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In this work, we generalize the two-fluid theory to a superfluid system with anisotropic effective masses along
different principal axis directions. As a specific example, such a theory can be applied to spin-orbit coupled
Bose-Einstein condensate at low temperature. The normal density from phonon excitations and the second sound
velocity are obtained analytically. Near the phase transition from the plane wave to zero-momentum phases,

due to the effective mass divergence, the normal density from phonon excitation increases greatly, while the
second sound velocity is suppressed significantly. With quantum hydrodynamic formalism, we give a unified
derivation for suppressed superfluid density and Josephson relation. At last, the momentum distribution function
and fluctuation of phase for the long wavelength are also discussed.
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I. INTRODUCTION

At low temperature, Bose-Einstein condensation and su-
perfluidity would occur in a bosonic system. Tissa [1] and
Landau [2] propose two-fluid theory to explain the superfluid
phenomena in “He. Comparing with usual classical fluid, due
to an extra degree of freedom (existence of condensate), the
existence of second sound is an important characteristic of
superfluidity. With realizations of Bose-Einstein condensate
(BEC) and fermion superfluidity in dilute atomic gas, the
second sound and other related superfluid phenomena in
atomic gas have attracted great interest [3-9]. For example,
sound velocities at zero temperature as a function of density
in cold atoms [10,11] have been measured experimentally.
The application of two-fluid theory for sound propagations in
cold atomic gas has been proposed [12,13]. The predictions
on the second sound [14,15] and the quenched moment of
inertia [16] resulting from superfluidity in cold atoms have
been observed experimentally [17,18]. According to the two-
fluid theory, the whole fluid can be viewed as a mixture of
two component fluids, namely, the normal part and superfluid
part. The motions of normal part result in viscosity, while the
motions of a superfluid one are dissipationless. As tempera-
ture grows from absolute zero to a superfluid transition point,
the superfluid density decreases from total density to zero.
Specially, the normal density at the usual superfluid system
(“He fluid or cold atoms) is vanishing at zero temperature.
Consequently, the moment of inertia is also vanishing in the
usual isotropic superfluid system at zero temperature.
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Recently, spin-orbit coupled BEC has been realized exper-
imentally [19-24]. There exists a phase transition between
the plane-wave phase and the zero momentum phase in the
spin-orbit coupled BEC [19,25]. It is shown that, even at
zero temperature, there exists finite normal density, and even
all the total density becomes normal at the phase transition
point although the condensate fraction is finite [26]. At zero
temperature, due to finite normal density, there is finite mo-
mentum of inertia in the spin-orbit coupled BEC [27]. It is
shown that the suppressing of superfluid density is closely
related to enhancements of effective masses near the ground
state. Because the effective masses enhance anisotropically,
the expansion behaviors of spin-orbit coupled gas also show
anisotropy [28-30].

It is expected that due to enhancements of effective masses
in spin-orbit coupled BEC, the corresponding two-fluid theory
at finite temperature also needs to be revised greatly. In this
work, we generalize the two-fluid theory to a superfluid sys-
tem with anisotropic effective masses along different principal
axis directions. As an immediate application, we find that a lot
of superfluid properties of spin-orbit coupled BEC, e.g., the
decreasing of superfluid density, the suppressed anisotropic
sound velocities, etc., can be described by an anisotropic two-
fluid theory. Near the phase transition from the plane-wave
to zero-momentum phases, the normal density from phonon
excitation increases greatly, while the second sound velocity
is suppressed significantly.

The paper is organized as follows. In Sec. II, we review the
thermodynamic relations for a superfluid system. In Sec. III,
based on the entropy equation, we give a derivation for
dissipationless two-fluid equations. In Sec. IV, as an appli-
cation of the anisotropic two-fluid theory, we give a specific
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example, namely, spin-orbit coupled BEC, to illustrate the
above results. A summary is given in Sec. V.

II. THERMODYNAMIC RELATIONS FOR A
SUPERFLUID SYSTEM

First of all, we consider an original system Kj with the
particle mass m, in which the many-particle Hamiltonian

2
H():Zg—’(;;+%ZV(ri—rj), (1)
i i#]

where po; is the particle momentum for Ky and V(r; —r;)
is the interaction potential between particles i and j. In the
following, we mainly investigate the effects arising from
enhancements of the effective masses, i.e., m — zm with z >
1. For this purpose, we consider another system K with the
effective mass m’ = zm. The corresponding Hamiltonian and
Lagrangian are written as

p; |
HZXi:zz—m‘l‘E;V(ri_rj)»

m¥? 1
L_ZT - z’Z‘V(r,-—rj),
i i#]
where p; and ¥; are the particle momentum and velocity for K,
respectively. From Hamilton’s canonical equations (or New-
ton’s second law), i.e., dpg;/dt = —dV/dr; and dp;/dt =
—aV/0or;, and the relations py; = mvy;, p; = zmV;, we get the
velocity for K in terms of that of Ky, i.e.,

Vi = Voi/z, ()

where v, is the particle velocity for Ky with the mass m.
Equation (2) shows that the enhancements of masses would
result in the decrease of velocity. In the following, the velocity
appearing in expressions is always referred to as that of the
original system Kj, which has the mass m, rather zm. The
Lagrangian for K can also be expressed in terms of vy, i.e.,

2
mvs, 1
L= —_ Vri—rj).
D5 T 2 Vi)
i i#]
In order to get the thermodynamic relations, now we
consider a moving reference frame with the velocity u with

respect to the laboratory reference frame. The particle velocity
in the moving frame is

Vi=Vy —u. 3)
The Lagrangian L is rewritten as
m(v;+u)> 1
L= ZZ—Z — E;V(ri—rj).

The canonical momentum and Hamiltonian in the moving
frame are thus given respectively by

/ aL /
Pi=3 = m(v; +u)/z = poi/z = pi/z,

u
H/EZP;‘Vﬁ—L=H—Z'P7
i

where the total momentum P = )", p;.

In terms of the Hamiltonian H’, the partition function
7 =tr efﬂH’ — ef,BF — efﬁ[EfTsfll-P/Z] (4)

where E is the energy in the laboratory frame, S is the entropy,
B = 1/T is the inverse temperature, and the free energy

F=E—-TS—u-P/z. ()
The grand potential
=—pV=F—-—uN=E—-TS—u-P/z— uN,

where p is the pressure, V is the system volume, u is the
chemical potential, and N is the total particle number. Further
introducing the energy density € = E/V, the entropy density
s = §/V, the momentum density g = P/V, and the particle
number density n = N/V, the pressure is given by

p=—€+Ts+u-g/z+ un. (6)
Since the free energy is a function of {7, V, u, N},e.g., F =
F(T,V,u, N), using Eq. (5), we obtain
dF = —SdT — pdV + ndN — P -du/z
=dE—-TdS—-SdT —u-dP/z—P -du/z, (7)
which leads to the fundamental thermodynamic relation
TdS=dE+ pdV —udN —u-dP/z. (8)
For a fixed unit volume (dV = 0), Eq. (8) turns into
Tds=de— pdn—mu-dj, )

where j = g/(zm) is the particle current density.
On the other hand, using p?/(2zm) —u-p;/z = (p; —
mu)?/(2zm) — mu?/(2z), Eq. (4) becomes

7 — eﬂNmuz/(Zz)ZO = eﬁNmuz/(Zz)tr e*ﬂH,

where Zg = tre " = ¢7Pf0 and F is the free energy when
the fluid is at rest. So the free energy

F = Fy — Nmu?/(22). (10)

For a superfluid system, Eq. (10) can be extended to a case
in which the superfluid and normal parts move with the
velocities vy = iVO/m and v,, = u, respectively [31], where
0 is the phase of the condensate order parameter. In this case,
the free energy density, f = F/V, is given by

f = fo—nmv2/(22) + ngm(vs — v,)*/(22),  (11)

where fj is the free-energy density when the fluid is at rest.
The term nm(vy — v, )? /(2z) describes an extra energy due to
the motion of the superfluid part relative to the normal part
and ny is the particle number density of the superfluid part.
We should recall that the velocity for K is V) = V) /2.

The free-energy density f is a function of independent
variables {T', n, v, v,}. Similar to Eq. (7), its variation can be
written as

df = —sdT 4+ udn — mj - dv, +h - dvy, (12)

where h = 0 f/0dv, is the thermodynamic conjugate variable
of vs. From Egs. (11) and (12), the particle current density
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and the conjugate variable of v, are given respectively by

af Ny Vy + RV

e " mav, - Z ’
(13)
h = af _ nsm(vs - Vn)
CAv, z ’

where n, = n — ny is the particle number density of the nor-
mal part. From Egs. (7) and (13), the thermodynamic relations
are generalized as
p=—€+Ts+mv,-j+ un,
Tds=de —udn—mv,-dj—h-dv,

dp=sdT +ndp+mj-dv, —h-dvs. (14)

Equation (14) also holds for the anisotropic superfluid system.

III. TWO-FLUID EQUATIONS FOR ANISOTROPIC
EFFECTIVE MASSES

Having obtained the fundamental thermodynamic relations
in Egs. (13) and (14), in this section we extend them to de-
rive the required two-fluid equations for anisotropic effective
masses. For an anisotropic system with different effective
masses along three principal axis directions, the Hamiltonian

H = HO +I-Iint9
2 2

2
. 3.+ Px Dy P
Ho= /d rv (2m1 + 2my + 2m3>1/f’
1 .
Hin = 5 / Prid ey TV )V (6 — e )Y (),
(15)

where m; is the effective mass along the ith axis and v is
the bosonic field operator. We should note that, although the
masses are anisotropic, the Hamiltonian (15) still has Galilean
transformation invariance [32], and can describe the spin-
orbit coupled BEC near the ground state realized in recent
experiments [19]. Specifically, we write the effective mass as

m; = mz;,

where z;_1 2.3 > 1 characterize the enhancements of masses.

A. Two-fluid equations

To obtain the two-fluid equations for the Hamiltonian (15),
we generalize the free-energy density in Eq. (11) as

nmv?,
2z; * Z

i=1,2,3

2
nsm(vsi - Uni)

f=h@Tm— 3" 2

i=1,2,3

. (16)

Based on Eqgs. (13) and (16), the particle current density and
the conjugate variable of the superfluid velocity of the ith axis
are given respectively by

8f _ Ny Upi + NV

Ji=

I

_mav,,,- - Zi
= af _ ngm(vg — vni)' 17)
v %

Although there exists anisotropy, the particle number, mo-
mentum, and energy are still conserved. The corresponding
continuity equations are given respectively by

an

— 3iji =0, 18
> +2,-: j (18)
0gi
ot ;a_,mi =0, (19)
AT o P (20)
ot i =5

1

where g; = m;j; = z;mj;, m;; is the pressure tensor, and j;
is the energy current density. The superfluid velocity can be
written as a gradient of condensate phase, i.e., v = 7iVO/m.
Therefore, the superfluid velocity vy is irrotational and satis-
fies the equation [33]

movs;

—— +tai(n+X)=0,

at

where u is the chemical potential and X is a scalar function
which needs to be determined by an entropy equation (see the
following). The irrotationality condition is

2y

3,'1)”‘ = ajUSl'. (22)

We should note that the superfluid velocity for the anisotropic
system with the mass z;m, i.e., U5;; = vy;/z; [see Eq. (2)] would
have no irrotationality [27] due to z; # z; in general.

The entropy equation can be derived as follows. Using
the thermodynamic relations in Eq. (14), continuity equa-
tions (18)—(20), and Egs. (21) and (22), we get

s Sus - Qi
T|— 9; =
s d)

o;T
= - Xi:QiT

(23)

In deriving Eq. (23), we have introduced the heat current
density Q with

0 =j - n(gi/m — nvy) Z UnjTCji  €Upi
Zi ; Zj Zi
n Z MUpiVnj j j n Z UnjVsj X ),
- Zi : Zj m l
J J
and used the thermodynamic relation p = —e 4+ T's + mv,,j +

pn. The right-hand side of Eq. (23) is a form of “currents”
time “forces” for entropy production. For the dissipationless
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process, the entropy production should be zero, so the right-
hand side should vanish, i.e.,

0; =0,
S mumi b
Zim Zi m
i _ Py _ Mt vghi
Zj Zi Zi Zj
)—(—ZM=0. (24)
m ; <j

From Eq. (24), we get constitutive relations
MUy
X = _

& = mnvy,; + zih; = nymvy,; + ngnmvg; = Zimjj,

ijjjvm'
mji = pdij + ——— + vl
Zi
e M(gi/m—nvy) | VT €Uy MU
f = + 4 ot TOwi))
Zi Zj Zi Zi
(25)

Due to Eq. (25), the entropy Eq. (23) becomes its conser-
vation equation

as SUpi
— + 85( ) =0. (26)
- Z

The energy conservation equation can be replaced by the
entropy conservation equation. Finally, we have four complete
equations for the two-fluid theory:

on + 0;ji =0 27
ot - Wi =5
agi
E—i—zj:ajﬂij :O, (28)
as SUp;
— 0; =0, 29
3f—+ - ( i ) %
movy; MUy
St 9; A 0, 30
at + mt EE: Zj 30)

j J

with constitutive relations
. Ny Upj + Ny Vg
Ji= ————,
Zi
8 = ZiMji = My Vy; + Mngvs,

mn, Uy jUpi + mn Vs j Usi

mji = péij + Z
Equations (27)-(30) are the main results of this paper. These
equations have several important properties. First, due to
Z; # z;j in general, the pressure tensor 7;; would not be a
symmetrical tensor in the anisotropic case, i.e., 7;; # 7j;.
Secondly, when z; = z, = z3 = 1, using the relation be-
tween the energy (e¢) of the laboratory frame and that
(€9) of another reference frame where the superfluid
part is at rest [33], ie., € = nmv§/2+g0~vs + €9 with

go = n,m(v, —Vvy), and further comparing the thermody-
namic relation in Eq. (14) with its counterpart in [33],
ie., dep =T ds+ podn + (v, — vy) - dgy, we immediately
get the relation for two chemical potentials p and py, i.e.,
o + mvf,/Z =+ mv, - v,. Here oy = de€p/on denotes the
chemical potential for the reference frame in which the su-
perfluid part is at rest, while u = de/dn is the chemical
potential for the laboratory frame. Using replacement of u +
mvg -V, = o + mvf, /2 in Eq. (30), Egs. (27)—(30) recover
the famous Landau-Khalatnikov’s two-fluid equations [34]
with constitutive relations j; = n,v,; + nsvs;, g = mj;, and
Tji = pdij + mn,v, v, + mngv,;vg. For the anisotropic case,
the relation between two chemical potentials is given by

2
muv;,. MUV
+ =p4 )y —H 31
ZEDD 7w =k > s (31)
J J
Thirdly, at zero temperature (ny;=mn, n, =0, s=

0, v, =0), the entropy in Eq. (29) can be neglected and
the constitutive relations become j; = nvy;/z;, g = nmuy,
and 7j;; = pd;; + mnvyjvy/z;. Using the thermodynamic
relation in Eq. (14) (Gibbs-Duhem relation for superfluid
system at T = 0), i.e., dp =ndu —h - dv, and irrotational
condition 9;vs; = d;v,;, one can show that Egs. (28)
and (30) are equivalent. Taking wo+ > j mvfj/(2zj) =
w4y j muv,;v,;/zj (v, =0) into account, the two-fluid
equations (27)—(30) are reduced to

on
- 0;ji =0,
(32)

2
mvg;

-0,

a ZZJ'

mo Ui
_t + 0; | mo + Z
j

which are consistent with Egs. (8)—(10) for hydrodynamics
of spin-orbit coupled BEC in Ref. [29], with replacements
of o — gn + Vex and vy — z;0; (replaced by the velocities
of K [see Eq. (2)]). Therefore, in this sense, we can use
the Hamiltonian of anisotropic effective mass [Eq. (15)] to
describe the dynamics of the spin-orbit coupled BEC near the
ground state.

B. First and second sounds

It is known that the existence of second sound is an
important character for superfluidity. With the two-fluid equa-
tions (27)-(30), we can investigate the sound propagations for
the anisotropic system. If the amplitudes of sound oscillations
and the velocity fields vy are small, we can neglect the
second-order terms of velocities in the two-fluid equations,
ie.,

ot

0 ni axi
i 8,~<SU>=0, ma_l;+8iM=Ov

on 0gi
- 0;ji=0, —+9p=0,
8t+2i: j +ip

(33)

with g; = zymj; = mn,v,; + mn,vy;.
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From the first two equations, we get
2 2
on_ydp
ot2 - zZim

From equation gi = mn,v,; + mngvg, We - get
(gi — mnsvy;)/(mn,) and

as
T Z
82
i

By introducing the entropy for the unit mass, i.e., § = s/
(nm) and ds = m5dn + nm ds, we get

Uni =

(3igi — mng0;vy;),
ZiMmny,

— ng0; ,u)
z;mny,

CLAL— z:az+
S— nm nm—
o2 8t2 p
_Zs(nn+nv) —n82 )
; Ziny

Using the thermodynamic relation (Gibbs-Duhem relation)
dp=ndu+ sdT and n = ny + n,, we get

3°5 ns
iz =% |5

(32 + s02T) — 205 —4 }
Zin

Zl n
~ 2
nS 5 nngms” _,
= s30T = ——0;T.
; Zily ! Z Ziny, !
Therefore, we obtain
925 ns5° 8%n ?%p
— = 9T, — =) ‘2. 34
or? Xl: Ziny, ! or? Xl: zZim ( )

Equation (34) describes the sound propagations with small
amplitudes.

In order to solve Eq. (34), we choose (n, §) as independent
variables, e.g.,

op oT
dp= ds, dT =
an Bs n an ls a5

If the sound oscﬂlatlons have the plane-wave forms, i.e.,

AN iar—on
sn)  \B ’

substituting them into Eq. (34), we get

A Wi, 9)(55), Wi ¢)(5
‘”2(3)=( o (23,)))(3)(]2, 35
mZ(a,) \ 35 /n mZ(a,¢) \on /5

where q = g[cos(a), sin(«) cos(¢), sin(a) sin(¢)] and

ds.

n

1 cos’(a) | sin’(a)cos?(@) N sin?(«) sin®(¢)
Z(o, @) B 21 22 23 ’
n,$?
e =z .

The existence of nontrivial solutions in Eq. (35) requires
tKWW¢X%»—H W s () \]_,
¢ L (B 1 (2 2] | T
nZ(@.p) (zT?)n 2@ d) (6_5:)v - ¢

where ¢ = \/w?/q* is the sound velocity. Further intro-
ducmg the specific-heat capacity at constant Volume CV =

9 N 9
( ) and using realz;tlon % = _Fa_v’ we %eTt ( ) ( )
N
— (50 (), = %558 = £ (), where 5P = (4 )v
("” : — (— ~(—)V is the Jacoblan determinant. Hence the

sound veloc1ty equation becomes

T™W 1[0 TW (9
N e c2+— Y —o0, @1
CV 8,0 Cvz 8,0 T

where dp/dp = dp/(mdn) is the compressibility.

From Eq. (37), we can get the first sound velocity c
and the second sound velocity ¢, [35]. We see that, due to
J1/Z(o, §) < 1, the enhancements of effective masses would
result in the decreasing of the sound velocities.

At zero temperature (s =0, n, =0, ng =n, v, =0), the
linear Eq. (33) is reduced to

a_n N0y Vgy n no, v, n no, vy, _

Jat 7] 2 23
Bvu
8

+ o = 0. (38)

The sound velocity c(q) = co\/q%/zl +q2/72 + ¢2/73/q with

co = +/ap/dp = /ndu/(mon).

The first and second sounds may be probed by measuring
the density response function. In order to get it, we need to
add an external perturbation potential §U ¢/47~") in Eq. (34)
of the sound propagations, e.g.,

BN 5>
Z° Z 3_31_2]"7
ot? - Zily,

8%n

1 .
SR =Y lp U (9)

The density response function is defined as

én

x(q, w) = SU el@r—an

Similarly, if the solutions also have the plane-wave forms,

Eq. (39) becomes
WW &)(50)s\ (55
L (). (8;1)‘1
InZ(a,¢) il

<8s> _ (W(“ ¢)(a_€)
9
on mZ(a,¢) (3_137)
0 .
+< nsU >q2el(q-r—wt). (40)
mZ(a,$)

From Eq. (40), we get

n[o’q* — ¢*'W(a, ¢)(5), ] -
n = SU ez(qr wl).
mZ(u,¢)[w4 ( ~|—cz)w2q + cic3 4]
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So the density response function

n[w’q® — ¢'W(e. ¢)(5),]
mZ (o, d))[a}4 — (C% + c%)a)zq2 + C%C%q4]

_ nwig 1 1
" 2mey w—cq w+ciq

nw,q 1 1
+ — . 41)
2mey \w — g @+ g

In Eq. (41), wy() is the weight for the first (second) sound in
the density response function and satisfies

x(q, ®)

1
Wi +wy = —,
: Z(a, ¢)
wy n wy 1 42)
g  ($),

Equation (42) shows that, in the anisotropic superfluid system,
the weights of sound oscillations decrease due to the enhance-
ments of effective masses.

The imaginary part of the density response function is

x"(q, w) = Im[x (g, ® +i0)]

T {wc—llq[a(w —c19) — 8w + c19)]

2m

waq
+ C—Z[B(w —q)— o+ Czq)]}- (43)

The f-sum rule and the compressibility sum rules (for unit
volume) [36,37] are obtained by

2

1 [ ng
- d " ; =1
T w/;oo A mZ(a, @)
1 o0 "
lim {——/ do’ @. w)} = an ) (44)
=0 T J—c0 @ (ﬁ)r

or in terms of the dynamic structure factor S(q,w) =
e Inlx (g, © + i0)],

00 2
/ dowS(q, ®) = —oa—,
- 2mZ(a, §)
o0
S(q,
tim [ o> " (45)
7=0J o0 @ 2(%)T

Based on Eqgs. (41)—(45), the first and second sounds may be
detected experimentally by measuring the density response
function [15,38].

C. Normal density and sound velocities

Near zero temperature, the gapless phonon excitations
would dominate the thermodynamics. In this case, the normal
density and sound velocities can be obtained analytically. The
normal density can be calculated from phonon excitations
by using Landau’s theory [39]. We assume that a thin tube
filled with liquid moves with the velocity u along the ith
axis direction. The normal part also moves due to dragging
by the tube and in equilibrium with the tube wall, while the

superfluid part is at rest. The current associated normal part is
given by

ji=)_an@), (46)
q

where gi—.,. is the ith component of vector q, n(q) =

1/ [ew(q?uqi — 1] is the Bose distribution for phonon, the
phonon energy w(q) = c(q)g, the sound velocity c(q) =

co\/qﬁ/zl + 47 /22 + 42/z3/q, and ¢g = /3p/3p is the sound
velocity determined by the compressibility at zero tempera-
ture. The average drift velocity of the phonon gas is exactly
given by

Zq Ui”(‘l) —u
Y@

with the phonon group velocity v; = dw(q)/9g;.

On the other hand, the current from the normal part is
given by j; = p,;v with the normal density p,;. From Eqgs. (46)
and (47) and taking the limit of u — 0, we get

(47)

v =

272T*

i = Zin/212233———= < - 48
Phi vz 345h3c3 (48)
Equation (48) shows that the normal density satisfies
the relation . : Puy @ Pnz =21 : 22 1 23. When z; =1, the
normal density is reduced to Landau’s result p,pandan =
272T*/(45h%¢}) [2,35]. The correction of the normal density

relative to the usual Landau result is given by
Bi = Pni/ P Landan = Zin/212223-
The normal particle number density
27T

Ny = Pni/ (ZiM) = /212223 5= (49)
45mh’cy

Equation (49) shows that, when the effective masses increase,
the normal density from phonon excitations also increases.
This is because, when z; > 1, the phonon excitation energy w,
decreases for a fixed momentum g; then the phonon number
also increases for a given temperature 7.

Near zero temperature, the free energy is given by

F =FEy+ thononv

1
Fohonon =V fohonon = =T Z ]n[l — ew(q)/T:|
q

TV
T @2nh)

= —4/2120233

/ d*qIn[l — e~ @@/
ValT4
90/°cy’

where Ej is the ground-state energy. The entropy and heat
capacity are given respectively by

~ 8fphonon 2772T3
YT T mar T VS s
a3 27273
Cy=T— = Va2 ————.
YT T YIS s
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The adiabatic compresmbilitytwould equal the isothermal
compressibility, i.e., ( ap ) (S—Z)T, so we get the first and

second sound Velocmes from Eq. (37) as

1 [ap 1
7Y Z, ¢>< ) Z.d)"

TW (a, qb) 1 C1
Cy T ()4 \/_

For an isotropic system (z; = zp = z3 = 1), the above formula
[Eq. (50)] for second sound recovers the famous Landau’s
result, i.e., c; = cl/«/g [2]. Comparing with the usual case,
the first sound velocity is suppressed by a factor /1/Z(«, ¢),
while the second sound velocity is suppressed by a factor
\/ 1/(Z(a, $)+/z12223). The correction of the second sound
along the ith axis direction is given by

1/(zi+/712223)-

C) = (50)

"= (Co/\/—)

As T — 0, the weight of second sound in the density response
functions is proport10na1 to the difference between two com-
pressibility, i.e., A( ) = (g” ) — (g”)T xT*— 0. So, the
weight of first sound w; — 1/Z(«, ¢), while the weight for
second sound w, — 0 [see Eq. (42)]. We note that the normal
density and sound velocities in dipolar superfluid bosons with
anisotropic interactions also have been investigated [40,41].

IV. SPIN-ORBIT COUPLED BEC

In this section, we take spin-orbit coupled BEC as an ex-
ample to illustrate the above discussions. The corresponding
Hamiltonian is given by [20-24]

H = Hy + Hjp,
e —koo ) + P24+ P2 Q
H0=/d3r1//} px 0 Z p_y p» —I——O’x '(ﬁ',
2m 2

1 ¥ +
Hin = §/d3r[glﬂ{ (O)y] ()Y ()Y (r)

+ 28U ()Y ()Y ()Y (1)
+ gy ()W ()Y (1) Y (1), (51)

where kg and 2 are the strengths of the spin-orbit and Raman
couplings respectively Y12y is the boson field operator and
Yl = 1//] , 1//2] is the spinor form. g = Anh’a as/m and g/ =
4 FzzafY /m are the strengths of the intra- and interspecies inter-
actions with a, and ] being the s-wave scattering lengths. The
above Hamiltonian breaks the Galilean transformation invari-
ance [42]; however, we will see that the effective low-energy
hydrodynamics for sound oscillations restore the Galilean
invariance [32]. In the following, we focus on the case of
the U(2) invariant interaction, i.e., ¢ = g, and set m = 1 and
h =1 for simplicity.

At zero temperature, the mean-field ground-state wave
function of the Hamiltonian (51) is written as [25,28,43-46]

cos(0) \ ippx
o) = v S )

where ng is the atom number density in condensates. For
weakly interacting boson gas, ny &~ n (the total particle

number density). When € < 2k3, po = ko,/1 — Q2/(4k])

and cos(26) = po/ko, while for Q > 2k§, po=0and 6 =
7 /4. A quantum phase transition occurs at © = 2k} where
the sound velocity along the x-axis direction becomes
zero [24,43,47].

A. Normal density from phonon excitations and sound velocities

To investigate the normal density and sound velocities of
the Hamiltonian (51), it is necessary to derive hydrodynamics
for low-energy phonon excitation. Our starting point is the
microscopic equation of the order parameter, i.e., the time-
dependent Gross-Pitaevskii (GP) equation. We assume the

order parameter
6191
| W (\/C el@o )

which satisfies the time-dependent GP equation [48]. Near the
ground state, we expand the GP equations in terms of small
fluctuations dng and §6s and get four linear equations:

d8n = —[(po — ko)d,8ny + it V2864 ]
+Q/71112(801 — 66,),

d8ny = —[(po + ko)d;8na + 12 V28651
— Q1171260 — 86,),
VZ(Sl’ll
=086 = ——=— 4 (po — k0)2:86) + (g8m + gbn2)
1
Q ony 7l28
% ~ ™20,
s\ vamm (B2
V238,
—0;060, = — s + (po + k0)0:60, + (gbny + gény)

Q (Sl’ll 1711 Sii
- —= - = |,

s\ vmm @i

where 711 (2) denotes its average value in the ground state.
Next we introduce the total density fluctuation §n = én; +

dny, the spin polarization §S, = én; — n,, the common phase
86 = (661 + 86,)/2, and the relative phase §6g = 56, — §6,.
For low energy (wq — 0) and long wavelength (¢ — 0) fluc-
tuations, we adiabatically eliminate the spin parts, i.e., 6 and

38S,. Therefore, we get the effective hydrodynamic equation
for the total density én and common phase 660 [29], i.e.,

8286
dn = —n[*— + (35 + 33)59],
Z
‘ (52)
—0,60 = gdn,

where n =i + 71, is the average particle density in the
ground state. z; = 1/ cos?(26) = 1/[1 — Q2 /(4kg)] describes
the enhancements of effective masses for the plane-wave
phaseandz; = 1/(1 — 2k§ /2) for the zero-momentum phase.
Near the phase transition point (Q — 2k3), z; — oo. From
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S L

4 2 4
Q/ k:g Q/ k%

FIG. 1. Corrections of the normal density [panel (a)] and the
second sound velocity [panel (b)] in spin-orbit coupled BEC (along
the x-axis direction). Note that near the phase transition ($2/ kg — 2),
the effective mass would diverge, i.e., z; — 0.

Eq. (52), we get the energies for phonon excitations as
wiq = c(§)q,

where the sound velocity c(§) =
Veos2(@)/zi+sin*(a)co, co= /&= /dp/on=/ndp/on
with p = gn — Q2/(8k3) for the plane-wave phase and
w=gn+ (kg — Q)/2 for the zero-momentum phase [28].
4 = q/q = {cos(x), sin(a) cos(¢), sin(x) sin(¢)} and « is
the angle between ¢ and x axis. Taking the spatial derivatives
of the second equation and identifying gén — Su (deviations
relative to the ground-state values), Eq. (52) becomes the
linear Eq. 38) withz, =z =z3 = 1.

From Egs. (48) and (50), we get the normal density, the
first and second sound velocities in spin-orbit coupled BEC as

. 3 22T
on(X) =z} m,
1272 T4
Pn(P) = pu(2) = Zf %,

(@) = co\/cosz(ot)/zl + sin*(a),
L a(q)
@' V3

Along the x direction, the corrections of the normal density
and the second sound velocity are given by

(@) = (53)

3 3
Br=z{, ni=1/z. (54

From Egs. (53) and (54), we see that, with increasing the
effective mass, the normal density increases, while the second
sound velocity decreases. Especially, when Q — 2k§, ie.,

near the phase transition point (z; = 1/,/1 — Q?/(4kg) or

1/[1 — 2k3/S2] — 00), the effective mass diverges along the
x-axis direction. The normal density p,(X) from phonon exci-
tations would increase greatly (see Fig. 1), while the second
sound velocity along the x-axis direction ¢, (%) — 0.

B. Superfluid density and Josephson relation

With the above linearized hydrodynamic equations, in the
following we give a unified derivation for superfluid density
and Josephson relation in spin-orbit coupled BEC. We should
stress that one can take two different viewpoints on the effects
of enhancement of effective mass in Eq. (52). The first one
is that the particle number density does not change, while
the superfluid velocity decreases due to a factor 1/z;, which
is adopted by previous sections in this paper. The other one
is that the superfluid density decreases, while the superfluid
velocity does not change, which would be adopted in the
following parts in this subsection.

We introduce superfluid density along the § direction p;(§)
as

os(®) =n/z1, ps(P) =ps(Q) = psL =n,

Ps(§) = pox c0s* (@) + ps1 sin’(@). (55)
In this case, Eq. (52) becomes

8dn = —py(2)8286 — p,. (32 + 92)56,

In the following, we will show that p;(§) is indeed the
superfluid density.

We can write down an effective Hamiltonian for the hydro-
dynamic Eq. (56) as

1 3 a 2
Hor =5 f e {p(2)(3:59)
+ 051 [(8,80)% + (3.80)*1 + g(6n)*}.  (57)

Assuming the commutator relation {86(r), dn(r')} =
—83(r — ') holds (Poisson brackets), we can easily get
the above hydrodynamic Eq. (56) from Hamilton’s equations,
i.e.,

d;0n(r) = {8n(r), Hegr}, 8,60 (r) = {860(r), Herr}.

Further assuming the quantized commutator relation
[86(r), $n(r')] = —is*(r —r’) holds [49], the phase &6
and density én can be expressed in terms of the phonon’s
annihilation and creation operators

80(r,1) =Y [AqCqe V™) + A7 Cle O],
q

Sn(r,1) = ) [ByCqe @™ + ByCle 0],
q

where Aq(Bq) is a coefficient to be determined and Cgy is
the annihilation operator for phonon. From the continuity
equation

3dn = —py(2)07860 — py (0] + 92)86,

we get

—ic(§)Bg = qps(§)Aq-
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From the commutator relation [86(r), 8n(r')] = —id3(r —
r'), we get AqBy = —i/2 and then Aq = /c(§)/[2p5(¢)q],
By = i/ps(4)q/[2¢(g)]. Finally, we have

c(q)
s Z 2ps(q)q

t(q~r7wqt) + CTefi(qrqut)]
q 9

ps(@)q
2¢(g)

i(qQr—wgt) _ ~7 ,—i(qr—ogt)
[Cqe " —Cie a].

Sn(r.t) =iy
q

(58)

From Eq. (58), we get density and phase fluctuations in terms
of phonon operators as

py(q)q

a =1\ 50y Cam Gl
@) :
= Cq +CLy). 59
"\ 200 T )

From Eq. (59), we can verify that p,(§) is indeed the su-
perfluid density. For example, the superfluid density can be
written as [26]

(@) = (@ (§)
[(qn_g|0) Pwq + [{(—q|nq|0)[*0q

= lim . . (60)
where
n!0))? —qln’ |02
()= tim | LAPIOF | (=aln'y 0}
—0|  c(§)q c(@)q
is the compressibility, |0) is the ground state, and |q) = C(I |0)

is the single-phonon state. In Eq. (60), we have used the
fact that the single-phonon’s contribution is dominant in the
compressibility [26] and wiq = c(§)q. Due to influences of
the upper branch, in spin-orbit coupled BEC, the superfluid
density p,(§) would be smaller than the total density, i.e.,
0s(¢) < n [26]. In this sense, we can interpret that the sup-
pression of superfluid density in spin-orbit coupled BEC is
due to the enhancement of effective mass.

On the other hand, as ¢ — 0 and at low energy, the boson
field operator can be written as [49]

Vo () = (Yo)e™™ = (Yo)[1 +i86(r)].
So we get
. c(q) +
1:”a,q = l("ﬁa)e Vo) 20:()q [Cq + C_q]- 61)
With Eq. (61), the matrix element (0|, 4lq) =
(Vo) 2;((?)6,’ (—q|¥0.,q10) = i(Vo) 2;(("2)(] and  the
Green’s function matrix G, ,(q,0)=—)_, [%‘”+W

(01 4 1) (154 10)

+ o |~ — “:f';)qz as g — 0 [50]. In the above
derivations, we have also used the fact that the single-phonon
states have dominant contributions in the Green’s function as
q — 0 and excitation energies for single-phonon states

wpo = wiq = c(§)g. Using ng
Josephson relation is obtained [50]:

= Za:l,z |(WJ)|2’ the

ps(q) = (62)

q ) qztrG(q, 0)
The superfluid density from the Josephson relation [Eq. (62)]
is also consistent with the current-current correlation calcula-
tions [26].

From Eq. (61) of v/, 4, we get the momentum distribution
function as ¢ — 0,

noc(q)

Nq = Z (W;,q%,q) = 204(4)q

o=1,2

—(2ng + 1),

where nq = 1/(e”/" — 1) is the phonon Bose distribution

function for the rest frame. Specially, at 7 =0 and as
q— 0, Nq =noc(§)/[2p5(§)ql x 1/q; whenwq K T, Nq =
noT /[ps(§)q*] < 1/q*, which are generalizations of the
isotropic results [49,51].

Using the effective Hamiltonian (57), we can calculate
the phase or density fluctuations within the hydrodynamic
formalism [35]. The energy in the momentum space is given
by

1 3 a 2
SE = Hr = 3 f Er{py(£)(2:36)
+ 051 [(3,80)* + (8,80)*] + g(8n)?}

1
= 5 2 1@ 6] + glng ] (63)
q

Because the thermal probability distribution

—8E|T -1 )q*10q1>+8lng*]/T
P o e PEIT — o= 3 Ly [0 @164 g"ql]/’

for the long wavelengths (wq < T'), the thermal fluctuations
of the phase and density are given by

T
(16q]%) = (Ingl*) = s

T
ps(Pq*’
Along the x-axis direction (§ = %), we see the phase fluc-
tuation near the phase transition point [p;(X) — 0] is very
dramatic and diverges, while the density fluctuation is always
finite.

V. CONCLUSION

In summary, we have generalized the two-fluid theory to
a superfluid system with anisotropic effective masses. As a
specific example, this theory is used to investigate spin-orbit
coupled BEC realized in recent experiments. At low temper-
ature, the normal density from phonon excitations and the
second sound velocity have been obtained analytically. Near
the phase transition from the plane wave to zero-momentum
phases, due to the effective mass divergence, the normal den-
sity from phonon excitation increases greatly, while the sec-
ond sound velocity is suppressed significantly. With quantum
hydrodynamic formalism, we have given a unified derivation
for the suppressed superfluid density and Josephson relation.
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Before ending this paper, we make three remarks. The first
is that our previous calculations are restricted to the case of
z > 1. However, our theory can be extended straightforwardly
to the other case of 0 < z < 1. The main results are similar
and thus are not discussed here. The second is that, for the
spin-coupled BEC at higher temperature, the up gapped exci-
tation would play an important role in hydrodynamics. Thus
how to take account of the up branch excitations properly
and construct corresponding hydrodynamic theory still needs
further investigations. The last is that, when the system is
exactly at the phase-transition point from the plane-wave
and zero momentum phases, the quadratic effective mass
terms (o<p2) in the Hamiltonian (15) would vanish, while
quartic terms (ocp*) may play an important role. In such
case, the corresponding hydrodynamics also needs further
investigation.
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