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We study systematically the quantum corrections to a weakly interacting Bose-Einstein condensate with spin-
orbit coupling. We show that quantum fluctuations, enhanced by the spin-orbit coupling, modify quantitatively
the mean-field properties such as the superfluid density, spin polarizability, and sound velocity. We find that
the phase boundary between the plane wave and zero momentum phases is shifted to a smaller transverse
field. We also calculate the Beliaev and Landau damping rates and find that the Landau process dominates

the quasiparticle decay even at low temperature.
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I. INTRODUCTION

The spin-orbit coupling, arising due to the interaction of a
particle’s spin with its motion in an electric field plays a cru-
cial role in various branches of physics, including topological
insulators [1,2], topological semimetals [3,4], and Majorana
fermions [5]. In bosonic systems, the interplay of the inter-
particle interaction and spin-orbit coupling gives rise to exotic
Bose-Einstein condensates, which have been investigated in
a rich variety of systems, including magnons [6-8], exci-
tons [9-12], exciton-polaritons [13—18], and ultracold atoms
[19-22].

For a weakly interacting Bose-Einstein condensate, the
mean-field theory provides a reliable description of various
physical properties [23]. To reveal beyond mean-field effects,
one method is to reach the strongly interacting regime, which
can be achieved in exciton-polaritons because of the strong
coupling between the exciton and photon [13,24-27], and for
ultracold atoms strong interactions are accessible by means
of Feshbach resonances [28-30]. However, strong interactions
reduce the lifetime of Bose-Einstein condensates significantly.
Another method is to fine tune the interaction parameters such
that the mean-field interactions almost cancel out [31-35],
making the quantum fluctuations unmasked. The spin-orbit
coupling provides an alternative way to enhance interaction
effects due to the increased density of states [36]. However,
only a handful of theoretical studies have addressed the
beyond mean-field effects [37—41], and a thorough analysis
of the quantum fluctuations in spin-orbit coupled bosonic
systems is still lacking.

In this paper, we systematically investigate the quantum
corrections to a spin-orbit coupled Bose-Einstein condensate.
We study a model system that is simple and general, po-
tentially realizable in various platforms, and already imple-
mented with ultracold atom experiments [19-21]. The model
shows three novel condensation phases [19,42], namely the
stripe, plane wave, and zero momentum phases. To demon-
strate the interplay between interaction and spin-orbit cou-
pling, we focus on the zero momentum phase, which is the
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simplest case capturing the essential physics of spin-orbit
coupling and interactions.

We calculate quantum corrections to a number of physical
properties, including the superfluid density, spin polarizabil-
ity, and sound velocity. The superfluid density at the mean-
field phase transition point between the plane wave and zero
momentum phases becomes nonzero due to quantum fluctu-
ations, and as a result, the phase transition point is shifted
towards a smaller transverse field. The spin polarizability
diverges at the corrected phase transition point but remains
finite at the mean-field phase boundary, which seems to be
consistent with a recent experiment [20]. The sound velocity
also acquires quantitative corrections, which may be detected
in current ultracold atom experiments and provides a way to
explore the beyond mean-field effects. Finally, we obtain an
analytical result for the Landau decay rate of phonons at low
temperature. Unlike the Beliaev decay predicted in Ref. [41],
the Landau damping is not suppressed in the direction of
spin-orbit coupling, making it the dominant mechanism for
the quasiparticle decay.

II. MODEL SYSTEM

We consider a generic model of a spin-1/2 Bose gas with
spin-orbit coupling, described by the single-particle Hamilto-
nian (weset i =m = 1)

= koo )+ P2+ Q
ho = & 0)2 Py pz+30x, (1)

where o; with i = x, y, z are the 2 x 2 Pauli matrices. The
one-dimensional spin-orbit coupling, characterized by ko, ap-
pears in many realistic systems, including ultracold gases
[19-21,43,44] and semiconducting nanowires [45-47]. The
model applies to several systems but to compare with experi-
ments, we consider the cold atom setup where ky is given by
the momentum transfer from the two Raman laser beams and
Q2 is the Rabi frequency of the Raman beams. The interaction

©2019 American Physical Society


https://orcid.org/0000-0002-6363-2676
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.100.023619&domain=pdf&date_stamp=2019-08-22
https://doi.org/10.1103/PhysRevA.100.023619

LONG LIANG AND PAIVI TORMA

PHYSICAL REVIEW A 100, 023619 (2019)

between the particles can be written as
1
Hin = 5 Z / d*F 816 (1)1 (T), )

where n,, is the density of particles with spin o =1, |, and
8oo' = 4ma,, are the interaction strengths in different spin
channels, with a,,+ being the corresponding s-wave scattering
lengths in case of ultracold quantum gases. In the following
we assume g4 = g, = gand g4, = ¢/, and correspondingly,
arpy =a,, =a and ayy =a'. It is convenient to define in-
teraction parameters G; = gy p and G, = g_p with g4 =
(gLt ¢)/2 and p = N/V being the total particle density. In
recent experiments [19-21], Rb atoms are employed and
the interaction is almost SU (2) invariant, with G,/G; ~ 1073,
The typical interaction parameter is G| ~ 0.24k§ with the
peak density p &~ 0.57k3 [20]. The dimensionless parameter

Va3 p ~ 0.004 is small, ensuring that the condensate is in the
weakly interacting regime and the perturbation calculations
are controlled.

The mean-field phase diagram of this model has been
extensively investigated, for a review see Ref. [36]. For small
Rabi frequency, the condensate wave function is a superposi-
tion of two plane waves with different momenta, characteriz-
ing the stripe phase with density modulations in the ground
state. In this phase, both the translational and U (1) symme-
tries are broken, and therefore there are two branches of gap-
less excitations. Increasing the Rabi frequency €2, the system
enters the plane wave phase, in which the bosons condense in
a single plane wave state. There is only one branch of gapless
excitations in this phase and the energy dispersion contains
a roton minimum at finite momentum. Further increasing the
Rabi frequency such that 2 > Q. s = 2k§ — 2Gy, the system
enters the zero momentum phase, where the roton minimum
disappears and the phonon excitation spectrum resembles that
of a Bose-Einstein condensate without spin-orbit coupling.
To reveal the essential effect of interactions, we focus on
the simplest zero momentum phase to reduce the effect of
nontrivial mean-field energy dispersions in the plane wave and
stripe phases.

The ground-state wave function for the zero momentum
phase is described by a spinor ¥ = +/p/2[1, —1]”. To charac-
terize excitations on top of the condensate, we introduce phase
and number fluctuations, and write the spinor field as

y= [ VpEher 3)
= Al -vrTten |

where ¢ is the total and ¢ is the relative phase fluctuations of
the condensate, and ¢; and ¢, are the density fluctuations for
spin-up and spin-down particles, respectively.

We use the imaginary time path integral formalism. The
Lagrangian density is obtained through the Hamiltonian as

L=y +ho -y + @y + S@loy)
“)
with u being the chemical potential. It is convenient to
introduce the density and spin fluctuations, ¢, = ({1 + §)/2
and {_ = (&1 — &2)/2, which are conjugate to ¢ and ¢, respec-
tively. We then expand L in terms of the new variables, and up

gU,C+C+

Go,66

FIG. 1. Feynman diagrams for diagonal elements of the mean-
field Green’s function.

to the second order, we get the mean-field Lagrangian density

K —Q 0>
Emf=(G1+ =) —M>§+—up+g+T

1
+§[¢’ §+’ Y, ;_]go—l[¢, §+’ @, C—]T’ (5)

where the mean-field Green’s function in the momentum and
frequency representation is

AQ) —on 0 —ikoqx
_1,. Wy B ikoqy 0
go l(lwnv q) = 0 —l]((g;x CE)Z) —w, |’ ©
ikogs 0 @y D(q)

where w, = 2anT is the Matsubara frequency (we set kg =
1), A(q) = pq*, B(q) = ¢*/(4p) + g+. C(q) = pq* +22p,
and D(q) = q*/(4p) + g_ + Q/(2p). The chemical potential
is determined by requiring (¢;) = 0, and at the mean-field
level we find u = G| + (ké — Q)/2, so the first-order term
of ¢, vanishes and the mean-field Lagrangian density is
quadratic. The diagonal elements of Gy are represented by
Feynman diagrams shown in Fig. 1.

III. MEAN-FIELD RESULTS

Before studying the beyond mean-field corrections, we first
present the mean-field predictions of the physical properties
we are interested in. These results are readily obtained from
the mean-field Green’s function.

The mean-field excitation energy is determined by
det QO_ ' = 0. In the low momentum limit, we find the gapless
phonon dispersion to be

2k2q2
= 2 _T0%x = 1 —
Eph C"\/q Q+ 26, Coq\/
@)

where ¢y = 4/G; and ¢y is the sound velocity, which depends
on the angle 6 between the directions of the momentum q
and the x axis. The mean-field sound velocities ¢, and c;
are the same as the usual Bogoliubov sound velocity cg.
An intriguing feature is that the mean-field sound velocity
in the x direction, c,, vanishes at the phase transition point
between the plane wave and zero momentum phases. Besides
the gapless phononic mode, there also exists a gapped mode,
which is dominated by spin excitation, with the mean-field
gap given by Ay = /QURQ + 2G7).

The density and spin response functions are given by the
Green’s functions G, and G, . , respectively. From the
spin response function, the spin polarizability [48,49] can be
obtained, and at the mean-field level, we get

2k2 cos? 0
- = (yp(q,
Q+2G;

xm = Goc ¢ (e —> 0)/p = ¥

Q- QC,mf ’

which diverges at the mean-field phase transition point.
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FIG. 2. Feynman diagrams for interaction vertices.

An important quantity characterizing superfluidity is the
superfluid density, which governs the total phase fluctuations.
To get the superfluid density, we integrate out the ¢, ¢_, and
¢ fields and obtain an effective theory of ¢ (see Appendix A).
In the low-energy and long-wavelength limit, we find

Lo = (Kooy + piq7) 191, 9)

where K is the zero momentum static density response func-
tion with its mean-field value being 1/g,, and p, = p, =
0P, px = pll — 2k§ /(€2 + 2G,)] are the mean-field superfluid
densities. From the effective Lagrangian, we see that the
sound velocity is related to the superfluid density through
C; = K 71,0[.

Note that the superfluid density in the x direction vanishes
when Q2 = 2k§ — 2G,. Formally, for smaller €2, the superfluid
density becomes negative, which means that a state with
nonzero phase gradient, i.e., the plane wave phase, is energet-

J

Q Q
Lo = %[(W (VP14 0 VoVe — “Lpt + 00,y - 00

(Ve H (VS VeV N €3+ DUV + (VP14 VEive?

ically more favorable. In other words, a vanishing superfluid
density indicates a second-order phase transition from the zero
momentum phase to the plane wave phase.

In Ref. [50], the superfluid density p, is calculated from
the current-current correlation function, which can be written
in terms of the transverse spin polarization (o,) and the
excitation gap A as p, = p(1 + 2k§Q(ox) /A?). Substituting
the mean-field values A = Ay and (0,) = —1, we obtain from
this the same result as given by the effective theory method
above. Note that if the gap becomes larger or o, is not fully
polarized, the superfluid density p, will increase.

IV. BEYOND MEAN-FIELD CORRECTIONS

To study the lowest order (one-loop) beyond mean-field
corrections, we expand the Lagrangian density up to the fourth
order of the fields,

g(wz c2e ;4>

2\ 202 203 8p?

(10)

802 4p?

The Feynman diagrams corresponding to the vertices are
given in Fig. 2. Without the spin-orbit coupling, the one-loop
corrections can be calculated analytically, and the results are
given in Appendix B. In the main text we focus on the
more interesting situation with nonzero spin-orbit coupling
and calculate the one-loop corrections numerically. Since the
parameter G, is small, we take it to be zero unless otherwise
mentioned.

A. Quantum depletion

Due to the quantum fluctuations, the condensate is depleted
by a fraction of the total density. Up to the lowest order, the

803

(
quantum depletion is given by (see Appendix B)

2y + (%)

8p = p(() + (™) + 1
0

(11

Figure 3 shows the quantum depletion as a function of the
interaction strength and spin-orbit coupling for different trans-
verse fields. The quantum depletion increases with the interac-
tion strength. We find that it also increases with the spin-orbit
coupling strength, which is consistent with previous results
[37,38]. As Fig. 3 shows, the quantum depletion increases
with decreasing €2, which means that the quantum fluctuations
are enhanced as the system approaches the phase transition
point.
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FIG. 3. The quantum depletion as a function of (a) the interaction
and (b) spin-orbit coupling for different Raman fields 2. The solid
lines correspond to the mean-field phase transition between the zero
momentum and plane wave phases.

B. Lee-Huang-Yang correction and chemical potential shift

We study the correction to the mean-field energy density,
which is known as the Lee-Huang-Yang (LHY) correction
[51] ELny, and can be viewed as the zero point energy of the
excitations [52]. With increasing kg, the phonon mode softens,
and therefore the zero point energy decreases. Figure 4(a)
shows this behavior clearly. Remarkably, we find that & gy
becomes negative for large enough spin-orbit coupling. This
leads to a nonmonotonic dependence of & yy on Gy: If we
fix ko and increase G, from zero, then for small G; (large
kg /G1), the LHY correction decreases from zero to negative;
increasing G further, the LHY correction will increase since
it becomes positive for small kg /G1. The nonmonotonic be-
havior of & gy is most clearly seen at the phase transition
point, see Fig. 4(b).

We then calculate the correction to the chemical potential,
which is given by the tadpole diagrams shown in Fig. 5. The
numerical results of §u are shown in Figs. 4(c) and 4(d). As
the LHY correction, the chemical potential shift decreases
with increasing of ky and depends nonmonotonically on Gj.

0.06 x107#
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Q=3k ']
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x107*
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0 15 0.05
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FIG. 4. (a), (b) The LHY correction and (c), (d) the chemical
potential shift as a function of the spin-orbit coupling and interaction
for different Raman fields Q. The value € = 2kj corresponds to the
mean-field phase transition.

FIG. 5. Feynman diagrams that determine the chemical potential
shift §pu. These tadpole diagrams are canceled by the chemical
potential shift and therefore do not contribute to the one-loop self-
energy. For notation see Fig. 1.

This is expected, because the chemical potential shift can also
be obtained as the first-order derivative of the LHY energy
with respect to the density.

C. Superfluid density, phase boundary shift, and spin
polarizability

To get the correction to the superfluid density, we first
calculate the one-loop self-energy and then integrate out the
massive fields ¢, {_, and ¢, to get the effective Lagrangian
of the total phase fluctuations. The superfluid density in the x
direction is found to be

202 }

x = 1-
p p[ Q+2G, — 205, . (0)

12)

where X, . (0) is the self-energy at zero frequency and
momentum. There is no correction to p, and p, at zero
temperature, consistent with the general result of superfluid
density in Galilean invariant superfluids [53].

Our numerical calculations show that X, . (0) is nonzero
at the mean-field transition point. Consequently, the superfluid
density also becomes nonzero at 2 = Q2. ¢, see Fig. 6(a).
Physically, this can be explained by the decrease of the
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FIG. 6. (a) The superfluid density, (b) the deviation of the trans-
verse spin polarization, (c) and the spin excitation gap at the phase
transition point. (d) The phase boundary shift as a function of k3/G,
for different G, /G, . Here 62, = Q¢ mr — 2, with €, being the cor-
rected phase boundary. The solid lines show the results determined
by the one-loop superfluid density, and the dots present the results by
minimizing the ground-state energy Ene + ELny. The crosses denote
the mean-field critical ko, below which the plane wave phase is
preempted by the stripe phase [42].
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transverse polarization (o,) and the increase of the spin gap
A. Because of the spin-orbit coupling, the spin of excited
particles is not perfectly along the x direction, and therefore
the magnitude of the transverse spin polarization is reduced.
Up to the lowest order, the deviation of spin polarization is
(see Appendix B)

(¢2)

8(ow) = 2(¢%) + 22

(13)
We plot the numerical result of §{(o;) in Fig. 6(b). Another
quantity that determines p, is the excitation gap. We obtain
from the one-loop self-energy the correction to the mean-field
gap and find it is positive, see Fig. 6(c). Combining the
behavior of §(o,) and A, the nonmonotonic dependence of
Oy On ké can be explained: The superfluid density increases
with increasing §(o,) and A, and with increasing kg, (o)
increases but A decreases. As a result, the superfluid density
first increases and then decreases with increasing the spin-
orbit coupling strength.

As we have explained before (see also Appendix C), the
phase transition between the zero momentum and plane wave
phases is characterized by the vanishing superfluid density, so
Eq. (12) means that the phase transition point is shifted by
quantum fluctuations. The new phase boundary is determined
through

Qe +2Gy — 203, (0) = 2k2, (14)

where ¥, ; (0) should be evaluated at €2.. The solid lines in
Fig. 6(d) show the relative phase transition shift as a function
of k(z) /G for different G,/G;. The shift becomes larger with
decreasing k% /G1 and reaches its maximum at a critical spin-
orbit coupling strength ko ., below which the plane wave
phase is preempted by the stripe phase [42]. We plot the
phase boundary shift for kq larger than the mean-field critical
value kg . = /2G>(1 4+ G,/Gy) [42]. It is possible that the
mean-field critical spin-orbit coupling strength is shifted by
quantum fluctuations, but this is beyond the scope of this
paper and we expect that it does not change the results pre-
sented in Fig. 6(d) qualitatively. We also calculate the phase
boundary by minimizing the ground-state energy Ens + Erny.
The technical details are given in Appendix C, and the phase
boundary shifts obtained in this way are presented by the dots
in Fig. 6(d). As can be seen, the two methods predict the same
results. The self-energy ¥, . (0) also gives a correction to the
spin polarizability,

2
B Q- Szc,mf - 2/02(,;, (0)’

XM (15)
which diverges at the corrected phase boundary but becomes
finite at the mean-field phase transition point. We have
checked numerically that around €2., the dependence of the
self-energy X, , (0) on 2 is weak, and therefore x,, diverges
as 1/(2 — .) close to the phase boundary, as predicted
by the mean-field theory. The spin polarizability has been
measured [20], and it seems that our one-loop result agrees
better with the experimental data than the mean-field theory,
see Fig. 7. However, the current experimental data cannot lead
to a decisive conclusion and future experiments are required
to verify our prediction.

- - -mean-field result
——one-loop result
o experimental data

. 2

2.4 2.5

FIG. 7. The spin polarizability as a function of Q2. The experi-
mental data are taken from Ref. [20]. To simulate the experiment,
we use ki = 4.2G, /g’.p = 0.2,and G,/G, = 1072 in the one-loop
calculation.

D. Sound velocity and damping rate

Using the one-loop results for the static density response
K~! and the superfluid density p,, we obtain the quantum
corrected sound velocity in the x direction, ¢, = /K1 p,.
At the corrected phase transition point, the sound velocity c,
vanishes because of the vanishing superfluid density p,. This
is different from the result in Ref. [54], where a nonzero sound
velocity at the phase boundary has been predicted within the
Hartree-Fock-Bogoliubov-Popov approximation.

Since the sound velocity goes to zero slower than the
superfluid density, it is easier to detect the beyond mean-field
effects through the measurement of the sound velocity. In
Fig. 8 we plot the ¢, against «/S_Q/ko, with 62 = Q — Q1.
For typical experimental parameters [19-21], the one-loop
prediction deviates clearly from the mean-field behavior when

0.6
0.5 - ——one-loop result
- - -mean-field result
0.4 - experimental data ¢ .

02 03 04 05 06 07 08 09 1
Vo kg

FIG. 8. The sound velocity c, along the x direction (cyp =
J/G)). Here 6Q = Q — Q. mf 18 the deviation of © from the mean-
field phase transition value. The experimental data are taken from
Ref. [21], and the parameters we use to calculate the one-loop
result are k3 = 5.2Gy, /g.p = 0.18, and G,/G; = 1073, which
correspond to the experiment in Ref. [21].
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JV8Q /ko < 0.1. The sound velocity has been measured [21],
but the parameters are not close enough to the phase transition
point. However, our prediction should be observable with
current experimental methods.

Finally, we calculate the damping rate of phonons, for
details see Appendix D. At zero temperature, the damping
is due to the Beliaev process [55], i.e., an excitation decays
into two with lower energy. In the small momentum limit

(qy,q: < /Gy and g, K€ \/Q——2k§), we find

3¢° 2Qk2 cos? 0 242 sin® 6
¥B = - 1+ ——, (16)
6407p | (R+2G,) Q — Qe

which coincides with the result obtained in Ref. [41]. The
Beliaev damping is strongly suppressed along the direction
of the spin-orbit coupling.

At finite temperature, the Landau damping [56] arises
because the phonon couples to thermal excitations. The Lan-
dau damping is experimentally more relevant since it is
responsible for damping in trapped Bose gases [57-59]. In
the low-temperature and small-momentum limit (copq K T <K
Q- 2k§), we obtain

3n3qT* 2Qk3 cos® 0 : 2k2 sin? 6
wo=2 1+ 208 )
40pc; (2 +2G)? Q — Q¢ s

Because of the extra ¢y dependence, the Landau damping rate,
unlike the Beliaev decay, is not suppressed in the direction of
spin-orbit coupling, which means that the Landau process is
the dominant damping mechanism even for uniform systems
at very low temperature.

V. CONCLUSIONS

We calculate systematically the one-loop corrections to
a spin-orbit coupled Bose-Einstein condensate. We find that
quantum fluctuations cause quantitative modifications to the
superfluid density, spin polarizability, sound velocity, and
damping rate. The quantum depletion increases while the
LHY energy decreases with the transverse field in the zero
momentum phase. The phase boundary between the plane
wave and zero momentum phases is shifted to a smaller
transverse field. The superfluid density vanishes and the spin
polarizability diverges at the one-loop phase transition point.
But at the mean-field phase boundary, the spin polarizability
remains finite, consistent with an experimental measurement
[20]. We also point out that the beyond mean-field corrections
may be detected through the measurement of the sound veloc-
ity, and give the parameter regime in which the deviation from
the mean-field behavior is visible. We calculate the Beliaev
and Landau damping rates and identify the Landau damping

J

as the dominant mechanism of quasiparticle decay. Our results
show that the spin-orbit coupling leads to, even for moderate
interactions, quantum fluctuations strong enough to make
detectable modifications to the properties of a macroscopic
quantum state such as a Bose-Einstein condensate. The results
can be readily tested in ultracold quantum gases, and in
the future, in spin-orbit coupled Bose-Einstein condensates
realized in other systems.
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APPENDIX A: MEAN-FIELD RESULTS

In this section we present the mean-field results of the
excitation energy, density and spin response function, and
superfluid density with some detailed derivations.

1. Excitation energy

The excitation energy is determined by det G, ' = 0, which
gives

—Ja? —b
Sﬁh (@ = a(q) az(q) (q)’ (A1)
Va2 (q) — b
€2 (q) = a(q) + az(q) (q)’ (A2)
where  a(q) = A(Q)B(q) + C(Q)D(q) + 2kjqi,  b(q) =

ALA@D(Q) — kg 1IB@C(Q) — k3az], epn is the gapless
phonon mode, and &g, is the gapped mode, which is dominated
by spin excitations. In the small momentum limit,

2

£ = Ao+ zfnsp’ (A3)
Epn = Coq + doq’, (A4)

where
Ao = V/QQ+26), (AS5)

L (Ga+ Q)26 + Q) + 2k3(2 + Gy + 2G) cos> f
v VQQ2G, + Q)2 ’

2k3 cos? 6
Co = Co 1— A~
Q+26G,

(A6)

(AT)

- 86‘9

QL+ 2G,)?

g (1 4k3[(2 4 2G2)(2 + (G + 3G 4 2(Gy + G2)?) cos? 6 — kG(R2 + 2(Gy + G2))* cos* 9]) A8
0 . - ’

with ¢g = 4/G being the usual Bogoliubov sound velocity for a weakly interacting single component Bose-Einstein condensate.
In the absence of spin-orbit coupling, the sound velocity is the same as cy. In the presence of spin-orbit coupling, it depends
on @, which is the angle between the momentum q and direction of the spin-orbit coupling. When Q = 2k? — 2G,, the sound
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velocity along the x direction becomes zero, and the phonon dispersion along the x direction becomes quadratic,

Gaqf

G+ 6261 +6)+ Q] ,

1
_ 2, 1y
foh = \/qu" T30 736, 120

with ¢ = ¢} + ¢7.

Knowing the low-energy dispersion relation of the
phonons, we can define the momentum region in which the
dispersion is linear. When the momentum is along the x
direction, by requiring c.q, > d.q3, we find the condition

g K JQ - 202,

When the momentum is along the y or z direction, the condi-
tion is

(A10)

an q: < LY, G1~

At finite temperature, the linear dispersion region also requires
that the dispersion of the thermal excitations is linear, and this
leads to the condition

T < Q—2k.

(Al1)

(A12)

These conditions are used in deriving the analytical expres-
sions for Beliaev and Landau damping rates.

2. Density and spin response functions

In the modulus-phase representation, the density and spin
response functions are given by the Green’s functions G, ,
and G; . , respectively. So the spin polarizability defined in
Refs. [48,49] is simply given by G, , (g — 0)/p, and at the
mean-field level,

xm = Goc ¢ (e —> 0)/p = (A13)

Q+2G, —2k3
The mean-field density and spin static structure factors are
given by

Su(@) = / dwGos.c. (@, @)/p. S:(@)

= [ 4ot @.ayp. (A14)
We show the mean-field static structure factors for different
spin-orbit coupling strength in Fig. 9. As comparison, the
contribution of the phonon branch are also shown. Without
spin-orbit coupling, the density and spin excitations are de-
coupled and the phonon branch does not contribute to the
spin structure factor. In the presence of spin-orbit coupling,
a density perturbation along the x direction also induces a
spin response and vice versa, so the density and spin structure
factors are carried by both the phonon and gapped excitations.
In the large momentum limit, the total static structure factors
approach to 1 and the phonon branch contributes to one half.
Remarkably, we find a peak in the total spin static structure
factor. When the parameter approaches to the phase transition
point, the peak becomes higher and its location moves to the
zero momentum. By contrast, the peak is not observed in the
total density structure factor, although there is peak in the
contribution of the phonon branch.

: A9
29026, + Q) )9x (A9)

3. Superfluid density

To get the superfluid density, we integrate out the ¢ and {_
fields and obtain an effective theory of ¢ and ¢

Lot = 59, 24165 4. 2417, (A15)
where
g,l _ qu 2—(1),, _ 0 ikogx
Oefft =™ | @, g—p + g+ —ikogx 0
pq’+2Qp —w, 0 ikogy
x < 20 | ik 0 |
Wy 1, T8 13, 1K0qx
(A16)

which in the low-energy limit is

2 2 2 —w
Gty = |4~ w0 ) I N )
+ 8+

Wy 4_p

Integrating out the ¢, field, we arrive at an effective La-
grangian of the phase fluctuation, and in the low-energy and
long-wavelength limit,

Ler = (K0, + pig}) 91,

where K is the zero momentum static density response func-
tion whose mean-field value is 1/g,, and the mean-field
superfluid densities are

(1 2%
Pe="p Q1+ 2G,

(A18)

)1 Py = Pz = P. (A19)

APPENDIX B: ANALYTICAL RESULTS OF ONE-LOOP
CORRECTIONS IN THE ABSENCE OF SPIN-ORBIT
COUPLING

Without the spin-orbit coupling, we can calculate the one-
loop corrections analytically. It is useful to calculate the

1 2
(@) —0=4G, (b) —Q=4G,
(X S — Q=45¢, 1 __\ Q2 =4.5G,
15 -0 =8G

(4
q
-

15 20 0 5 10 15 20

5 10
4:/VGy 4./vG1

FIG. 9. The (a) density and (b) spin static structure factors (blue
upper lines). Both approach unity in the large momentum limit. The
contribution of the phonon branch are also shown (red lower lines).
The interaction is taken to be SU (2) invariant with G, = 0 and G is
taken to be unit. There is a peak in the spin structure factor.
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following integral,

. dk 1% 2mdh? K=ty
I, m™; B, M~ y) = = . Bl
B = [ T T ™ GRS T ®v
2742 Ta+p) [ k=1 =1 (1 — x)P ! B2)

= G T@D TR o P @ T T A -0 T MO

I 0 d+y\.[(d+y d+y 2

= (Zﬂ)dr(d/z) T(a + p) F(a—i—ﬂ— > )F( ) >2F1<Ol,0l—‘r,3— > s+ 81— M2>
(B3)

where »F)(a, b; c; 7) is the hypergeometric function. To get the above result we have used dimensional regularization.
The condensate fraction is

. 1
WP+ () P = —(|<\/p + 0N+ (= p + 0 ) A~ p — %«cb +(2) — pUe*) + (), (BH)

so the quantum depletion is

| 3/2 _p)3? 2 2
p=%<<¢i>+<¢z>>+p<<¢2>+<¢>2>>=(g”’) + &2 m[<x+1)E<m>_XK(x_)]’ "

3n2 3n2 +2

with x = Q/(g_p) and E(z) and K(z) are the complete elliptic integral of the second and first kind, respectively. The quantum
depletion increases with increasing g, and g_, but decreases with increasing €2.
The transverse spin polarization is

L st N S

(ox) = —(Y'oxy) = —1 +2(p7) + — (L), (Bo)
P 2p
o)
o) = 2607 + 02 = 282 e e (=2 ) k(2 B7)
oy) = — _— .
¢ 202 ¢ 3pm? * * x+2 —F x+2
The Lee-Huang-Yang correction [51] can be obtained as the zero point energy of the system [52], and we find
8 (g_p)*J/T+x/2 13 2

Eluy = 2 Fl——=, =3, — ). B8
LHY = 7558+F VE&p + o i\ =333 (BY)

The first term in Eq. (B8) is the same as the result for a weakly-interacting spinless Bose gas [51]. The second term
comes from the spin excitation. The function ,F}(— é, 3.3, 5 +X) depends weakly on x, with ,F;(— 2, ;3; 1) =32/(157) and

2Fi(— 2, 2, ;3;0) = 1, so the second term increases with increasing g_ and 2.
The chemical potential shift is given by the tadpole diagrams shown in Fig. 5. Evaluating the integrals, we find

5 _ 4gip g g-py&pv/T+x/2 poop( 2 of 2 B9
K="32 7 372 [( ) <2+x>_x (2+x>]’ B9)

which increases with g, g_, and Q. Another way to calculate the chemical potential shift is to take derivative of the LHY energy
density & gy with respect to p, u = 9,ELny, and the result is the same as Eq. (B9).
The correction to K~ is given by 2, ;, (0), and in the absence of spin-orbit coupling,

2g+\@ Fm l<1 1,2 )

SKl=—-% 0) = -
¢ (0) 7

27 27 7 2+4x (B10)
Note that K ! can be related to §u through §K~! = 9,5 .

To calculate the correction to the mean-field excitation gap Ay, we need to compute the self-energies Yy, (Ag), L (Ag),
and Xy, (Ap), which can also be done analytically in the absence of the spin-orbit coupling, and we find that the one-loop
correction to the gap is zero. In the presence of spin-orbit coupling, we calculate the self-energies numerically, and find the
one-loop correction increases the gap slightly, see the main text.
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APPENDIX C: PHASE BOUNDARY BETWEEN THE PLANE WAVE AND ZERO MOMENTUM PHASES: THE EFFECT OF
THE LHY ENERGY

In this section we study the phase boundary between the zero momentum and plane wave phases by minimizing the ground
state energy. As we will show, this also provides another way to calculate the superfluid density.
We only consider the plane wave and zero momentum phases, and in general the field operator can be written as

d’ = ei¢>+ik1x Vp + & cos aeiw. ChH
—p ¥ &sinae™ |

where we have introduced the phase fluctuations ¢ and ¢, and the density fluctuations ¢; and ¢,, which are simply set to be zero
in the mean-field approximation. The parameters k; and « should be determined by minimizing the ground-state energy, and
ki # 0 characterizes the plane wave phase while k; = 0 gives the zero momentum phase.

Substituting Eq. (C1) to the Lagrangian density

L= 9@ +ho— v+ 55

and up to the quadratic order of the ﬂuctuations, we find

k2
L=

+Gi -

ki + kg Q
+ —
2 2 sin 2o

Q
,0 kok1p cos2a — E'O sin 2«0 +

n Q cos2a
) 2 sin 2o

1
+ _[¢’ §+v e, é‘f]g()_l [¢» §+v v, gf]Tv

(w Ty ) + (¢ To,p)?, (C2)

g+ + g_cos?2u o2

5 —pp

— koki + G cos 20[) ¢

3 (C3)
where ¢, = ¢ cos® a + & sin’a, £ = ¢ cos® a — ¢ sin” «, and Gy !'in the momentum and frequency representation reads
ok? — ikk, pk? cos 2a ikoky
Gt | TR Lot g ko —532?5% B
ok* cos2a ikok, pk* 4+ 2Qp sin 2« ik ik
—ikok _22210:32;1 - 4::;122“20( @ + ikiky 4psm 3w T8 1 s 2sm 2a %
We choose the renormalization condition (¢y) = (¢—) = 0, which gives two conditions at the mean-field level
i erkg N 2sisjza + G- =0, (£
% — kok1 + Gy cos2a = 0. (C6)

The first condition Eq. (C5) determines the mean-field chemi-
cal potential and the second condition Eq. (C6) gives a relation
between « and k. Note that for small k;, we have cos 2« o k.

The mean-field energy density is given by the first line in
Eq. (C3),

5f:k12+k§

Q
p — kokyp cos2a — 3,0 sin 2«

g+ +g_cos’2a o2

* 2

(o7))
Note that Eq. (C6) can also be obtained by minimizing the
energy with respect to «. In Ref. [42], a relation between
k; and ¢ is obtained by minimizing the energy with respect
to ki, which leads to o = arccos (k; /ko)/2. This relation and
Eq. (C6) determine the mean-field value of o and k; and
therefore the mean-field phase boundary, which are the same
as the results in Ref. [42]. However, @ = arccos (k;/ko)/2
no longer holds when the LHY energy is taken into account
because in this case there will be extra contribution to the
energy density depending on k;. In contrast, Eq. (C6) is

(

still valid up to at least one loop since there is no one-loop
correction proportional to {_ and therefore ({_) = 0 leads to
the same condition. Therefore, to include the effects of the
LHY energy, we should utilize the condition Eq. (C6) instead
of the form used in Ref. [42].

Using Eq. (C6), we can rewrite &y in terms of k1, and then
we can view the resultant expression as a Landau functional
in terms of the order parameter k;. The disordered phase
corresponds to the zero momentum phase while the ordered
phase is the plane wave phase. Technically, it is simpler to use
Xx = cos 2« as the order parameter (because x  k; for small
k1) and we have

e -k Q +g+p2

p J—
2 241 — x2 2
o g p*x?

+ Qx + 2
2k3 1 24/1 =22 §-r1 2

By minimizing the above express with respect to x, we can
determine the mean-field phase diagram.

(C8)
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Expanding Eq. (C8) around x = 0 and rewriting the result
in terms of k;, we get
K Q

Ep= 0, 2
e Y Y

gep> | P [ 2kg

Sl1— —% (2. (9
52+2G2]1 )

It is then clear that the mean-field phase transition point is
determined by 1 — 52-25]62 = 0. In the zero momentum phase,
the coefficient before k; measures the energy cost of the phase
fluctuations, and therefore it is by definition the superfluid
density p,/2. From the point view of the Landau theory of
phase transitions, the superfluid density is the coefficient of
the quadratic term in the order parameter expansion. A nega-
tive superfluid density simply means that the zero momentum
phase is unstable, and k; will acquire a nonzero expectation
value such that the system enters the plane wave phase. In
the plane wave phase, the superfluid density becomes positive
again.

To calculate the correction to the mean-field phase bound-
ary, we include the LHY contribution to the ground-state
energy density and minimize &y + E gy as a function of ;.
The LHY energy is obtained through the excitation energy
determined by det G, ' = 0 with G;' given by Eq. (C4). The
minimization can be done in the following way: We first
calculate numerically the LHY energy for small k;, and then
extract the coefficient of the k12 term in & gy. This coefficient
gives a correction to the coefficient of k7 in Eq. (C9), and the
new phase boundary is determined by requiring the corrected
coefficient to be zero. As shown in Fig. 6(d), the phase
boundary determined in this way agrees perfectly with the one
determined through the one-loop result of p,.

Before closing this section, we mention that the same
method can be used to get the superfluid density in the plane
wave phase. Assuming &y reaches its minimal at & ., then
the superfluid density is obtained by expanding the mean-field
energy Eq. (C8) around & .,

Emt = Emplhre) + %akz, (C10)

where 6k =k, — k.. To find k; ., we minimize Eq. (C8)
with respect to x and find the position x. at which the en-
ergy takes minimum. Then using Eq. (C6), we find k; . =
ko, /1 — Q2/ qumf. Expanding Eq. (C8) around x, and change
the variable from x — x. to k; — k; ., we obtain the mean-field
superfluid density in the plane wave phase

kG 2?

P , (C11)
Q2G, +4(2 — G,)’

Px =P —

which is the same as the result in Ref. [50]. By taking
into account the LHY contribution, we can also obtain the
correction to the mean-field superfluid density in the plane
wave phase.

APPENDIX D: DAMPING RATE AT ZERO AND FINITE
TEMPERATURE

The damping rate y, i.e., the imaginary part of the phonon
excitation energy, is determined by

det[Gy ' (epn — iv, @) — Z(epn +i07,q)] =0, (D1)

FIG. 10. Feynman diagrams for X, that contribute to the
phonon damping rates.

where E(gpn + 10T, q) is the one-loop self-energy evaluated
at the phonon frequency.

To solve Eq. (D1), we first integrate out the ¢ and ¢{_ fields
and obtain an effective theory for the low-energy mode [c.f.
Eq. (A15)]

Lo = 5[0, 24165 (¢, £41" (D2)
where G can be written as
242
Gl = |:p(q2 — 516 %) —Wn :|
eff — - q2
wy ip + g+
Dett,pp  Leff, ¢,
— ' ' . D3
[Eeff,w Yeff, gy ©3)
And then from Eq. (D3), the damping rate is obtained
2%2 ~ ~
p(q? — FZOGZ%%)UEeff,QQ + 8+ 3%t pp
y = + g\Eeff,qgQ.
28ph
(D4)

We focus on the linear dispersion regime defined through
Egs. (A10)-(A12). By analyzing the low-energy and momen-
tum behavior of all the one-loop self-energies, we find that
it is enough to consider the Feynman diagrams constructed
from only two vertices Figs. 2(a) and 2(d), and the momentum
dependence of vertex Fig. 2(d) can be neglected. Therefore the
relevant parts of the effective self-energy matrix is

SBetr pp R etr oz,
mzeff@ﬁ-‘i’ %Zeff,;“+;“+
_ [ ST Ny, }
mz@ﬁ \‘SEQQ
4pkogi N g 40’k 2R 2pkoq: STy, ¢
+ T Q126G (Q12G,)? T QG
Zpkoqx‘?ﬁzg;, 0
Q+2G,

(D5)

As an example, we calculate Xy4(iw,, q) explicitly. The
Feynman diagrams are shown in Fig. 10.

E¢¢(iwnv q)
= Z[(k ’ q)zgo’ngg(l.a);n, k)go,ﬁ@r (iwy — l.(,l),/n, q- k)]
.k
+k - q(q*—Kk - @)Go 4, (iw),, K)Go.p¢, (i, —iw),, q—K)].

(D6)

023619-10



QUANTUM CORRECTIONS TO A SPIN-ORBIT-COUPLED ... PHYSICAL REVIEW A 100, 023619 (2019)

We write the mean-field Green’s function explicitly

A1(q) Bii(q)

o | D7
g0,¢¢(la) Q) a)i + gszp(q) (,()% + 85},((1) o
. Axn(q) Bxn(q)
o ’ D8
Go.c.¢. (ion, Q) of +e3,(q) o} +ey(q) -~
| . wA>(q) wB12(q)
g0,¢§+(la)m q) = _goy§+¢’(lw"’ Q= = X >

oy +e5(Q) o + e (@)

Since we are studying the damping rate in the linear regime, the gapped branch can be neglected, and it is enough to know the
low momentum behavior of B;;, B,,, and By,

2
c

Bi(q) ~ g4, Bn(qQ) ~ 'Oc_ng’ Bia(q) ~ 1. (D10)
0

Evaluating the Matsubara frequency summation, 44 (iw,, q) can be written as

Ypg(iwy, Q) = g, 1(iwy, q) + Zpg 2(iw,, q), (D11)
with
S pg1(ion, @) = 311+ negn(K) + nlepn( k))][ : i : }
iy, q) = n n - - -
pottom D= L P il iy + £pn(K) + Epn(q — K) iy + £pn(K) + £gn(q — K)
Bi1(k)B -k Bix(k)B -k
><|:(k~q)2 11(K)Bxn(q — k) kg — k- q) 12(K)B12(q )]’ (D12)
48ph(k)8ph(q - k) 4
which is nonzero even if the temperature is zero and is relevant to the Beliaev damping rate, and
Spga(ion @) = 3 (e () — nlepn( — k))][ 1 - ! }
poa T " i, + epn(q — K) — epn(k) i, + epn(k) — £pn(q — k)
Bi1(k)B -k Bx(k)B -k
x|:(k-q)2 1(K)Bx(q — k) k- q —k-q) 12(K)B12(q )]’ (D13)
4epn(K)epn(q — k) 4
which is nonzero only at finite temperature and is relevant to the Landau damping rate.
We calculate the imaginary part of Ty 1(pn(q) + 0T, q) at zero temperature,
Syp.1(epn(q) + 07, q) = 7 Z 8(— epn(q) + epn(K) + epn(q — K)) f(q, k), (D14)
k
Bi1(k)B -k Bix(k)B -k
F@.k) = (k- q) 11(K)Bx(q — k) Fkq -k Q) 12(K)B12(q )_ (D15)

depn(K)epn(q — K) 4

To calculate the above integral, we need to solve the internal k allowed by the energy and momentum conservation. We can scale
the momentum as ¢k, = cok;, and ky/, = k)’, = and then the phonon dispersion can be written as

epn(K) = \Je2h2 + cok? + B2 = cok = ok, (D16)

The momentum and energy conservation can be solved in terms of the new variables in the small q limit (6’ is the angle between
k' and q),
q/ 1

———§(9"), D17
coq'k’ sin 6’ ©) ( )

8(—coq + cok’ + colq’ —K'|) =

with the restriction k' < ¢’. This means that k' and ¢’ are along the same direction and k' < ¢’ and therefore k and q are also
along the same direction and k < ¢g. Under this condition,

kq*(q — k)

f(q.k) = T (D18)
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SO
N o dk,dk,dk,
SIZpg.1(epn(q) +i07, q) =7 Wf(q, K)3(—epn(q) + epn(k) + epn(q — k), (D19)
dk,dk,dk, ) )
— 72 ———f(q, K)3(—coq’ + cok’ + colq’ — K'|), (D20)
Cx (27)
Al g i—L =K _sq D21
TF; Wﬂ% )m @), ( )
” ! /
—rr—fk dk f(q, k) k (D22)
2 [1kPdk kgP(q —k) g —k
_ 2_9 / 7*(q )q ’ (D23)
cgex Jo 4w 2 gk
_lg & (D24)

© 2cke, 1207
We now calculate SX g4 2(spn(q) + i0T, q) at finite temperature,

B11(k)Bxn(q — k)
48ph(k)8ph(q - k)

3 g2 (epn(@) + 107, @) = Y [n(epn(k)) — nepn(q — k)] [(k q)?
k

—k-q(¢’ —k-q) 1
X [=8(epn(q) + epn(q — K) — £pn(k)) + 8(epn(q) + epn(K) — &pn(q — k)1 (D25)
= -7 ) _[n(epn(k + @) — n(epnk)18(Epn (@) + epn(k) — epnk + q))g(q, k), (D26)
k

B2(K)Bia(q — k)}

0 k
= 3 ) @)atepn @) + o) — e+ )@, K, (D27)
k Eph(k)
where
Bi1(k + q)Bxn (k) Bia(k + q)B12(k) B11(kK)Bx(q + k)
K = | (k- 2y2 211 + (k- Dk . q 22 TP k. q)? i| D2
8(q, k) [( q+q°) 4o (K + Qe (K) +k-q+q)k-q > +k-q) 4o (K)o (q + K) (D28)

To get Eq. (D27) we have assumed cgq/T < 1 and expand n(epn (kK + q)) — n(gpn(K)) to the lowest order. In general it is difficult
to solve the energy and momentum conserving condition 8(epn(q) + epn(K) — epn(k + q)) even if q is small, because k is not
necessarily small and for general k, the phonon dispersion is very complicated. However, if we focus on the low-temperature

region such that the corresponding phonon dispersion is linear, then we can replace (k) by the linear dispersion because

on(epn(K))
agph(k) . . . . . .. .

along the same direction and the length of k is unrestricted. Under this condition g(q, k) also takes a simple form

decays rapidly when epn(K) > T'. In this region the momentum and energy conservation is easily solved: k and q are

g(q, k) = kg’ (k + q), (D29)
and
2 (X kXdk  BePok qg+k
AP 0", q]l = "/ — ———coqkq*(k -—, D30
SZgg,2[epn(q) +1i07, q] = OCx ,  4m (ePak — 1)2C9‘1 q (k+q) P ( )
T4 [® x2dx & cog\2
=2 / 2(x+9—q), (D31)
cocgex Joo 4m (ef—1) T
BPT?
= — (D32)
lScecocX

To get Eq. (D32) from Eq. (D31), we have used the condition cyq/T < 1.
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We can calculate other self-energies in the similar way, and here we just summarize the final results,

N5y, = LG & 35y, = 1OT
¢9. 2 cjey 1207 9, 15¢2ckey
g+ 2kiQcos’0) cp ¢ g+ 2kiQcos’0 1 wiqT?
Mg, = 20| 1 - 02 2 2 Nge, 0= 5|1 —
1T (Q+2Gy) | Ze, 1207 S (Q+2G,) |Gcle, 15
. | _ 29k cos?6 1 g N, 2Qk}cos’0 1 T
“eel T8, (Q+2G2)? | ¢, 1207 T2 T gy (Q+2G2)?] cle, 15 (D33)
k3Q%cos?0 ¢ g k3Q%cos?0 1 73T
82;74; 1= B) 3\25—5— 2= 2.2
’ 20%(Q + 2G2)? cjex 1207 ' P2(Q +2G2)? cjegex 15
. Qkocos ¢ ¢ Qkocos® 1 m3qT*
NZpe_ 1 = > Ngr 2= 2.2
20(2 + 2G3) cjex 1207 p(Q+2Gy) ¢jegex 15
- _ 8+Skocos6 [ 2k3S2 cos? 0 co q* - _ §+Skocosd [ 2k3Qcos’0 1 nT*
TEEN T 4p@ 4260 (4262 | ey 1207 ST 0 Q426 (426G 3, 15

From the above results we get the Beliaev damping rate at zero temperature

. 3giq° 2Qk3 cos® 0 : c (D34)
T 6407cy (Q+2G>)? ] e’
. 3¢ Zng cos?0 7 Co (D35)
© 6407 p (Q+2G,)? ] ¢’
2 .
_ 37 - 2Qk2 cos? 0 - 2k2 sin® @ D36)
640m p (Q+2G,)? Q+2G, —2k%
and the Landau damping rate at finite temperature
373qT4[ 2Qk3 cos? 6 242 sin” 6
n=——-rll- =1~ I+ —. (D37)
40pc, (Q+2Gy) Q+2G, — 2k§

The Beliaev damping rate takes the same form as the result in Ref. [41], where a different method was used. The analytical
expression for the Landau damping rate is obtained here for the first time.
If G, = g_p = 0, the damping rates can be further simplified as

3q5

_ s - 2k2 sin” 0 D38)
8= 6407 p cf Q-2

_ 3miqrt - 2k2 sin” 6 D39)
"= 40pcd Q-2

the Beliaev damping is strongly suppressed when the momentum is along the direction of the

. N 2k2 cos? 0
Since ¢y = cogy/1 — QTG

spin-orbit coupling. However, the Landau damping is not suppressed.
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