All elementary particles of a
given kind have the same magnitude of spin angular momentum, which is indicated
by assigning the particle a spin quantum number [5].

This internal degree of freedom has no classical counterpart. In contrast, a quan-
tum particle’s velocity, which is obtained by performing wave-function expectation
on the velocity operator, is directly analogous to a classical particle’s velocity. It is
therefore without surprises that the object of quantum mechanical spin is a corner-
stone for a variety of materials that can manifest quantum properties. Materials such
as quantum magnets and topological insulators are fascinating to study and holds
great application promises precisely because of the existence of quantum mechanical
spin and the associated coupling with the momentum (or better known as “orbitals”).
Typically, when the coupling strength is significant enough to increase energy scale
of interests, various quantum effects are brought to the forefront manifestly. We will
come back to address the origin and effect of the above mentioned coupling later in
Section 1.5 of Chapter 1.

Remarkably, there is a deep connection between quantum spin of a particle and
the quantum statistics obeyed by the particle: half-integer spin particles are fermions,

and integer spin particles are bosons. In non-relativistic quantum mechanics, this



connection is accepted as an empirical postulate, a law of nature without known
exceptions to-date. However, in the relativistic quantum theory, it can indeed be
proved that half-integer spin particles cannot be bosons and integer spin particles

cannot be fermions [6].

1.4 Dilute Ultra-cold Quantum Gases

In the 1920s, the Indian physicist Satyendra Nath Bose studied the quantum statistics
of photons, for which the total number is not a fixed quantity and the particle is
massless. He asked for comments from Albert Einstein on his manuscript before
submitting it to a journal. Einstein immediately recognized the paper’s importance
and impact, and personally translated the paper and submitted it for publication
at Zeitschrift fiir Physik [7]. Subsequently, Einstein extended Bose’s treatment to
massive particles, whose total number is a fixed quantity, and made a highly cited
publication, the same year he published the important article on General Relativity
[8]. Einstein considered a gas of non-interacting massive bosons and concluded that,
below a critical temperature, there would be non-zero fraction of particles occupying
the lowest energy single particle state [9]

In Section 1.1 and 1.2, we mentioned that liquid helium-4 was cooled below the
A-transition point and could flow frictionlessly, the very definition of superfluidity.
However, the strong interaction strength between helium atoms reduces the the num-
ber of atoms in the zero-momentum state even at ultra-low temperatures, thus the
condensate fraction is rather low, being around only 10%. The fundamental dif-
ficulties to realize weakly interacting Bose gases in ultra-cold temperatures (such
that they can have high condensate fraction) came from a number of factors at the

time. One important fact was that most substances at low temperatures do not re-



main gaseous (otherwise inter-particle scattering strength can be greatly reduced),
but form solid structures (crystallization) or become liquefied (such as helium-4), so
much so that the effects of interaction remain large. As laser cooling of alkali atoms
made significant advances, it was finally made possible in the 1990s that a number of
experiments became successful in producing gaseous Bose-Einstein condensate in the
laboratories [10-12].

Since the exciting experimental realizations of Bose-Einstein condensate of ultra-
cold quantum gases in the laboratories, the field of quantum gases or ultracold atoms
is the fastest expanding and most interdisciplinary field in physics today. The ex-
perimental branch of this exciting new field uses the techniques of atomic, molec-
ular and optical physics to study quantum phase transition, Bose-Einstein conden-
sation (BEC), bosonic superfluidity, quantum magnetism, many-body spin dynam-
ics, Efimov states, Bardeen-Cooper-Schrieffer (BCS) superfluidity and the BEC-BCS
crossover, etc. These are condensed matter systems whose constituents have well-
understood microscopic interactions. At sufficiently low temperatures, the long de
Broglie wavelengths of the atoms allow these systems to exhibit quantum phenomena
on a macroscopic scale. Ultracold atoms are also used in experiments for precision
measurements enabled by the low thermal noise and, in some cases, by exploiting
quantum mechanics to exceed the standard quantum limit. In addition to potential
technical applications, such precision measurements may serve as tests of our current
understanding of physics. The theoretical branch of this field is completely interdis-
ciplinary, attracting top scientists from atomic, condensed matter, high energy and
nuclear physics, as well as from quantum optics, quantum information, quantum sim-
ulation and quantum computation. It is of great interest in the context of condensed

matter physics, where it may provide valuable insights into the properties of inter-



acting quantum systems. The ultracold atoms are used to implement an analogue
of the condensed matter system of interest, which can then be explored using the
tools available in the particular implementation. Since these tools may differ greatly
from those available in the actual condensed matter system, one can thus experimen-
tally probe otherwise inaccessible properties. Furthermore, ultracold atoms may even
allow one to create exotic states of matter, which otherwise cannot be observed in
nature. In short, ultracold quantum gases are proving to be a powerful model system

for strongly interacting many-body systems [13-21].

1.5 Synthetic Gauge Field

Gauge fields are central in our modern understanding of physics at all scales. Electro-
magnetism is the simplest example, where the scalar and vector potentials together
describe the coupling between charged matter and electromagnetic fields. In the
standard model, interactions are mediated by more complex gauge fields which often
are of a non-Abelian character. At the highest energy scales, the microscopic uni-
verse is governed by particles interacting with each other through the exchange of
gauge bosons. At the largest length scales, our Universe is ruled by gravity, whose
gauge structure suggests the existence of a particle, graviton, that mediates the grav-
itational force. At the mesoscopic scale, solid-state systems are subjected to gauge
fields of a different nature: materials can be immersed in external electromagnetic
fields, but they can also feature emerging gauge fields in their low-energy description.
For example, the adiabatic motion of quantum particles with internal structure can
be described in terms of an effective ‘geometric’ gauge potential. This property was
first studied in molecular physics, where the Jahn-Teller effect revealed the geometric

phases and corresponding vector potentials [22-24].



Atomic quantum gases are charge neutral, and therefore, they are not affected by
external electromagnetic fields the way electrons are. However, atom-light coupling
allows for the creation of versatile gauge potentials that effectively emerge in the atoms
dynamics, allowing experimental access to a wide range of new phenomena at the
quantum level. As such, atoms can be subjected to static Abelian gauge fields, offering
a framework where synthetic electric and magnetic fields can be experimentally tuned
with laser fields [25-27]. We noted in Section 1.4 that the laboratory realization of
ultracold neutral atomic gases including Bose-Einstein condensates (BECs) [10-12]
and degenerate Fermi gases [28] delivered remarkably versatile experimental systems
that can faithfully simulate a wide range of real world materials. The newest addition
to the quantum simulation vision® is just such: the static non-Abelian gauge fields
have been tailored so as to reproduce the effects of Rashba-type spin-orbit couplings
(SOCs) [30], as well as system of fermionic atoms in which lasers induce strong spin-
orbit coupling [31,32]. One can envision that this technique may be combined with
Feshbach resonances [33] (which control the inter-atomic interactions) and optical
lattices (which mimic the lattices in real materials), enabling the production of exotic
states found in condensed-matter systems such as topological insulators. Even more
importantly, one hopes to realize novel states of matter (e.g., “fractional topological

insulators” ), which are anticipated by many theoretical studies but are hard to create

*In 1981, Richard Feynman gave a famous keynote speech [29] about the possibility and potential
consequences of “simulating physics with computers”. The take-home message is that “nature is not
classical and using classical computers to simulate quantum mechanics would be close-to impossi-
ble”. Instead, one could think about solving these computationally and/or analytically intractable
problems by constructing “quantum emulators/computers”. In the meanwhile, “physicisits can get
new ideas and explore new possibilities of understanding physical laws of nature”, about which “we

have to admit that we don’t understand everything”.
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and analyze experimentally.

Spin-orbit coupling refers to the interaction between the spin and motional degrees
of freedom of an electron. Consider a situation of 2-dimensional electron gas subjected
to the uniform electric field perpendicular to the plane. According to special relativity,
the electric field is seen as a magnetic field in the moving electrons’ frame of reference.
The magnetic field’s strength and direction depend on the velocity of the electron,
producing a correlation between the electrons’ momentum and their spin states. At
field strengths available in the laboratory this correlation can generally be neglected
for any reasonable electronic velocities. However, strong spin-orbit coupling can be
found in materials that contain heavier elements and lack inversion symmetry: the
electron motion becomes relativistic near the ion cores, and the local electric field
can be strong. While these relativistic effects can couple an electron’s spin to its
motion, coupling the spin and the center-of-mass motion of a neutral atom presents
a challenge.

But we mentioned in the beginning of Section 1.5, that in the low-energy de-
scription gauge fields can still be emergent under certain situations. For instance,
when the state vector of an atomic system evolves adiabatically in time, if the pa-
rameter space of the time-dependent Hamiltonian has cyclic geometric properties,
the accumulated Berry phase becomes universally invariant, cannot be canceled, and
consequently becomes an observable property of the system. These geometric vector
potentials appear when each atom’s external motion is described separately from its
internal dynamics, yet the Hamiltonian governing the internal dynamics parametri-
cally depends on the atomic position. In this context, when the local atomic internal
states ‘dressed’ by the laser fields have degeneracies, effective non-Abelian gauge po-

tentials can be formed, often manifesting as the spin-orbit coupling term that “heavy”
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material systems would typically have due to relativistic correction to Schrondinger
equation.

What typically happens in the cold atom experiments is the following: two hy-
perfine atomic states are singled out among many other internal degrees of freedom.
Laser fields are properly aligned and designed in such a way that trapped atoms may
mimic charged particles in a magnetic field with emergence of Lorentz-like force. T'wo
counter-propagating laser beams are introduced to couple these states by a resonant
stimulated two-photon Raman transition: by absorbing a photon from the left beam,
and emitting it into the right beam, a 1 spin atom will flip into the | spin state.
Since in the process the atom receives a momentum kick, this provides a mecha-
nism by which spin and momentum become coupled. Using a group of degenerate
(or quasi-degenerate) pseudo-spin eigenstates, non-abelian dynamics of cold atoms
in light fields is generated, which effectively leads to the spin-orbit coupling for cold
atoms, simulating the electronic counterpart in condensed matter. Here, synthetic
SOC refers to the coupling between atom’s pseudo-spins (i.e. hyperfine states) and
COM motion, rather than the generic interaction between electron’s spin (or magnetic
moment) and angular/linear momentum operator in quantum mechanics.

Such spin-orbit coupling (SOC) in cold atoms has been realized in both bosonic
(34, 35] and fermionic systems [31,32], and has attracted tremendous attention in
recent years [36]. In practice, to avoid spontaneous emission, SOC is induced between
two hyperfine ground states of an atom via a pair of Raman laser beams. Due to

its non-Abelian nature’ , SOC not only significantly affects the physics of a single

T The form of SOC we discuss here can be expressed in terms of static gauge fields in the atomic
Hamiltonian as H = (p — A)?/2m. When the components of the vector A = (A, A, A,) mutually

commutes with each other, the gauge field A is called Abelian gauge potentials. When they don’t
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atom, but, perhaps more importantly, also profoundly changes the properties of a
many-body system. It is an essential ingredient underlying such diverse phenomena
as topological superconductors/insulators, Majorana and Weyl fermions, spin-Hall
effects, etc.

Experiments for both bosonic and fermionic gases are exciting, as each holds great
and new promises for studying exotic states of matter. Due to the Pauli exclusion
principle, fermions occupy a large number of momentum states, and are therefore
sensitive to global (topological) features of the band structure. Spin-orbit-coupled
fermionic gases would thus provide ways to explore a much richer phenomenology.
Creating spin-orbit coupling in bosonic gases provides the first physical realization of
an SO coupled bosonic system and therefore many new issues arise, such as “how does
SO coupling affect the behavior of the superfluidity for bose gas”. Cold atom systems
are highly tunable and can be used for the purpose of quantum simulation. Making
use of this tunability, on one hand, we can study physics like topological insulators
and superconductors in a more flexible and disorder-free setting. On the other hand,
we can reach certain parameter regimes that are not easy to access with conventional
solid state materials, for instance, tuning the strength of spin-orbit coupling so that

it is comparable with Fermi energy, where novel effects will be expected.

1.6 Quantized Light Field

When Jaynes and Cummings first studied the time evolution of a two-level atom
in an electromagnetic field in a fully quantized way in 1960s [37], experimental
realization of this ideal theoretical model was out of reach. It was made possible

only with the advent of one-atom masers in late 1980s, by Rempe, Walther and

commute, for instance Ay A, # A, A, the gauge field A is called non-Abelian gauge potentials.
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Klein [38], who experimentally studied the interaction of a single atom and a single
resonant mode of electromagnetic field in a cavity. Jaynes-Cummings model (or J-
C Model) serves to bridge our understanding of the relationship between quantum
theory of radiation and semi-classical theory of atom-light interaction, and has become
one of the most important models in quantum optics and cavity electrodynamics
(CQED) and quantum mechanics was put to fundamental tests. In the experiment of
Reference [38], a beam of atoms was used and the atom-light interaction was studied
during the transient time when the atoms pass through the cavity. The intensity of
the atomic beam is sufficiently low such that at any given time, no more than one
atom is inside the cavity.

The field of CQED was further advanced by putting a single trapped cold atom
[39], and more recently a condensate of ultracold atoms [40-42], inside an optical
cavity. In addition, bright-state polaritons of four-wave mixing and six-wave mixing
signals can be parametrically amplified [43]. In the J-C model, and other related
CQED systems, the focus is the interaction and mutual influence between the cavity
mode and the atomic internal degrees of freedom. The external degrees of freedom of
the atom, i.e., its center-of-mass (COM) motion, is generally neglected.

Unlike “hot” atoms, however, cold atoms’ COM motion in general can no longer
be neglected in this “atom + cavity” system, as the COM momentum of a cold atom
will be significantly affected by photon recoil from emission and absorption of even
a single photon. Therefore in a more complete description of the cavity system,
one needs to take into account the interplay among the cavity photons, and both
the internal and external atomic degrees of freedom. Because intra-cavity photon
and atoms very frequently scatter off each other due to the geometric confinement,

not only dipole force gets strongly enhanced but also atom’s back-action onto light
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becomes significant. For Bose-Einstein condensate (BEC), atoms occupy the same
motional quantum state, and because of long-range cavity photon mediation, the
internal states (pseudo-spins) are infinitely coordinated. The most famous example
is the Dicke model [44], which has been realized in CQED as well [42]. Furthermore,
when more than one atom is inside the cavity, one should also account for the cavity
photon mediated long-range interaction between atoms. All of these make the “cold
atoms + cavity” system extremely rich and interesting, and truly represent a new
frontier in both CQED and cold atom research.

In Section 1.5, we mentioned that the synthetic gauge fields realized in cold atoms
experiment provided a plethora of research opportunities for physicists. However,
we should also note that all those schemes created static gauge fields, in the sense
that they can be perfectly well described by adding additional terms in the bare
atomic Hamiltonian. Whereas in nature, gauge fields as fundamental force carriers
are naturally dynamical. Even in many-body physics, gauge fields are described by
effective field theories and universally manifest themselves as dynamical: they are
described by their own Hamiltonian and are not just imposed, in an ad hoc way.

In Chapter 5, we will describe in details about our proposal of realizing dynamical
coupling between spin, orbit, and quantized light field. As a tidbit of this introductory
chapter, the photon field affects both the internal states (via inducing a transition
between different states of the atom) and the external center-of-mass motion (via
photon recoil) of the atom, and at the same time more importantly, the photon field
experiences back-actions from the atomic states. Such a simple feedback between
atom and photon field leads to dramatic modification of the atomic dispersion relation,
instability of the entire system, and exotic behaviors of the photon field. We will

conclude that the synthesis of cavity QED and spin-orbit coupling is not a trivial
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combination and interesting new physics emerges in this setting.

1.7 Outline of the Dissertation

The above sections conclude the introductory part in Chapter 1. The rest of the
dissertation is divided into three parts, which are largely drawn from the published
works while the author pursues the doctoral degree of physics at Rice University.

Chapter 2 and 3 addresses the novel features of ground-state physics, of spin-orbit
coupled cold gases. We note that spin-orbit coupling effectively changes the band
structure of single particle Hamiltonian [45,46], may favor pairing at finite center-
of-mass momentum for two body bound state [45], and induces Fulde-Ferrell type of
Cooper pairs for many body systems [46].

Chapter 4 touches the surface and frontier of research progresses made in topo-
logical condensed matter physics and quantum dynamics of non-equilibrium physics.
To make progresses, we considered specific physical realizations [47], discussed con-
sequences of introducing spin-orbit coupling into well-known and well-studied model
Hamiltonians [47,48], and presented numerically simulated non-trivial dynamical evo-
lution [48].

Chapter 5 is dedicated to the proposal and study of another even more exotic type
of spin-orbit coupling. We propose to put atoms into optical cavity, and let the trio of
pseudo-spin, center-of-mass “orbit” (or orbital degrees of freedom for harmonic trap
if present), and quantized cavity light field be mutually coupled. The full system may
involve rather sophisticated experimental setup, but the physics from theoretical point
of view is rather rich, and we will discuss a few realizations that promise surprising
and interesting physics [49-52], which have never been conceived before.

Finally, in Chapter 6, we summarize the thesis and present concluding remarks.
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Chapter 2

Synthetic Spin-Orbit Coupling

2.1 Single-Particle Physics with Spin-Orbit Coupling
We start by formulating the single-particle Hamiltonian for a non-interacting homo-

geneous Fermi gas in three dimension:

h2k?
2m

Ho = + Z (viki + A\;) 03, (2.1)

i=1,y,2

where we have defined SOC strength vector v = (v, vy, v;), and Zeeman field vector
A = (Ay, Ay A,). 0 = (04,0,,0,) are Pauli matrices acting on the atomic pseudo-
spin degrees of freedom. This description is a general model valid for various coupling

schemes. The single-particle spectrum can be straightforwardly obtained as Ef{t =

ex + \/Zi:%y’z(viki + A;)? with e, = h%k?/(2m). The superscripts ‘4’ define the two

helicity bases which are related to the original spin basis by the transformation

k-+ cos f) sin By '« k1
k) | _ K K k1) | 22)
[k—) —sinfg e cos by k|
where
1 A
cos? b = 5 1+ vk 4 A
\/Zi:x,y,z(viki/m + AZ>2
A
tan ¢ _uhky Ay

UIkSC + AZ‘ .
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2.1.1 Equal Weight Rashba-Dresselhaus SOC

For concreteness, we now apply this general formalism to the experimentally realized

system whose single-particle Hamiltonian takes the following form:

Hy = ; / dri (r) (h;:j +a6) W, (r)

+ / dr (%emk”\ﬂ(r)\h(r)+h.c.) | (2.3)

Here ¥, and ¥l are field operators for hyperfine spin states o, and a@ = =£1 for
o =7, | respectively. 2 is the two-photon Raman coupling strength and k, the recoil
momentum of the Raman beams which is taken to be along the z-axis. Finally o
represents the two-photon detuning. To get rid of the exponential terms, we introduce

a local gauge transformation:

dr(r) = e W(r), Py(r) = e*7W (r) . (2.4)

Defining the spinor ¥ = (¢, ¢,)7, we can recast Hy as

H o= [ i), (2.5)
2k2 2 Q

Ho = f + wkzaz + —o0, + 00, (2.6)
2m m 2

where we have neglected a constant energy shift F, = h*k?/(2m) (the recoil energy)
in Ho. One can immediately see that #, above takes the form of Eq. (2.1) with
v = (0, 0, A%k, /m) and A = (Q/2, 0, ).

The single-particle ground state occurs in the lower helicity branch, and is given

by |Kmin—) at momentum ky,;, = (0, 0, ko) with energy

h2k2
JO— Q—mO — V24 (Mo + )2, (2.7)
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where for notational simplicity we have defined h = Q/2 and A\ = h%k,/m. From
OFmin/0ky = 0, we obtain

B Ako + 6
’ Vh2+ (kg + 0)2

(2.8)

for 6 # 0. When § = 0, it is easy to show that the ground state is doubly degenerate
with minima ko = £1/ (’\;—2’”)2 — h? when h < A;—zm or has single minimum at ky = 0
when A > A;—zm

It is important to remember that k,.;,, is not the mechanical momentum of the par-
ticle. Measured in the lab frame, the mechanical momentum of the particle prepared

in this ground state can be calculated as

Ko = (Kpin + k-2)sin? O+ (Kpin — k,-2) cos? Oy (2.9)

min min ?

To show that Ky = 0, we need to “undo” the local gauge transformation, from spinor
{b to 0.
First, we notice that the ground state minimum stays in the lower helicity branch,

which is a superposition of up and down components,

|k—> = —Sin9k|kT>—|—COSHk|k\L> (2.10)

= —sin GkCLT\O> + cos chL¢|O) (2.11)

and the minimum occurs at Ky, = (0,0, ko) where (A =m = 1)

ANk +0)
O /RET (Wko +0)2

(2.12)

While, from bare spin basis ( atomic pseudospin basis ) to the model Hamiltonian’s

basis, spinors are related by

Uir) = i (r) (2.13)

Uy(r) = e My (r) (2.14)
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Figure 2.1 : (a) and (b) Single-particle dispersion in the lower helicity branch. The
horizontal dashed lines represent the chemical potential of the Fermi sea. (c¢) and (d)
Momentum distribution along the z-axis for the non-interacting Fermi gas represented
by (a) and (b), respectively. The relative population of the two spin components are
listed in the plot, blue dashed line for spin-down atoms and red thick line for spin-up
atoms. For the left column [(a), (c)] we have 6 = 0 and h = 0.6E,; for the right
column [(b), (d)] we have 6 = 0.4E, and h = 0.6E,.

For the ground state with quasimomentum k,;,, the momentum in the lab frame is

s

| Sin ekmin‘2(k0 + kr) _'_ ‘ CoS 9kmin|2(k0 - k"‘) (215)
1 Moy + 6

“ 1 ko + k. 2.16
2( \/h2+(>\kx+5)2>(0 ) 216)

1 Ak, -+ 6

1+ - (ko — k)

2 Vh2+ (M, + 6)?

ko +00ks ke

]{; _
* /Rt (Vo +0)2 )

where in the last line, Eq. (2.12) and k. = X in the dimensionless unit are used.

So far, we have shown that particle in the ground state has exactly zero mechan-

ical momentum in the lab frame, even though its canonical momentum kg depend

explicitly on the strengths of the SOC A, and the Zeeman fields h and §.
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2.1.2 Non-interacting Fermi Sea

Next we consider a filled Fermi sea at zero temperature. Following the discussion of
section 2.1.1, instead of taking k = ki, as in Eq. (2.9), we need to sum over all the
momentum under the Fermi surface. Here again one can show analytically that the
total momentum of the Fermi gas is zero in the lab frame as the following.

For a given chemical potential 1, Fermi surface is defined by the following equation

(we take h =m = 1)
k:2+k:2

— 2+ Mk, +6)2 =, (2.17)

where we have assumed that p lies below the bottom of the upper helicity branch and
the Fermi surface is simply connected, as illustrated in Fig. 2.1. The total mechanical
momentum in the lab frame is obtained by integrating over the three-dimensional

volume of Fermi sea:

Kiy = D [Isin* (k. + k) + | cos b (k. — k)]
k
_ L/’f P P L
BCZ R e /o GV b
1%
= 3@ (k3 — K+ 80A(ky — k) — 4(p + N°) (k3 — k1))

= 0,

( ——k:2+\/h2 )\k;z+6)2)

where k; 5 are the intersections of the Fermi level with the lower helicity branch on

the z-axis and are simply the roots of Eq. (2.17) after taking k; = 0. Similarly,

K&, = Z [| sin 6|k, + | cos |k, ] =0,
K

K! = Z [| sin 0|k, + | cos Ou|*k, ] =
k

The single-particle energy dispersion and momentum distributions of two examples

of non-interacting Fermi sea (one for 6 = 0 and the other § # 0) are illustrated in
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Fig. 2.1(a)-(d).

2.2 Dimer Bound State with Finite Center-of-Mass Momen-

tum

Next we consider the attractive s-wave contact interaction between un-like spins
which, in terms of the creation and annihilation operators for the original spin states,
is represented by

_ 9 f f
Hing = V Z Cq/z_,_kTCq/z_kicq/2—k’¢cq/2+k’T7 (218)
kk'q

where ¢ is the bare coupling strength to be renormalized using the s-wave scattering
length as. A general two-body wave function describing a dimer state with a definite
center-mass momentum q can be written as [53]:

‘\I]>q = Z ¢00’(k) CT%-H(gCT%_kJ/ |0> . (219)

k,o,0’

Inserting this wave function into the Schrodinger equation
(HO + Hint) ‘\I]>q = EqN’)q ) (2-20)

and after some lengthy algebra, we arrive at four coupled algebraic equations for the
coeflicients 1,/ (k). Self-consistency requires that the energy of the dimer state, Eq,

satisfies the following equation:

2\ —1
m 1 48ﬁ7q(v . k)2 — 4 [Zi:x,y,z Ui]{?i<1)iqi + QAZ)] 1
Teita, ~ V2 | | e too |
s k gkvq <gl%,q B Zi:x,y,z(vi(b + 2Az)2) €k
(2.21)

where Eq = Eq — €341 — €3y, and the interaction has been regularized as 1/g =
m/(4rh%as)—1/V 37, 1/(2€x). The explicit forms of 1, (k) can also be found, which

we list in the following.
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We start from the Schrodinger equation, i.e., Eq. (2.20). Using the form of
the Hamiltonian given in Egs. (2.1) and (2.18), and that for the state vector |U)q
in Eq. (2.19), we can obtain four coupled equations for the coefficients v,, that
characterize the state |U),. Let us introduce the singlet wave function v4(k) =
%Wu(k) — +(k)] and the triplet wavefunctions (k) = %Wu(k) + ¢i4+(k)],

’l/}u = %(wTT(k) + wii(k))’ ’va = %(wTT(k) — wii(k)) The four equations for ’QDJJ/

can be recast into the following form:

2 |
Erqths = ng Us(K) + 20,k — 2uakathy — 20 ik, (2.22)

o
(N 20k,

M| g | = | 2, |0 (2.23)
Yy —20,ky

/ . .
where where Eiq = Eq — €a1i — €3y, and >k denotes summation over positive

momentum £k, and the matrix M is given by

Exq —(vpqe + 2A,)  —i(vyqy + 2A,)
M = _(qum + 2Aw) gk,q _(Uzq,z + 2Az)
i(quy + 2Ay) _(UZQZ + 2Az) gk,q

Denoting

3
M = det(M) = Eiq |E2q— > (vigs +2A:)|

1=1

and using Cramer’s rule in linear algebra, we can express triplet components in terms
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of 1s(k) as
vk,  —(vaqn +2A,) —i(vyqy + 2A,)
24 (k
(k) = ]\é ) ivyky Ekq —(v.q. +2A.) |
—vgky —(v.q. + 2A,) Exq
Exq vk,  —i(vyq, +2A,)
24 (k
Py (k) = .M( ) —(Veqs + 20,) vk,  —(v.q. +2A,) |
i(vyqy +2A,))  —ugk, Ekq
Ekq —(vpqe + 20,) vk,
24 (k
Po(k) = ]\é ) —(v2qz + 2A,) Exq ivyky
i(vyqy +27y)  —(v.q. +2A.) —vik,

After inserting expressions of ¥, (k), ¥, (k) and v, (k) into Eq. (A.9), and integrating
both sides over momentum and dividing by the constant & >, ¥(k), we finally reach

Eq. (2.21). The unnormalized singlet wavefunction is determined from Eq. (A.9) as

2 —1
4g§’q(v . k)2 —14 (Zi:x,y,z 'Uzk'z(’Uzqz + 2Az)>

Ekq <5ﬁ,q =D iy (Vi £ 2/\2')2)

Ys(k) = [ Exq — , (2.24)

and the triplet wavefunctions are obtained accordingly.

Now we are in a position to discuss the two-body results when interaction is
included. First, note that the two-body interaction Hamiltonian takes the form of
Eq. (2.18) after we define the momentum space operators via by = > € e VYV,
and is obviously invariant under the transformation (2.4).

Second, following the general formalism, for a given set of parameters h, ¢ and a,
we can obtain numerically the eigen-energy of the dimer state £y as a function of q.

The momentum qq at which Eq reaches the minimum labels the ground dimer state.
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The binding energy is defined as

€ = 2B — Eq (2.25)

o -
Only when ¢ > 0, can we consider the dimer as a truly two-body bound state.
Otherwise, its energy lies in the single-particle continuum. Figure 2.2(a) shows e,
decreases with increasing h and 0. Beyond a critical boundary value, the binding
energy becomes negative and no stable bound state can be found. For this system,
a two-body bound state only occurs on the BEC side of a Feshbach resonance with
as > 0 [54]. More importantly, qo = goZ will be non-zero and along the z-axis as long
as both h and ¢ are finite. Figure 2.2(b) displays ¢y as functions of h and §. We note
that qq is an even function of h, and an odd function of 4. In the following, we prove

that for a given nonzero h, gy deviates from zero for arbitrarily small 4.

2.2.1 Proof of nonzero q; induced by Zeeman field

Following the discussion in section 2.1.1, for the equal-weight Rashba-Dresselhaus
SOC, by taking v = (0, 0, A) and A = (h, 0, ¢), and considering the possibility of a

bound state with momentum qo = o2, the bound state energy E,, satisfies:

-1
1 AN EE — (Mg +20)? 1
k

ke, V Era Elq— AW~ (\g120)7| @ 2a ("
where g = By — €a4 — €3 = B — (% + k2 +k2). As a first step, we show that
the ground state occurs at go = 0 when 6 = 0. To this end, we need to prove that
dE,/dq|s—0 = 0. To show this, we take derivative with respect to ¢ on both sides of

Eq. (2.26) and take go = 0, which yields

dE,
0 = e Xk: A(k) (2.27)
A) = (K — E)* — AD)* + ANRI[(K — Ey)* + 4] (228)

(82 — Eo)?[(k? — Eo)? — 4h2 — 40222
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Since the momentum integral in Eq. (2.27) is finite as the integrand A(k) is non-
negative, we must have dE,/dq|,—o = 0, indicating that the ground state indeed has
exactly zero momentum.

Next, we turn to a finite but small 9. We perform a similar calculation as above

and expand all terms to first order in §. This leads to

aE,
dq

> Ak +6 > Bk), (2.29)

64APh2R2
K) — : . 2.
B = (2 = B[R — By — 477 — AR (2:30)

q0=0

For a bound state, we have Ey < 0, hence B(k) is also non-negative. Consequently,
we conclude from Eq. (2.29) that dE,/dq|,=0 x 6. Therefore we have proved that for
any finite d, the ground dimer state cannot have zero momentum.

For the two-body wave function given in Eq. (2.19), the momentum distribution

of the hyperfine spin states in the lab frame is given by:

ny(k+ k2) = <CLTCkT>
= [k —a/2)]* + [Pk —a/2)]?, (2.31)
ny(k — k) = (c eny)

= |k —a/2)]* + v, (k — q/2)]7. (2.32)

Both of these distribution functions will be symmetric along the z- and y-axis, which
yields the average momentum along these two axis P7, = [dkk,,n,(k) = 0. By
contrast, n,(k) will be in general asymmetric along the z-axis which results in finite
values of P? = [ dk k,n,(k). The total momentum can be shown as

Kin = Z [k (n4(k) + ny (k)]

X
= q+ (Nt = Nk, 2, (2.33)
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Figure 2.2 : Binding energy ¢, (in units of F,) (a) and the magnitude of the momentum
¢o (in units of k,.) (b) of the dimer bound state, as functions of Zeeman field strengths
0 and h. The white region is where no bound states can be found. The scattering
length is given by 1/(k.as) = 1.
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Figure 2.3 : (a) and (b) Momentum distribution along the z-axis of the dimer bound
state, discussed in section 2.2. (c¢) and (d) Difference between nt(k,) and n,(—k,) for
the cases shown in (a) and (b), respectively. For the left column [(a), (c)] we have
d = 0and h = 0.6E,; for the right column [(b), (d)] we have 6 = 0.4E, and h = 0.6E,..
For the interacting case [(a)-(d)], the interaction strength is given by 1/(k.as) = 1.

where N, = [ dkn, (k) is the population in spin-o and satisfy the obvious constraint
N; + N, = 2. In Fig. 2.3(a) and (b), we illustrate how n,(k,) = [ dk, [ dk,n,(k)
changes without and with detuning 0. To see it more clearly, we plot the differ-
ence between n+(k,) and nj(—k,) in Fig. 2.3(c) and (d). Notice that it is the SOC
that breaks spatial reflectional symmetry such that n,(k) # n,(—k) with o =1, .
However, for § = 0, one still has the symmetry n+(k) = nj(—k) as measured in the
experiment of Ref. [55]; with finite d, this symmetry between n4(k) and n (—k) is
further broken.

Note that for either A = 0 or 6 = 0, we obtain ¢y = 0 and Ny = N = 1. In either
of these cases, both P! and P¥ will be finite, but they have equal magnitude and
opposite sign and hence the total momentum of the dimer P, = 0. When both h and

d are non-zero, we obtain finite ¢y and moreover Ny # N;. Our numerical calculation

shows that, under such circumstances, P, = 2q.
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Figure 2.4 : (a) For spherical SOC, bound state energy E, as a function of ¢ (mo-
mentum along the z-axis) for different values of Zeeman field strength, from top to
bottom §/E,. = 0,0.2,0.4,0.6,0.8 and 1/(k.as) = 1/2 for all curves. (b) Ground state
momentum ¢y as a function of § at different values of scattering length. From left to
right, the curves correspond to 1/(k.as) = —1, —1/2, 0, 1/2, and 1, respectively. (c)
qo as a function of 1/(k,as) at 0/FE, = 0.1.



29

This situation, combined with the results for the non-interacting system, leads
to the following peculiar phenomenon: In the absence of two-body interaction, the
system possesses zero total momentum; when the interaction is turned on, the system
picks up a finite total momentum even though the interaction Hamiltonian (2.18)
seems to be momentum-conserving. This peculiarity is indeed a salient feature of the
SOC. Since the linear momentum of the atom is intimately coupled to its pseudo-
spin, as the interaction induces the redistribution of atomic population (i.e., change
the value of o.) as shown in Fig. 2.1(d) and Fig. 2.3(b), it also modifies the total
momentum of the system. This phenomenon can be regarded as a manifestation of
the broken Galilean invariance, which is also responsible for other unusual behaviors
such as the deviation of dipole oscillation frequency in a harmonically trapped system
[56,57], and the ambiguity in defining Landau critical velocity in spin-orbit coupled
condensates [58].

The momentum of each spin species can be readily measured in experiment using
the time-of-flight technique. This has actually been performed in a non-interacting
SOC Fermi gas [55]. However, our calculation shows that g is only on the order 1%
of recoil momentum for the equal Rashba-Dresselhaus SOC (see Fig. 2.2) which is
the only type of SOC realized so far.

The magnitude of ¢y, however, can be greatly enhanced under other SOC schemes.
As an example, we consider the spherical SOC coupling scheme that is recently pro-
posed [59,60]. For this case, the SOC strength v, = v, = v, = v. We take the
spin-orbit coupling strength v = h%k,/m to be the same as in the previous case. Due
to the isotropic nature of the SOC term, the direction of the Zeeman field is irrelevant.
We choose it to be along the z-axis, i.e., A = (0, 0, ), which, as we shall show, leads

to a dimer state with finite moment ¢oZ along the z-axis. Fig. 2.4(a) demonstrates
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that, with increasing 0, the minimum of of the bound state energy £, deviates away
from zero to some finite value. Compared to the former equal Rashba-Dresselhaus
SOC case, an essential difference here is that a two-body bound state can be realized
even when as < 0 [61]. Fig. 2.4(b) and (c) show how ¢o varies as functions of § and
as. As one can see, as long as ¢ is non-zero, the dimer ground state possesses finite
momentum. Furthermore, The magnitude of ¢y can reach as high as 0.2k,. Such a
large value should be easily detected in experiment.

For a Zeeman field along the z-axis, we have qqg = ¢o1,2. Following the above-
mentioned protocol, we summarize the “phase diagram” of g9, as a function of the
SO coupling strength and the Zeeman field strength h in Fig. 2.5. As one would
expect, the Zeeman field tends to destroy the two-body bound state; whereas SO
coupling enhances its formation. The competition between these two outlines the
critical boundary value, beyond which ¢, becomes negative and no stable bound state
can be found. With increasing h, the minimum of £, deviates further away from zero
momentum to some finite value. Aslong as Zeeman field is non-zero, the lowest-energy
bound state would occur at finite center-of-mass momentum ¢q,. Our calculation
shows that the magnitude of g9, can be as high as 0.2kp.

Finally, for the sake of completeness, we comment on the case of Rashba SOC
with v = (v, vy, 0) and v, = v, = h?k,/m. In this case, when an in-plane Zeeman
field (i.e., with a component in the z-y plane) is present, the resulting dimer bound
state will again have finite momentum. A plot similar to Fig. 2.4 can be obtained.

Our calculation shows that the maximum ¢g can be reached is about 0.05k,..
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Figure 2.5 : Finite momentum dimer bound state solution for 3DSOC. The coloring
shows the magnitude of ¢q,, varying with the SO coupling strength v and the Zeeman
field strength h; the inset shows bound state energy E as a function of ¢/kp (along
the z-axis) for different h, from top to bottom h/Er = 0,0.1,0.2. We fix scattering
length as 1/(kras) = —1
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2.3 Summary

In summary, we have studied a single-particle Hamiltonian for a non-interacting ho-
mogeneous Fermi gas in three dimensions, subjected to synthetic spin-orbit coupling.
We have shown that (a) a single particle in the ground state has exactly zero mechan-
ical momentum in the lab frame, even though its canonical momentum kg depends
explicitly on the strengths of the SOC A, and the Zeeman fields h and 0. (b) The
total mechanical momentum for the non-interacting Fermi Sea adds up to exactly
zero as well. (¢) Two fermions, via s-wave scattering, may form a dimer bound state
with finite center-of-mass mechanical momentum, under proper configuration of SO
coupling and Zeeman field. We attribute this peculiar phenomenon to the broken
Galilean invariance induced by the SO coupling and special role played by the Zee-
man field. We have directly solved the two-body Schrodinger equation in the general
formalism, and considered the momentum distribution in the laboratory frame for
the experimentally realized system, where finite but relatively small bound state mo-
mentum ¢q is found. Finally, we demonstrate that the recently proposed system with
spherical SOC [59,60] can result in dimer bound state with up to 20% of the recoil mo-
mentum. Note that, for bosons, previous studies have shown in the presence of SOC,
the ground state is either plane wave phase or standing wave phase [62-64]. However,
in contrast to our work, such states possess exactly zero mechanical momentum.
Motivated by the results from single-particle and two-body physics with synthetic
coupling and effective Zeeman field, one is naturally tempted to explore the direct
analog for the many-body system. Conceptually, at Fermi surface of equal momentum
magnitude, not all fermions can find partners to pair with, which thus leads to exotic

finite center-of-mass momentum pairing state.
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Chapter 3

Superfluid Pairing and Topological Order

A central theme of fundamental physical science has been the search for building
blocks of matter. In the 19th century, material compositions as elements were such
an example. In the 20th century, the search for elementary particles dominated the
field of high energy physics. However, understanding how atoms and electrons as
building blocks were put together and form many different states of quantum ma-
terials, such as solids, magnets, superconductors, etc., took tremendous efforts of
condensed matter physicists for several decades. The discovery and classification of
distinctive phases of matter, in the last century, can be often understood by Landau’s
approach of the principle of spontaneous symmetry breaking. In other words, quan-
tum states of matter possess different underlying symmetries that are spontaneously
broken. For example, translation symmetry is broken for crystalline solids, rotation
symmetry is broken for magnets, and gauge symmetry is broken for superconductors,
etc. Spontaneous symmetry breaking leads to a unique order parameter, which is es-
sential for formulating an effective field theory, the well-celebrated Landau-Ginzburg
theory [65].

In particular, the nature and the microscopic origin of fermionic pairing was first
elucidated in the pioneering work by Bardeen, Cooper, and Schrieffer, widely known
as the BCS theory [66]. The attractive pairwise interaction between electrons with
opposite spin, albeit extremely weak, can give rise to an instability in a normal elec-

tron gas towards the formation of zero-momentum Cooper pairs near Fermi surface,
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and because of pair condensation, ordering of conduction electrons emerge naturally.
When subjected to an external Zeeman field, the population balance between elec-
trons with different spins may be broken. As a consequence, not all electrons can
find a partner to pair up with. If spin-population imbalance is large enough, the
pairing of fermions has to occur at finite center-of-mass momentum with a deformed
Fermi surface state [67]. This exotic possibility of inhomogeneous superfluid was first
predicted by Fulde and Ferrell (FF) [68], and by Larkin and Ovchinnikov (LO) [69]
a little later. FF refers to an order parameter with plane-wave form A(r) = Age’@T,
which spontaneously breaks time-reversal symmetry; while LO considers the super-
fluid with a standing-wave order parameter A(r) = Agcos(q - r), which explicitly
breaks translational symmetry. Both phases have puzzled the solid-state community
for decades in terms of unambiguous experimental evidence to prove their existence.
Moreover, the FFLO state is also of interest in quantum chromodynamics at low
temperature and high density, where the property of asymptotic freedom may favor
color superconductivity [70].

In Section 3.1, we apply the functional path integral treatment of the many-
body physics for a Fermi gas subjected to an isotropic three-dimensional SO coupling
(3DSOC) and an effective Zeeman field. The generation of such 3DSOC has been
recently proposed by optically dressing four internal atomic states with a tetrahedral
geometry [59,60]. This version of the SO coupling is less explored and unfamiliar to
the condensed matter community, where 2D Rashba and Dresselhaus SO couplings
are studied extensively. One important advantage of 3DSOC over lower-dimensional
SO interaction is that it provides the greatest enhancement of fermionic pairing [71].
Furthermore, due to its isotropic nature, mathematical simplicity is ensured. The

bound states formed by two fermions subject to SOC have been studied rather inten-



35

sively [53,54,72-76]. However, in previous studies, the interplay between the SOC
and the Zeeman field has not been thoroughly investigated. We show in the present
work that, in the absence of two-body interaction, such a system exhibits zero to-
tal momentum. By contrast, in the presence of attractive s-wave interaction and
with a proper combination of the SOC and the Zeeman field, the system may form a
dimer bound state with finite center-of-mass mechanical momentum. At first sight,
this result is very surprising since the s-wave interaction is manifestly momentum-
conserving. A closer examination will reveal that this is a natural consequence of
the broken Galilean invariance due to the presence of the SOC [56-58]. In princi-
ple, this finite-momentum dimer state can be realized in the current experimental
system with equal-weight combination of Rashba and Dresselhaus SOC. The momen-
tum of the bound state can be measured through standard time-of-flight techniques.
In other words, under arbitrarily weak Zeeman field, zero-momentum dimer state and
conventional BCS superfluid phase are no longer stable. For a many-body system,
the FF state is inherently robust, and ultimately connects to the normal phase in a
smooth manner as the Zeeman field strength is increased. Moreover, this type of ex-
otic superfluid has a different origin in comparison with the previously studied FFLO
state. In the absence of the SO coupling, individual particle number with different
spins is conserved, hence the imbalance induced finite-momentum pairing has parity
symmetry between q and —q, which should be called LO phase by definition; on the
other hand, in the presence of the SO coupling, the Zeeman field breaks time-reversal
symmetry explicitly and cause the single-particle dispersion to be asymmetric, which
underlines the idea of finite-momentum dimer bound states [71] and the FF pairing
instability. The center-of-mass momentum of the Cooper pair can be as large as the

Fermi momentum. This result should be very encouraging for future experimental
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exploration.

The above understanding of phases and phase transitions are governed by Lan-
dau’s symmetry breaking theory, where different phases are associated with differ-
ent symmetries and characterized by different order parameters. This approach was
widely accepted and believed to give a universal description of the quantum state of
matter.

It was only until the discovery of the quantum Hall (QH) state [77], that a new
framework of theoretical description was invented. The QH state does not sponta-
neously break any symmetry as other ground states do, but rather is topologically
distinct from the rest. Fundamental properties such as the quantized value of the
Hall conductance and the number of gapless modes are independent of material de-
tails [78,79] and remain unchanged by smooth deformations of the material parame-
ters, unless a quantum phase transition occurs.

The theory and experimental realization of topological insulators (TI) is an emerg-
ing field that led to numerous discoveries in material physics and future applications
of quantum computation. More specifically, TI is insulating in the bulk whose bulk
energy gap separates the highest occupied electronic band from the lowest empty
band, but the unidirectional flow of electric current is dissipationless which is due to
gapless edge states that are protected by time-reversal symmetry. These protected
gapless edge states are known as Majorana fermions — exotic quantum particles that
act as their own antiparticles and obey non-abelian braiding statistics. Their real-
izations are believed to lie at the heart of future technologies such as fault-tolerant
quantum computers. Roughly speaking, Majorana fermions constitute “half” of an
ordinary Dirac fermion, in the sense that two real Majorana fermions ~; and 7,

- which can be separated in arbitrary distance - mathematically define a complex
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fermion operator ¢ = 71 + 72 [80]. The exchange statistics of Majorana fermions is
exotic. Unlike conventional bosons and fermions, braiding Majorana fermions around
one another in a 2¥-dimensional Hilbert space (spanned by 2N well-separated Ma-
jorana fermions) produces non-Abelian unitary transformations in the Hilbert space.
Quantum information can then be non-locally encoded in the Hilbert space by such
braiding operators and be immune to decoherence, which is ideal for the purpose of
quantum computation [81].

In the Section 3.2, we will consider this kind of quantum state characterization us-

ing topological orders, which is completely beyond the symmetry breaking paradigm.

3.1 Mean Field Many-Body Physics with Pairing Instability

Motivated by the two-body results, one naturally attempts to explore the direct
analog for the many-body system, which we study in this section.
We start by formulating the Hamiltonian for a non-interacting homogeneous spin-
1/2 Fermi gas in 3D using field theories:
Ho= [drof e Y Okt A buto (3.1)
1=T,Y,2
where & = h?k%/(2m) — p and ¢ = [¢(r), ¢, (r)]” is the fermionic annihilation
field operator. We have defined the general form of SO coupling strength vector
A = (Mg, Ay, A;) as in previous sections, and the Zeeman field vector A = (A,, Ay, A,).
o = (04,0,,0,) are Pauli matrices acting on the atomic (pseudo-)spin degrees of

freedom. This description is a general model valid for various SO coupling schemes.

The single-particle spectrum is given by E7(k) = % + v/ 2 (Nik; + A)? with
v = 41 denoting the two helicity branches. In this section, we will focus on the

3DSOC [59,60] with A\, = A, = A, = A. For this case, due to the isotropic nature



38

of the SO coupling term, the direction of the Zeeman field is irrelevant and we shall
choose it to be along the z-axis, and hence A = (h, 0, 0).

It is important to note that the Zeeman field induces an asymmetry in the single-
particle dispersion relation. To illustrate this, we consider a filled Fermi sea with
simple topology (cf. [82]) at zero temperature. In Fig. 3.1, we plot the Fermi surface
without and with Zeeman field. In the absence of the Zeeman field, the Fermi surfaces
for both helicity branches are represented by spheres centered at zero momentum, as
shown in Fig. 3.1(a). When we turn on the Zeeman field, both Fermi surfaces are
distorted and no longer possess reflection symmetry about the k, = 0 plane, as can
be clearly seen in Fig. 3.1(b). From this perspective, the ground state of the single
particle Hamiltonian is associated with nonzero total momentum along the £, -axis.

However, we emphasize here that the nonzero total momentum refers to the canon-
ical momentum after gauge transformation, which is different from the experimentally
measurable mechanical momentum in the lab frame. The latter, for both the single-
particle ground state and the non-interacting Fermi sea, as we have discussed in the
Section 2.1.1, is exactly zero.

Next we consider the attractive s-wave contact interaction between un-like spins
which, in terms of the creation and annihilation field operators for the original spin

states, is represented by

%mzm/mﬂwﬁwmwww (3.2)

where Uj is the bare coupling strength to be renormalized using the s-wave scattering
length as. In this work, we constrain our attention to the experimentally exploited
broad Feshbach resonances, which is well captured by the single-channel Hamiltonian

prescribed above.
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Figure 3.1 : (a) Fermi surfaces (a cut in the k, = 0 plane) in the absence of the
Zeeman field. The two concentric Fermi surfaces are spherically symmetric. The
inner blue sphere represents the Fermi surface of the + helicity branch, while the
outer yellow sphere of the — helicity branch. (b) Fermi surfaces in the presence of
the Zeeman field along the z-axis: both Fermi surfaces are deformed in such a way
that the cylindrical symmetry about the k,-axis is still preserved, but the reflection
symmetry about the &, = 0 plane is broken.
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Here, we outline the functional path integral technique [83-85] and start from the
partition function Z = [D[¢ (r,7),¢ (r,7)] exp {—S [¢ (r,7),¢ (r,7)]} where the

action ) , ) )
S [v,v] :/0 dr [/drzlpg (v, 7) Oy (v, 7) + H (¥, 0) (3.3)

is written as an integral over imaginary time 7. Here § = 1/(kgT) is the inverse
temperature and H (1/),@5) is obtained by replacing field operators 1! and v with
grassmann variables ¢ and v, respectively. We can integrate out the quartic in-
teraction term using the Hubbard-Stratonovich transformation [85], from which the
pairing field A (r, 7) is defined.

If we assume the mean-field order parameter to be of FF-type A = Aye’@™, and

further integrate out the fermionic fields, we arrive at an effective action as

2
Set = / dr / dr( —H — L log[—5) +5Z€k+q/2 a2 (3.4)
k

2 2
iwm - fk - f 1Moo
Gl (k, iwp) = Az " (3.5)
—iAO&y Wy, + fk_q/2 - f_

where fy =3, (Mi(ki = %) £ A;) 0;. In the second term of Eq. (3.4), the trace is to
be taken over the Nambu spinor space ® (r,7) = [y, 1, ¥y, 1,]7, the real coordinate
space and imaginary time. The last term in Eq. (3.4) comes from interchanging
fermionic fields ¢y and 1, with 1, and ¢, and the corresponding equal-time limiting
procedure [85]. From Eq. (3.4), we can further sum over Matsubara frequencies to

arrive at the grand thermodynamic potential:

€k+q/2 ‘l' 6 k+q/2 Z
- | Ex|

Q 1 _|APm
Vo _Blnz__élwh?as VZ

e Zln (1+ exp(-81E2])) (3.6)
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where we have regularized the bare interaction strength Uy in terms of the s-wave
scattering length a, by Uio = e % Yk ﬁ EY (o =1, 2, 3, 4) are the quasi-
particle energy dispersion, which are just the four eigenvalues obtained by solving
det[G:'(k, EZ)] = 0. In our case, E{ are too complicated to be presented here.

We take a canonical ensemble approach by considering a homogeneous system with
fixed particle number N and volume A, and hence the density n = N/V = k./(37?).
The important quantity that determines the mean field phase diagram shall be the
free energy, also known as the Landau potential, defined as F' = Q2 4+ uN. At zero
temperature, it coincides with the ground state energy. For a given set of parameters
(including SO coupling strength A\, Zeeman field strength h, interaction parameter

1/(kras), and temperature T'), order parameter A, chemical potential y, and the FF

momentum q = ggr 2 should be determined self-consistently by stationary conditions

oF oF OF
=0 — =0 -— =0. 3.7

OA T Ou " dq (3.7)

We shall explicitly consider three types of phase: normal gas (A = 0, ¢ = 0), BCS

state (A # 0, ¢ = 0), and FF state (A # 0, grr # 0).

3.1.1 Zero-temperature phase diagram on the BCS side

We shall first focus on a relatively weak-interacting regime on the BCS side of the
crossover and take 1/(kras) = —1. In this regime, we can easily justify the mean-
field treatment at both zero and finite temperature, and furthermore the SO coupling
effect would be more pronounced [53,73,86,87].

To get some insight first, in Fig. 3.2, we plot the free energy as a function of h for a
given SO coupling strength A = Er/kp. (We choose this relatively large SO strength,

to avoid possible complications, e.g. Sarma phase [88], phase separation [89] etc.) It



42

-—-—. T T T T

O B = = Normal gas ]
Yo B CS
FF
A~
LL .
LLI X ‘ -
Z 0.6f =—“Bcs ""‘4' | ® .‘
= i ’ 0“
LL °s
°s
-0.1¢ °s |
ooo.... .‘
on..... ’
®%00, A Y
0.6 “
[ N
-0.15¢ . . . k3

0.2 0.3 0.4 0.5
h/Eg

Figure 3.2 : Zero temperature free energy as a function of h for fixed SO coupling
strength A\ = Er/kp and interaction strength 1/kpas = —1. FF superfluid phase
is favored throughout the plotted parameter space. In the inset, we plot the BCS
order parameter Apcs, the FF order parameter Apg (both in units of Er), and the
FF momentum g¢pp (in units of kp) as functions of h. Note that we have explicitly
excluded the consideration of the so-called LO phase, because of the fact that h has
explicitly broken the symmetry in momentum space. One particular direction of
quasi-momentum is always favored for a given h value. Consequently, LO phase is
guaranteed to give rise to higher free energy state.
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is very remarkable to notice that the FF state is energetically favored for arbitrarily
small h. For instance, at h = 0.02E, the gain of energy over the BCS pairing phase is
AF = Fpcs — Frr ~ 4.54588 x 107° N E. However, this energy gain quickly increases
as h is increased. For example, at h = 0.28Ep, we have AF = 1.13728 x 102N Ep
which is more than two orders of magnitude larger and represents a very large energy
value on the BCS side of Feshbach resonance. Once again, the idea of favoring the FF
phase is backed by the picture of the Fermi surface deformation (cf. Fig. 3.1) and the
two-body bound state solutions [Eq. (2.26) and Fig. 2.5]. When we further increase
h, the BCS superfluid is taken over by normal phase as the BCS order parameter
drops to zero rather sharply (see the inset of Fig. 3.2); on the other hand, the FF
state connects to normal phase very smoothly at a much larger value of h.

The FF state here has different origin with the conventional FFLO states in the
absence of the SO coupling [90-92], in which case, for a given interaction strength and
with increasing population imbalance (i.e., Zeeman field), one would expect that com-
petitions among various quantum phases (BCS, Sarma, FFLO, and normal phases)
could lead to both first- and second-order phase transitions. By contrast in the pres-
ence of SO coupling, especially 3DSOC, the FF state dominates almost the entire
phase diagram, as we map out in the A\-h plane Fig. 3.3(a). The BCS phase only
exists on the axis (i.e., in the absence of either the Zeeman field or the SO coupling).
The normal phase and the FF phase are connected by a smooth boundary, which we
identify by setting a threshold value of energy difference |Fyp — Fyormal| ~ 107°NEp.
Note that close to the boundary, Agp also becomes exceedingly small. For illustration
purposes, we schematically added two small regions near A = 0, the LO (green) and
the phase separation (blue) regions, in the phase diagram. The boundaries of these

two phases in the absence of the SO coupling (i.e., at A = 0), which are well studied,



44

Gapless FF superfluid

Gapped FF superfluid

0
0 02040608 1012141618 2
Mg /Eg

Figure 3.3 : (a) Zero-temperature phase diagram at 1/kras; = —1 in the parameter
space spanned by h and A. The FF phase is divided into gapped and gapless regions
by the green dashed line. The BCS state only exists strictly on the axis marked by
two red straight lines. The two blue lines indicate the smooth boundary between the
FF state and the normal phase. Within the FF phase, the color scale indicates the
momentum ggp. LO and phase separation (PS) regions are added schematically for
illustration purpose. (b) Single-particle excitation gap AE, FF order parameter Agp
and momentum gpg as functions of h. The SO coupling strengths are A = 0.2Er /kp
(red curves) and 0.5Er/kpr (black curves). (c¢) Apr and gpp as functions of A for
h = 0.28 Er. In all plots, the energy is in units of Fr, and the momentum in units of
kp.
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are obtained from previous results [88,89,93]. It has been shown that, with increasing
SO coupling strength, both these phases are suppressed rather rapidly [93].

Furthermore, in Fig. 3.3(a), the FF phase is divided into the gapped and the gap-
less regions by examining the single-particle excitation gap AE = min{|Ey|}, where
EY are quasi-particle dispersions introduced in Eq. (3.6). As shown in Fig. 3.3(b),
AFE decreases monotonically as a function of h and drops to zero at some critical
value of h. which depends on the SO coupling strength A\. The critical value h, is
represented by the green dashed line in Fig. 3.3(a). At h., both gpr and App exhibit
kinks for relatively small SO coupling strength. These kinks get washed out quickly
with increasing A (see, for instance, the inset of Fig. 3.2). On the other hand, in
the limit of A = 0, these kinks become true jumps signaling the first-order phase
transition between the BCS phase and the FF phase region. In Fig. 3.3(c), we plot
grr and App as functions of A for a fixed h. We note that even though App increases
monotonically as A, the FF momentum gpp shows non-monotonic behavior: it first
increases and then decreases as A is increased from zero.

It is instructive to make comparisons between the two-body results and the many-
body results. To this end, we consider a cloud of degenerate Fermi gas typically real-
ized in experiment, with density n = 10'2cm =3 which defines kr and Er. We compare
the two-body dimer momentum ¢o, with the many-body FF pairing momentum ggp
in Fig. 3.4 at two different values of SO coupling strengths. Note that the range of h
values for which the two-body bound state exists is much smaller than that for the
existence of the FF state. For example, at A\ = 1.3Er/kr, two-body bound states
only exist for h < 0.1FEp; while the FF state extends all the way up to about h ~ Ep.
As such, the largest gpp that can be achieved is much larger than the largest ¢o,. In

the region where both two-body bound state and the FF state exist, grr and ¢o, are
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Figure 3.4 : Momentum comparison of the FF state and two-body bound state at
1/]{ZFCLS = —1.
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Figure 3.5 : Nodal Fermi surface plots in momentum space. The closed surfaces are
formed by momentum values at which the excitation gap AFE vanishes. Both figures
have the same interaction parameter 1/kra; = —1 as in phase diagram Fig. 3.2 and
coupling strength A = 0.5Er/kp, while h = 0.2EF for (a) and h = 0.35EF for (b).

comparable, with the latter somewhat larger. The difference between them, however,
becomes smaller as the SO coupling strength increases, indicating that at large SO
coupling strength, the many-body properties of the system are also dominated by the
two-body physics.

Before ending this subsection, we want to remark on the gapless FF state. For
Zeeman field strength above the critical value h., one or more quasi-particle energy
Ey will vanish at certain values of momentum k. Such momenta form closed surfaces
(nodal Fermi surface) in momentum space with cylindrical symmetry around the k,-
axis and reflection symmetry about the £, = 0 plane. Hence such nodal Fermi surfaces
always appear in pairs and may be measured using the technique of momentum-

resolved radio-frequency spectroscopy. Two examples are illustrated in Fig. 3.5.
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3.1.2 Effects of interaction

So far we have focused on the zero-temperature phase diagram of a weakly-interacting
system. Now we briefly discuss the effects of interaction in this subsection and those of
finite temperature in the next. In Fig. 3.6(a) and (b), we present two zero-temperature
phase diagrams in the h-A plane for 1/kpa;, = —2 and 0, respectively. They are
qualitatively similar to the one presented in Fig. 3.3(a) for 1/krpa; = —1. As we
move from the BCS limit towards unitarity, the region of normal phase shrinks and
the FF superfluid remains dominant. Furthermore, the region for gapped FF phase
increases quickly. At unitarity, the whole parameter space presented in Fig. 3.6(b)
are occupied by the gapped FF phase. On the other hand, for fixed h and A, the
FF momentum g¢pp quickly decreases as we go from the BCS side to the BEC side,
as shown in Fig. 3.6(c). This result is consistent with the one obtained from the

two-body study [71,94].

3.1.3 Effects of temperature

Finally, we consider the effects of finite temperature. In Fig. 3.7(a), we plot the phase
diagram in the parameter space spanned by h and T by taking 1/(kpas) = —1 and
A = Ep/kp. The FF superfluid phase dominates at small h and low 7. There is a
second order transition towards the normal phase as h and/or T increases. The BCS
phase again only lives on the h = 0 axis. In Fig. 3.7(b), we compare the free energies
for all three phases at T' = 0.17TF and clearly show that the FF phase possesses the
lowest free energy at any finite values of h as long as h is below a threshold at which

the system turns normal.
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Figure 3.6 : Zero temperature phase diagram with interaction strength 1/kras = —2

and 1/kras = 0 for (a) and (b), respectively. The color scale represents gpr/kp. ()
FF superfluid momentum gpp as a function of the interaction strength. For curves
from top to bottom, h/FEr = 0.25, 0.2, 0.15, 0.1, 0.05, and the SO coupling strength
is fixed to be A = Er/kp.
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Figure 3.7 : (a) Finite temperature phase diagram at 1/kpa; = —1 and A\ = Ep/kp.
The color scale indicates the FF order parameter App. (b) The free energy difference
between the two superfluid phases (BCS and FF) and the normal phase at tempera-
ture T'= 0.1T%. The FF phase always has lowest free energy.

3.2 Gapless Topological FF Superfluids

In this Section, we study the topological classification of superfluid states whose
symmetry classification properties have been discussed thoroughly in Section 3.1. We
found that the gapless regime can be further categorized into topologically non-trivial
phase and topologically trivial state. We note that the topologically non-trivial state
discussed here is novel in the sense that it is different from other typical topological
states that are protected by a non-zero gap energy in the bulk spectrum.

In Section 3.1, we introduced the functional path integral approach based on quan-
tum field theory, and applied the formalism to tackle quantum many-body problems.
It is a useful tool to derive systematic approximation schemes, such as introducing
Gaussian fluctuations as second order expansion of the mean field operator or com-

puting the effective inter-atomic interaction in terms of ladder diagrams, and often
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leads to a much simpler derivation of some exact relations, such as relating two-body
T-matrix and many-body T-matrix exactly. It is, however, fully equivalent to the op-
erator formulation using second quantization in quantum mechanics. For our purpose
in this Section, we use operator formalism to first of all reproduce the BdG Hamil-
tonian and introduce the Bogoliubov quasi-particles wavefunctions, which make it
easier to compute quantities that are constructed by Bogoliubov quasi-particle wave-
functions, such as bulk topological number, or perform a basis expansion based on
boundary conditions by taking into account of geometric properties. In this way, we
can better understand the underlying topological properties and study in details the

bulk-edge correspondences.

3.2.1 Mean-field Model Hamiltonian and Bogoliubov Theory

To start off, we focus on a 3D spin-orbit coupled two-component Fermi gas with an
isotropic spin-orbit coupling )\So(f{) = )\(l;:xax + l%yay + l%zaz) subject to an in-plane

Zeeman field ho, [95-97], which can be described by the model Hamiltonian,
Hefa [Z U3 () HY o (1) 4 Vi (38)

where 11 (r) (1,) is the field operator for creating (annihilating) an atom with pseudo-
spin state o € (1,]) at position r, Hy = —h*V?/(2m) — p + Vso(k) + ho, is
the single-particle Hamiltonian with the atomic mass m and chemical potential p,
l%i:(x,w) = —10; is the momentum operator and o, . are the Pauli matrices. V;; =
Umﬂ(r)wl(r)w 1 (r)4(r) describes a pairwise attractive contact interaction of strength
Up < 0, where Uy = m/(4nh?%a,) — V=13, m/(h*k?) can be expressed in terms of
the s-wave scattering length a,. At the mean-field level, the model Hamiltonian can
be solved by taking an order parameter A(r) = —Uj (¢, (r)14(r)) and linearizing the

interaction Hamiltonian Vi = —[A(r)yl(r)y!(r) + H.e] — |A(r)]* /Up.
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In the presence of an in-plane Zeeman field ho,, it is now widely understood
that Cooper pairs acquire a finite centre-of-mass momentum Q = qge, along the
z-direction, i.e., A(r) = Ae“® [95,98-101]. By using the Nambu spinor ®(r) =
[ihpetiaz/2 o)y etiaw/2) ﬂe‘iqm/ 2 ¢Ie‘iq””/ 21T to gauge out the momentum related phase
in the order parameter, the mean-field model Hamiltonian can be solved by diagonal-

izing the following Bogoliubov-de Gennes (BdG) Hamiltonian

. H, (%HE)

—1Ao,
HBdG (k) =

(39

i.e., Hpac®y,(r) = B, (k)®f, (r), which gives rise to the wavefunction of Bogoliubov

, (3.9)
iAo,

quasiparticles, ®f, (r) = 1/\/Veik'r[ugT, Uy, Uy, v;?’i]T, and the energy E,, (k). We
obtain four quasi-particle energy dispersions, indexed by v € (+, —) for the particle
(+) or hole (—) branch, and n €(1,2) for the upper (1) or lower (2) helicity band split
by spin-orbit coupling and Zeeman field.

Taking the mean-field approximation for the pairing interaction term, the model

Hamiltonian of the Fermi system can be rewritten into a compact form,

H=(1/2) /dr‘bT(I‘)HBdG(R)(I)(I') —VA?/Uy + Z(fk+Q/2 + &k-qy2)/2

~

where the explicit form of Hpue(k) in Eq. (3.9) is given by

ék—l— + )\]%z AL+ 0 —A
A Eir — M, A 0
k+ k+ A A (3.10)
0 A —éx_ + Mk, Ax_
i —A 0 AL_ _ék— — )\]%z i

with & = B2(k+£Q/2)%/(2m) —p and Ayx = A(ko£q/2+ik,)£h. For a homogeneous

Fermi gas with open boundary condition, the BAG Hamiltonian can be diagonalized
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by replacing the momentum operators k; (1 = x,y, z) by the corresponding c-numbers
k;. Thus, we obtain the energy spectrum of Bogoliubov quasiparticles E,, (k), where
v € (4, —) denotes the particle or hole branch and n €(1,2) stands for the upper or
lower helicity band. The mean-field thermodynamic potential €2,s at the temperature

T can be written down straightforwardly,

O
7f = 2‘/2 §k+q/2 + Ek—q/2 — Z By (k
n=1,2
A2 T
AT kB Z In [1 + e~ Br+09/hT] | (3.11)

kn=1,2
where the last term is the standard expression of thermodynamic potential for non-
interacting Bogoliubov quasiparticles. Due to the inherent particle-hole symmetry
in the Nambu spinor representation, the summation over the quasiparticle energy
has been restricted to the particle branch, to avoid double counting. For a given set
of parameters (i.e., the temperature T', s-wave scattering length a, etc.), different
mean-field phases can be determined using the self-consistent stationary conditions:
O /OA = 0, 00ne/dq = 0, as well as the conservation of total atom number,
n = —(1/V)0Q/0u, where n is the number density. At a given temperature, the
ground state has the lowest free energy F' = Q + uN. For simplicity, we only report

the results at zero temperature.

3.2.2 Topological Nodal Fulde-Ferrell superfluids

First, we report the phase diagram Fig. 3.8 where an in-plane Zeeman field will
drive the Fermi system from a gapped FF superfluid to a gapless phase (labeled as
“nodal FF”) [95]. Remarkably, at sufficiently large values it will also lead to a gapless
topologically non-trivial state (“topological nodal FF”). The evolution of the energy

spectrum at a typical spin-orbit coupling strength A = Er/kp as a result of the
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increasing in-plane Zeeman field is presented in Fig. 3.9.

Physically, the transition to a gapless phase can be well characterized by a global
energy gap E, = min Fy, (k), which is the half of the energy difference between the
minimum energy of the particle branch and the maximum of the hole branch due to the
particle-hole symmetry Eoy (k) = —Es_(—k). Hence, £, < 0 and E, > 0 characterize
a gapless and gapped state, respectively. The topological phase transition, on the
contrary, is related to the change of the topology of the Fermi surfaces. It is well
known that such a change must be accompanied with the close and re-open of an
energy gap at some specific points in momentum space [102,103]. In our continuum
case of a homogeneous Fermi gas, this occurs precisely at the origin k = 0 (see
Fig. 3.9b). Therefore, naively the topological transition can be determined from the

condition Fy, (k = 0) = 0 or more explicitly,

AN Aq
_ G0N BN S 4 12
frez \/(“ 8m ) + 2 (3.12)

In the absence of a FF pairing momentum (¢ = 0), the above condition reduces to

the well-known criterion h. = \/;m for the appearance of a SLTD topological
superfluid *, when an out-of-plane Zeeman field is applied [104,105]. It is interesting
that the gapless transition always occurs before the topological transition, as a result
of B, < Ey (k = 0). Thus, bulk-gapped topological FF superfluids, if exist, must
appear at very high in-plane Zeeman field. As a superfluid analogue of strong 3D
topological insulators [102,103], they are anticipated to have the unique feature of
a single Dirac cone for the energy dispersion of the Majorana edge states. Unfortu-

nately, in the parameter space that we considered, we do not find their existence.

* The most efficient scheme to create topological superfluids is based on the model proposed by

Sau, Lutchyn, Tewari and Das Sarma (SLTD) in 2010 [104, 105].
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Figure 3.8 : Zero temperature phase diagram of the FF superfluid at the interaction
parameter 1/(kpas) = —0.5. With increasing in-plane Zeeman field, the Fermi cloud
changes from a gapped FF superfluid to a gapless FF superfluid, and finally turns
into a gapless topological superfluid. In our numerical calculations, using the num-
ber density n we have set the Fermi wavevector kr = (37%n)'/3 and Fermi energy
Er = h?k%/(2m) as the units for wavevector and energy, respectively. Unless specif-
ically noted, we shall focus on the attractive interaction regime with a dimensionless
interaction parameter 1/(kras) = —0.5 and at zero temperature 7' = 0, for which our
mean-field treatment could be well justified.
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Figure 3.9 : The evolution of the energy gap and of the topology of the Fermi surfaces
at A\ = Er/kpr with increasing the in-plane Zeeman field. (a) The global energy gap
E, = min Ey, (k) (red dashed line), the energy gap at k = 0 (black solid line), and the
minimum energy of the surface states at k, = 0 and k, = 0 (green solid circles) when
open boundary is imposed along the y-direction. (b) The energy dispersion Eoy (k)
at k, = 0 and k, = 0. (c), (d) and (e) The 3D full plot of the energy dispersion

Eoi(kp ki = \/RZFK2) at ho = 0.3Ep (c), he =~ 0.327Ep (d) and h = 0.4EF (c).
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At the coupling strength A = E'r/kp, the gapless transition and topological tran-
sition occur at h. ~ 0.3Er and h. ~ 0.327FER, respectively, as can be seen from
Fig. 3.9a, where E, (red dashed line) and E5;(k = 0) (black solid line) become zero
as the in-plane Zeeman field increases. When h > h., nodal points which satisfy
Esy (k) = 0 develop and form two closed surfaces in momentum space [95]. When the
in-plane field further increases, passing through the threshold h.s for the topological
transition (see Fig. 3.9d), the energy dispersion of the particle- and hole-branches
touches at two specific points (£ky,0,0), as shown in Fig. 3.9e. Around these points,
the dispersion of Bogoliubov quasiparticles in the bulk acquires a linear structure and
thereby form a Dirac cone. This is precisely the energy dispersion for massless Weyl
fermions [106-108]. In this sense, the gapless topological FF superfluid predicted in
this work provides a new avenue for the observation of Weyl fermions around the
Weyl nodes (+kp,0,0). Indeed, Weyl fermions have recently been discussed in the
context of 3D gapped topological superfluids [109, 110].

In our case, the appearance of the Weyl nodes and of the topological order is closely
related. Due to the asymmetry in the k, axis, only one of the Weyl nodes is occupied.
Thus, we may characterize the topological order of the gapless FF superfluid by using

the topological invariant of Weyl fermions [103,111]:

d*k
Niv = [ 4T [QL0,0kQLAQQLO,Q (313)

where @)y is the unitary matrix determined by the BdG Hamiltonian, pu,v,p =
(kg ky, k.) and the domain of the integration includes the isolated, occupied Weyl
node. The gapless topological FF superfluid is uniquely characterized a nonzero

topological invariant Ny, # 0.
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3.2.3 Majorana Surface States
Cylindrical hard-wall confinement

To further demonstrate the topological nature of the gapless FF superfluid, we calcu-
late the energy dispersion in the presence of open boundary by imposing cylindrical
hard wall confinement perpendicular to the y-z plane. There is a pair of zero-energy
Majorana fermion state on the boundary of » = L, which is the direct signature of
a topologically non-trivial state. The existence of Majorana fermions is reported in
Fig. 3.9a by green solid circles. They immediately appear after the change in the
topology of the Fermi surfaces.

We now discuss in more detail the Majorana surface states, whose dispersion is
shown in Fig. 3.10. Because the boundary we impose has rotational symmetry in the
y-z plane and translation symmetry along z-direction, states with different integer
orbital angular momentum m and continuous linear momentum £k, are decoupled,
where we can perform Bessel function basis expansion.

First, in order to determine the Majorana surface states in the topologically non-
trivial phase, we impose a cylindrical hard wall potential, for example, perpendicular
to the y-z plane, so that any single-particle wavefunction must vanish identically at
the boundary r = L. We assume that the radius is sufficiently large so that we can
use the solution of a uniform pairing gap. Accordingly, in the BAG Hamiltonian Eq.
(3.10), we replace the momentum operator k, and k, by its corresponding derivatives

in cylindrical coordinates where longitudinal axis is chosen along z-direction. It can
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Figure 3.10 : Majorana surface states arising from the hard wall confinement per-
pendicular to the y-z plane. (a) and (b) The full energy spectrum E,Szn) along the k,
axis for m = 0 and m = 10, respectively. The surface states at the two boundaries
are highlighted by red solid circles and blue empty squares, respectively. (¢) and (d)
The wavefunction of the zero-energy Majorana fermions at finite k, values, satisfying
the symmetry u,(y) = ¢®v}(y), where o is a constant phase factor and o =1, /. In
numerical calculations, we have set the length of the confinement L = 200k,'. Other

parameters are A\ = Er/kp and h = 0.4EF.
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be diagonalized by using the following ansatz for the Bogoliubov wavefunctions,

Jm(l-e(m) T )

Vgt

T (") )i
St |
_ e (3.14)
(m+1) v _i0
JM+1( )
gt
Jm(lﬁ(m)r)

N

sz Nrmax

M

Unl

where £ is the nth positive root of Bessel function of the first kind J,,(p) with

m > 0. For states with m < 0, we have instead J_,,(p) = (—1)"Jn(p). Orthogonal

condition is given by fo mslm)%)Jm(ml(m)%)rdr = (0 where integer n # [ and normal-
2
ization reads as V™ fo (k5™ ) Im( glm)%)rdr =:L? (Jmﬂ(m,(@m))) . Inserting

this ansatz into the BAG equation, we convert the BdG Hamiltonian into a 4N, by

4 Npax Hermitian matrix,

Nmax
Hmun — v Z Wl(;n)ozl - Av, = E,g:b)un (3.15)
=1
Nmax
iv Z l Vug + ?—[22nozn +AB, = E,g’:)ozn (3.16)
Nmax
Aoy, + Hggnﬁn + v Z 1 o, = E,g?ﬂn (3.17)
=1
Nmax
—Au, — v Z WIT)@ + Hf&gvn = E,ET)U,L (3.18)

where all the matrix elements have been analytically worked out (not shown here).
The diagonalization directly gives rise to the energies and wavefunctions of the Ma-
jorana surface states.

In Fig. 3.10a and b, we plot the full energy spectrum along k, axis for m = 0
and m = 10. Majorana zero energy mode can be identified by the energy crossing
of surface state contribution, at which points quasi-particle wave-functions become

localized at the edge, as shown in Fig. 3.10c and d. Although in comparison, edge
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state wave-function is more localized for smaller m values. For even larger orbital
angular momentum value around m ~ 20 surface state smoothly connects to the
Weyl node located approximately at ky, ~ 0.4kp in the bulk. Furthermore, it is
straightforward to make use of particle-hole symmetry of the BAG equation to prove,
for every zero energy state with m > 0 and k, > 0, there is a corresponding zero
energy state at —m — 1 and —k,. As there are no net atomic currents at equilibrium,
the two counter-propagating chiral surfaces states compensate each other. This is a
unique feature of novel gapless topological FF superfluid in our work.

It is worth noting that the 3D gapless topological FF superfluid can not be viewed
as a stack of 2D topological superfluids along a specific direction (i.e., z-axis), unlike
the standard 3D topological superfluids known so far. For the latter, the Majorana
surface states of the 3D system can be understood as the edge states of the 2D system
on the surfaces which are parallel to the z-axis and therefore have a flat dispersion that
does not depend on k, [109]. This is analogous to the trivial or weak 3D topological
insulators [102,103]. In our case, due to the existence of spin-orbit coupling in all three
spatial directions, the dispersion of the Majorana surface states is no longer flat. In
this respect, the gapless topological FF superfluid is better regarded as the superfluid
analogue of a strong topological insulator [102,103], although the surface states may
not have a Dirac-cone-like dispersion due to the gapless bulk. In consistent with this
classification, there is only one pair of zero-energy Majorana fermions localized on
each surface, respectively. In Fig. 3.10 (¢) and (d), we examine the wave function of
Majorana fermions. It satisfies the desired symmetry wu,(r) = ¢®’v*(r) for each spin

component o =7, | , up to an unimportant constant phase 9 [112].
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Hard-wall confinement along the y direction

We may also consider imposing hard-wall confinement along a specific direction, for
example adding two walls perpendicular to the y axis at y = 0, L. In this case,
unidirectional Majorana surfaces states propagate in the same direction on opposite
boundaries at y = 0 and y = L, respectively. Any single-particle wavefunction must
vanish identically at the boundary y = 0 or y = L. We assume that the length L is
sufficiently large so we use the solution of a uniform pairing gap. Accordingly, in the
BdG Hamiltonian Eq. (3.10), we replace the momentum operator k, with —id,. It

can be diagonalized by using the following ansatz for the Bogoliubov wavefunctions,

Nmax

U () = ) tnothn (), (3.19)

Nmax

Ve (y) = D Unotn (y), (3.20)

where 1, (y) = \/2/Lsin[nmy/L] is the eigenfunction of the hard wall potential with
eigenvalue €, = h?n’m?/(2mL?). Inserting this ansatz into the BdG equation, we
convert the BdG Hamiltonian into a 4 Ny, by 4N, sSymmetric matrix, whose diag-
onalization directly leads to the energies and wavefunctions of the Majorana surface
states.

With this hard wall confinement, the dispersion of Majorana surface states is
shown in Fig. 3.11. In momentum space, k, and k, are still good quantum numbers,
so we actually plot min Fy, (k;, k.) and max Ey_(k,, k,). There are two sheets in
the energy dispersion (Fig. 3.11a), corresponding to the surface states localized at
the boundary y = 0 and y = L, respectively. Remarkably, these two sheets cross
at the line k£, = 0, indicating that along this line the two branches of surface states

are unidirected, that is, propagating in the same direction on opposite boundaries.



0.8 04 00 04
k/k
x F

kJk,

0-3 L] I L] I L] I L I ) ///|/
_
202 5
2
=4
g
> 0.1 3

1 S Ve

0.0 & | i
0.00 002 004 006 0.0
/L

0.90

()|
v, 0l
ju, )|
v

0.92

Figure 3.11 : Majorana surface states arising from the hard wall confinement along
the y-direction. (a) The surface state dispersion forms two sheets which crosses at
the line k, = 0. (b) and (c¢) The full energy spectrum Fsy(k,,k.) along the k, or
k. axis, respectively. The surface states at the two boundaries are highlighted by
red solid circles and blue empty squares, respectively. (d) The wavefunction of the
zero-energy Majorana fermions at k, = 0 and k, = 0. In numerical calculations, we
have set the length of the confinement L = 2001{;}1. Other parameters are A = Fp/kp

and h = 0.4FEF as in Fig. 3.10.
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This is highlighted in Fig. 3.11b, from which we also identify that the unidirected
Majorana surface states smoothly connect the two Weyl nodes (£+ky,0,0) in the bulk,
where ky ~ 0.4kp. Recall that at equilibrium there are no net atomic currents. As
in the cylinderically symmetric case, the current due to these co-propagating surface
states on opposite boundaries therefore must be compensated by the current induced
by some extra counter-propagating modes in the bulk. This can only happen in
systems with a gapless bulk. We note that, the unidirected Majorana surface states
only occur along the line k, = 0. Actually, if we make a cut on the two sheets
along other directions, for example, along the line k, = 0, it is easy to see that the
Majorana surface states become counter-propagating (see Fig. 3.11c for the dispersion
as a function of k,), resembling the surface states in the standard gapped topological
superfluid. This follows the fact that at k£, = 0 our topological FF superfluid is
actually gapped in the bulk. By comparing the two limiting cases shown in Figs.
3.11b and 3.11c, it is clear that the unidirected surface states discussed in our work

is a unique feature of novel gapless topological FF superfluid.

3.3 Summary

In Summary, in Section 3.1, we have studied a 3D spin-orbit coupled Fermi gas sub-
jected to an effective Zeeman field. Based on the picture of Fermi surface deformation,
the two-body calculations, and the mean-field many-body results, we conclude that
the BCS state with zero-momentum Cooper pairs is not stable against Fulde-Ferrell
superfluid pairing at any finite Zeeman field strength. We have found that the FF
phase is robust against interaction and finite temperature, and the corresponding
center-of-mass momentum of the Cooper pair can be comparable to the Fermi mo-

mentum. The finite-momentum dimer state in the two-body situation and the FF
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state in the many-body setting both originate from the asymmetric momentum distri-
bution as a consequence of the interplay between spin-orbit coupling and the Zeeman
field. This asymmetry also determines the direction of the momentum for the dimer
state or the Cooper pairs. The FF state in the present work is not exactly the same
as the FF or FFLO state in the context of a spin-imbalanced Fermi gas without spin-
orbit coupling. In the latter case, the direction of the momentum of the Cooper pairs
is determined through the mechanism of spontaneous symmetry breaking. For a sim-
ilar reason, we only considered FF state in our work, not the FFLO state. The FFLO
state requires the Cooper pairs to possess two momenta with equal magnitude but
opposite directions. However, in our case, the asymmetric momentum distribution
uniquely picks one particular momentum rather than an opposite pair.

In Section 3.2, we propose a new mechanism to create topologically non-trivial
states by using an in-plane Zeeman field only. Novel gapless topological superflu-
ids with inhomogeneous Fulde-Ferrell pairing orders parameter can be realized using
three-dimensional spin-orbit coupled s-wave superfluids, where the finite momentum
pairing and topological order are both driven by the in-plane Zeeman field. They fea-
ture unidirected Majorana surface modes and a pair of zero-energy Majorana fermions
at the edges, which are quite different from the standard gapped topological superflu-
ids that are known to date. These new features will greatly enrich our understanding
of topological quantum matters, in both solid-state and cold-atom systems.

So far in this dissertation, we have discussed stationary ground state properties,
for single-particle state, two-body states, mean field many-body phases characterized
by spontaneous symmetry breaking and topological orders. In the next Chapter,
we explore the interesting far out-of-equilibrium physics for a particular physical

realization of non-integrable quantum dynamical system.
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Chapter 4

Quench Dynamics

Beyond investigating topological properties of stationary ground states, out-of-equilibrium
quantum physics is also extremely interesting yet challenging to explore. Quantum
statistical mechanics provides a general framework under which the characterization
of equilibrium states of many-body systems is well established. To describe systems
slightly perturbed out of equilibrium, the linear response theory turns out to be ex-
tremely successful. Much is less known, however, on the quantum coherent dynamics
of a system far-from-equilibrium. A main reason for that can be ascribed to the fact
that such dynamics is generally difficult to access in experiments due to unavoid-
able relaxation and dissipation from interactions with the environment. However, the
dynamics of quantum systems far-from-equilibrium is of great interest from a funda-
mental viewpoint because it can provide us with the properties of the system beyond
the ground state, for instance, excitations, thermalization, (dynamical) phase transi-
tions and related universalities [113-118]; see more details in a recent Review [119].
In this regard, ultracold atom systems provide a new platform for the exploration of
intriguing far-from-equilibrium coherent dynamics [116,120, 121]. This is made pos-
sible by the precise control of key parameters in cold atomic systems as well as the
ideal isolation from environment [122].

For these reasons, the coherent dynamics of the s-wave Bardeen-Cooper-Schrieffer
(BCS) superfluid has been intensively studied over the past decade [123-130]. In these

theoretical studies, via the so-called Anderson’s pseudospin representation, the BCS



67

model can be ezactly mapped into a classical spin model, which is proven to be
integrable and can be solved exactly using the auxiliary Lax vector method [131,132].
It has been shown that the quench dynamics of the system depends strongly on
both the initial and the final values of the quench parameter, which is often chosen
to be the interaction strength. In general, three different phases can be identified
according to the long-time asymptotic behavior of the order parameter: the undamped
oscillation phase (synchronization phase), the damped oscillation phase, and the over-
damped phase. Integrability of the Hamiltonian is essential to understand these
results. The p-wave superfluid has the same mathematical structure as the s-wave
superfluid, thus similar phases are observed in a recent study [133,134]. As the p-
wave superfluid supports topological phases, a quenched p-wave superfluid is found
to support dynamical topological phases within certain parameter regimes. However,
a Fermi gas with p-wave interactions, realized by tuning the system close to a p-wave
Feshbach resonance, suffers from strong incoherent losses due to inelastic collisions
[135]. On the other hand, one may realize cold atomic systems with effective p-
wave interactions. Such candidates include ultracold polar molecules with long-range
dipolar interaction [136] and spin-1/2 Fermi gases subject to synthetic partial waves
[137]. Both of these systems are being intensively investigated in cold atom research.

As quantum simulators of real world materials, the spin-orbit coupled degenerate
Fermi gas provides a new platform to realize topological superfluids and related topo-
logical excitations. In this Chapter, we study the quench dynamics and topological
edge states in a spin-orbit (SO) coupled superfluid Fermi gas in two dimension (2D),
motivated by the very recent realization of SO coupling in ultracold atoms [138-143].
The ground state of this system can be topologically nontrivial in some parameter

regimes [144-160]. This is because the SO coupling, Zeeman field and s-wave inter-
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action together can lead to effective p-wave pairing. This system possesses several
control parameters that can be readily tuned in experiments, which makes it ideal
to study the far-from-equilibrium coherent dynamics and related topological phase
transitions. However, the simultaneous presence of the SO coupling and the Zee-
man field breaks the integrability of this model [161], and changes the system from
a single-band to a two-band structure. It is therefore natural to ask the fundamen-
tal question: “What types of post-quench dynamical phases will this system exhibit,
and how do these dynamical phases differ from the ones supported by the integrable
models?” In our study, we choose the Zeeman field as the quench parameter for the
reasons to be discussed below. It is quite surprising that all the phases supported
by the integrable model still exist in our non-integrable system, although there exists
unique topological features in our system. We provide a complete phase diagram and
investigate each phases in details. We also show how dynamical topological phases,

which can support topologically protected edge states, emerge in this model.

4.1 Novel Topological Superfluids
4.1.1 Model Hamiltonian

To make progress, as an example, we consider a 2D system of uniform SO coupled
degenerate Fermi gas with s-wave interaction confined in the xy-plane, whose Hamil-

tonian is written as H = Hy + V, where (h = 1)

Ho = Z cLs &k + a(kyo, — kyoy) + ho] ke,

!
k,s,s

V = 0 Chaithq it (4.1)
k.k’,q

where s, s’ =1, | label the pseudospins represented by two atomic hyperfine states, k

is the momentum operator, & = e — u, where ¢, = k?/2m denotes kinetic energy



69

and f is the chemical potential, o is the Rashba SO coupling strength, o, . are the
Pauli matrices, h is the Zeeman field along the z-axis, ¢y, is the annihilation operator
which annihilates a fermion with momentum k and spin s, and g represents the inter-
species s-wave interaction strength. Notice that the 2D system is created from the
three dimensional system by applying a strong confinement along the z-axis, thus g
in principle can be controlled by both confinement and Feshbach resonance. This 2D
degenerate Fermi gas has been realized in recent experiments [162-165].

We consider the quench dynamics of the Fermi gas at the mean field level, thus
the potential defect production, i.e., the so-called Kibble-Zurek mechanism, after
the quench is not considered. Imagine that we prepare the initial system in the
ground state with Zeeman field h;. At time ¢ = 0%, we suddenly change the Zeeman
field from h; to some final value hy. This scheme should be in stark contrast to
previous literatures, in which the interaction strength g generally serves as the quench
parameter [123-130,133,134]. We choose the Zeeman field as our quench parameter
for the following reasons. (1) As we shall show in the discussion of the ground
state properties of this system, the Zeeman field directly determines the topological
structure of the ground state. (2) In SO coupled quantum gases, the laser intensity
and/or detuning serve as the effective Zeeman field, and these parameters can be
changed in a very short time scale, satisfying the criterion for a sudden quench. By
contrast, a change of the interaction strength is achieved by tuning the magnetic field,
via a Feshbach resonance, which usually cannot be done very rapidly. (3) Moreover,
changing the effective Zeeman field in SO coupled quantum gases has already been
demonstrated in recent experiments [138-142], in which both the magnitude and the
sign of the Zeeman field can be changed.

The superfluid order parameter is defined as A = gXy (c_k ckr) and the interaction
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term can be rewritten as V — A*c_y cir + ACLTCT_M —|A[?/g. Therefore, under the
Numbu spinor basis Uy = (ckt, Ckys —cT_ki,cT_kT)T, the total Hamiltonian becomes
H = Zk\IfLMk\Ifk — |AJ?/g, where the Bogoliubov-de Gennes (BdG) operator reads

as [144,145]

1 | Ho(k) A

My = 5 (4.2)

A* —o,Hi(—k)o,
Assuming fitr = (U, Vs, Prt, Q)L are the two energy levels of My with positive
eigenvalues, the initial value of chemical potential and order parameter are determined
by minimizing the thermodynamical potential [144-147,150-158], which is equivalent

to solving the gap equation

2

—0, (4.3)

_ Z EQ + Sh
2€k + Eb — 4E0El;:

and number equation

E h2 2k’2
22[1—2&‘ °+SEOE§O‘ )], (4.4)

where B}, = n\/& + a2k + h2 + |A[? & 2F, are the excitation energies, with = +

correspond to the particle and hole branches respectively and Ey = \/h2(&2 + |A]?) + a2k2E2.
Here the bare interaction strength g should be regularized by 1/g = — >, 1/(2ex+E3)
[145]. As a result, in the following, the interaction strength is quantitatively defined
by the binding energy Ej € [0,00). Throughout our numerical calculations, the en-
ergy unit is chosen as the Fermi energy Er = k%/2m, where kp = v/27n is the Fermi
wavenumber for a non-interacting Fermi gas without SO coupling and Zeeman field
in 2D. We only consider the physics at zero temperature. Throughout this work,
we choose the binding energy E, = 0.2Ep, and the corresponding scattering length
krasp = /2Er/E, ~ 3.1623 and In(kpasp) ~ 1.1513, which is around the BEC-

BCS crossover regime. Since krasp > 1, the superfluid is composed of weakly bound
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Cooper pairs. For a typical Fermi gas of °Li, kr ~ 1/um, Er ~ 1kHz , and the
relevant time scale discussed in this work is 1/Er ~ 1ms . The long time collective
oscillations of degenerate Fermi gas that much longer than this relevant time scale

has been demonstrated in experiments [166, 167].

4.1.2 Vanishing energy gap of the ground state phases

Before we turn to the discussion of the quench dynamics, let us first briefly outline
the ground state properties of the system. The most salient feature of the system is a
topological phase transition induced by the Zeeman field [144-147,150-158]. Without
loss of generality, we assume that A > 0, in which case, the spin-up atoms (spin-down
atoms) represent the minority (majority) species. It is well known that the topology of
the superfluid is encoded in the topological index W [144-147], which corresponds to
the topological state with W = 1if h > \/m, while h < \/,tm yields W =0
and the state is non-topological. In Fig. 4.1(a), we show how p, A and the single-
particle excitation gap Ej at zero momentum change as a function of the Zeeman field
h. At the critical point, h, = \//m, the excitation gap E, vanishes, indicating
a topological phase transition. This feature is also essential for the realization of the

long-time far-from-equilibrium coherent evolution.

4.1.3 Spin textures in momentum space

To see this phase transition more clearly, we also examine the momentum space
spin texture. The spin vector is defined as S(k) = (CLT,CL)J (cier, i), with the
corresponding ground state expectation value given by (S.(k)) =23 _, R[py, giy;
(S,(K)) = 25, Slpiti): and (S:K)) = (gl — lpof?). As shown in

Fig. 4.1(b), we find that (S,(0)), the spin component along the z-axis (which is just the



72

(b)

hEy hEy

Figure 4.1 : Topological phase transition in spin-orbit coupled superfluids. (a) Plot of
Ey (energy gap at zero momentum), A, and u as functions of h. The arrow marks the
critical Zeeman field h. ~ 0.545FEr. The topological phase transition is characterized
by the topology of the ground state instead of symmetry because no spontaneous
symmetry breaking takes place across the phase transition point. (b) Plot of the
total spin polarization S, and zero momentum spin population S,(0) as a function of
Zeeman field. S, is a smooth function of h, whereas S,(0) jumps at h. due to band
inversion transition. Seyp is the spin population averaged over a region in momentum
space (see text), which mimics the possible finite momentum resolution in realistic

experiments. Throughout this paper if not specified otherwise we take E, = 0.2Ep
and Oé]fp = 12EF
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population difference between the two spin species) at k = 0, jumps discontinuously
when the Zeeman field crosses the critical value h., while the total spin polarization
which is defined as S, = (ny — n;)/n, changes smoothly with respect to h. We
emphasize that the jump of S,(0) across the topological boundary is still visible if
we take the finite momentum resolution into account, as will be the case in realistic
experiments; see curve Se, = [dk S, (k)/ [dkn(k) in Fig. 4.1 (b), where n(k) is
the total density at momentum k and the integral is performed in a circular area in
momentum space centered at k = 0 with a radius of 0.1kg. In fact, as shown below,
the jump of (S,(0)) just implies a change of topology of the spin texture.

The Hamiltonian at k = 0 can be reduced to

—p+h 0 A 0
0 —u—nh 0 A
My—o = . (4.5)
A* 0 w+h 0
0 A* 0 pu—n~h

We first consider the spin texture in the stationary condition. If |h| < /p? + A2, the
—ptA A )T
VAZH (=227 /A2 (u—2)2 ]

and fo - = (0, \/A;iz:\—A)z ,0, \/Azf(u—/\)Q )T respectively, where A = y/u? + A2, Then,

from the expression of (S.(k)) in the main text, we can directly get that (S.(0)) =0

two eigenvectors with positive eigenvalues are fy . = (

and @ = 0, which means the system has topologically trivial spin texture. In contrast,
if |h| > v/ p? + A2, the two eigenvectors will become fy + = <\/A;j:z:j—k)2 ,0, \/A2+A(M_A)2 ,0)T

. _“_)\ A T . . . . .
and fo— = ( \/A2+(M+)\)27O’ \/A2+(M+A)2’O) respectively. So, in this region, we will

have (S,(0)) = —1 and @ = —1, which means the system has a topologically nontriv-

ial spin texture. We see that the sudden changes of S,(0) is due to the band inversion
transition across the critical point.

Typical spin textures for h < h. and h > h. are plotted in Fig. 4.2(a) and (b), re-
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Figure 4.2 : Topological properties of the spin texture. (a), (b) Spin texture for the
normalized spin vector s (Skyrmion) of the ground state of a non-topological state
(h = 0.4EF) and a topological state (h = 0.7Er), respectively. For the parameter
we used, h. ~ 0.545FEF, see also Fig. 4.1 (a). The corresponding z-component of the
spin vector, S, (k), are plotted in (c¢) and (d). (e) and (f) represent schematic plot
of the mapping from the 2D momentum space onto a unit sphere for non-topological
phase and topological phase, respectively. The darker green region represents the

area swept out by the spin vector when the momentum k varies from 0 to oco.
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spectively. The topology of the system can be characterized by the Skyrmion number
defined as

Q= / d;—: [s - (O, s X 8,%3)} , (4.6)
where s(k) = (S(k))/|(S(k))| is the normalized spin vector, which maps the 2D
momentum space to a unit sphere S2. In this sense, @ is nothing but the number of
times the spin vector wraps around the south hemisphere. Note that for momenta
with fixed magnitude |k|, s, and s, always sweep out a circle parallel to the equator.
In the topologically trivial regime, we always have s,(0) = 0, see Fig. 4.2(c). Hence as
|k| increases from zero, s begins at the equator, descends toward the south pole and
then returns to the equator as |k| — oo. Thus in this regime, s(k) initially sweeps out
the darker green region in the southern hemisphere of Fig. 4.2(e), but then unsweeps
the same area, resulting in a vanishing winding number ) = 0. In contrast, in the
topologically nontrivial regime, we have s.(0) = —1, see Fig. 4.2(d). Hence as [k]
increases from zero to infinity, the spin vector covers the entire southern hemisphere
exactly once, as shown schematically in Fig. 4.2(f), which leads to a nontrivial winding
number () = —1. The sudden change of spin polarization is due to band inversion
transition across the critical point.

It is worth pointing out that, for any quench, we always have %(SZ(O,t)) =0,
regardless of the initial and final values of h. When k = 0, we have i0;q+ = A*vy—hqgs
and i9,py = A*uy + hqs. Substituting these equations into S,(t) = Zn:i anay +
Gy — PPy + Dypy, we immediately find that S.(t) = 0. Thus we have the important
conclusion that (S,(0,¢)) = (S,(0,0)), which means () remains unchanged over time.
We need to emphasize that this spin texture is totally different from the pseudospin
texture discussed in Ref. [133]. The true spin texture discussed in this work can be

directly probed in experiments from the time-of-flight imaging [141,168,169] in which
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Q(t) = Q(0) can be directly verified.

Therefore, () is unchanged over time after the quench. We can see that, the @
and W are equivalent at equilibrium, but their dynamics after a sudden quench are
different. As shown below, W, which describes the topology of the full spectrum of
the Hamiltonian, will evolve in time, while (), which reflects the topological nature
of the the state itself, will not. A similar conclusion is found in the study of the
quenched p-wave superfluid [133,134]. We emphasize that the momentum space spin
texture studied here can be measured in cold atom experiments using the standard

time-of-flight technique [141, 168, 169].

4.2 Quench Dynamics
4.2.1 Time-dependent Bogoliubov-de Gennes equation

The coherent dynamics of this model cannot be exactly solved due to the lack of any
nontrivial symmetry [161], thus it should be computed numerically.

The initial value of ©(0) and A(0) can be directly determined by solving the gap
equation and number equation self-consistently, with which the initial wavefunction
at t = 0~ is constructed. Then we take the initial values as A(0) and p(0) and plug

them back into

Geth Al—ik) 0 ~A(0) u}(0) u}(0)
Ak, +ik)  &—h  A®) 0 AW0) | _ g | a0
0 AO)  —(&+h) Mk+ik) || 80 B1(0)
—A®0) 0 Alk—ik) —(G—h) ) \ o) o1(0)
(4.7)

and straightforwardly diagonalize it for given momentum k and obtain wave-functions

noon g 0 : 1
of uy, oy, By, v, and eigenenergy F,/.
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In this case, the topological phase can be realized when [144,145],
h? > u® + A% (4.8)

However, this phase can only be realized in the BEC-BCS crossover regime. A simple
but intuitive argument is that, in both the BEC and BCS limit, p? > AZ2, thus in
these two limits, |h| > |A|, and the pairing can be easily destroyed by the Pauli
depairing effect. As a result, the topological phase can only be realized in a small
parameter window near the strong coupling regime. In the following, we choose the
Zeeman field as the quench parameter instead of others, because it is the most easily
controllable parameter in the current experiments [138-143]. Eq. (4.8).

Immediately after the quench of the Zeeman field, as a reasonable but general

assumption, the system’s wavefunction takes the BCS form
T (t)) = [ ] Al ®il0), (4.9)
Kk, +

where the dynamics of the vectors fri(t) are determined by the following time-

dependent BdG equation

i%fkﬂ: = My fx- (4.10)
Here My is the time-dependent BAG Hamiltonian in which A(¢) now evolves in time
after the quench. In fact Eq. (4.10) is equivalent to

i0,[T(t)) = H|U(t)). (4.11)

The above semiclassical equation can be derived from dy« £ = 0, with £ = (¥|i0, —

As a technical note, we rewrite Eq. 4.10 in more details here. With the initial
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values (as benchmarks), we quench value of h and evolve the functions according to

&k +h A kg — iky) 0 —A(t) u () u(t)
Ak +ik)  G—h AW 0 o) | o el
= 11—
0 A (Gt k) Atk || s || A
NG 0 Ak—ik) —(&—h ) \ ) ot
(4.12)
where
U, 4
= 7VZZ FE(E = 0)) + g () B () f(—E(t = 0))] (4.13)
=1 k
where we need to use renormalization 1/Uy = m/(4nh%as) — >, 1/2¢x.
For two dimensional system, the renormalization is given by
1 or [k 1
— = — kdk—— 4.14
U() (271')2 /0 Eb + 2€k ( )
B 11 9 )
1 2k2
= ——1 £ 4.1
S~ log(1+ 7£) (1.16)

where I have used >, = (271r)2 fokc kdk fo% df and as for BAG matrix elements,
ky = kcosO, k, = ksin6.
As a result of particle-hole symmetry, integration in A(t) can be reduced to radial
direction only, since the relative phase between k, and k, would not matter.
ke
At) = —Q—UOV Z = [ Rk O (O£ = 0)+ (OB (0 (- Bt = 0)
(4.17)

To get accurate time-dependent results, the momentum integral meshgrid number is

expected to be above 2000 points, and time step shall be around 0.0005.
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4.2.2 Phase diagram of the quench dynamics

We now turn to our discussion on the quench dynamics. As in Refs. [133, 134],
we capture the dynamics using a phase diagram presented in Fig. 4.3. The phase
diagram contains three different dynamical phases (which should not be confused
with the equilibrium phases of a many-body system), identified by the distinct long-
time asymptotic behavior of the order parameter in the parameter space spanned by
the initial and final values of the Zeeman field h; and hy. The three phases are labeled
as phase I, IT and III in Fig. 4.3.

In phase I (the undamped oscillation phase), the magnitude of the order parameter
oscillates periodically without damping, although the wavefunction does not recover
itself periodically. Away from the phase boundaries, the oscillation amplitude can be
as large as a significant fraction of Er (see Fig. 4.4 below). |A(t)| shows persistent
oscillations, which is from the collisionless coherent dynamics. The dark blue dashed
line separates phase I into non-topological Floquet state denoted as NTSpjoquetr and
topological Floquet state labeled as TSpioquet -

In phase II (the damped oscillation ), the order parameter exhibits damped oscilla-
tion with a power-law decay to a finite value. |A(t)| — A, a nonzero constant value,
which serves as the basic parameter to determine the long-time asymptotic behavior.
The orange dashed lines are the non-equilibrium extension of the topological phase
transition at h = h., which separates phase II into two parts, NTS and TS accord-
ingly. Inside NTS (TS) region, the energy spectrum of quasi-stationary Hamiltonian
is trivial (nontrivial) without (with) topologically protected edge modes. W =0 or 1
marks the topological index at ¢t = +o0.

In phase IIT (the overdamped phase), the order parameter decays to zero expo-

nentially. We also show that within phase I and II, there exists dynamical topological
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regimes where topological edge states emerge in the asymptotic limit. |[A(¢)] — 0
due to strong dephasing from the out-of-phase collisions. We need to emphasize that
the transition between various phases is smooth. However, these different phases are
well distinguished not very close to the boundaries (distance > 0.1 Er). All other pa-
rameters are identical to Fig. 4.1. We have repeated the same calculation for several
different values of SO coupling strengths and found no qualitative differences.

Next, we shall discuss the properties of each phase in more details.

4.2.3 Phasel

In Fig. 4.4 we plot the dynamics of the magnitude of the order parameter for a
typical point in phase I (point A in Fig. 4.3), from which we find that |A(¢)| oscillates

asymptotically as [124]
A = Ardn[Ay(t —79/2), 6], K=1—A%/A2, (4.18)

where dn|u, k| is the periodic Jacobi elliptic function, and A, and A_ are the maxi-
mum and minimum value of |A(t)|, respectively. This expression was first derived by
Barankov et al. for the weakly-interacting conventional BCS superfluid [124]. The
fitted result using this empirical formula are presented in Fig. 4.4 as dashed line,
which fits the numerical results surprisingly well. This phase can be understood from
the picture of synchronization effect. In the integrable models [124, 128, 134], the
Hamiltonian is mapped into a classical spin model parameterized by k and the spin
dynamics can be described as a precession around an effective Zeeman field, which is
constructed by order parameter and the kinetic energy. For a large order parameter
such that the contribution from the kinetic energy is small, the effective Zeeman field
is essentially the same for different Cooper pairs and as a result, all Cooper pairs pre-

cess with roughly the same frequency and phase coherence is therefore maintained.
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Figure 4.3 : Phase diagram of the quenched spin-orbit coupled superfluid condensate.
The different phases in this figure are obtained by the long-time asymptotic behavior
of the order parameter upon the quench of the Zeeman field from initial value h;
to final value hy. The diagonal light blue line, with h; = hy, is the case without
quench, thus the quantum state is unchanged. h. marks the quantum critical point
separating the topological superfluid and non-topological superfluid in the equilibrium
ground state, which is determined by h? = A+ u%. Three different dynamical phases
observed in this system are labeled with I, II, and III by green, white and purple

shaded areas, respectively.
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Here we reinterpret the synchronization effect as a consequence of the condensate
formed by Bose condensed Cooper pairs. The condensate ensure phase coherence of
the constituent Cooper pairs. This reinterpretation is fully consistent with the spin
precession picture, however it now becomes clear that the synchronization effect does
not rely on whether the system is integrable or not. To substantiate this reinterpre-
tation, we first notice that the Phase I region occurs in the parameter space where
|hs| < |h;|, for which shortly after the quench the order parameter is increased (see
Fig. 4.4). Second, we artificially include a finite temperature 7" in the post-quench
dynamical evoltion. For small T', the behavior of the order parameter remains es-
sentially the same as the zero-temperature result. For large T', however, the order
parameter no longer exhibits undamped oscillation, but rather decays to a constant.
For the parameters used in Fig 4.4, this occurs when 7" > 0.2Er. Such a behavior
can be easily undersood as a sufficiently large T" destroys the condensate and hence
phase coherence between different Cooper pairs is lost.

To gain more insights into this persistent oscillating behavior, it is helpful to
investigate the spin population dynamics. We found that, as shown in the inset of
Fig. 4.4, the persistent oscillation of the order parameter is not accompanied by a
similar oscillation in the spin population. In fact, after the quench S, exhibits damped
oscillation and quickly reaches a steady-state value. Recently, the dynamics of the
spin polarization after quench in a Fermi gas above the critical temperature has been
measured in experiments [140]. The decay of the spin polarization can be attributed
to the interband Rabi oscillation, in which, different momentum state has slightly
different Rabi frequency, such that destructive interference gives rise to the damping
phenomenon.

Equation (4.18) provides an empirical formula for the asymptotic dynamics of the
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Figure 4.4 : Dynamics of order parameter and spin polarization in phase I. We plot the
result for point A (h; = 2.1, hy = 0)EF in Fig. 4.3 with green solid line. The purple
dashed line is the best fit using Eq. (4.18) with fitted parameter A, = 0.282FF,
A_ = 0.047Fr. Inset shows the dynamics of spin polarization after quench, which
quickly approaches a constant at the time scale of few 1/Ep.
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|A(t)]. The order parameter itself behaves like A(t) = |A(t)|e~2Heet+ie(®) [133134],
where ¢(t) (modulo 27) is also a periodic function with commensurate period to
|A(t)|. The phase factor’s linear piece in time, —2u..t, can be gauged out by a unitary
transformation [134]. After the gauge transformation, we obtain a BdG Hamiltonian
Mk(t) that is periodic in time. For such a periodic system, we may invoke the Floquet
theorem to examine its Floquet spectrum.

For a general periodically driven Hamiltonian f[k(t) with period T, that is, H, k(t) =
Iflk(t + T'), we invoke the Floquet theorem to examine its Floquet spectrum. We can
define the Floquet wavefunction as |¢y(t)) = e x| Wy (¢)), where ¢ is the quasiparticle
spectrum and |V (t)) = |V (t+T)), i.e., the wavefunction in the time-domain is also
a periodic function. We are able to expand |Uy(t)) = Y, ¥, ™2 ™/T. Then we can
map the time-dependent model to the time-independent model Haon41)xa@n+1) Vi =
eWy, where ¥y = (V_n1, ¥ ni1x, -+, Uno1x, Pavik)? with NV being a truncation of
frequencies. This model has particle-hole symmetry defined as ¥ = oy ® 0, K
with K being the conjugate operator and Iyy,; being an identity matrix. In our two
dimensional model, this equivalent model belongs to topological D class with index
Z.

To determine whether the system is topological in the Floquet sense, we calculate
the spectrum e,y in a strip by adding a hard-wall boundary condition in the z-
direction. In the long-time limit, the order parameter in phase I approaches A(t) =
| A (t)|e™2imeot+(®) where |AL(t)] is periodic in time, e.g. see Fig. 4.4. We make a
gauge transformation, similar to that in Eq. (4.28), by identifying p., as the effective
chemical potential, and we obtain M(t) from Eq. (4.2) by replacing g with pa
and A with |A(t)]e®. Obviously, My (t) = My(t + T), where T is the period

determined by both |A(t)| and ¢(t). Now we assume the eigenvectors of the above
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effective Hamiltonian to be fii (t) = @y (t)e ! where Oy (t+T) = Pys (t). Then
we have

(Mut) = i0.) Brs (1) = e (1), (4.19)
where ey is the quasiparticle dispersion. Similar to the discussion of dynamical edge
state in the previous section, we impose a hard wall boundary condition along x

direction with length L. We expand the wavefunction in the following way,

~+
unm
Nmax Mmax nrTT ,i’}:t
. 2immwt nm
P = A E E sm(T)e T , (4.20)
n=1 m=—Mmnax ﬁ,r:ll:m
~t
nm

where Nj.. and M., are basis cutoff for the spatial and temporal expansion and
A = (2/LT)"2. Then Eq. (4.19) can be recast into a sparse self-adjoint complex
matrix form of size (4Npmax X (2Mpax + 1)) X (4Nmax X (2Mpax + 1)). The direct
diagonalization of this matrix gives rise to Floquet spectrum. In practice, since we
are only concerned with the eigenenergies close to zero, we could utilize the shift
and invert spectral transformation and compute only a portion of eigenenergies using
the ARPACK library routines. For instance, we choose cutoffs as Ny.. = 200 and
M2 = 15 and only compute 500 eigenvalues around zero-energy out of total 24800
ones for a given k,. The results are presented in Fig. 4.5. The robustness of these
protected edge states are also examined by slightly changing the model parameters,
in which we find that the linear dispersions of these edge states are unchanged.

Two examples of the spectrum are plotted in Fig. 4.5. In the example shown in
Fig. 4.5(a), the spectrum is gapped, corresponding to a topologically trivial Floquet
state. By contrast, the spectrum shown in Fig. 4.5(b), exhibits gapless modes at

k, = 0. An enlarged view of these modes are presented in Fig. 4.5(c). Note that
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due to the finite-size effect, the energies of these gapless modes are not exactly zero,
but on the order of 1073Er and are well separated from the rest of the spectrum.
In Fig. 4.5(d), we show the evolution of the wavefunctions of one pair of the gapless
modes over one oscillation period. As one can see, the gapless modes are well localized
at the boundaries. Furthermore, we have verified that their wavefunctions satisfy
the requirement for Majorana modes. Hence these gapless excitations represent the
Majorana edge modes and the system can therefore be characterized as a topological
Floquet state. We have also verified that the edge states with the same chirality are
localized at the same boundary. Thus no direct coupling is allowed between them
due to particle-hole symmetry.

The intrinsic particle-hole symmetry ensures that the zero energy states are Ma-
jorana fermions at k, = 0 in a strip along y direction. The wavefunction of these
Majorana fermions can be constructed using 1 = v; + ¥);, where 1); is the quasipar-
ticle wavefunctions with energy approach zero. We can observe: (1) The edge states
have well-defined chirality which are defined as >t = +1); (2) These edge modes are
well-localized at the boundaries when the strip width is much larger than the coher-
ent length; (3) All the edge states with the same chirality are localized at the same
boundary; (4) For a general random potential V, the matrix elements (¢;|V|¢;) =0
when 1); and 1; have the same chirality. Thus these zero energy states are robust
against perturbations and the Majorana edge states can always be observed in the
topological phase regime. We have numerically verified this point by slightly vary-
ing the parameters of the Hamiltonian and we find that the edge modes will not be
gapped out without closing the quasiparticle energy gap at zero momentum.

This explains the robustness of the edge modes from a perturbative viewpoint,

even though there can exist multiple edge modes near the same boundary. We note
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that the number of the edge modes depends on the parameter set. For the example

shown in Fig. 4.5(b), there are 7 pair of edge modes. In the phase diagram of Fig. 4.3,

inside phase I, the two dark blue dashed lines characterize the topological boundaries,

which separate the non-topological states denoted by NTSpjoquet from the topological

states denoted by T'Spioquet-

As a technical note, we document more details following Eq. 4.20. After phase

fixing, the Hamiltonian is periodic in time with period T. According to the Floquet

theorem, we have

ot + 1) -
Then we write H(t)|v(t))

Al

H —i0,

—A*

(1))

Uly,t)
Ay, 1)
(y,1)
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(4.21)

We expand the wavefunction in both position and time as (assuming hard wall

boundary condition along y direction)

Pmaac Nmaac

Pmaz n= 1

|[©())

where N,

into a self-adjoint matrix form of size (N0 X

<

e

=

=1

(
(
(
(

y,t

~

Y,

~+~

Ys

)
)
)
)

y,t

= 200 and P,,u. =

(2Ppaz + 1)) x

(4.22)

10 are good cutoffs. The Hamiltonian can be recast

(Nma:c X

(2Pnas +1)) ,
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Figure 4.5 : Dynamical Floquet state in a strip for phase 1. Imposing a strip geometry,
we find the quasiparticle spectrum is trivial (gapped) in (a) (h; = 1.5, hy = 0.3)Ep
and topologically nontrivial (gapless) in (b) (h; = 2.1,hy = 0.9)Ep. Seven pairs of
edge states with linear dispersion at small k have been identified in (b), which is
a direct manifestation of bulk topology based on bulk-edge correspondence. (c) An
enlarged view of the low-lying quasiparticle spectrum at &k, = 0. Here n is the index
for quasiparticle states. (d) Evolution of the wavefunction for one pair of edge states
(the two symbols shown in purple in (c), n = 249 and n = 250) in one full period.
Here we only plot the |u|? component of the wavefunction, and the other components
show a similar behavior, i.e., they are also well localized near the boundary.
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we have

+_

7 )2 T Ump + NegpQy — Z Aty — Zf‘pq Umg = Eupmy

n#m

(i o s (7 27

2
Mgty + Y Aty + (k:2 foo = h + (”2”)2 + %) S ZF“ Bug = Eoim

n#m

mm 2pm
erqamq ( um+h+(7)2 b )ﬁmer)\k Vinp + Y MunVnp = Efmp

n#m

mm 2pm
Z F umq + )\kxﬁmp Z Amnﬁnp ( — Hoo — h + ( I )2 + L) Ump = E'Ump

Where,

T at 2m

rw — AN ( g — : ) 4.23

W = [ Flas@lew (+ia— o+ (1.23)
T at 2w

re = — A (—'— —p)t —i ) 4.24

@ = [ Flaslen (~i% @ pt-iol) (1.21)
2 mn (1 — (=1)™*")

Asn I = (4.25)

The self-adjoinct property of the matrix can be easily checked by noting A,,,, = —A,»
and Fﬁl)* = Fg?. Instead of performing serials of exponential matrix multiplication,
we construct the matrix once and diagonalize it directly to examine Floquet spectrum
within the range of [-7, %Z]. However, the price to pay is that the matrix size becomes
very large, with Sy,u0 X Spmaz Where Spae = (2Ppa0 + 1)4N, 0. Of note is that the
matrix is not only Hermitian but also sparse, and the degree of denseness can be

calculated by first calculating the number of nonzero entries (2P0 + 1)(4 N +
4Nmam+4(4Nmaw X4Nmam))+2Pmam(2pmam+1)4Nmax = 8Nmam(2pmam+1)(1+8Nmam+

8Nmaz+Prazt+1

Paz)and the ratio of nonzero entries to the total matrix elements is PTGy ——

4.2.4 Phase 11

In this damped phase, the magnitude of the order parameter undergoes damped

oscillation and tends to a finite equilibrium value. Two examples (corresponding to
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points B and C in Fig. 4.3) are shown in Fig. 4.6. Here the magnitude of the order
parameter can be described by the following power-law decay function [123,125,126,
128]

A
[A@)] = A + 5 cos2EFE + ), (4.26)

where A, is the magnitude of the order parameter in the asymptotic limit, which in
general does not equal to the order parameter A; determined by the Zeeman field h
at equilibrium. Eg° is the minimal band gap of the effective Hamiltonian at ¢ — oo.
It should be pointed out that, unlike the conventional BCS model, Eg° does not in
general equal to A, in the current model, due to the presence of the SO coupling and
the Zeeman field. The second term on the r.h.s. of Eq. (4.26) gives rise to the decay
of the order parameter. The exponent v, characterizing the power-law decay, is not
a universal constant in this model. This is in distinct contrast to the conventional
BCS model, where v = 1/2 [123,126,128] in the BCS limit, and v = 3/2 [125] in the
Bose-Einstein Condensation (BEC) limit.

In this phase, the order parameter behaves as A(t) = Ay e ?=! in the asymp-
totic limit [133,134]. Again we can gauge out the phase factor linear in time and
treat 1o as an effective chemical potential [134]. We can therefore construct a time-
independent BdG Hamiltonian by replacing the chemical potential and order param-
eter in Eq. (4.2) with ps and A, respectively. This is still a dynamical phase
because i # ptf, and Ao # Ay, where Ay and iy are equilibrium order parameter
and chemical potential with Zeeman field hy. For example, for point B, we have
Ay = 0.662EF and py = 0.199Ep, whereas numerically we obtain A, ~ 0.456Ep
and ps ~ —0.019F . Given the asymptotic time-independent BdG Hamiltonian, the

region of the dynamical topological phase can be determined by the condition

B2 > (Al + 4, (4.27)
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Figure 4.6 : Dynamics of order parameter and spin texture in phase II. Green line
represents dynamics for point B (h; = 0.9,hy = 0)Epr and the purple line is the
result for point C (h; = 0.3,hy = 1.2)Ep in Fig. 4.3, and dashed lines represent
the fitted curve using Eq. (4.26). For point B (blue dashed line), A, = 0.455FF,
Eyr = 0.456EF, A = —0.16E:", 0 = 7/4, and v = 1/2 while for point C (black
dot-dashed line), Ay, = 0.19Ep, E° = 0.16Ep, A= 02E", 0 = w/4 and v = 3 /4,
Inset shows the corresponding dynamics of the spin polarization, with green line for
point B and red line for point C.
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with a topological index W = 1, otherwise we have a non-topological dynamical phase
with W = 0. In the following we will show that dynamical edge state can indeed be
observed in the topological regime.

In this regime, the magnitude of the order parameter will gradually approach a
constant, while its phase factor oscillates periodically, i.e., A(t) — Ay e™ <! up to a
trivial constant, which is the only time-dependent parameter in the BAG Eq. (4.10).

This oscillating phase can be gauged out by defining

+7:,U«oot +7:}Loot)T€—iEk’it

~ Cipt - Cint = _
fkj: = (Ukie ool Tepe” Mot Prye , dk+€

)

where fi. = (T, Vit > Prcss Qi) T - Inserting this wavefunction to Eq. (4.10), we find

that

Myfir = Bret frer (4.28)

where M is identical to Eq. (4.2) except that j = pieo and A = A,. We immediately
see that p, is the effective chemical potential of the model in the quasi-equilibrium
condition. Note that this phase is still dynamical phase because the pi,, # iy and
A # Ay, where py and Ay are equilibrium chemical potential and order parameter
with Zeeman field hy; see our numerical results in the main text. We did not observe
the abrupt change of order parameter in all our calculations [170].

This model can support dynamical edge state in the topological regime defined by
Eq. (4.27). Similar to the analysis in Ref. [144], we can prove exactly that the bulk
system is always fully gapped except at the critical point of h. for k = 0. Thus the
closing and reopening of the gap provides important indications for topological phase
transition. To see the topological phase transition more clearly, we consider a strip
superfluids with length L by imposing hard wall boundary at the x direction. To this

end, we replace k, — —i0,, while k, remains as a good quantum number. Along the
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x direction, we construct the wavefunction using plane wave basis [171]

(o) .
o() ™ . (nTx U
i | = \/%S““ (T) - (4.29)
q(x) i

where Ny is the basis cutoff. Upon inserting this ansatz into Eq. (4.28), we can
convert the matrix Mk into a 4 Ny by 4 Npax matrix, whose diagonalization directly
leads to the protected modes of dynamical edge state dictated by nontrivial topolog-
ical invariants. Empirically, we found Ny, = 200 is a good basis cutoff for a long
strip with L = 200k;1. The numerical results are presented in Fig. 4.7.

We have also calculated the Chern number C = i Y n<o [ dk,dk,e® (O, Yuk| Ok, Yrxc)
of the system, where n < 0 means that we sum over all occupied bands of effective
time-independent Hamiltonian [see Eq. (4.28)]. We find that C = 1 (0) in the topo-
logical (non-topological) regime defined above.

As a technical note, we write out the computation of Chern number in more details

here. Berry curvature for hole branch is defined by I'V=~ =+~ + 5=,
= R — by )
ovy owr
= 29(=)
Ok, ' Ok,
B Ouy 1"

Oky

* oy

= =23 ( Oux  Oax 0Bk Ouk ) . Oky

Ok,  Oky Oky  Okg 0B

Bky

vy

n
— 9% 8u1*< 8uk 8041*{ 8ak 8ﬁﬁ 851{ 81]{2 8vk v
Ok, Ok, Ok, Ok, ' Ok, Ok, = Ok, Ok,

n
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Chern number is defined as

v=— 1 2 =—
= kD (4.30)

n=1,2

where the summation runs over the two occupied quasi-hole bands. The equivalent

definition for Berry curvature is

i Z Z <VT]‘akaBdg‘I/

V'#v n'=1,2
- Y Y o YOk, Hpac V') (V1| Ok, H pac|vm)
(B — BT )

YV |0k, Hpac|vn) —
(B = B")?

(ky <> ky)

VYo =

vi#v n'=1,2

Derivatives for Hamiltonian is straightforward,

&+ h
o Mk, + iky)
0

—A*(t)
§k +h

o | ks +iky)
0

—A ()

Ak, — ik,)
& —h
A*(t)

0
Ak, — ik,)
G —h
A*(t)

0

0
A(t)
—(&+ 1)
kg — iky)
0
A(t)
—(&+ 1)
kg — iky)

ks + ik,)
—(& —h)

—2k,

where I have chosen h = 2m = 1. Then, we have a simplified notation

v n|h | ')
’777 - _QZ Z 3 g 2 Ell("ﬁ'>2

Vi |hy|vm)

V'Z#vn'=1,2

- =Y 5 of

V'Z#vn'=1,2
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—2k, B+ M
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2k u — 1\

* AU+ 2k,
u/ a/ B/ U/ X }
—2kyB +ilv

—iAB — 2k,

1':2}

Z = (2ku'ut + Ma'ut + Mot + 2kalaf — 2k, 6'8% + M BT + N\B'vt — 2k, 0'v*)

- 2y 3o

Vi n=1,2 { E'Vn EVW)

[I]

Zp = (2ku"u— i "o+ idau + 2k, 0 o — 2k, 57 B + iA8" v — id"™ B — 2k, 0" v)

And therefore,

= = —/dk:x/dk:yz > - { ﬁn,)251-52} (4.31)

vi#Fvn=12n'=
= dk, / dk, > { E+77 = ~E2} (4.32)
n=1,2/=1,2 )

In practice, we observe the curvature as a function of momentum k, and k, are

rotationally symmetric. Therefore, we can have

:——/kcdk /kcdk: S Y s { E+’7) ”1-52} (4.33)

n=1,2 /=12

where k. is the momentum cutoff introduced numerically, and integration mesh only
requires 100 grids, which can already give rise to very accurate results of Chern
number! Numerically, I have checked ~;=~ (ky, ky) is rotationally symmetric. As a
result, we may further reduce the momentum integration to the radial direction, as
the following,

ke 1
CV:_:—Q/ kdk R —E = 4.34
Cray s ol mal e

n=1,27/=1,2
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= = (2kuu 4+ Ma'ut + M aF + 2ka’ e — 2k8' 5 4+ M BF + A\FIvt — 2kv'vY)

2 = (2ku"u — i " a+ i a u + 2ka”* a — 2kB7 B + A" v — i\ B — 2kv™*v)

where we may empirically choose k. ~ 10kr and grids around 500 points.
Note that in the calculation, we need to update E,"(t) at each time step in the

following way,

E'(t) = < ue(t) oge(t) Bi(t) velt) )

Seth Ay —ik,) 0 —A(t) ull (t)

| AR b A(t) 0 all(t)
0 A(t) =&+ h) Ak +iky) ’ Br(t)

—A*(t) 0 Mkz —iky)  —(& — h) (1)

The topological nature of the system can also be manifested by examining the
existence of the Majorana edge modes. To this end, we obtain the BAG spectrum by
adding a hard-wall boundary along the z-direction. Examples are shown in Fig. 4.7.
We show the energy gap at zero momentum at ¢t = oo, E5° = |hy— \/mL as
a function of the final Zeeman field h in Fig. 4.7(a) for fixed initial Zeeman field. The
closing and reopening of the energy gap Ej° signals the dynamical topological phase
transition. Indeed, we show that zero-energy dynamical edge state can be observed
in the topological regime, see Fig. 4.7(d), where the bulk spectrum is gapped and the

edge state is gapless.

4.2.5 Phase III

In phase ITI, the order parameter quickly decays to zero (see Fig. 4.8) according to

A(t) ~ exp(—t/T™*), where T* ~ 1/A, the decay time, is equal to the order parameter
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Figure 4.7 : Dynamical edge state in a strip for phase II. (a) Energy gap at k = 0,
Ef = |hy — /|Ax|? + 12 |, as a function of final Zeeman field. The closing and
reopening of energy gap Eg° signals a transition from a trivial phase (W = 0) to
topological phase W =1 at h. = 0.53FEF. In this plot h; = 0.6 Er is used, and all the
other parameters are identical to that in Fig. 4.1. (b) - (d) show the band structure in
a strip geometry with hard wall boundary condition. Robust edge states with linear
dispersion can be observed in the topological phase regime. The final Zeeman field
from (b) to (d) are 0.4Ep, 0.55EF, and 0.7Ep, respectively.
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Figure 4.8 : Dynamics of order parameter and condensate fraction in phase III. We
plot the result for point D (h; = 0.3,hy = 2.4)Ep in Fig. 4.3. Inset shows the
dynamics of condensate fraction of singlet pairing n, (green) and triplet pairing n,
(purple), which remains finite values although |A(t)| approaches zero in the long-time
limit.
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dynamical time. However, we need to emphasize that a vanishing order parameter
does not mean that the system has become a normal gas. We demonstrate this by
showing the dynamics of both the singlet and the triplet condensate fraction, defined

as ng = 3y [(eirei)[P/m and g = 374 [ewreier) [ /n.

Recall Bogoliubov transformation,

1

Uo3) = = D [t (%, )k + vy (. )y + ks (%, ers + By (), | (4:35)
k

where o =1, ] and correspondingly ¢ =/|,71. For the homogeneous system we study

here, we use plane-wave as the basis and wavefunctions take the following form,

W (X) etz

an(x Q e+iqz/2 '

() = « ek (4.36)
P (x) Byeta2/2

v (X) Ve 14z/2

We further have

o 1
bo(K) = /e—zk 'XdXV Z [uka(x, t) ko + Vhs (X, t)cL} + axs (X, t) ks + Brg (X, t)cfw
Kk
_ / e—ik’~xdxdk [ukaeiqz/ZeikxckJ + Ult&eiqz/26—ik-xcf“_r
+ ak66iqz/26ik-xck6 + ﬁ;oeiqz/2e—ik-xcia]
= /dk [ukockgé(k +q/2 =) +vi.cl 0(q/2 -k —K)
a0k + /2= K) + Bacl,0(a/2 — K~ K]

= U_q/24K06C—q/2+K o + Uq/2—k’6'cq/2—k’5 + O_q/24k'6C—q/2+Kk'G + ﬁq/2—k’acq/2_klo—
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Then, we should have
No = / dk|( (U—q/2+kTC—q/2+kT + Ué/z—ucg/z_u t Qq/24k|Cq/2+k| T ﬁé/z—kTCL/z_m)
* * 2
X (u—q/2—k¢0—q/2—k¢ + UQ/2+kTC:r1/2+kT + Q_q/2-k1C—q/2-kt T 5q/2+k¢cg/2+k¢> )|

_ x i « i
= /dk|u—Q/2+kTvq/2+kT<C—Q/2+kTCq/2+kT> +'Uq/2—k¢u—Q/2_ki<Cq/2—k¢c—Q/2—k¢>

* T * T 2
+ agprdBa/ati (C-a/2t1d o) T Bajarr@—a/2-kt(Cq i C—a/2-k1)|
If we consider zero in-plane Zeeman field, we set q = 0. Then, we have
Ny = / dk| v (el 07w (e eag) Fan By (ag el )+ B g (€l g e |

Due to redundancy in BAG construction and particle-symmetry, we further have

Mo = %% Z vl f (Ex) + B f (— B (4.37)
K
h %% Z uy (t)vy (1) f(E(t = 0)) + ay (1) B (1) f (= Ey(t = 0))](4.38)

which we could have obtained in a much simpler way, by doing analogy with A.

Similarly, we have triplet condensate fraction,

N = / dk| (“—Q/2+kTC—q/2+kT + UZ/2—k¢CL/2—k¢ + Qq/2+k|C—q/2+k] T Bém—mcg/z—m)
* * -I»
X (“—Q/2—kTC—<1/2—kT + Uq/2+kicjl/2+k¢ T —q/2-kiC—q/2-k} T BQ/2+kTCq/2+kT> )
= /dk|u—q/2+kT5:;/2+kT<C—q/2+kTCL/2+kT> + 2}:Fl/z—k¢04—q/2—k¢<C]Lq/2_k¢c—q/2—k¢> (4.39)

+ a—q/2+kwé/2+k¢<C—q/2+k¢011/2+k¢> + 5:;/2—kTU—q/2—kT<Cz/z_k¢c—q/2—kT>|2 (4.40)

Setting q = 0 and using the redundancy reduction, we have

M= %?'“kﬁﬁf (Bx) + s f(— Bie) (4.41)
= i% > ul (OB () fELE = 0)) + o (vl () f(— Bt = 0))|(4.42)
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As shown in Fig. 4.8), one can see that in the long-time limit, the condensate
fraction remains non-zero even though the order parameter vanishes. Non-zero con-
densate fraction means that the system still contains nontrivial pairings. However,
the pairing field for different momenta oscillates at different frequencies, which leads

to dephasing and hence a vanishing order parameter.

4.3 Summary

In this chapter, we have demonstrated that dynamical topological phases can be
realized in an SO coupled degenerate Fermi gas by quenching the Zeeman field. The
Zeeman field directly determines the topological properties of the ground state, which
is completely characterized by the zero-momentum spin polarization S, (0), a quantity
that is directly measurable in cold atom experiments using the standard time-of-flight
technique. We have further mapped out the post-quench phase diagram according
to the asymptotic behavior of the order parameter. In the undamped phase, the
persistent oscillation of the order parameter may support a topological Floquet state
with multiple edge states. In the damped phase, the magnitude of the order parameter
gradually approaches a constant via a power-law decay, and this phase contains a
dynamical topological portion in certain parameter regions. One pair of edge modes
can be observed in this case. In the overdamped phase, the order parameter quickly
decays to zero exponentially while the condensate fraction remains finite.

The presence of the SO coupling and the Zeeman field breaks the integrability
of our model. However, the same types of post-quench dynamical phases observed
in our model are also present in integrable models studied previously. This raises
the important question on the relationship between integrability and the long-time

asymptotic post-quench behavior of the superfluid/superconducting system. This
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issue has been intensively investigated in other models regarding relaxation, thermal-
ization and phase transitions [114,119], in which integrability plays the most essential
role therein. Our work here shows that this is a rather subtle question and further
studies are needed to provide a definitive answer.

We finally comment on the feasibility of observing the exotic dynamical topo-
logical phases unveiled in this chapter. The dynamics of the superfluids are mainly
determined by two characteristic time scales, that is, the energy relaxation time
Te ~ Ep/ Eg, where Ej, is the energy gap of the superfluids before quench, and the or-
der parameter dynamical time 7o ~ 1/A. As we have already mentioned, the quench
of the effective Zeeman field in SO coupled Fermi gases can be achieved at a time
scale much smaller than 1/FEp [142]. The far-from-equilibrium coherent evolution can
be realized when 7. > ¢t > 75 [124,128]. The ultracold Fermi gas provides a natural
system to explore the physics in the far-from-equilibrium condition at a time scale
of 1/Er. In the BCS limit A = /2ErE, approaches zero. Thus F, = A < Ep
(x> 0 in the BCS limit), and we immediately have 7. > 7a (Using point A in
Fig. 4.3 as an example, we have A ~ 0.013Ep, pp ~ 0.7Ep, E, ~ 0.009EF, thus
Ta ~ 70/Ep and 7. ~ 10*/Ep ~ 1607A). In our system, the SO coupling and the
Zeeman field can greatly change the band structure of the superfluids. For example,
the energy gap is no longer determined solely by the order parameter and chemical
potential, but instead, it is a very complicated function of all parameters. At the
boundary of topological phase transition, we have £, = Fy = 0. In the vicinity of
this boundary, 7. ~ Er/(h — \/W)z, we naturally expect that 7. > 7a. We
should emphasize that this condition, which can only be realized in the BCS limit
in a conventional s-wave superfluid, can now be realized very easily in a SO coupled

model in the strong coupling regime because of the different parameter dependence
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for these two time scales. Meanwhile, the temperature effect is also a critical issue in
ultracold atomic system. In the BCS limit, we expect T, = @\/m ~ %A for
a conventional superfluid [172], where v ~ 0.577 is the Euler’s constant. The required
temperature is thus very low in order to observe the coherent dynamics of superflu-
ids, which poses a great challenge to the experiments [162-165]. This dilemma can
be resolved in our model because of the dramatic change in band structure caused
by the SO coupling and the Zeeman field. In the strong coupling regime, we expect
the relevant temperature to be determined by the Kosterlitz-Thouless transition tem-
perature Tkt ~ 0.1Ep [145,172], which is experimentally accessible within current
technology [162-165]. In fact, the temperature effect may become important only
when T > A, in which case the pairing may be destroyed. We have verified that the
persistent oscillations in phase I regime can still be observed if we add a small finite
temperature 7' in the time-dependent BdG equation. For instance, for the parameter
set used in Fig. 4.4, oscillations can be observed up to 7' ~ 0.2F . For these reasons,
we expect that the relevant dynamics of the order parameter and associated dynami-
cal topological phase transitions in phase I and phase II regimes can be realized using
realistic cold atom setup at the currently achievable temperatures.

So far, from Chapter 2 to 4, we have considered spin-orbit interaction created by
two-photon Raman process stimulated by coherent laser beams. This means the laser
field serves as semi-classical field, well described by coherent state. Atoms flip spins
by absorbing or emitting photon and exchanging momentum due to conservation law.
To consider atoms’ back-kick onto photon field simultaneously in this process, we turn
next to our proposal of putting atoms in the cavity field, and realize the dynamical
coupling between spin, orbit, and quantized light field. New and interesting non-

trivial physics are expected from the synthesis of cavity QED and spin-orbit coupling.
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Chapter 5

Light Field Induced Dynamical Spin-Orbit
Coupling

When an atom interacts with a quantized light field supported by an optical cavity,
the atom and the light field mutually affect each other. A self-consistent solution
for the light field and the atom is thus required. This has been a major theme in
cavity quantum electrodynamics (CQED) [173]. In traditional CQED settings, only
the internal dynamics of the atom is relevant: the cavity photons induce quantum
transitions among different atomic internal states, and the atom affects the cavity
field by emitting/absorbing cavity photons. The link between Cavity photon and
Atomic internal states in Fig. 5.1 illustrates the relationship between the cavity
and the atom. In recent years, ultracold atoms have been put inside optical cavities
and in such a situation, one can no longer neglect the center-of-mass (COM) motion
of the atom. Emitting or absorbing even a single photon can significantly change
the motional states of the atom. This situation is represented by the link between
cavity photon and atomic external states in Fig. 5.1. In fact, the mutual influence
of the cavity field and the atomic COM motion can be put into the broader context
of optomechanics. Here the atoms can be regarded as a mechanical system whose
dynamics is controlled by, and in the same time provides a back-action to, the cavity
field. A variety of phenomena in this “ultracold atom + cavity” system, which is an
example of an optomechanical system, has been explored experimentally [174-180]

and theoretically [181,182].
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Figure 5.1 : A new frontier in both CQED and cold atoms research, in which one
needs to take into account the interplay among the cavity photons, the atomic external
states, and also the atomic internal degrees of freedom.
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Another recent breakthrough in cold atom research is the realization of spin-
orbit coupling (SOC) in ultracold atoms, in both bosonic [183] and fermionic sys-
tems [55,184]. Realization of SOC in cold atoms involves a two-photon Raman tran-
sition between two hyperfine ground states as schematically shown in Fig. 5.2(b). The
Raman-induced transition between the two atomic levels and the associated momen-
tum transfer due to photon recoil give rise to an effective coupling between the COM
motion and the internal states of the atom. Due to its non-Abelian nature, SOC not
only significantly affects the physics of a single atom, but, perhaps more importantly,
also profoundly changes the properties of a many-body system. It is an essential ingre-
dient underlying such diverse phenomena as topological superconductors/insulators,
Majorana and Weyl fermions, quantum spin-Hall effects, etc.

In the experiments of spin-orbit coupled quantum gases, the Raman beams that
generate the SOC are provided by two classical laser fields, which are not affected by
the atoms. Here we consider a situation where one of the Raman beams is replaced
by a quantized light field supported by an optical cavity, as schematically shown in
Fig. 5.2(a). In this scheme, akin to other “ultracold atom -+ cavity” systems, there
will be a back-action from the atom to the light. Therefore the SOC in the atom is
generated by a quantized light field which itself is affected by the atomic dynamics. In
this sense, the cavity-assisted SOC becomes dynamic [185]. In other words, the same
cavity photon can affect both the internal states (via inducing a transition between
different states of the atom) and the external COM motion (via photon recoil) of the
atom. As a result, it naturally induces an effective coupling between the two atomic
degrees of freedom, as is represented by the dashed link between Atomic external
states and Atomic internal states in Fig. 5.1. Furthermore, in previous experimental

studies of cold-atom based cavity optomechanical systems [174-180], only the COM



107

motion of the atom is included. The inclusion of the internal spin degrees of freedom
and the resulting SOC opens up a new avenue of research in cavity optomechanical
systems. We will show that this dynamic SOC dramatically modifies the atomic
dispersion relation, dynamical instabilities, vanishing atom-photon entanglement at
large atomic momentum tail and re-entrant superadiant phase in the thermodynamic

limit.

5.1 Back-action From Atom(s) to Photon Field

We consider a single atom (or, a non-interacting Bose-Einstein condensate) with two
relevant internal states (denoted as | 1) and | |)) confined inside a unidirectional
optical ring cavity, depicted schematically in Fig. 5.2. The cavity is pumped by a
coherent laser field with frequency w, and pumping rate ,. It supports a single mode
traveling wave and has an intrinsic angular frequency w.. An additional coherent
laser beam with frequency wg shines on the atom, which together with the cavity
field provides the Raman transition between | 1) and | |) states. During the Raman
transition, a recoil momentum of +2hgq,Z is transferred to the atom. We treat the
leakage of cavity photon phenomenologically by introducing a cavity decay rate k.

The model Hamiltonian is thus written as (we take A = 1),

Z/dr Ul (r) (% +62> U, (r)

H

Q , .
+ 5/dre+2’q*Z\If$(r)\If¢(r)6e+’“Rt
Q —2iqrz ~ta1, T —iwpt
+ 3 dre” > =cW | (r)Wy(r)e” "
+ gy (Ele™™rt — et 4w, ETE — ikéTe, (5.1)

where W, (r) (0 =1, |) is the atomic annihilation operator, €2 is the corresponding

bare atomic energy, and ¢ represents the photon annihilation operator. {2 describes
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Figure 5.2 : (a) Schematic diagram of the cavity-assisted spin-orbit coupled system:;
(b) Level diagram of atom photon/light field interaction.

the atom-photon coupling strength. However, the true Raman coupling strength
also includes the cavity photon amplitude of ¢ or & which is coupled to the atomic
operators. It is this coupling that renders the resulting SOC dynamic.

It is convenient to work work in a frame rotating at pump laser frequency w, by
transforming the photon operator to ¢ = ée™r!. This is equivalent to performing an
unitary transformation U = e¢™®»# to the Hamiltonian (5.1), by H' = UHU ™ +
i‘z—[{U ~1. From H’, we perform another unitary transformation U= ORI YW=V ] ¥,)/ 2
with g = w, —wg, to obtain the Hamiltonian H”. Finally, after a gauge transforma-

tion to atomic operators iy = Wye “r* and ¢ = U ™% we arrive at the following

effective Hamiltonian H.g:

Ha = Y [ [wi,(r) (% " a5> %(r)]

Q

-3 / dr M(r)m(r)w c*@bl(r)%(r)]

+ igy(ct — ¢) — b.cfe —incle, (5.2)
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where § = 0p/2 + (¢ — €}) represents the two-photon Raman detuning; J. = w, — w,
is the cavity-pump detuning, and a = 41 for ¢ =7, |, respectively.

The resulting effective Hamiltonian Heg in Eq. (5.21) has Raman coupling term
fundamentally different from experimentally realized ones (cf [55,183,184] for in-
stance). The amplitude of Raman coupling in Eq. 5.21 is not only related to €2, but
also determined by photon field operator in rotating frame. It is indeed in this sense

the generation of cavity-assisted dynamical SOC is novel.

5.2 Mean Field Theory

From the Hamiltonian (5.21), one can easily obtain the following equations of motion

(EOM):
d | o
e = g (0c +iK)c + 5 dri] (r)P4 (1), (5.3)
K2 4+2¢,k. | 5 Q
0 —om - 10 3¢
i) = ? e, (5.4)
QCT k“—2qrk- 5
2 2m

where ¥ (r) = [¢4(r), ¥, (r)]". To proceed further, we adopt a mean-field approx-
imation by replacing the operators by their respective expectation values: ¢ —
(¢), o(r) = (Ys(r)) = py(r), which is valid for small quantum fluctuations of

both operators ¢ and v, (r). Assuming a homogeneous atomic density distribution,

ik-r

we take the plane-wave ansatz for the atomic modes ¢, (r) = e**p, with the nor-

malization condition |¢4]? + |, |> = 1. The steady-state solution for the photon field

is given by
€p — %QSDiSDT
Kk —10,

{c) = (5.5)
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Substituting Eq. (5.5) into Eq. (5.4), we have

k? < Qgp—&‘ﬁ*SOT
ior = (— + gk, +6 LRSS _
P4 <2m+q + )<p¢+2 pa— ®y, (5.6)
K2 N Q5p+@4,0*90¢
o = | — — gk, — 0 T 2y, 5.7
¥l <2m a )%+2 k+i0, 1 (5:7)

For a given atomic quasi-momentum k, we define energy levels as the solution of
the time-independent version of Egs. (5.6) and (5.7), obtained by replacing i(0/0t)
with the eigenenergy e(k). After some calculation, we find that e(k) obeys a quartic
equation:

4e* + B+ Ceé* + De + E =0, (5.8)

where

B = —(8k+2w)
C = 6k!+3K*w—4(qk. +0)* + |v]* — 4|ul?

3 . g
D = —2k°— iwk‘ﬁ + 4k (qok, + 0)% — |02 4 2w(qok. + 0)?

4 ~
B o= (5 (k08 fof whk?) — K

This quartic equation can be solved analytically, but the expressions are cumbersome.
We plot the typical behavior of the dispersion relation €(k,) vs k, for 6 = 0in Fig. 5.3.
Note that we always take k, = k, = 0, as the SOC only occurs along the z-axis. A
maximum of four real roots are allowed by Eq. (5.8). As we will show, in such regimes,
a loop structure develops in the dispersion curve.

As shown in Fig. 5.3, for 6. = 0 (i.e., the pump field is resonant with the cavity),
we always have two dispersion branches. The two branches are gapped when the
atom-photon coupling strength 2 is small and touch each other at k£, = 0 when

exceeds a critical value. For §. # 0, we again have two gapped branches at small (2.



111

Figure 5.3 : Eigenenergy e as a function of quasi-momentum. We set 6 = 0 and
ep = K. For nonzero ., a loop structure forms when o <0 < 0. For 0. = £k,
o) = 4e, and 0P = 4+/2¢,. Throughout our calcultion, we take x and v/2mx to
be the units for energy and momentum, respectively. A typical value for x is 27 x 1
MHz, and we choose ¢, = 0.22 in our units.
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Figure 5.4 : Photon number distribution as a function of atom’s quasi-momentum.
The parameters are the same as in the right column of Fig. 5.3, where 6. = &, ¢, = &,
and Q/k = 3, 5, and 7 from (a) to (c).

As  is increased beyond a critical value, a loop appears near k, = 0 in either the
upper or the lower branch depending on the sign of d.. The loop increases in size
as {2 increases and finally touches the other branch and dissolves when () reaches a
second critical value. Note that such a dispersion relation is markedly different from
that without the cavity, in which case one always obtains two gapped branches. The
dispersion curves for finite 5 are qualitatively similar, but in that case the curves are
no longer symmetric about k, = 0 and the loop emerges at finite k, (see Fig. 5.7
below).

The photon number distributions corresponding to the right column of Fig. 5.3
are plotted in Fig. 5.4. As seen in Fig. 5.4(c), for sufficiently large €2, the cavity pho-
ton number decreases dramatically. Correspondingly, the effective Raman coupling
becomes negligibly small, and the atomic dispersion curve becomes quadratic as in
the absence of laser fields (see the bottom row of Fig. 5.3). This is analogous to the
photon blockade phenomenon [186] in which the strong atom-photon coupling keeps

pump photons from entering the cavity.
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We can gain some insights about the general structure of the dispersion curve, and
particularly the appearance and disappearance of the loop, by examining the quartic
equation (5.8) for k, = 0 and 6 = 0. Under these conditions, Eq. (5.8) is simplified
to:

€2 (4€® — 2we + |v]* — 4|u)?) =0, (5.9)

with the constraint that the root € = 0 is only valid for 2 > 4¢,. Here the coefficients

w=0v-+0v*= 2(%)2% u = %Hf’i’&c and v = %;_i?c Simple analysis shows that
there are three regimes. First, when Q) < 4¢, = le), Eq. (5.9) has two real roots, one
positive and one negative. This corresponds to the two gapped branches for small
Q in the top row of Fig. 5.3. Second, when Q) < Q < Adepy/1+ (0c/K)? = P,
Eq. (5.9) has four real roots — two degenerate roots at ¢ = 0 and two additional
roots with the same sign. This corresponds to the looped regime in the middle row of
Fig. 5.3. Finally when € > Qg), only the two degenerate roots at € = 0 exist, which
correspond to the gapless regime represented by the bottom row in Fig. 5.3. Note
that for . = 0, we have o =l = 4¢,, and the loop never develops.

In the case of vanishing two-photon detuning (i.e., 6 = 0), simple analysis shows
that there should be a total of four regimes, as shown in Fig. 5.5(a). In region I, the
two dispersion branches are gapped, and the lower branch has a double degenerate
minima, as shown in Fig. 5.5(b1). This dispersion curve structure is very similar to
the case when both Raman beams are provided by classical coherent laser fields (we
shall refer to this as the “classical case”) and the Raman coupling strength is small.
In region II, as shown in Fig. 5.5(b2), the two dispersion branches are still gapped,
but the lower branch has a single minimum. This is similar to the classical case with
a large Raman coupling strength. Regions III and IV do not have analogs in the

classical case. Region III features a loop structure, as shown in Fig. 5.5(b3), whereas
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Figure 5.5 : Single particle eigen-energy spectrum “phase diagram”. The dispersion
curve is generally catagorized by four regions, represented from I to IV in (a). From
(b1) to (b4), we fix £, = k. In region I, the dispersion has double minima as shown
in (bl) with = 0.03k; region II is enclosed by the red solid curve in (a) and we
show the typical point in (b2) (2 = k) where only a single minimum exisits in the
lower helicity branch; region III is enclosed by the black dashed lines in (a) and it
is a region where loop structure emerges, as in (b3) with Q = 5k; finally, in region
IV we recover the double minimum dispersion although it’s different from region I by
closing the gap at £ = 0, as in (b4) with Q = 8x. Throughout the paper we fix §, = k
and § = 0, and adopt a dimensionless unit system with h = m = k = 1. A typical
value for k is 2w x 1 MHz, and we choose ¢, = 0.22 in our dimensionless units (based
on a realistic experimental parameter estimate).
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in Region IV, the loop dissolves but the two dispersion branches becomes gapless at
k = 0, as shown in Fig. 5.5(b4). In the looped region, the quartic equation (5.8)
yields four real roots. It can be shown that this requires the coupling strength € to

satisfy
QY =4e, < Q <dep\ /14 (6./6)2 = QP

The two dashed lines in Fig. 5.5(a) represent the two critical values QY and ng),
respectively.

It is instructive to examine how the effective Raman coupling strength (2. behaves
as a function of 2. In Fig. 5.6(a), we plot Q| for the lowest dispersion branch as a
function of Q for different & values. Note that [Qeg|? = Q?npnoton Where nppoton = |¢|?
is the steady-state cavity photon number. A few remarks can be made based on this
plot. First, the fact that (g is different for different k clearly shows the influence
of the atomic COM motion on both the atomic internal dynamics and the cavity
photon number. Second, |Q.g| is not a monotonous function of Q. For given k,
|Qer| increases with €2 linearly for small Q. This can be intuitively understood as
follows. At such weak atom-photon coupling, the back-action from the atom to the

cavity photon is negligible. The number of cavity photons npneton is roughly given

€p 2

K—10c

k2462

by Tphoton = Mo = where ng is the number of cavity photons when

the atom is absent. As a result, we have |Qg| = Qy/no which is independent of the
atomic quasi-momentum k. On the other limit, when €2 is very large, the strong
atom-cavity coupling strength significantly detunes the cavity away from resonance
and the cavity photon number nppoton, and hence |Qqg|, decreases as a function of €.
Such a non-monotonous behavior of (g is a unique feature of the cavity system and
a direct manifestation of the non-linearity of the system arising from the back-action

of the atom on the cavity photon.
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Figure 5.6 : (a) Effective Raman coupling || is plotted as a function of atom-
photon coupling strength €2 for different k values, 0, q,, 10g, for blue dash-dot, red
solid and black dashed lines. We observe that |Q.s| does not monotonically increases
with  but rather peaks at an intermediate value, then approaches zero in the large
Q2 limit. Figure (b) shows a comparison between critical boundary of region I and II
(red solid curve) and the analytical result (blue dashed line) given in Eq. (5.10). At
large €, limit, the two results match asymptotically well.

From the above analysis, it should also become clear that when the effect of the
back-action is weak (which occurs when € is small and/or ¢, is large), we should
recover the properties of the classical case. In particular, in the classical case, the
lower dispersion branch change from two degenerate minima to a single minimum
when the Raman coupling strength exceeds a critical value. Using our notation, this
occurs when |Q.g| exceeds the critical value 4E, where E, = ¢2/(2m) is the photon

recoil energy. For weak atom-cavity coupling, Q.| = Qy/ng = Q—=2—. Hence the

\/ k2482

critical value of € is given by

2 52
Q—4p V0% (5.10)

T é‘p
In Fig. 5.6(b), we plot this critical value (blue dashed line) as a function of cavity
pump rate ¢, and compare it with the numerically determined lower boundary (red

solid line) between region I and II of Fig. 5.5(a). The two curves overlap with each
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other when ¢, increases. Therefore, as we have expected, in the limit of weak atom-
cavity coupling and strong cavity pumping, we fully recover the classical case where
the SOC is induced by two classical laser beams.

The emergence of the loop structure is a distinctive nonlinear feature of the sys-
tem. We remark that similar loop structures or the associated hysteretic phenomena
have been found in other nonlinear systems. For Bose-Einstein condensates (BEC) in
optical lattices, periodic potential favors Bloch wave solutions whereas density-density
interaction prefers quadratic dispersion. Usually upon reaching a critical value, where
nonlinearity wins over external potential term, swallowtail in the energy dispersion
emerges from the tip. This leads to the understanding of nonlinear Landau-Zener
tunneling of BEC between two Bloch bands [187], where nonzero transition proba-
bility occurs even in the adiabatic limit, known as the hysteresis effect [188]. The
swallowtail also helped to explain the breakdown of superfluidity when BEC flows
through optical lattices [189]. For the loop region, there are multiple solutions for the
wave-functions within one band and they cause dynamical instability that destroys
the superflow of BEC [190]. In other nonlinear systems, e.g. superfluid Fermi gas
in optical lattices [191], cavity-induced feedback system [192], affirmative evidences
of band structure loop have also been found. The nonlinearity may originate from
the mean-field density-density interaction [193] or from the cavity-induced feedback
between atoms and photons [194]. The case studied here corresponds to the latter
situation. However, in previous studies of “ultracold atom + cavity” systems [194],
the interaction between the cavity photons and atoms is dispersive, and so it does
not induce SOC directly. As we will show below, the system studied here possesses
very different dynamical and stability properties.

Stability and Dynamical Analysis — Nonlinear systems usually possess intriguing
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stability properties. To examine the stability of the eigenstates obtained above, we
introduce conjugate variables p = |¢;|* — |p+|* and 6 = angle(p,) — angle(y4), which
correspond to the spin magnetization and the relative phase between the two atomic

spin states. The EOM for p and 6 can be easily derived from Egs. (5.6) and (5.7) as,

Dk 1—p? <1 _ 4dey(ksind + . cos 9)) | (5.11)

I€2+53 4 QK1/1—p2

kepcosl — deepsind  Qp

K2+ 62 /1T p2
A,

from which we can readily obtain the fixed points (p*,0*) by setting p = 6 = 0, we

0 = 2kk. +0) +

obtain fixed points equations,

4
1—p2= %(msm@* + d.cos0"), (5.13)
Q 2 K mcos@*—écsin9*+ O .
2 K2+ 02 ksinf* + 0. cos0* K2 + §? b
+2(qek, +0) =0, (5.14)

. The solutions are identical to eigenstates obtained in terms of ¢4 and ¢;. To check
the stability, we linearize the equations around the fixed points by taking p = p* 4 dp,

0 = 0* 4+ 00, and arrive at

1) 1) 1)
% P _ fi fo D — M P | (5.15)

00 g1 9o 00 00
where matrix elements of M are given by

p* 2 p*ep (0. cos 0* + £ sin 6*)
_ N 5.16
R ) R PR (10

1 _p*2 . * *
fo = Wspﬁ(&sme — Kk cos ") (5.17)
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B Q 4e, (K cos 0% — 0, sin 0*)
R A (e L o
g = — P2 (0. cos 0" + Kk sin 0%) (5.19)

V1—=p2(02 + £)
If any of the eigenvalues of M has a positive real part, the fluctuation terms dp and
96 grow exponentially in time and therefore the system is dynamically unstable [195].
For unstable states, we denote the largest real part as v, which can be regarded as
the decay rate of the unstable states.

A typical result of the stability analysis is shown in Fig. 5.7, where we plot the
dispersion curves and indicate the stability of the states using colored triangles. One
can observe: (1) in the regime without the loop, one branch is stable and the other
branch is unstable; (2) in the regime with the loop, there may exist one or two stable
branches and correspondingly three or two unstable branches. This means that the
cavity feedback completely alters the system’s stability. Nevertheless, for a relatively
large cavity pumping rate as shown in Fig. 5.7(a)-(c), v is small and the unstable
branches are more robust compared with the case represented in Fig. 5.7 (d)-(f)
where a smaller ¢, is used. This can be understood as follows: as the cavity pump
rate €, is increased, the cavity photon number increases and the back-action from the
atom to the photon becomes less important. Therefore we expect (and have confirmed
from our calculation) that in the strong pump limit, the cavity system would not be
very different from the conventional system without a cavity [55,183,184].

A direct way to detect dynamical instability experimentally in this system is to
count the sudden change in the cavity photon number. As an example, we consider
the following situation. We start from a stable eigenstate represented in Fig. 5.7(a).
From ¢ = 0 to 4000/k, the two-photon detuning 6 is changed linearly from 0.05x

to —0.05x and remains fixed at —0.05x afterwards. We plot the evolution of the
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Figure 5.7 : Stability analysis of the dispersion curve. Colored triangles represent
dynamically unstable states and black solid dots represent dynamically stable ones.
The colorbar represents v, the decay rate of the unstable states. In all figures, €2 =
1.1k and 0, = k. From (a) to (c) €, = 2k and § = 0.05, 0, and —0.05x; from (d) to
(f) £, = 0.2k, and § = 0.05, 0, —0.05k.



121

(a) (b)

2.349, 235 25 1649
2.35
2.348
N 1,648
g 2.347% 2/ 0 2000 4000
- Kt
1.5¢ | | | | |
23453500 4000 4400 3600 4000 4400

Kt Kt

Figure 5.8 : Evolution of photon number. The initial states are prepared using the
same set of parameters as in Fig. 5.7(a). In (a), we start from point P, with k, = —2g¢,
and in (b) we start from point P with k. = 0, both indicated in Fig. 5.7(a). From
t = 0 to 4000/, ¢ is linearly tuned from 0.05x to —0.05x and remains fixed after-
wards. Red solid dots represent the photon number corresponding to the instanta-
neous eigenstate, while blue solid lines represent the dynamical evolution according
to Egs. (5.3) and (5.4) after mean-field approximation.

photon number in Fig. 5.8. In Fig. 5.8(a) we start from the state referred to as P; in
Fig. 5.7(a). During the whole evolution, the photon number follows the corresponding
value of the instantaneous eigenstate as the system remains dynamically stable. In
Fig. 5.8(b) we start from the state referred to as P, in Fig. 5.7(a). During the linear
ramp of 5 , the photon number follows the corresponding values of the instantaneous
eigenstate. However, at the end of the ramp, the system evolves into a dynamically
unstable state. The dynamical instability sets in some time after the end of the ramp
and the photon number jumps to a different value after a short transient time. The
final state matches the stable state P; with the same atomic quasi-momentum as
indicated in Fig. 5.7(c) (note that the quasi-momentum does not change during the

time evolution).
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5.3 Density Matrix Approach

The mean-field treatment relies on two implicit assumptions: (1) the atom-photon
correlation is negligible, and (2) the photon field can be well approximated by a
coherent state. In order to examine the validity of these assumption, and hence the
validity of the mean-field approximation, we now turn to a full quantum treatment
based on the Master equation:

p= = (Har, )+ Llp]. (5.20)

Here p is the total density operator of the coupled atom-cavity system, the effective

Hamiltonian H.g is given by,

Hor = > / dz {di(z) (M + aga) @Ea(z)} L / dz W(zm(z)a + hee.

=14 2m 2
+ igy(el —¢) — d.ele. (5.21)

The dissipation arising from cavity decay is modeled by the Liouvillean term in the

standard form of Lindblad super-operator [196,197],
L[p] = k(2cpe" — élép — péte). (5.22)

Again, due to spatial homogeneity, we decouple momentum eigenstates by taking the
plane-wave ansatz for the atomic modes as ﬁo(z) = 6“”1@0. As there is no coupling
between atomic operators with different k£, we can work in the subspace for a fixed
value of k. Here we explicitly write the commutator in Eq. (5.20), for a given atomic
quasi-momentum £k, as,

K gk

Har(k), ] = <—+ Kk

+8) (o - pblin) + (5 = 25 = 8) (dliuo ~ il
5 (4dsco+ libip — piliiye — pil i)

+ig, (6Tp — ¢p — pet + pé) — 6. (¢'ep — pete) . (5.23)

2m m
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Note that if the photon recoil g, = 0, which occurs when the cavity mode and the
external laser beams are co-propagating, the COM kinetic energy terms k?/(2m) can
be gauged away after a simple gauge transformation. Our model is then reduced
to the J-C model and the atomic COM motion does not play a role. To solve the
Master equation (5.20), we choose our basis states as direct product states of photon
Fock state |n) and atomic internal state |c =T,]): |n;0) = |n) ® |o), where non-
negative integer n denotes cavity photon number. Our goal is to calculate the entire
matrix elements of the density operator under this set of basis states, denoted by
(m;olpln;o’) = p7%. We found the governing equation for the matrix element can

be written as,

d ’ k'2 q k ’ kf2 q k’ ’
L = (L 5N =) —i (o — TR 5 (5, =6
7P i <2m —+ ) (Gt = Oo1) P — (2m o (Oay = G071) Ppon
Q / et / 5o’ / oo’ oo’
+ Z(éUT m + 1pm+1n + 50¢ MPy—1n — 6U'T n -+ ]'pmn-‘rl - 60/¢\/ﬁpmn—l)
+ & (V M, = NV 15, Vnpl, = Vi 1 Zzar;-i-l)

b (m =) pin k(2 VR T — (e ), (5.24)

where & represents the flip-spin value, i.e. T =] and | =1.

With Eq. (5.24), we can study the dynamical evolution of the density operator p
for a given initial state. Obviously, we need to introduce a sufficiently large photon
number cutoff. Once we obtain the density operator, all relevant physical quantities
can be readily calculated. An example is given in Fig. 5.9, where we show the time
evolution of the cavity photon number n = Tr[pn] = Tr[pc'e] for the initial state |0;1).
The three different curves in Fig. 5.9 correspond to different atomic quasi-momentum
k.

As evidenced in Fig. 5.9, due to the presence of cavity decay, a steady state will

eventually be reached. Let us now focus on the properties of the steady state. The
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Figure 5.9 : Time evolution of cavity photon number. The initial state is given by
|0; 1) and we consider the same parameter as in Fig. 5.10(a) with k/q. = —10, 0, 10.
The steady-state values, obtained in the long time limit as shown here, correspond
to red dashed lines at corresponding k values in Fig. 5.10(a).
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steady-state density operator matrix elements can be obtained by equating the RHS of
Eq. (5.24) to zero. The red dashed lines in Fig. 5.10(a)-(c) represent the steady-state
photon number as functions of atomic quasi-momentum k. The horizontal arrows in
the plot represent the cavity photon number by setting ¢, = 0, in which case our
model reduces to the J-C model and all physical quantities become k-independent.

To have a better understanding of the photon statistics, we study the steady-state
photon number fluctuation. Specifically, we calculate the normalized photon number
fluctuation defined as

((An)%) _ (#?) — (n)?

I S S

where the expectation values of the operators are obtained with the help of the

steady-state density operator. For a coherent cavity field, the photon fluctuation
is Poissonian and we have A,, = 1. The solid curves in Fig. 5.10(d)-(f) represent
A, (left vertical axis) as functions of k, and the horizontal arrows pointing to left
give the values of A, from the J-C model by setting ¢, = 0. For the parameters we
have used, we note that the J-C model always predicts a super-Poissonian photon
statistics, whereas our model gives super-Poissonian photon statistics only for small
atomic quasi-momentum, but Poissonian statistics as k/q. — +oc.

Last but not least, to characterize the correlation between the atom and the
cavity field, we investigate the so-called negativity which measures the degree of
entanglement for a mixed state system. The negativity is defined as N'(p) = (||p™]|1—
1)/2, where p’ is the partial transpose of the density operator with respect to either
the atom subsystem or the cavity subsystem, and |[p?4||; denotes its trace norm
with the definition ||A||; = Tr[V ATA]. A negativity of zero indicates that the two
subsystems (the atom and the cavity, in our case) are not entangled, whereas a positive

negativity means that finite degree of entanglement is present. The dashed curves
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Figure 5.10 : (a)~(c) Photon number obtained from the mean-field approach (solid
curves) and from quantum mechanical Master equation approach (red dashed curves).
From (a) to (c), = 3k, 5.6k, 6k. The color on the solid curves represents the
normalized decay rate v/ of unstable mean-field states. The black color represents
stable mean-field states. We have used €, = &, and other parameters are the same
as before. (d)~(f) Corresponding photon number fluctuation (blue solid curve) and
negativity (green dashed line) obtained from the quantum approach. The parameters
used here are the same in (a)~(c), respectively. The horizontal arrows indicate results
from the J-C model by taking ¢, = 0.

in Fig. 5.10(d)-(f) represent the negativity (right vertical axis) in the steady state
as functions of k, and the horizontal arrows pointing to right give the values of the
negativity from the J-C model by setting g, = 0. One can observe that for the chosen
parameters, the J-C model always predicts a finite degree of entanglement between
the atom and the cavity field. By contrast, the degree of entanglement in our model
weakens when k/q, — +00.

In Fig. 5.10(a)-(c), in addition to the steady-state photon number obtained from
the quantum treatment (dashed curves), we also plot the photon number nppoton = |¢|?

obtained from the mean-field approach (solid curves). In the quantum treatment, the



127

steady-state density matrix is obtained by solving a set of linear equations. For a
given k, the solution is unique. Hence we only get one steady-state photon number
for a given atomic quasi-momentum. On the other hand, the mean-field treatment
allows multiple steady-state solutions corresponding to different real roots of the
quartic equation Eq. (5.8). Hence a single k value is associated with more than one
steady-state photon number. However, due to the non-linearity intrinsic in the mean-
field method, not all steady-states are dynamically stable. A straightforward stability
analysis allows us to quantify the dynamical stability of the mean-field states. The
stability information of the mean-field states are encoded as the color value in the solid
curves. Those stable states are represented by black color, while any color other than
black indicates an unstable state, and the color value represents the decay rate (see
the colorbar) of the corresponding state. From Fig. 5.10(a)-(c), we clearly see that
at large atomic quasi-momentum k/g, — oo, the Master equation result overlaps
with the stable mean-field branch; while at small |k|, the quantum result deviates
significantly away from the mean-field solution.

The agreement for large |k| and the discrepancy at small |k| are both consistent
with the results of the negativity and photon number fluctuations as presented in
Fig. 5.10(d)-(f): At large |k|, the negativity is small (i.e., atom-cavity entanglement
is weak) and the photon number fluctuation tends to Poissonian (i.e., the photon
field is well approximated by a coherent state), this is exactly the regime where we
expect the mean-field approximation is valid. By contrast, for small |k|, the quantum
calculation indicates that there is non-negligible entanglement between the atom and
the cavity field, and the cavity field itself cannot be assumed as a coherent state.
Hence the mean-field assumption is no longer valid.

The reason why mean-field approximation only works for large |k| is actually
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rather simple. Consider a Raman transition process where the atom jumps from | 1)
to | ). The quasi-momentum & does not change during this process, however the real
momentum changes from k + ¢, to kK — ¢,.. Therefore the effective two-photon Raman
detuning is not just 20, but 24 + 2¢,k/m, where the additional term comes from the
difference of the kinetic energies for different pseudo-spin state |o). In other words,
the SOC renders the two-photon detuning momentum-dependent. In the examples
we presented in this work, we have taken 6 = 0. Hence the Raman transition is only
near-resonant for small |k|, and becomes far off-resonant for large |k|. Therefore, for
large |k|, the atom-photon coupling, and hence the atomic back-action to cavity, are

weak. This explains why the mean-field assumption becomes valid in this regime.

5.4 Superradiant Phase in Thermodynamic Limit

So far, we have been focusing on the properties of a single atom. In this section,
we consider a system where the single mode cavity photon field is coupled to many
atoms in the thermodynamic limit. We neglect the bare interactions between atoms.
However, as each atom influences the whole photon field which back acts on the
other atoms, the photon field induces an effective coupling between atoms. When
the atomic COM motion is neglected, our model reduces to the TC model. One of
the most well-known many-body effects in this model is the Dicke superradiant phase
transition [198-200]. Here we investigate how the COM degree of freedom and the
SOC affect the Dicke phase transition.

We consider a canonical ensemble where N atoms inside the cavity are confined
within a box with volume V. In the thermodynamic limit, both N and V are taken

to be infinity but the number density p = N/V is finite. The Hamiltonian of this
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system is given by
N
H=wycle+ Y hy, (5.25)

with the Hamiltonian for the jth atom

Q
2N

where Q = v/NQ is the rescaled Raman coupling strength, and Rj is the three dimen-

2 b
h.:_j+rzj )_|__J_|_
7 o9m maz 202

>

(ofc+o5c), (5.26)

sional quasi-momentum operator for the jth atom.
To investigate the thermodynamic phase transition at temperature 7', we take a
similar approach as in Ref. [200] in which the Dicke phase transition in the TC model

is investigated. The canonical partition function Z = Tr (e=?#) with 8 = 1/ (kgT)

(27 3N/d2 /(}Idk> > (Ul ), (5.27)

1 {05}

can be calculated as

where we have chosen the states
N
H ) |o;) (5.28)

as our basis states to evaluate the trace. Here |a) is the photon coherent state, i.e.,
the eigenstate of photon annihilation operator such that clo) = ala), |k;) is the
momentum eigenstate, and |o;) is the eigenstate of oZ for the jth atom. By using the

condition N — 0o, we obtain

(o e P |a) = exp [—6 (wL laf® + Z}}?)] , (5.29)

where
~ 122 q]% : W Q
o J rivzy 0 + o
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As the summation over spin and integral over momentum in Eq. (5.27) are indepen-

dent for different atoms, the partition function can be simplified as

d*a o[V A
_ —Buwilaf —Bet | —Be
Z / —e [(2703 /dk (e +e )} , (5.31)

N2
k? ok, wo\’ Q\ al?

i:—ﬂ: rhz _0 ne 32

T om <m+2 \2) ~ (5:32)

are the eigenvalues of ﬁ? in Eq. (5.30). Integrating over the complex angle of o and

where

2
x,y components of k in (5.31), and letting u = %, we can rewrite the partition

function as

Z =C /OO duexp {N [F(u)]} , (5.33)
0
N
with constant C; = N ( 4777:;/6) and
F(u) = —pwru+log S (u) , (5.34)
S (u) = 2/de exp (-ifi) cosh & (k. 1) | (5.35)

9 ~ 2
E(k,u) =0 (qnf +%) + (%) w. (5.36)

The Laplace’s method [200] is used to deal with the integral over w in Eq. (5.33). For
N — 00, this yields
Z =y max exp{N [F(u)]}, (5.37)

u€(0,00)
where C5 is a constant and we denote that the maximum of F'(u) is reached at u = uy.
We numerically obtain a ug > 0 by taking the first and second order derivatives of
F(u), and it is straightforward to show that ug is actually the normalized photon

number

_ (o)
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Figure 5.11 : Normalized photon number <cTc> /N as a function of temperature T’

and effective Raman coupling strength 2 with E, = 0.5w,, where <CTC> is the average
photon number and N is the atom number. Here <cTc> /N > 0 corresponds to the
superradiant phase and <cTc> /N = 0 corresponds to the normal phase. We take
wr, = 0.8wyq in these figures.

where <cTc> /N > 0 corresponds to the superradiant phase with a macroscopic photon
excitation appearing in the thermodynamic limit; and <CTC> /N = 0 corresponds to
the normal phase.

Figure 5.11 shows <cTc> /N as a function of the temperature 7" and the rescaled
Raman coupling strength O with the SOC strength E, = 0.5wy. The red solid line
in the figure represents the critical coupling strength €. (i.e., the phase boundary):

Above this line, we have <cTc> /N > 0 and the system is in the superradiant phase; and
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below this line, <cTc> /N = 0 which corresponds to the normal phase. In Fig. 5.12(a),
we plot Q. as a function of T for several different values of E,. As in the previous
single-atom case, we recover the usual TC model when E,. = 0 (bottom curve in
Fig. 5.12(a)). For the TC model, Q, is a monotonically increasing function of T,
and QC = 2y/wowr at T" = 0. For finite F,, QC is larger than the corresponding
value in the TC model. In other words, in the presence of the SOC, the regime of
normal phase is enlarged, which is consistent with the single-atom property that the
SOC enlarges the n = 0 regime with no photons. The upward shift of €, at finite
FE, is more pronounced at lower temperature. This may not be surprising as, at
lower temperature, the average atomic COM kinetic energy is lower and hence the
photon recoil plays a more significant role. This temperature dependent shift leads to
another important feature brought by the SOC: €. is no longer a monotonic function
of T, as can be easily seen in Fig. 5.12(a), and reaches the minimum value at a finite
temperature.

A consequence of the nonmonotonic behaviour of ), is that the normal phase
may become reentrant as the temperature varies. This is depicted in Fig. 5.12(b),
where we plot (c'c) /N as a function of T' with Q = 29w for E, = 0.5wy (red solid
line) and E, = 0 (blue dashed line). For the TC model (E, = 0), the system is in
the superradiant phase at sufficiently low temperature when Q > 2,/wowr, (as is the
case shown in Fig. 5.12(b)) with finite (c'c) /N. As temperature increases, (c'c) /N
decreases monotonically until it reaches 0 at the critical temperature 7, which is given

by

4WOWL Wo
— =tanh (| ————— | . .
o an (QWLkBTC) (5.39)

For the example shown in Fig. 5.12(b) with finite E,, the system is in the normal

phase with <cTc> /N = 0 at both the low and the high temperature ends, and is in the
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Figure 5.12 : (a) Normal-Superradiant Phase boundary in 7" — Q plane for E, /wy =
0,0.2,0.5,0.8,1. (b) {cfc) /N as a function of T" for Q = 2.9w, with E, /wy = 0,0.5.
We take w;, = 0.8wy in these figures.
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superradiant phase in an intermediate temperature window between T, W and 72,

A remark is in order. In our derivation of the partition function Z in Eq. (5.27),
we have treated the N atoms as distinguishable particles which obey the Boltzmann
distribution. In other words, we have ignored the quantum statistics of atoms. This
should be a good assumption at high temperature. We may estimate the temperature
regime in which this assumption is valid as follows. Let us assume that the atoms
are ideal bosons. The critical temperature for the bosons to form a Bose-Einstein
condensate is given by

23

K h
Tome = 3.31-2° ~ 3 % 1074 (ﬂ) , (5.40)
ka

where we have taken typical values such that the atomic number density p = 10*3cm =3,

m the mass of 8Rb atom, and energy splitting between two ground state hyperfine
states wy = 2m X 4.81MHz. When T > Tggc, quantum statistics is not important,
and the bosons can in practice be treated as distinguishable particles. As Tggc is
very small in our unit system, our results as presented in Fig. 5.11 and Fig. 5.12
should largely remain valid for typical experimental situations. Note that as Tggc
is roughly the same as Fermi degenerate temperature, this estimate is also valid for
a system of Fermi gas. How to properly incorporate quantum statistics of atoms in
the calculation for temperatures within the quantum degenerate regime remains a

challenge and will be investigated in the future.

5.5 Summary

In Section 5.2, we have considered a system consisting of a single atom (or a non-
interacting condensate) whose two hyperfine spin ground states are Raman coupled by

two light fields, one of which is a quantized cavity field. In this setting, the internal and
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external degrees of freedom of the atom and the cavity field are dynamically coupled.
This coupling leads to a dynamic SOC for the atom. We have calculated the atomic
dispersion relation and examined its stability and dynamic properties. In comparison
to the static SOC generated by two classical laser beams which are not affected by
the atomic dynamics, the cavity feedback dramatically modifies the properties of
the system. Besides giving rise to new physics in the study of synthetic SOC in
cold atoms, our system also represents a new cold-atom-based cavity optomechanical
system. From a practical point of view, all the ingredients proposed in this work
have been demonstrated in various labs. Hence our proposal can be readily tested
in experiment. In fact, recent work reported in Refs. [176,177] investigated a BEC
inside a ring cavity. A straightforward modification can be used to study the physics
predicted in our work. In the future, it will be interesting to extend the study to
include inter-atomic interactions and to the case where a system of fermions are
Raman coupled via cavity fields. Our current work on the single-particle physics will
serve as an important first step towards understanding the many-body properties of
the system.

In Section 5.3, we have studied spin-orbit coupled cold atoms inside a ring cavity
system, employing both the mean-field theory and the full quantum mechanical Mas-
ter equation approach. By treating both light and atom on equal footing and seeking
the self-consistent solution in both approaches, we have found: (1) cavity-assisted
SOC dramatically modifies atomic dispersion relation, (2) intriguing dynamical in-
stabilities exist in the system, (3) atom’s back-action onto cavity field also leads to
non-trivial atom-photon coupling that is fundamentally different from either the sys-
tem with classical-laser induced SOC in the absence of the cavity or the J-C model

where the atomic COM motion is neglected (i.e., by taking ¢, = 0). We have also
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explored correspondence and discussed the connection between the mean-field and
the quantum approaches. The two distinctively different approaches provide us with
a deeper understanding and complementary insights into this system. We conclude
that the synthesis of cavity QED and SOC is not a trivial combination and interesting
new physics emerges in this setting. Our work will serve as the first steps for further
exploration. For instance, we have only considered a single-mode plane-wave cavity.
What would happen if a more commonly used standing-wave cavity is employed? We
have not taken into account the quantum statistics of the atom, nor the interactions
between atoms. A theoretical investigation with these factors taken into account will
be much more challenging, but perhaps also much more exciting, as this would truly

represent a new frontier of research where cavity QED meets many-body physics.
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Chapter 6

Summary

In this dissertation, we started from the historical notes of ultra-cold atomic physics,
introduced the very recent experimental development in creating light-induced gauge
potentials that allow systems of charge-neutral atoms to behave like charged par-
ticles in a magnetic field. We theoretically studied novel ground state properties
of spin-orbit coupled atomic systems, including single-particle Hamiltonians, a non-
interacting Fermi sea, a two-body bound state, and many-body systems at the mean-
field level. We found out that spin-orbit coupling makes a dramatic change to the
band structure, may favor pairing at finite center-of-mass momentum for two body
bound states, and induces a Fulde-Ferrell type of Cooper pairs for many body systems.
We noted that beyond symmetry breaking paradigm of characterization of quantum
states, topological order is a new and important concept in modern physics. We
explored the topological state classification in a gapless Fulde-Ferrell state in our spe-
cific realization of the Hamiltonian. Based on the ground state properties and phase
transitions, we considered non-equilibrium dynamical response properties for systems
undergoing a parameter quench. We discovered our non-integrable quantum system
undergoes non-trivial dynamical evolution, depending on a different system param-
eter (Zeeman field strength in our case) of initial and final values. We mapped out
the complete post-quench phase diagram and investigated each phase in great details.
We are surprised but delighted to find out how dynamical topological phases which

support topologically protected edge states can naturally emerge in this model. We
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also comment that the relevant dynamics predicted by our work are within reach of
current cold-atom experimental setups. Going beyond a semi-classical description of
coherent laser fields, which is used to assist two-photon Raman processes, we propose
to put atoms in the cavity field and study the fully dynamical coupling between atom’s
pseudo-spin, orbital degrees of freedom including center-of-mass/harmonic oscillator
state, and quantized light field. We solved the “full” system using semi-classical
theory and the full quantum master equation approach. We have shown that rich
physics are emergent in this trio system, such as loop structure in energy dispersion
relation, dynamical instabilities, vanishing atom-photon entanglement at large atomic
momentum tail and re-entrant superadiant phase in the thermodynamic limit. The
two distinctively different approaches provide us with a deeper understanding and
complementary insights into this system. We conclude that the synthesis of cavity
QED and SOC is not a trivial combination and new physics emerges naturally.

In retrospect, we note that ultra-cold atomic systems in the past few decades
have demonstrated a wide range of quantum simulation for condensed-matter sys-
tems, where many-body effects determine the basic physics of the system: BEC
creation [10-12,201], Feshbach resonances [33], Tonks-Girardeau gases [202,203], the
superfluid to Mott-insulator transition [13], Berezinskii-Kosterlitz-Thouless physics
for bosonic systems in two-dimensions [204], the crossover from BEC to BCS su-
perfluid in fermions [205], and synthetic gauge field manipulation for bosons and
fermions [25-27,30-32,184,206]. We are truly in an exciting era of fulfilling and sur-
passing Richard Feynman’s vision of building quantum simulators, in order to deepen
our understanding of the quantum mechanical nature of the universe. Ultra-cold
atomic system provides such a clean and versatile tabletop platform, where theorists

and experimentalists meet and collaborate to make significant progresses together.



139

Chapter 7

Epilogue

Ultra-cold atoms and condensed-matter physics is the study of various collective be-
havior of infinitely complex assemblies of electrons, nuclei, magnetic moments, spin,
atoms, molecules or qubits. The complexity is reflected in the size of the state space,
which grows exponentially with the number of particles, reminiscent of the ’curse
of dimensionality’ commonly encountered in the machine learning and deep learning
field of studies. Despite the curse, the machine learning community has developed
various techniques to turn it into a blessing. Remarkable progresses have been made,
over the last few decades but most prominently within the last ten years, to recog-
nize, classify, interpolate, and characterize complex sets of data. It is one of today’s
most rapidly growing technical fields, lying at the intersection of computer science,
applied statistics, applied mathematics and electrical and computer engineering, and
at the core of artificial intelligence and data science. The rapid progresses have been
driven by the combination of development of new learning algorithms and theories,
new programming frameworks and hardware infrastructures, and the ongoing explo-
sion in the availability of online data and low-cost computations. Not to mention
and going into details of how the adoption of machine-learning based solutions have
been playing a more and more important role throughout various domain science,
technology and commerce, I would like to note that machine learning has been on
the frontier of fundamental research in physics, and is being used to solve long out-

standing problems in quantum science. Machine learning and in particular, deep
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learning approaches have been used to search for exotic particles and improved the
search power and precision of high-energy particle colliders [207], an exact mapping
between the variational renormalization group and deep learning has been made [208],
quantum algorithms for supervised and unsupervised machine learning has been pro-
posed [209,210], machine learning has been used to classify phases of matter with one
specific example of classifying phases and phase transitions in the Ising model [211],
and solving many-body problems with machine learning based approaches [212-223]
(for a more comprehensive and actively updating list of publications combing the
fields of physics especially quantum mechanics and machine learning, please see Roger
Melko and Miles Stoudenmire’s blog page [224]).

Nonetheless, beyond the news headlines, there are serious efforts quietly emerging
in the corridors and on the blackboards of academia and industry on this nascent field
of quantum machine learning. The field is still in the preliminary stages of defining
itself. To some, it is the (obvious) plan to implement machine learning on future
quantum hardware, or at least, to explore whether any advantage exists in doing
so. However, to others it is using existing machine learning algorithms to attack the
myriad of ultra-complex problems encountered on a daily basis by physicists studying
quantum systems using conventional computers. Finally, to some it is the opportunity
to take strategies developed during years of struggle on these ultra-complex problems,
and to use this experience to improve machine learning algorithms for the larger
community of data scientists. Whatever it means, it is an exciting time to be involved
in quantum machine learning, as we watch the field begins to take shape.

Finally, I would like to mention a few words on how to get started with machine
learning based on my own experience from the past one or two years. To be honest, it

is actually quite overwhelming to digest all the new progresses within a short period of
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time, while still multitasking on one’s own research works. Here are my suggestions:

1. Sign up for the free course of Machine Learning taught by Andrew Ng (As-
sociate Professor, Stanford University; Chief Scientist, Baidu; Chairman and

Co-founder, Coursera) at coursera.org:

e Attentively watch the video lectures, take notes and finish the homework

coding assignments in Matlab or Octave.

e This course gives an excellent overview of the Machine Learning in a very
compact presentation, and going through the book “An Introduction to
Statistical Learning with Applications in R” by Gareth James, Daniela
Witten, Trevor Hastie and Robert Tibshirani at the same time should
be very helpful in getting the details right. (You don’t have to know R

scripting language to be able to read and understand this book’s materials.)

2. (Optional) Sign up for the Machine Learning Specialization taught by Emily

Fox and Carlos Guestrin at coursera.org offered by University of Washington:

e This course focuses on applied machine learning algorithms and real world
datasets exposure experience. Most of data insights are only available from
transforming, visualizing, statistically compiling the raw dataset before
feeding them as modeling inputs. Python is a great and versatile tool for

data manipulations.

3. (Optional) I had an internship experience at Amazon over the summer of 2016.

I worked as an applied scientist at the Kindle engineering team in Seattle, WA:

e My project was to build a customer level response-propensity model for

mobile push notifications. I had Kindle app datasets of all customers’
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purchase history, last page read information, interaction response for push
notifications, etc. The dataset is stored on a Yarn cluster as csv format,

with more than 6 billion records (around 10TB).

e The idea was to build a prediction/classification model for future push-
notification responses. Intuitively, if the customer was very active using
the app and making book purchases, the customer would be very likely
to respond to push notifications (such as deals, promotions, or suggested

books, etc.) sent out by campaign owners (marketing team at kindle team).

e Working with an experienced applied scientist (Kannan Shah) as my men-
tor, I learned to aggregate large datasets using Apache Spark in Java,
preprocess and convert the datasets into compressed JSON files and store
them on AWS S3 service. Besides necessary engineering efforts in cod-
ing, we invested our time heavily in feature engineering — a process that
involves a combination of science and product sense to define functions
that can transform and reveal the structure of datasets. We came up with
a sliding-observation time window strategy that identifies the target and
takes into account of historical records within a cutoff time window, and

carefully avoided data leakage problems.

e At modeling stage, we used logistic regression with L1 and L2 regulariza-
tion to learn the training data and perform classifications for test data, and

studied various metrics to evaluate and improve the model performance.

4. Work on a predictive modeling project from a data competition challenge web-

site, such as kaggle.com:

e [t is relatively easy for anyone to wrangle the dataset in anyway they want
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and build a model that learns from the training data and makes some
better-than-random prediction for test data. However, it is challenging
yet very important for one to make consistent improvements in reducing

generalization error.

e Kaggle provides such a platform that everyone has access to the same
modeling goal, same training/test dataset, with target information hidden
from test data. A leaderboard (e.g. 3:7 ratio over random split of test data
for public and private leaderboard respectively) helps one to benchmark

and compete against others’ best predictions.

e The forum of each competition is dedicated to experience sharing, code
sharing, and asking questions. The community is flourished by numerous
passionate practitioners of data science and machine learning, and many
of them have either worked on a lot of past competitions, or they are full-
time data scientist or university professors who work on the projects just

for fun and learning new things.

e [t is best to learn from doing and coding in the vast fields of machine
learning applications. Theory and concepts are important but one will
typically learn so much clearer and more by actually working on a concrete

problem.
5. Deep learning;:

e The field of deep learning has attracted tremendous attention due to its
robust neural network learning functionality and some level of automatic

discovery of “artificial intelligence”.

e From basic mathematical tools, machine learning concepts to most estab-
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lished deep learning algorithms, I would recommend reading the part I
and II of the Deep Learning book by Ian Goodfellow and Yoshua Bengio
and Aaron Courville, MIT Press *. Part III emphasizes on deep learning
research that are more advanced yet speculative, which can be left to be

revisited once one feels comfortable with the fundamentals.

e Follow the cs231n course offered by Stanford University and work on

projects using deep learning |

e Kaggle has many data challenges that involve primarily deep learning mod-

elings.

* Full HTML format for the web version of the book 1is available at

http://www.deeplearningbook.org

t Familiarize oneself with TensorFlow and try to reproduce the known model performance from

some famous benchmark datasets, such as MNIST, ImageNet, PASCAL VOC etc.
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Appendix A
Derivations of 2-body Wavefunctions

In Sec. 2.2, we presented the results concerning the attractive s-wave contact inter-
action between two un-like spins. Solving the two-particle Schrodinger equation is
the key process. Here we present more detailed mathematical derivations, especially

regarding to the generalized Cooper Equations.

A.1 Generalized Cooper Equation

We start from the explicit form of single particle Hamiltonian

h2
Hy, = %(ki + k2 4 k2) + viko04 + v2kyo, + vsk.0. + ho. + b0, + 1oy, (A1)

(A.2)

and denote the two body wavefunction as

/
W)q = D [enR)c ek o + R0y ch o+ R0 ko + vy | 10)
K
(A.3)
where >, denotes summation over positive momentum k. We solve the two-body
Schrodinger equation (Ho + Hin)|¥)gq = Eq|¥)q by denoting S(p) = €, + h + vsp.

and T'(p) = €, —h—vsp,, U(p) = vipy +6 —i(vapy +1) , V(p) = vips + 0 +i(vep, +1n).
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Then we have the single particle Hamiltonian as,

Hy = ZS TCPT+T(> ¢0P¢+U( )c pTCP¢+V(> pL Pt

_ Z(S(p)chrV( )l ) et + (T), + Uy )

p

Applying Hj to |V), using above notations, we have

H0|\I’>q

/ q q
D UnR)IS( + kel g + V(G +R)chlel
k/

q q
ww(k/)[s(§ - k)CTz_kT + V(§ - k)CTz_m]CTerm(_l)

(RSG5 + R)ch e + V(G +R)ch)ch g

(RIS = k)el iy + V(G =Rk el (1)
UKL = k), + UG = k)l lel (1)

V(KT <2+k>cq+m+U< + k)l lel i
@Du(k')[ ( +k)cq+k¢—|—U(

¢¢¢(k')[T(§

>, [5(% + k)ry + V(g — k) + T(g — k) + U(g + /f)im} ik

k/

:5(— — k) + V( + K)oy + T( + E)by + U(— - k)@bu] C%Jrkﬂg_m
:5( + k) + U(— — k) + 5(— — k) + U( + kWu] ch 1l g

+ k)Y, + V(§ — k) + T(§ — k)yy + V(§

.I.
5 T k)Cqum]Cq —kl

—k)ch_,, + U(5 — k) lel, (<1)

2
[ t t
_T(§ T kWN} €911 9k

and applying the interaction Hamiltonian to |¥)4 gives us

Hint|V)q gz [wu — (k) cq+chE Kl (A.4)

After grouping terms and some simplifications, we obtain four coupled equations as
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(Fra =20k = 37 [onK) = s K] + [V(G = 0] (09 + (UG + 1) sk

(Eca+ 2kl = £ (k) = vn ()] + [VE + 1)) + [0 - k)|

k/

(Eca—2h = vsg. (k) = |UG = )|vn ) + UG +8)] vl

2 2
(Exa+2h+ue)vul) = [VE+0)|enm+ |[VE -k

where Exq = Eq — €34x — €3k

Let’s introduce ¢(k) = J5[¢y (k) — vy (k)] and ¢y(k) = J5ly (k) + i (k)],
Yy = %(@DTT +Yu), Yy = %(wﬁ — 1)), and after some adding and subtracting

equations, we have

5k,q¢t _2U3kz¢s = (UIQm + 25)¢u + i(U2Qy + 27])¢v (A5>
20 < .
gk,qws _2U3kzwt = Vg ; ws - 201]%% - 2U2Zky7vbu (A6>
gk,qwu - (2h + U3Qz)¢v = (U1Qx + 25)% + inzk‘y% (A7)

€k7qu - (2h + UBQZ)¢u = _2U1kst - i(U2Qy + 277)% (A8)

In matrix form, it is written as

—2u3k, Ek.q —(1gz +20) —i(vagy + 2n) s 0
Ekq —2us3k, 2ivgk, 201k, Wy B T ks

Dok, (g +20)  Eng  —@htwe) || v | |0
20k, i(vagy +2n)  —(2h + v3qs) Erq Py 0

Since single particle spectrum Ep, = Z£ 4 V(ik, +6)2 + (vaky + 1) + (vsk, + h)?

2m

has lowest energy at finite k value, we assume the g vector as ¢ = (q,, gy, ¢.). Then
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we have,
Ek.q —(v1gz +26) —i(v2q, +2n) (o 2v3k 1),
—(v1q, + 20) Ehyq —(2h + v3q.) Yy | = | 2iveky 1
i(v2gy +2n)  —(2h + v3q:) Ek.q Wy —2u1 k1)

By applying the Cramer’s rule in matrix algebra, we have the following relations

vsk, —(v1gy +20) —i(vagy, + 2n)

Wy = 2| vk, Exq —(v3q. + 2h) s /M
—uk, —(vsq, + 2h) Erq
/
Ecaths —20shoth = 22 > b = 20kt~ 2t (A.9)
Ekq vsk,  —i(vagy + 2n)
Py = 2| —(viqe +20) ivok, —(vsq. +2h) |¥s/M
i(vaqy +2n) —uvik, Exq
Exq —(vigs +26) w3k
(e = 2| —(vige + 26) Exq ivgk, | ¥s/M
i(vaqy +2n)  —(vsq: +2h) —uvik,

where
Exq —(v1¢y +20) —i(vagy + 2n)
M = _(UIQm + 26) 5k,q _(U3Qz "‘ 2h,)
i(vagy +2n)  —(vsq. + 2h) Exq

Furthermore, the determinant of M is given by
det(M) = Ex g€ o — (V¢ + 26)* — (vagy + 21)* — (v3g. + 2h)*] = M

Then we have the Cooper equation after some algebra,

1

1
/g =+ -
4 ; gk’q - 2’03]{32% + 2U1km 2%2 + 27)21]{@%
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where

sk —(vige +20) —i(vagy + 2n)

M, = ivgky Ek,q —(quz + Qh) ’
—viky —(v3q, + 2h) Ekq
Ek,q —(v1Gx +20) w3k,
M; = | —(v1q, + 20) Exq waky |
i(vaqy +2n)  —(vsq. +2h) —vik,

Ekq vsk,  —i(vagy + 2n)
Ms = | —(viq, +26) ivok, —(v3q. + 2h)
i(vagy +2n)  —viky Exq

Using regularization relation and more compact summation notations, we arrive at

the generalized Cooper equation, which is exactly the same as Eq. 2.21,

m 1 1 1
S — A.10
4%712@5 V ; I _ 4512<,q ?:1 Ufkf—4[2?:1 viki(viqi+2Ai)]2 + 2€k ( )
k. gk,q(51%,q_2?:1(vi%+2/\i)2>

where v = (v1,v2,v3), ¢ = (¢1,¢2,93), A = (0,m,h), and singlet wavefunction is
determined from Eq. A.9 accordingly. The unnormalized singlet wavefunction is

given by

e = ! (A11)

5 -
gk _ 4512(7(] ?:1 v?k%—4(zg’:1 Uiki(viqi+2[\i))
a Eica(E2 =X io1 (viai+20)?)

It is worthy to point out that the exact solution of two-particle Schrodinger
equation is equivalent to computing the inverse vertex function using the relation
Re [F z_bl (q=0;w=EFEp) = O}. The bonus is that two-particle Schrodinger equation

gives singlet and triplet wavefunctions, in addition to binding energy expressions.



A.2 Inverse Vertex Function

In this section, we show that using functional path integral approach, and performing Gaussian fluctuation expansions,
we are able to show the finite bound state is also stable beyond mean field assumptions.

We employ the functional path integral method [83,84] to study the problem and consider the partition function,

Z= | D (r,7) L (r,7)] exp {—S [@D (r,7) L (r, 7‘)] } , (A.12)

where the action
) 8 ) )
S [, 9] =/0 dr [/er@ba(rﬁ)&wU(r,T)+’H(¢,w)] |

is written as an integral over imaginary time 7. Here 8 = 1/(kpgT) is the inverse temperature and H (w, ﬁ) is obtained
by replacing the field operators 1" and 1 with the grassmann variables 1 and v, respectively. We can use the Hubbard-

Stratonovich transformation to transform the quartic interaction term into the quadratic form as:

o B
6_U0fdxdwTwmwT — /’D [A, A} exp {/ dT/dI‘
0

from which the pairing field A (r, 7) is defined.

A 2
AP

0

(A%@DHA%%)] } ; (A.13)

Let us now formally introduce the 4-dimensional Nambu spinor @ (r,7) = [¢4, ¢ i,lET, 0 1)7 and rewrite the action as,

Z = /D[cb, ®; A, A exp {— /dT/dr/dT'/dr' [—%é(r, G e, ) — Wa(r —1)o(r—7)| — é ng} ,

where V' is the quantization volume and G is the single-particle Green function.
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Integrating out the original fermionic fields, we may rewrite the partition function as
Z= / DIA, A exp { S [AA]}

where the effective action is given by

- A A(r,7)? 1
A} :/0 dT/dr{—%}—%Trln [—g— } +§Z§k.

where the trace is over all the spin, spatial, and temporal degrees of freedom. To proceed, we restrict ourselves to the
Gaussian fluctuation and expand A (r,7) = A¢ + A (r,7). The effective action is then decomposed accordingly as

Ser = So + AS, where the saddle-point action is

So = / dT/dr <——) - —Trln ng, (A.14)

where G, ' has the same form as G~! with A replaced by A, and, in the momentum space, the fluctuation action takes
the form [k = (K, iwn) and ¢ = (q,ivn)]: AS =3 ., [—U%M(q)cﬂ(@} +5 (5)Tro Yoo [Go (K) 2 (q) Go (k — @) Z (=),

where
0 i0A (q) 0y
Y (q) = ) . (A.15)
—i6A (—q) oy 0
The low-energy effective two-body interaction is characterized by the vertex function, which we derive in this sec-

tion. We shall consider the normal state where the pairing field vanishes, i.e., Aqg = 0, in which case the Green
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function reduces to its non-interacting form as Gy(k) = Diag{go(k), —go(—

k)}. The fluctuation action is given by

AS =3 [T (q)] §A(q)dA(q), where T'"1(gq) is the inverse vertex function.
1 1 1 1
F_l quiVn = L__ [ + - +—:|
( ) Ath?as 2V Z Wy — €hq/2+kt — €—hq/2—k+  Wn — €hg/2+k,— — €—hq/2—k— €k
h? + hvgq, 2q/2+ k) (q/2—k
+ Z ( + vq T+ v (q2/ - ) (q/ )) : ngs(qyzl/n;k)
v (v(g:/2 + k=) + h)? 4+ 0%(g/2 + k)T v/ (v(4:/2 — k2) — h)* +v*(g/2 — k)]
where
C2(q.ivk) = - 1 - 1
Wn — €hq/2+k,+ — €E—h,q/2—k,+ Wn — €hq/2+k,— — €—h,q/2—k,—
B 1 1
Wy — €hq/2+k,+ — €—h,q/2—k,—  Wn — €hq/24k,— — €—h.q/2—k,+
where
2+ k)?
g = DIZIRD L faa k) b (a2 b (A.16)
1
= 5(2 + K+ gk cos0) +\/(q=/2+ k. + h)? + (q/2 + k)? — (q./2 + k.)? (A.17)
1
= 2( 1 + k* + qk cos 0) + \/h2 +2(q./24 k.)h + ( 1 + k? 4+ gk cos 6) (A.18)
1 ¢° 9 )
€_hq/2—kt = 5(2 + k* — qkcos®) + 1/ h? —2(q./2 — k,)h + ( 4 + k? — gk cos 0) (A.19)
2
€hq/oth,— = i(qZ + k? + gk cos 0) — \/h2 +2(q./2+ k.)h + ( 4 —i— k? 4 gk cos 0) (A.20)
1 2
€ hq/o—k— = 5(% + k* — qk cos ) — \/h2 —2(q./2 — k.)h + ( 1 + k? — qk cos ) (A.21)



Setting I'"'(q = qo, iv, = Ep) = 0 should give us exactly the same form of generalized Cooper equation. However,

the algebra is rather involved to show explicitly, and we checked numerically that it is indeed equivalent.
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Appendix B

Basis Expansion Method

In this appendix, we supplement results presented in Sec. 3.2 with more mathematical derivations regarding the eigenspec-
trum with boundary conditions. before using basis expansion method, I tried one whole week of finite-difference method,
it turns out the finite-difference method does not have good convergence rate for this system in 1D, where length L is
ideally set to infinity, otherwise the finite size effect will kick in where gapless mode will become gapped. Basis expansion
method is a method with global function that automatically satisfies boundary condition. Finite difference method gives
a local update and builds up a sparse matrix, though Hermitian. Former one has exponential convergence rate, whereas
the latter one gives quadratic convergence according to the book “Lecture Notes on Solving Large Scale Eigenvalue Prob-
lems” by Prof. Dr. Peter Arbenz D-INFK ETH Zurich (http://people.inf.ethz.ch/arbenz/ewp/Lnotes/lsevp2010.pdf).

We start from Eq. 3.11 and write out explicitly the thermodynamic potential after momentum space integration as,

Q AP 1 Srger/2 T & kigensz 1 . AR 1 &
v - v - - B+ 55z (1 —B|E}] B.1
VT Tma TV 3 P VELI gy = g e AE) | (D)
N / ) 0 1 ¢ AR 1 ¢
— —— | &’k |k = —nu—- E} - — In (1 —B|E) B.2
sra. * Ty o 4;| i S 2ﬁ;n( +exp(—B|EN)) (B.2)
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and E) are diagonalized for given A | ¢ , p as variational parameters.

For the sake of simplicity in coding, I choose ho, as the Zeeman field and BdAG Hamiltonian is given by

§k+%ez + Ug(k’z + %) + h Ulk‘x — ’iUg/{?y 0 —-A
’Ulk’x + ’iUg/{?y §k+%ez — ’Ug(k’z + g) —h A 0
Hpac =
O A _(gk_%ez — Ug(kz - %) —+ h) ’Ullfm —+ i’UQ]fy
AN 0 Ulk’x - ’iUg/{?y _(gk—%ez + ’Ug(k‘z — %) — h)

where v; = v, = v3 = v . I put hard wall boundaris along y direction and at y = 0 and y = L the wavefunction vanishes.

u(y) Un,
Oé(y) Nmaz 2 . Ny Qp
= — sin(—=) (B.3)
5(y) > \E s
v(y) Un

Ninaz = 200 is a good cutoff. To convert the coupled differential equations into matrix equation, we replace vk, by v9,,

2
(ki + k2 + qz + k.q +vs(k. + %) +h — 8yy) uw(y) + (vky —voy)a(y) — Av(y) = FEu(y)

2
(v, + 00, )uly) + (k k24 T kg = (ke + 3) — b= ayy) ay) + AB(y) = Ealy)

2

Aa(y) - (k: k2 kg =k = 3) +h - ayy) Bly) + (ke +v8,)oly) = BA(y)

2

—Au(y) + (vk, —v0,)B(y) — <k2 + k24 qz — kg + v3(k, — %> —h-— ayy) o(y) = Fuly)

S



Then we plug in expression of the quasiparticle wavefunctions to arrive at,

Nmaac
nmy 2 2 2 . nmy nmw nmy
‘/_Sm )(k: + k2 + L +kq+v3(k + = )+h+(L)>un+ § Z(vk‘xsm(—)—v—cos(—))an

L L
N’!?L(LL’ n7r N’!?L(LL’ n7r
—AZ\/—sm y —EZ\/—sm y
Nmagx nﬂ_ Nmaz 2 nm
\/7@1{; i o n+z,/_sm <k2+k2+z+kzq—vg(/{: +g) h+(L))om
Nmaz ’n,ﬂ' Nmaz
—i—AZ\/—l y —EZ\/—sm
Nmaz ni Nma:v nm
\/ism y \/jsm y (k2+k2+qz_kzq vs(k, — )-l—h-l-(L))ﬂn
N’!?L(LL’ nﬂ'y nﬂ nﬂy N’!?L(L(L’ 2 nﬂy
nr — B \/ = sin(—2
+ Z \/;(vk sin(—= 7 )+ v 7 cos(—= 7 )) Uy, ; Lsm( 7 )Bn
Nmax Nmaac nﬂ- ni nm
_A Z Q/—sm \/7 vk, sin( y —v cos(Ty)) Bn

Nmaac Nmaz
\/ism <k2+k2+qz—k:zq+vg(k 2) h+( ) _EZ\/il mry
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Using integral relations

2 L
z/o sm(—nzry) sm(n%y)dy = Omn
9 L
z/o sm(%y) cos(%y)dy = 0, form=n
2m(1 — (=1)™™)
= =) for m #n
we have
2 m—+n
2, g2, 4 q mw ., 2vmn (1 — (=1)™"™)
<kx+kz+Z+kzq+v3(kz+§)+h+(f) )um—i—vkzozm— T (= ) an — Avy,
n#m
2omn (1 = (1)) 2, F g m,
vk, um+n; m2_n2) Uy, + (km+kz+Z+kzq—v3(k:z+§)—h+(7) O + AP,
2 m-+n
5 o q 2vmn (1 — (=1)™*")
Aay, (k; + k2 +Z—kzq—vg(k—§)+h+( ))Bm—l—vkvm—i—; (m2—n2) Un
2vmn (1 — (—=1)™*") o o G mm
_Am kx m n - k k __kz kz__ h m
Uy +V /6 = L (m2_n2> /6 :B+ z+4 q+U3( 2) _'_(L) v

Fo,,

Epm

FEv,,

The matrix for coefficients are real and symmetric, and in the diagonalization routine, only lower left part is referenced.

However, the subblock within the SOC term is antisymmetric, or skew symmetric: A = —AT.

For the Hamiltonian in PRA85, 021603(R) by Hui Hu et al, with A = Ae™®| the reason for relative phase between

LGT



wavefunctions is the following:

r = rcosf
y = rsinf
sin 6
0, = cosf0, — Op
,
0y = sinH@r—i—COSH&@
10, 0 1 02
2 = _— —_ [
Vi o= rar(rar)—i_r?@H?
Then,
Vso =
Vi = Ak, —iky) = —iA(9,
From ]
Hy Vi, 0
Vi, H, A
Hpiq =
0 A —H;
__A* 0 ‘/;o

10
" r2062

=D, +

Aky + iky) = =i, + i0y) = e N, — %ag)

—i0,) = —e\(0, + ;ae)

7

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)
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we have

1 9?

(Hy o+ Dy 5 yulr) + (0, - ;09)a(r) ~ A fy(r) = Bu(r) (B.15)
N0, + S00)u(r) + (H, + D, + %g—;)a(r) +AcB(r) = Ea(r) (B.16)
Aea(r) + (—H;D, + :—288—922)5(r) ~EONO, + Lan(r) = EB() (B.17)
—Aeu(r) + (0, — %89)5(1‘) +(=H, + D, + %aa—;)v(r) = Bur) (B.18)

The construction of wavefunctions can be decomposed into different angular momentum m, but we need to pay attention

to the relative phase, in order to have an eigenvalue matrix equation:

ur) = S—u(r)e ™ (B.19)

alr) = a(r) (B.20)

plr) = B(r)e™ (B.21)

o(r) = o(r) (B.22)

For cylindrical boundary condition in the plane of x-y with radius r = L, we use basis expansion as (m > 0 , integer.),
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assuming states with different m are decoupled

u(r) V™ Jn(hin” 1)
an (m+1) 1\ if )
OK(I') B 6ikzz ]\ga:f /\/’é’"*l) Jm+1(/€n z)e esz (B 23)
B(r) ne1 \/%Jmﬂ(f;gm“)%)ew v2r |
N™

Vargm o
where £ are the nth root of Bessel function J,,. For states with m < 0, we have instead J_m(x) = (—=1)™J,(z), which

is NOT linearly independent solution of Bessel equation. States at » = 0 should not diverge, the second kind of Bessel

function N,,(z) should be discarded.

SOC terms are written as

. 1
Voo = vk, —ivk, = —iv(d, — i0,) = —ve ?(i0, + ;09) (B.24)

. 1
Vio = vk, +ivk, = —iv(d, +i0,) = ve (—id, + ~0p) (B.25)
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we have

19,9 )+ ia—)) u(r) — ve ?(i0, + %Og)a(r) — Av(r) = FEu(r|B.26)

2
2, 4 q
<kz+—+kzq+v3(kz+—)+h—( N

i > o G

o 1 ¢ q 19, 0 1 02
0/ - 2 1 _ 4y _ -
ve (—id, + 7ﬂ@e)U(l“) + (kz + 1 + k.q — v3 (k. + 2) h— (7’87“( 67’) + 2 592)

2 10, 0, 10 b1
qz—kzq—vg(kz—g)—l—h (o 5”72%)) B(x) +ve(~id, + ~dp)o(x) = EB(r|B.28)

) a(r) + AB(r) = FEa(r|B.27)
Aa(r) — (k? +

CAu(r) — ve (i, + - (LT 4y 0,0, 19 _
Au(r) — ve (z&ﬂ-qﬁ@ﬁ(r) l{:z+4 k.q + vs(k. 2) h (rar(rﬁr)+r2892) v(r) = Ev(r)B.29)

Normalization of Bessel function is given by

L
r r 1 2
N = / (5 ) T4 F)rdr = S L2 (T (57) (B-30)
0
Then Eq. B.23 becomes,
J'm(li( )7‘)
u(r) T ()]
(m+1) r
Nmax rmo Jm‘kl(ﬁ f)
o) | _ e 3 V2e a0 ane” (B.31)
L Im+1(kn T T
B(r) e
|Jmy2(sn " Y
v(r) S
Orthogonal condition for Bessel function,
: (m) " (m)
T (B =) T (5, = )rdr = (B.32)
/0 L LL
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for n # [. Derivative relations for Bessel functions:

10

ror

0 r
- (0)

OTJO(KJ" L)

0 T
(m)

or m (s L)
0 T
Iy (0)

(r 2 I(s 0 D)
0 T
- 1

AT R)

ror

(B.33)

—_— (Jm_l(/{(m)—) - Jm+1(/€gm)%)> , form>1 (B.34)

(1)
kn' 10 T
Sl UG RRACS
(0 1

fin_ 1 o’y _ n’
S (oD 2) = (5 T)

o
kn' 1 r
LU (AR I
17 (B E) = Al )

(1) @ r M\ 2 1) @ r @\ 2
fn_ Jolkn"g) 3 (’{" ) Jl(ﬁ(l)i)_KLM_‘_% (“" ) Jo(kD 1y

(B.35)
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1 0 r ™ 0 r T
< mTy _ Fn 2 ( m "y _ m )
r ar (Tar Jm(’%n L)) 2L r a/r, (’f’ Jm—l(’%n L) Jm+1(K’n L) )
(m) (m)
| T T K 0 r r
_ fm 1 my _ <m>_> n _( m 'y m>_>
2L r (Jm—l('%n L) Jm‘f‘l(/{:n L) + 2L a/r Jm—l("{n L) Jm'f‘l(/{:n L)
(m)
Kn @1 r T
_ hn 1 my _ (m)_)
2L r (']m_l(,in L) ']m+1(’in L)

# (50 ) (et e ) = (95 o )

(m)\ (m) g (m) (m)\
= <H" ) Ta(K =) + 22 m-1 (K L>—2<K" ) T (M )

2L L 2L r 2L L
(m) 7 (M (m)\ *
— — >
5T " + ( 5T ) y— L), for m > 2

Actually, the above second order derivatives are not necessary. Because Bessel function automatically satisfies Bessel

equation

10 9 m) " m2 HSlm) m) "
o (R 7)) = <— - (7 )2> (5 ) (B.36)

r2
It can be checked straightforwardly that the RHS of above second order derivatives are actually quite simple, using the

recursion relation

Imi1(x) + Jm1(x) = 2md,, (z) /x (B.37)

which is essentially derived from the Bessel equation. This helps us to facilitate the conversion into coefficient matrix

equations:
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for m > 1, using Bessel Eq. B.36 and recursion relation Eq. B.37, we can simplify the SOC term a little bit,

Nma;c 2 (m) 2
D A N (R Iy Y PO
1 2 L = L
n=1 Nn
Nma:v O[l K;l(m-‘rl) ( +1) r
—1v Im (k)" =)
; M(m—i—l) L ! L
A Y =) = B Y =Tl ) (B.38)
n=1 ./\/;gm) n=1 _/\/(m)
. %J: Uy /{l(m)J ( m) 7’)
w ——JImy1(K) =
Py M(m) L L
Nmaz q2 q Kﬂgm-l,-l) 2 a r
+ ) (B4 kg —vs(h+5) — R+ P T (KD )
1 2 L — L
n=1 Nn
A Y (V) = E T anty (B.39)
[\ A(m+1) L (m+1) L
n=1 Nn n=1 Nn
Nm(lfl: a 71
A = Jm+l(’{£zm+l)_)
R V7 CaR) L

(B.40)
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Nmaz 2 (m+1) 2
- Z kg + q_ - kzq - 'U3(kz - g) + h + fn Bn Jm-i—l(’%gzm—i_l) T)
— 4 2 L Nrgm+1) L
Nmaac 'Ul /{(m) r Nmam 5n r
+iv ) LT (5" ) = E Jnia (KD T)
= A =
N’!?L(LL‘ u 7"
—A - Jm(’fgm)_)
= A L
Nmaz (m—l—l)
. By Ky (m+1) T
—1v I (K —)
; N-l(m+1) L ! L

n=1

Nmaz 2 (m) 2 Nmaz
_ 2yl g o — 4y _p oy [ I g kI R L SO
SR+ L kg - D) —h+ (D) =B Y = nlef )

for m = 0, special care is needed for first order derivative, but the result can be recovered by replacing m = 0 in the

above equations.
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Then using orthonormal condition, we have equations for the coefficients, m > 0,

Hmun — Z A™q, — Av, = FEu,

Nmafl:
iv Z Bgln)ul + 1Mo, +AB, = Ea,
=1
N’!?L(L(C
Aov, + Hig) Bo +iv > BSPuw = EB,
=1
Nmax
—Au, — v Z A;T)ﬁl + Hmvn = FEuv,

=1

2 m)
(m) _ |29 4 Fn
Hiy = | kI + 4+k;zq+v3(k;z+2)+h+< 7

qg q Iing—H)
HT = K+ kg — vk +3) —ht | T

qg q Hglm—l—l)

HT = — K+ kv - ) +ht | =2
¢’ q )
HY = — B+ T kgt ua(ke = 5) —hot | 77

)

(B.43)

(B.44)

(B.45)

(B.46)

(B.47)

(B.48)

(B.49)

(B.50)
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Kl(erl) (1)

Aslﬂ) _ L nl (B.51)
m+1 m
/_/\[l( + )1/./\/'7& )
m™ 1(2)
Bgln) _ L Tnl (B.52)
/A/l(m) /N£m+l)
where
L (m) (m+1)
Kn K 1)
T Ty (1) Ty (= r)dr = IT(L (B.53)
/0 L L !
L (m+1) (m)
Kn K
/0 A L A (B.54)

Using Eq. (2) in page 414 of the book “Introduction to Special Functions” by Zhuxi Wang and Dunren Guo

/0 L (at) ()t = —2 <Ju(a:v)dju(bx)—Jy(bzv)dju(ax)) (B.55)

a? — b? dx dx

for v > —1, which can be easily proved by considering two Bessel Equations

1d, dJ,(at) , U2 B
Vd, dI,0t). ., 1 -
P2y @ - Dy = 0

Multiply the two equations by t.J,(bt) and tJ,(at) individually and subtract them and integrate it from 0 to x, to obtain

(a® — 1) /0 "L (at) Jy (bh)dt — (tJl,(at)dJV(tbt) —tJ,,(bt)dJ"(at)) = (B.56)

dt
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and it is easy to see the RHS is zero when ¢ = 0, which concludes our proof of Eq. B.55. From this, we can easily have

1 L m dJ (K™ /L) sty A (RS /L
11(”) - o T <Jm(/€n )) ldr |r:L—Jm(/{l( +1))T)|TZL
(- (o
L m '%Slm) m m
S (mtD) Jm(“l( ) 2L (T () = e (1)
Kn \2 _ (K 2
L L
(2 L (m~+1) dJm+1(’<ﬂz(m)7“/L) (m) dJm+1("€£zm+1)7”/L)
Inl = D) (m) Jm-l—l('%n ) d |T=L_Jm+1(’%l ) d |T’:L
(Fop—)? = (P )? : "
L m H%m—i—l) m m
T 1 (") =5 (Jn(RY) = Taa(4)
L AL
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Then, we can further simplify coefficients of SOC term

V2., 1 1

A =
[ T2 (6" [ (537
(m+1) (m)
K L mt1), Fn . .
X : (m) (m+1) ']m(’il( +1)) (Jm_1(/€£ )) — ']m+1(l‘<5£L )))
L (R )2 — (5 )2 2L
L L
1 K(m)ﬁl(m—l—l) Jm(lil(m+1)) (Jm 1(:‘<L£Lm)) - Jm_;_l(ligzm)))
= ——— - — — — , form>1 (B.57)
L™y = (™2 g™ )] - [T (507
2 K(m)/{l(m—i_l) Jm("fz(MH)) (‘Jm+1(/‘f1(1m))>
S—— - — — ——, form =0. (B.58)
L( ) (’ﬁ( +1))2 Um+2(f'€l( +1))‘ ) Um+1(fi£L ))‘
B = _(ﬁf 1 1
n m m-+1
o1 (5] | Tsa ()]
(m) (m+1)
K, L (m)y Kn (m+1)\ (m+1)
X L (,@7(1";+1))2_ # 2']m+1(’il ) 27, (']m(’in ) ']m+2("€n ))
LR T (™) (Jm(l{(m+l)) - Jm+2(f@£:”+1>))
= — i - — (B.59)
L (kD)2 — (5™ 2 st (5] - [ Tmga (5]

where m = 0 term should be treated slightly differently, concerning the derivative rule for J,,(z) in Eq. B.33 and B.34.
The matrix for coefficients is actually self-adjoint/Hermitian and in the diagonalization routine, only lower left part

is referenced.
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If we consider states with negative angular momentum, we need expansion as ( m < —1,ie. |m|>1),

<

r

Q

r

™

(r)
(r)
(r)
(r)

<

r

where relation J_,,(z) = (—

Al

n

N’!?L(L(L‘

eikzz §

n=1

Nmafr

ezkzz §

n=1

)™ J,,(z) and ki ™

- (~lm) T (=|ml)
/0 J_jm) (K, E)J—|m|(f€n

Un J—lml (Kg—lml) %)

o

\/WJ pml+1 (K
B (
\/WJ pml+1 (K

= 1™ has been used, and normalization is given by

L)J\ (G

L)rdr

L)rdr

(B.60)

(B.61)

(B.62)

(B.63)
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Following the above procedures, we obtain equations for coefficients ( m < —1)

where

ciy
Ly

L

Ll

Nmacv
(m) . m
L7, Uy — 10 E Cfll )al — Av, = Fu,
=1
Nmaz

nl

v Y D+ L), + AB, = Eay,
=1

N’UL(L(C
Aa,, + Eg?,ﬂﬁn + v Z Dgln)vl = Ef,
=1
Nmaz

—Au,, — v Z CfLT)ﬂl + Eiﬂvn = Fu,
=1

9 (ml)\ 2
2L ke + 4 fin
s+t q + vs( +2)+h+ 7

9 (Im|-1)\ 2
2 4 _ 4y _ Rn
k:z+4+kszq vg(kz+2) h+< 7 )

9 (jml-1)\ 2
- k:§+q——k:zq—v3(kz—%)+h+<ﬁ" )

4 L

9 (ml)\ 2
_ k:g%—qz—k‘ijtvg(k‘z—%)—hjt(ﬁn )

(B.64)

(B.65)

(B.66)

(B.67)

(B.68)

(B.69)

(B.70)

(B.71)
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m m|) r m|—1) o
o _ ™D L T (51 ) g (510 2 ) (B.72)
" L AFImi=1) /g ftimi)
Im|—1 5 (Iml) »
Dgln) _ Iil(| D fO TJ|m|—1(Hn Z)J‘m‘_l(’il Z>dr (B73)

which will be evaluated as before,

1 D (mi) oy (1 1)(J|m| L(8I™Y = Jpan (537 \>))

¢y = -+ L - : (B.74)
Lo = (™02 (™ >| |J\m\+1( an™)]
() (ml=1) Jg (50™) (1 Y = T (R
1 { jm|—1( \m\ jm| (Kim
T e d 1) ) m s =2 (B.75)
(ka0 )2 = (i) | Tjj41(5 )\ Mm\( 8]

()
2 kD= T () ( Tyl (5" 1))
T L \m\l—l - (Iml) o (m]) (ml=1) m=—1 (B.76)
(™2 = (") | T (5" ) Ty (™)

The self-adjoincy can be verified by interchanging n and [ in Cf:ln) and Dgln)
From the numerical calculation, we observe the symmetry of £ — —FE when m — —m — 1 and k, — —k., assuming

m > 0 here. In the following, we analytically prove this is indeed true.

1. To get started, we observe the relation of eigen matrix elements between the two classes of m > 0 and m < —1. For
clarity, I assume m to be non-negative. Of note is that H\;™" " (—k.) = =L (k.), HG" ™ (k) = =25 (k.),

HE (k) = =L (k.), 1V (<k.) = —£87(k.). And more lengthy derivation gives A ™Y = —p™

n »

B( ™D — _¢™ where Eq. B.114 has been used.

ln’
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2. BdG equation has particle hole symmetry, Eq. C.26, which shall be written as

Un Bn
a, vy,
> (B.77)
Bn uy,
Up, ay,

in basis expansion coefficients.

With these two properties, we write Eq. B.43 as
~Li v Y Dyl — Al = E';
l

where E’ denotes the new eigenenergy after the symmetry operation. We then take the conjugate of the equation to
obtain
Aov, + L5308, +iv Y Doy = —E'B,
l
which is identical to Eq. B.66 by recognizing £’ = —FE. Similarly, Eq. B.44 changes to Eq. B.67, Eq. B.45 changes to

Eq. B.64, and Eq. B.46 changes to Eq. B.65.
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For concreteness, we check the special case with N,,.. =1, m =0, L = 1. We have the ansatz

s Jo(ry ')
u(r) VA + Jo(ar)u
- < J(/i(l)r)ew - e’
ik, z 1\ ik,z e’
alr) [ _ e _ v . = 5 ijl(br)a (B.78)
p) | VI e | VI g hon)s
/\/'1(1) B
v(r) v 7 (x© L Jo(ar)v
\/W ok T)
where we have abbreviated [u,, ., B,, v,] into [u, a, §,v], a = mg‘” ~ 2.40483, b = mﬁ” ~ 3.83171, and
0 e 0 Lo on)?
N7 o= / Jo(ky 1) Jo(ky r)rdr = 3 (Jl(lil )) = A% ~ 0.134757 (B.79)
0
() e (1) 1 my)?
NY = / I I (e Vryrdr = (Jg(/il )) = B2 ~ 0.081107 (B.80)
0
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Then we recast the eigen equation of BAG Hamiltonian into coefficient matrix, by using the following relations

19,0, 1&

—(; 8r(T§) + ﬁwﬂo(m’) = a’Jo(ar) (B.81)
oDy T ner) = (B.52)
—Xe (i, + %89) (Jl(br)ew) = —Xe ¥ <z'g(J0(br) — Jy(br))e? + ;Jl(br)ew)

— i (JO(Z”") > 2Ar) %J1(b7’))

= —i)\ (g (Jo(br) — Ja(br)) + %Jl(br))

= —i\ (g (Jo(br) — Jo(br)) + g (Jo(br) + Jo(br))) (B.83)

= —iXbJo(br) (B.84)
ve(—id, + %ag)Jo(ar) = Ae(—i(—a)Ji(ar))

= iXae Jy(ar) (B.85)

where in order to get Eq. B.83 we have used Eq. B.37. With these simplifications, we plug Eq. B.78 into Eq. B.43,
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B.27, B.28, B.29, to arrive at

4

2 q2 q 2\ 1 1
k:+—+kq+ ANk, + =) +h+a” | —Jo(ar)u —iXb—=Jy

01
ixae” —J, (ar)u + (k? +

A 4

0if e
AEJl(br)a - <k§ + — —k.q —v3

4

A

i

2 A

2

2

4

(or)
4 kg — Aks 4 L) — h 4 12

6
(k. — g) +h+ b2) %Jl(br)

ot
NETE.
B+ iXe’ —aJ;

1 1
—AZJoar)u = iNb— Jo(br)8 - <k2 v L kgt - hya?

a — Ale]o

%Jl(br)ﬁ

E%J@(CLT)U (B.86)
0if

EEJl(br)a (B.87)
0if

EEJl(br)ﬁ (B.88)

1
EZJQ(CLT’)U (B.89)

We multiply both sides of Eq. B.86 and B.89 by [ L.Jy(ar)rdr and Eq. B.87 and B.88 by [;f L.J,(br)rdr, we will have

¢
4

<k§+—+kzq+A(k:z+g)+h+a2)

1

i rdrJy(br)Ji(ar)u + <k‘§ +

4

2
Aa — <k§+q——k:zq—v3(k:z—g)+h+b2)

—Au — M% /0 rdr Jo(ar)Jo(br) B8 — (

which can be further casted into

4

Hiy —iAA 0 —A

IAB Hao A 0
0 A Hss  tAB

-A 0 —IAA Hus

U — IAN——

2
q—+k‘zq—)\

k§+qz—kzq—l—v3

1

L a
5+ME i

(ks — Ly — 4 a2

rdrJo(ar)Jo(br)a — Av
(k:z+%)—h+b2) a+ AB

rdrJy(br)Ji(ar)v

)

— EBu (B.90)
Ea (B.91)
Ep (B.92)
Ev (B.93)

(B.94)

9.1



where

H22

HBS

H44

Q

Q

2
k:§+qz+k:zq+A(kz+%)+h+a2

¢’ q
l<:§+ZJrk:zq—A(kﬂti)—h+b2

2 ¢ 4q 2
— kz+z—kzq—vg(kz—§)+h+b

2 q° q 2
- kz+z—kzq+vg(k‘z—§)—h+a

1

b
AB J, rdrJo(ar)Jo(br)

b 1 dJo(ar)
AB e h =)

ab 1
Emjo(b)tjl(a)

2.0709759318690697
1

ﬁ i rdrJy(br)Ji(ar)

a 1 dJy(br)
ABFE e N h=)
ab 1 1
Emjl(a)ﬁ(%(b) — Ja(b))
2.0709759318690693

And A = B at least to the accuracy of 1071,

Straightforwardly, we can check other special cases, by using Eq. B.57 and Eq. B.59.

(B.95)
(B.96)

(B.97)
(B.98)

(B.99)

(B.100)

(B.101)
(B.102)

(B.103)

(B.104)

(B.105)

(B.106)
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A = —0.041749239919106576

= —0.04174923991910716

A = 0.081446190044653

= 0.08144619004465767

m=-3,n=61=2:

A = —0.04536913491022942

= —0.045369134910227024

This means in Eq. B.57 and Eq. B.59, A = B after interchanging n and [:

where K

glm

Jm(/il(m+1))Jm_1(/<;(m)) — Jm+1(f<&£m))Jm+2(/<al(m+1))’

n

m+1 m-+1
Tn (™) = e (™)

) is the nth non-zero root of the first kind of Bessel Function I ().

m>1

(B.107)

(B.108)

(B.109)

(B.110)

(B.111)

(B.112)

(B.113)

(B.114)
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e Eq. B.114 can be proved easily with recursion relation and the definition of ™ for m > 0. Then apply the

relation to J,,,.1 and multiply both sides of the equations, then Eq. B.113 follows naturally.
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Appendix C
Time-dependent BdG formalism

In this appendix, we supplement the main results presented in Chapter 4 with more mathmatical derivations. We start
from the Hamiltonian with the general form of spin-orbit coupling (SOC) Hgoc = v10,k, + v20yky + v30,.k, and Zeeman

field in z-direction, H = Hy + H;y,;, where (v; are real constants, i = 1,2, 3)

gk + ’ng’z + h ’Ulk’x — ivgky ’QDT(X)

Hy, = /dx [ @DHX) Q/,I(X) } (C.1)
’Ulk‘x + ivgky fk — ’ng’z —h ¢i(x)

How = Uy [ b0 000,001 (C2)
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And we write Heisenberg equation of motion (EOM) as, (h = 1) (remember that [A, BC|] = {A, B}C — B{A,C} for
Fermions while [A, BC| = [A, B]C + B|A, C] for Bosons)

z’%%(x) = (& + vsk, + W) Yp(x) + (viky — tvoky)Y) (x) + U0¢I(X)¢¢(X)¢T(X)

(Gt sk 4 R)r(x) + (viky — dvaky )iy (%) — A()¥] (x) (C3)
0
i) = (G vsks = h)yy(x) + (vike + ivzky )i (x) — U] (%), (x)¢1 (%)
A (& — vsks — )y (%) + (viks + vaky ) (%) + A(x)l (x) (C.4)
where approximation comes from mean-field approximation by defining order parameter A(x) = —Uy(¢) ¢4). We solve

the EOM in terms of Bogoliubov transformation,
1 s i s i
U3 = 7 3 [t 05, )k + v (3 )y + (%, Vs + B (3, )l | (€5)
Kk
where 0 =7, and correspondingly ¢ =/, T,
uko‘(X7 t) = uko‘(x)e_iEkatu Vko (X7 t) = Vko (X)e_iEthv Qko (X7 t) = aka(x)e_iEkatv Bko‘(xa t) = 5ko (X)e_iEth

Ui (X, 1) = uje, (%) 0 (3, 1) = i, (%)™ g, (x,) = ag, (x)e 5, B, (x,8) = By, (x)e !
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Denote

he = & +usk, +h
hy = & —uvsk, —h

A = Ulkm—ivgky

Then from Eq. C.3, we have

> [ukT(X)CkT + i (%)l + e (X)eaey + 5§¢(X)CLT}
k
1 et () ex + i iy (x) e, + i oy (X) ey + 1 B (%)l |

N (%)ex + Aoy ()l + Aoy (X)esy + A ()l

-]~ ~ 1]

_—AUQ(X)CI@ — A () iy — Aoy ()l — Aﬁm(x)cm] (C.6)

~

> [ﬂu(x)cm + ey (X) el + e (X)aer + BQ(X)CM
k
i e (X)eis + i i ()l + i e (X)ea + i iy ()l |

Mg (X)eiy + Ao (x)el, + Al (x) e, + AT ()l |

-1~ ~[7]

AuiT(X)CLT + Avy (x)ex + AaliJ,(X)CIQ + AﬂkT(x)ckT] (C.7)
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From Eq. C.6, we have

et (x) = hguig(x) + Aaig(x) — Avig(x)
i, (x) = hgig (x) + A (x) = Aug (x) = —idiy (%) = (hg) 0w (%) + A" By (%) — A%y (x)
iy (x) = hg o (x) + Ay (x) — ABie (x)
iBer(x) = h Bip(x) + Avgg (%) — Aag (%) = —ifig(x) = (hg)" B (%) + Ao (x) — A (x)
it (x) = hguig(x) + Alaug (x) + Avggy ()
iy (%) = hg v (%) + AT (%) + Auj (x) = ity (%) = (hg ) vae (%) + (A1) Biey (%) + A% ugep(x)
iar(x) = hg e (x) + Aluier(x) + Abiy (x)
i (%) = Dy By (%) + Al (x) + Ao (x) = —ifi (x) = (hg) B () + (A7) vie, (%) + A% ()
where we have used AT = vk, + ivaky, A* = —(vrks +ivak, ), (A1) = —v1ky +ivak, (note: & = ihd/dz, k' = k, k* = —k,

so kT = —k*).
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Written in matrix form,

ot

(
ot (
(

hd A
AT hy
0 A —(n))
—-A* 0
Ex +vsk, +h
vk +ivaky,
0
_A*
he A
AT hy
0 A
—-A* 0
Ex +vsk, +h

U1 ]fm + ivgky

0
—A*

—(AN) —(hg)
’Ulk‘x — ivgky

gk_v3kz —h

—(AT) —(hg)*
’Ulk‘x — ivgky

gk_v3kz —h

A
_(gk - U3kz + h)

U1 k‘x — ’iUg k‘y

—-A
0

U1 ]{Zx + ’iUg ]{?y

_(Sk + U3kz - h)

—-A
0

U1 k‘x + ’iUg k‘y

_(Sk + U3kz - h)

(C.10)

(C.11)
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And normalization is given by [ dx [|uk, (X)|* + ke (X)]? + | Bro (%) |* + |vko (%)]?] = 1.

A(x)

n4(x)

ny(x)

—Uo (¢ (x)91(x))

—UO% Z [uki(X)Uii(chkiCLQ + UkT(X)UItT(XXCLTCkT) + e (%) Biep (x) (CkTCLT> + ey (%) By (%) <ClT<¢Ck¢>}

—Uoy; D 7 e ()07 (%) f (= Brey) + tier (%) 05 () f (Bier) + e (3) B (3) f (= Bier) + ey () B, (%) f (B
k

(W] (wr(x)

% > [‘“kT(X)‘2<CkTCkT> + oy ()P (cacy ey ) + ey (%) P (el n) + \5k¢(x)\2(ck¢cm>]
k

%Z/ [t (%) f (Bay) + iy (%) |2 F (= Bay) + |y ()2 £ (Eaey) + | By (%) |2 f (= Bay)]
k

(W] (0w (x)

=3 [l GO elyeia) + I (0Pl ) + s () ey a) + 161 ) Pl ac)]
k

o S [ GO (Fi) + s () 2 (— Fi) + s ) (i) + 161y 02 (— B )]
k

This involves the full solution of uk,(X), vks(X), ko (X), Bke(X), and 7= >, ' summation only involves k > 0 (which is

understood as requiring k, k,, k, > 0 simultaneously). However, the construction of BdG formalism is redundant, and
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we can reduce half of computation by recognizing the one-to-one correspondence,

EkT < Ek 1
Ut (X) e (x)
et (%) Uy (X)
o
Bicr (x) Vi) (%)
Vit (X) Pri(x)

Therefore, we only need to solve the spin-up part, and remove the spin index, by denoting u(x) = uk(X), vkt (x) = vk (%),

axr(X) = ax(x), Pt (x) = Pk(x), and Exr = Ex. Eq. C.9 becomes,

uk(x,t) Ex +vsk, +h vk, — vk, 0 —A(x) uk(x, t)
z% ax(x,t) _ ik, +ivok, & —vsk, — h A(x) 0 ax(x,t) (©.12)
5k(X, t) 0 A*(X) —(fk — ng‘z + h) 'Ulk’x + 'ivgky ﬁk(X, t)
'Uk(xa t) —A* (X) 0 'Ulkx - Z.'U2kly _(gk + U3kz - h) Uk(xa t)
which is
uk(x) Sk + ng‘z + h ’Ulk‘x — Z"ng’y 0 —A(X) uk(x)
B g (x) _ 1k, +ivok, & —usk. — h A(x) 0 (%) (©.13)
P (x) 0 A*(x) — (& — vsk, + h) v1ky + ivgky P (x)
vk () —A*(x) 0 v1ky — U2k, —(&x + vsk, — h) vk ()
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where spin-down part of contribution should be written out for the sake of self-consistency,

AR = ~Uogr D" [ (305 () (Biy) + s (x) 5 (x).f (~ By

k

—Uo% > Tusc(x)v (%) f (Ex) + () B (x) f (= B (C.14)

w0 = 3 (om0 ) + S (B
= X () + ) (.15)
w0 = D DS Fig) + o0 i)
S M LG ARN Y (.16)
Denote

mi(k) = & +uvsk. +h
m22(k) = & —vsk, —h
mgg(k) = —gk + ’U3]€Z —h

m44(k) = _gk — ’03]{32 + h

For the homogeneous system we study here, we use plane-wave as the basis and wavefunctions take the following

18T



form,

Uk (X) uke+iqz/2
e (X) = ake+iq2/2 6ik-x
5k(x) ﬁke—iqz/2
vk (%) Ve~ 4%/2

Don’t forget the momentum operator is yet to be operated upon plane-wave states. For instance,

Ek’dkei(k+%ez)~x — mll(f{)ukei(k-l-%ez)'ﬂc+A(R)akei(k+%ez)-x _A(X)Ukei(k_%ez),x

|3
Ekuk = mll(k + %ez)Uk —+ (Ulkx — iUQky)ak _ A(X)e—iqzvk
And similarly, we have other three terms,
Exone = (viky + ivgky Jus + mas(k + %ez)ak + A(x)e" By

Expe = A*(X)eﬂqzak + ma3(k — %ez)ﬁk + (viky + 1ok, vy

Bxvg = —A(x)ue™ + (0iky — ivaky) Bic + maa(k — gez)vk

(C.17)

(C.18)

(C.19)
(C.20)

(C.21)
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Putting everything together, we further have

Uk Uk
« «
M k| L £ Kk
P P
Vk Vk
where
§k+%ez + Ug(k’z + %) + h Ulk‘x — ’éUg/{?y 0
M= ’Ulk’x + ’iUQ/{?y gk—l—%ez — 'Ug(k’z + %) —h A(X)e—iqz
0 A*(X)Q—qu _(é-k—%ez — Ug(kz — %) + h)
—A* (X)6+iqz 0 Ulk’x - ’iUg/{?y
and Eq. C.14, C.15, C.16 become
) 1 / * *
Alz) = =" Uz Y lnctif (Bx) + oncBief (= i)
Kk
1
mo= oy Z/ sl f(Exe) + 1Bl f (= o)
k
1
L > ol F(—Ea) + lead* f(Er)]
k

(C.22)

—A(x)e"*
0
U1 ]fm + i’UQ]fy

_(gk—%ez + U3(kz - %) - h)

(C.23)
(C.24)

(C.25)
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We shall further note the BdG equation has particle-hole symmetry, where equations are invariant under interchange of

Ek — —E_k
Uk ﬁik
Qi vt
o « (C.26)
ﬁk Uik
Vk Oéik
For instance, we start from
miy (k + gez)uk + (v1ky — iv2k,) g — A(x)e v, = Eyuy (C.27)
and we make the particle-hole interchange,
mq(k + %ez)ﬁik + (v1ky — dv2k, 0%y — A(X)e ot = —E 8y (C.28)

and take the conjugate on both sides (note here every variable in the equation is complex number and there is no more

operator involved, except Fiy is real),

mll(k + %ez)*ﬁ_k + (Ulk‘x — ’évgky)*’l}_k — A*(X)6+iqza_k = _E—kﬁ—k
J
(5k+%ez + sk, + g) + h) By + (vike + sk, 0ok — A*(X)eta_ = —E_ify (C.29)
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k2 )

Then, we change the sign of momentum k and arrive at (note & = {_x, {x = ex — p = 5°

Q) + h) B — (—viky —ivaky v + A*(X)eT Py = By

- (€—k+%ez + UB(_kz + 9

— <§k—gez —v3(k, — g) + h) B + (viky + ivok, o + A*(x)eT . = Fyfr (C.30)

which is identical to the third line in Eq. C.22. It is interesting to note that mss(k — Ze,) = —my1(—k + Ze.)* that has
been used in the above derivation (also my(k — Ze.) = —ma(—k + Ze.)*). The sequence of operation is summerized

s “take conjugate-negate k-negate equation” and order of operation does not matter (the proof can go backwards).
Similarly, other equations in Eq. C.22 follow the particle-hole symmetry.

We can make use of the particle-hole symmetry to simplify Eq. C.23, C.24, C.25 into

Alz) = —e”qz%%Z[ukvﬁf(Ek)+akﬁ§f(—Ek)] (C.31)
m= i S L) + 15 -] (©32)
n = %éz w2 F(~ i) + o (B (©3)

k

where & >, runs over all momentum space, which will be convinient in numerical calculations. The factor of 1/2 comes
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from the following proof,

Az) = —e“qZUO% S [t f (Fie) + B (— Fi) (C.34)
k>0

_ —e+iqZU0% 3 [umsv” s f(Eos) + acieBr s f(~ Eo)] (C.35)
k<0

where we just simply rewritten k as —k and sum over the other half of momentum space with k < 0. Then, it’s time to
make use of particle-hole symmetry to rewrite Eq. C.35 as

A(z) = —e+iqZU0% S Bon (— F) + v f(Bi)] (C.36)
k<0

which is identical to Eq. C.34 except for the momentum space summation. Together with Eq. C.34 and C.36, we arrive

at Eq. C.31 where % > i runs over all momentum space. Similar proof can be followed for Eq. C.32 and C.33.

C.1 Ground state solutions

We first start from ground state solutions using saddle point approach and assume a plane-wave form of order parameter
(we assume A is a real number)

A(z) = Agetie (C.37)

¢61



instead of summing over quasiparticle contributions from Eq. C.31. Then Eq. C.22 is simplified into

mn(k + %ez) ’Ull{ix - ivgl{?y 0 —AO Uk Uk
’Ull{im + ivgky m22(k + %ez) AO 0 Qe _ Ek Qe (038)

0 Ao masz(k — e.) vk, +ivoky P P

_AO 0 Ulk‘x — 'ivgk?y m44(k — %ez) Vk Vk

where Ay, ¢, i are determined from minimizing thermodynamic potential €2 under requirement of number conservation,

o0 o0 o0 1
A, 0, a4 0, on n=g (for 3D gas) (C.39)

where expression of € is found from previous paper [2013 New J. Phys. 15 075014]

Q |AolPm 1 Z Sktge./2 T Ektqe./2 1 ! IA? 1 4
Vo dmh?a, V4 2 1 anl‘ Kt e, 26~ nUrepaIaD) (A0

and By are diagonalized from Eq. C.38 for given A, ¢, p as variational parameters.
If the system we consider has v3 = 0, then we can directly solve gap and number equations without resorting to Eq.

C.39, since the expression for E}! can be analytically derived.

C.2 Time evolution

Once we have the saddle point solution of Ay, ¢, i, we can determine the set of initial values uy, oy, 5/, v/ and E} from

Eq. C.38. Next, we study the time-dependent behaviour of order parameter and spin population, i.e. A(t), n4(t), n (1),
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by quenching h, vy, vy, vs, or as. The set of evolution equation is given by (simplified from Eq. C.22),

my(k+ fe.) vk, —ivgky 0 —A(t) up (t) up ()
vk, +ivoky  mas(k + Ze.) A(t) 0 al(t) _ z% al(t) (1)
0 A*(t) mas(k — Le.) ik, + ivok, B(t) B(t)
—A*(t) 0 v1ky — ivgky  ma(k — Ze.) v (1) v (¢)
where according to Eq. C.31, C.32, C.33
Alt) = A(z)e ™ (C.42)
= LS S ey (0 (Bult) + o5 (1 (~ L) (43
malt) = 5o 30 [P AELD) + |50 A EL)] (C.44)
=1 k
m) = 530 S [P A Ex(e) + o ()P F(B)] (C.45)
=1 k

and EY(t) should be fixed at ¢ = 0, because in the formulation of BAG theory, the population of quasiparticles do not

change over time, but rather the wave-functions.
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C.3 Case study: Rashba SOC with Zeeman field.

In this case study, we set v3 = 0, v = v9 = A\, T' = 0 and consequently we assume ¢ = 0. The quasiparticle energy is

written as E,ii = :I:\/g,?c + A2+ h2 + N2k2 £ 24/ (k% + N2k%)E2 + h2A?, from which the number and gap equation can

} (C.46)

+ Z 5 (C.47)

be derived as
h? + N2k3
(h? + N2k2)E2 + h2A?
1)Sk

h2
\/(h2 + N2k2)ER + h2A?

47Th2 TV Z 4Eka

In dimensionless form, we have

1 1 o o
— = — k. dk dk,
32 4r? J, * l/_OO
(- &k n h? + \2k2 & B h% + \2k2 )
2Ey \/(h2 + A2k2)E2 + h2A% | 2E)- \/(h2 + A2k2)E2 + h2 A2
1+ b 1— b
1 B L ‘X’k i /°° k. 1 _1 V(W2 422k%) (k% +k2—p)2+h2A2 _1 V(W24 22k%) (k% +k2—p)2+h2A2
8maskp  Ax2 Jy )T 2R +k2) 4 Eps 4 B

from which we shall solve A and p for given h, A, a,.

For the gap and number equations, we discuss about the numerical procedures in details here. The accuracy of

momentum integrals is crucial to the precision of parameter values and phase boundaries in general. We first introduce



some notations.

1 1 o o
1 0o 1
4%2/0 alk/_1 dxA(k, x) (C.49)
Lo T /oodkB(k k) (C.50)
871'&5]{5}7 - A2 o 18 . z 1Ly vz .
1 0o 1
= — dk/ dxB(k, ) (C.51)
Am? o -1
where k| = ksinf, k, = kcosf, and
h? 4+ \2k? h? 4+ \2k?
AlkL k) = 1- Qék 2 2+2 2L A2 _Qék N 2 2+2 2l 2A2 (C.52)
et V(h2 + 22k2)E2 + h2A o V(B2 + X2k2)E2 + h2A
h? + \2k? sin” 0 h? + \2k? sin” 0
Alh,z) = K2(1— —2 AT _ LI AT . [C.53)
2B+ V(h2 + M\2k2sin? 0)&} + h2A? | 2E- v (h2 + M\2k2sin? 0)&} + h2A2
1+ Ik 1- Ik
1 1 \/(h2+>\2ki)(ki+k§—u)2+h2A2 1 \/(h2+>\2ki)(ki+k§—u)2+h2A2
B(k,,k,) = 5 - - - - (C.54)
2(k1 + k%) 4 Ey. 4 Ey_
| T 1|~ T
1 1 V/ (h2422k2 sin? 0) (k2 — )2 +h2 A2 1 V/ (h2422k2 sin? 0) (k2 — )2 +h2 A2
B = B3 — - -7 :
(ko) = k(55— B ; 5 ) (C.55)

where = = cosfl. We further have A(k,z) = A(k,—x) and B(k,z) = B(k,—z). Then, we rewrite gap and number
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equation as,

% _ %/Oldxqokcdmm +/:dk<alf +a3k(f>+...)) (C.56)

_ %/01 dz (/Ok dkA(k, ) + (‘“f + agkﬁ + “;]ig +)) (C.57)

o - Bfe(ama [aCE ) e
_ % Oldx (/0 dkB(k, z) + (blf +b§k3 b;gfs) +)) (C.59)

where we have made use of the fact that both A(k, z) and B(k, z) scales as 1/k* at large k. We determine the coefficients

of a;(x) and b;(x) by calculating
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and then at large momentum, they are related as

n

Y2

Y3

a1

a2

as

k‘% 1 aq
]{?% 1 a9
]{Zg 1 as
-1
k‘% 1 Y1
k‘% 1 Y2
k?% 1 Y3
k3 1 1 Kk} k21
K1 1 k2 K1
Y1
1k K1 1k
Y2
1k K1 1 K
Y3
KRR K| KR
BEORZ || R ORD || kS OR2
ki — k3 ki — ki ki — k3 U
ks — ks ki — k3 ky — ki Yo
koki — k3ky  kshki — K3k{ kiR — kiky Ys

(C.63)

(C.64)

(C.65)

(C.66)
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and det = —(k? — k3)(k3 — k2)(k3 — k}). Similiar expressions for

by k3 — k2 k2 — k3 k3 — k3 21
b= | Mok K-k K-k || = (C.67)
by R 1 0 7 B T
where
21 = kVB(ky, ) (C.68)
2z = kyB(ky, ) (C.69)
5 = kSB(ks, ) (C.70)

We can take k1 = k. > 1, ko = 1.5k, > 1, and k3 = 2k. > 1 for instance.

Then we take the initial values as A(0) and p(0) and plug them back into

Geth Ak, —ik,) 0 ~A(0) up (0) u}l(0)
AMks +iky) &= h A(0) 0 o (0) | _ B e (0) )

0 A(0) (& t+h) Alke +iky) 5 (0) 5 (0)

—A(0) 0 Alky = iky) (&= h) v (0) ve(0)

and straightforwardly diagonalize it for given momentum k and obtain wave-functions of u], oy!, )/, v} and eigenenergy

E}! (check if it is the same as E,). With the initial values (as benchmarks), we quench value of h and evolve the
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functions according to

Gc+h Ak —ik,) 0 —A(t) u(t)
Ay +ik)) & —h A(t) 0 ay(t) 0
0 A*(t) —(&c+h) Ay +iky) Bu(t) o
_A(D) 0 Ay —iky)  —(& —h) vy (t)
where
_ bl Zl ; FEL(t = 0)) + o () B (8) f (— Bl (t =

where we need to use renormalization 1/Uy = m/(4nh%as) — >, 1/2¢x.

For two dimensional system, the renormalization is given by

1 o ke 1
- = - kdk———
U(] (27‘(‘)2/0 Eb+2€k
11
= ———log(2k* + Ep)t
51 0g(2k* + Eb)|o
1 2k2
= ] c
o og( Eb)

where I have used >, = ﬁ Jo© kdk fo% df and as for BAG matrix elements, k, = kcosf, k, = ksin6.

(C.72)

(C.73)

(C.74)
(C.75)

(C.76)

As a result of particle-hole symmetry, integration in A(t) can be reduced to radial direction only, since the relative

phase between k, and k, would not matter.

1

_ %VZ; / Rl [ (" () F (B (¢ = 0)) + (DB () F(— Bt = 0))]

o log(1 + %=

(C.77)
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To get accurate time-dependent results, the momentum integral meshgrid number is expected to be above 2000 points,

and time step shall be around 0.0005.

C.4 Floquet spectrum

For a periodically driven Hamiltonian H (t) with period T, Floquet operator is defined as,

A A T’L+T A
F =T exp{—i dtH(t)}

T;

where T denotes time-order, and 7} is the initial time. The eigenvalue and eigenstates of F' is given by

F|90n> = e_ianT“Pn>u

where —7/T < ¢, < 7/T is the quasi-energy.

(C.78)

(C.79)

The time-ordering operator can be written in terms of ordered product of exponentials in the infinite limit of number

of terms

T; Ti+AT T;+T—-AT

= T exp{—iAT (FI(:Q) + H(T, + AT) + ... + H(T, + T — AT))}

= hm <6_iH(tM—I)ATe—if{(tjufz)AT o e—iﬁ(to)AT)
M—o0

Q

exp{—iH(T, + T — AT)AT} exp{—iH(T, + T — 2AT)AT}... exp{—iH (T;) AT}

exp{—iH (tp—1) AT} exp{—iH (tr;—s) AT} ... exp{ —iH (to) AT}

. T;+AT N T;+2AT T;+T .
Fo— Texp{—i < / QT + / GLE(T, + AT) + .. + / (T, + T — AT))} (C.80)

(C.81)
(C.82)
(C.83)

(C.84)
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where we have devided the time interval from T; to T; + T into M moments AT = T/M and t; = T; + jT/M and

7 =0,1,...M — 1. Numerically, we will introduce a cutoff M., for finite terms. We can make use of eigenvalue
decomposition

H(t) = V() D)V (1) (C.85)

eTHOAL — y7(4)em DALY ()t (C.86)

(it is worth to note that this method is more stable than Taylor expansion to 2nd, 4th(RK) order, similiar to algorithm

used in MATLAB function of expm or exp subroutine in the unsupported module of Eigen C++ library) then we have ,

F= lm (V(ta1)e P08V (4 VIV (tyg)e P28 (1), )TV ()e PO (1)) (C.87)

M—oo

where exponential of D is evaluated only for the diagonal terms, which are the eigenvalue terms.

If we have time-independent Hamiltonian H, then V and D are also time-independent and we shall have V (tp;_1)"V (ty_2) =

I and V(ty—1) = V(to) = V. Then it follows that ' =V (I j'e " PT/M) yT = Ve DT TIMyt — Y emiDTYt = g=iiT

—ienT’ where ¢, is the spectrum of H. However, note that from the spectrum of H, the result

and its spectrum is given by e
of log(e~*1) /(—iT) is not necessarily the same as ¢, because |&,T'| can have components larger than 7 and this fact
leads to “spectrum folding” where spectrums belong to different branches in the complex plane are taken into account.
The same thing applies to phase(e~"T)/(—T) is not necessarily the same as &,,. In order to circumvent this artifact for

time-independent Hamiltonian, we need to restrict T' to be small for large cutoff in H matrix, where the end results of

high €,T" are restricted within the bounds of [—7, 7.
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Appendix D
Partition Function for Superradient Phase
In this appendix, we supplement results presented in Sec. 5.4 with more mathematical derivations regarding the free

energy per particle in the thermodynamic limit.

Using first quantized form of the Hamiltonian, we can write

N [h2Kk2 h2 Q0
H = 5RcTc+Z [ T Z;+ (Ekrkz‘l'é) +§T(Ufc+cTaj_) (D.1)

j=1
£ are raising and lowering operators for the j-th particle’s spin state. The

where 0r = w. —wp and Z; is identity matrix, o;
thermodynamic functions can be calculated from the canonical partition function, Z(N,T) = Trle ?#]. A convenient

basis to calculate the trace of the partition function is the Glauber’s coherent state |«) for the photon field, then we have

XX

s1="T,4

14 d*a iy
/ —(2ﬂ_>3/de/7<k1$1;...;kN$N|<Oz|€ |a>|k1$1;...;kN$N> (D2)

where atomic field is denoted by atom index 7 and momentum k and spin ¢ =1, |. It follows then that the expectation

value becomes,

(ale™|a) = exp {—65R|a|2 - ﬁzh(kj)} (D.3)

=1

€0¢



—(Ik Tk 4+ [k 1) (k; ) (D.4)

;Ii@

h(k;) = (h(kj)|k; 1) (k; 1|+ by (k) k; 1) (kj 4 [) +

2m

where hy(k) = % + %zk‘rkz +6, hy(k) =2 E—:Lkrk‘z — ¢ and using the property [h(k;), h(k;)] = 0, we can reduce

integrand of Eq. D.2 to

(kisi; ... kysy|(ale™Pa) kysy; .. kysy) = 6_55R|a‘2(k131,.. stN\e B350 bk |k131,..;stN> (D.5)
= e PRl (K s); L kysy] H e D[k s; . ks ) (D-6)
N
_ al? _ )
— ¢ Borlal H(kjsj|e ) |k ) (D.7)
j=1

From Eq. D.2 and Eq. D.7, we have

ZINT) = > .. Z

dk v dk d - o Porlof? . k.s. e BhE:) || D.8
1 2n) N H jsile kjs;) (D.8)

si=hl  sn= N j=1
N
e hi(k;) 2=
L vg/dijrUeXp —8 1k 2y (D.9)
T (2m) S Lo hyk))
2V LBy

where the Trace is only for spin degrees of freedom. The eigenvalue of the 2 x 2 matrix is given by

ﬁ2k2 hg 2 0O 1 2 h2k2
(k) = i\/( ks +9) + (5 ) lalt = 52 £ luto) (D.10)

2m

70¢



Then from Eq. D.9 we have,

P [V + - N
Z(N,T) = / 76—/351%‘&' { Bk / dk; (e—ﬁ% &) 4 e=h “‘j)ﬂ (D.11)
_ d270‘6—651—<a|2 [(2‘;)3/dkexp(_ﬁzz_§) (¢~ P09 +€ﬁ|u<k))r (D.12)
N
— /djTOée—BéRaIQ (2‘;)3 /dkexp(—ﬂh;ljﬂ coshﬁ\/(h%k‘rkz +5)2 + (%%)2 || (D.13)
S [y oy L D1
N
» /d27o‘6—663a|2 /dl{:zexp(_ﬁi:i:fﬂ Cosh(ﬂ\/(%QkaZ +6)2 + (%%)2 |a?) (D.15)

N
VvV 2 N 00 X K2 k2 72 2 a1 D)
= ((27’(’)3 hﬂ;r;) 2/(; 7‘6_5537“ dr /dkze}(p(_ﬁ 2mz)2COSh(5\/<Ekrkz+5) + (5%) 7’2)( 16)

In canonical ensemble and thermodynamic limit, free energy per particle is given by

FT e, 6) = — & 1 108 ZWT)

5 N—oo N

(D.17)

and we need to seek phase transition property by studying saddle point solution to F' energy landscapes.

We shall make use of Laplace’s method to further reduce the integrals. The formal statement of Lapace’s method

S0¢



is:)| Assume that f(z) is a twice differentiable function on [a,b] with zy € [a,b] the unique point such that f(zo) =

maxi,y f(z). Assume additionally that f”(zo) < 0, then

[P eNI@) gy

NlirJIrl - =1 (D.18)
—+400 T s
eNf( O) W
We denote,
2
R2k2 h? > [VNQ 1\ |af?
= k — 2)2 cosh —k, k., D.19
S /dzexp( B2m)cos (BJ(mk +5) —I—< RV N) ( )
Then, partition function is formally written as
Vo o2mm\ Y [ _NBE Nloes
Z(N,T) = ((27?)3 h2ﬁ) 2/0 re TN e %2y (D.20)
vV o2mm )\ [
= N|—— d N [— 1 D.21
((%)3 h?ﬁ) /0 yexp {N [~Bdry + log S|} (D.21)
where we have denoted y = % By Laplace’s method, the integral is given by
Z(N,T) = N— 21 Voamm\Y e (No(y)} (D.22)
— X .
’ \/N —¢//(yo) (27)3 hzﬁ 0<y<oco P y
where yq is the point that gives maximum and ¢(y) = —Bdgy + logS. We note that,
2 VN 1 )2
B [ di. exp(—B5E) sinh (6 \/ (Zhok. +0)" + (42%) y) NG ( >”<3ﬁ §
B krko+6) + + )y
¢'(y) = —Bon + — (D.23)

S
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2 .
Putting ¢'(y) = 0 we get an integral equation of n = \/(%/@kz + 5)2 + (@ ﬁ) y, and we shall denote 2 = \/NQ% =

V/PSY is the Tavis-Cummings coupling constant, an enhancement of coupling strength which scales as v N, but remains

finite in the thermodynamic limit that N — oo, V' — oo such that p = % is finite.
2
VNQ 1
27.2 27.2 R
5R/dk:z exp(—ﬁh kz)2 cosh(fn) = /dl{;z exp(—ﬁh Z)sinh(ﬁn)w (D.24)
2m 2m n
where k, is yet to be integrated out. Then,
57(5,0,60,0) = Jim L1 (V2T V() (D.25)
— = lim :
24 UR, Nooo N 0g \/— _¢//(y0) (271')3 hzﬁ p Yo
_ log <\/_ —¢” (vo) ) o V. 2mm + 6ly0) (D.26)
ok N S\ (@n)® 128 Yo '
V 2mm
= D.2

2
V k2 Q
= log ((27r)3 27:77;) — Boryo + log/dkz exp(—ﬁ;z)Q cosh(ﬁ\l (kok, +0)° + (5) yo) (D.28)

Second order derivative can be checked straightforwardly,

Xg _ Q?
¢"(y) = %T (D.29)
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ay

2 2
2 2 Sinh<ﬁ\/<’:jkrkz+6> +(42 L) y>

s i () - T
(Zkrkat6) +(3 )V
\JJ-UU/

vNa 1\’ 12k
= p (TW) /dk‘zexp(—ﬁ 2m)

4 sinh (A7)
NQ p2k2. 5 cosh(Bn) — =50
- (0] [ )

In numerical calculations, we use dimensionless unit, by setting » = m = kg = 1 and choose a typical frequency

w = 1MHz. Then it follows from the estimate, k, = 27/X and in dimensionless unit

2 1.05 x 10-31J -
kyr/To) (mw) = T \/( 05 x 10777 -5 ~ 0.22

773 x 1079m \| (85 x 1.67 x 10~27kg) x (106H2)

for a Rb atom. For K atom, k, ~ 0.33; for Na atom, k, ~ 0.42; for Li atom, k, ~ 0.77. Temperature T is measured in
1/kp, Q= V/PSY and dp are measured in w. Although 0 = w. — wg can be either positive or negative, partition function
Eq. D.2 can only be convergent when dz > 0 (by analogy to positive electronic energy states) in the thermodynamic

limit.
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With the partition function, it is easy to compute the average photon number,

cfe. Tr[cfee P /N]

() = ZN.T) (D.32)
_ % (D.33)
= Y% (D.34)

Thus, super-radiant phase occurs for yy > 0 where |a|?> would be an infinitely large value in the thermodynamic limit
N — oo. Here we show average photon number in the parameter space of T" and ) .

If we consider the Hamiltonian without kinetic and SOC term, then

. N
d2 1) Qia
Z(N,T) = /7@6_563042 Tryexp | -0 0 2V
\ EWO‘ —5

N
d’a > Q. |al?
_ —Bér|al 2 272
/ —e 2 cosh B\/5 —i—(2) N)

N
[e'e) Q 7»2
= 2rdre 7 |2cosh | B1/62 + (=)2—
| Vo Gy
N
— N/ dye_BNéRy 2 cosh ﬁ\/ 02 + ( )2?/)
0

[ s i) 3
0

o | O

60¢



Let’s denote ¢(y) = —Pdgy + log [2 cosh (55\/1 + (%)@)] and use Laplace’s method to calculate Eq. D.35. Putting

¢'(y) = 0, it is easy to see that the max is taken at gf/‘;n = tanh(Bon) where n = /1 + (%)23;. If Q% < 8030, there

is no phase transition even at zero temperature; however, if Q2 > 8z0, there is a critical temperature 7, which is

given by 55/58 = tanh(ﬁ). For 8 > f., the unique solution is given by a nonzero y, value that is determined by
55/‘58\/ 1+ (%)21;0 = tanh(804/1 + (%)2%). (This derivation agrees with the paper PRA 7, 831(1973). Eq. 32)

If we set k. = 0, it recovers the Dicke phase diagram (which is equivalent to setting both kinetic energy and k,. to 0,

in which case kinetic energy does not contribute to the super-radient phase transition). However, for non-zero k, value,

the phase boundary displays a non-monochromatic relation in 2 — 7.
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