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Superfluidity of total angular momentum
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Spontaneous symmetry breaking of a U(l) symmetry in interacting systems leads to superfluidity of a
corresponding conserved charge. We generalize the superfluidity to systems with U(1) symmetries acting on both
matter fields and 2D spatial coordinates. Such systems can be effectively realized in easy-plane ferromagnetic
systems with spin-orbit coupling where the conserved charge is a total angular momentum. We clarify that under
a steady injection of spin angular momentum, the superfluid of the total angular momentum shows spacetime
oscillations of the spin density and geometry-dependent spin hydrodynamics. We also demonstrate that the
steady spin injection destabilizes the superfluid of total angular momentum, causing a dissipation effect in its
spin hydrodynamic properties. Although a stability analysis shows that the superfluid under the spin injection is
nonideal, the unique spin-transport features persist with weak dissipation of the spin angular momentum. Our
study broadens the comprehension of superfluidity and sheds new light on the interplay between symmetries and

phases of matter.

DOLI: 10.1103/PhysRevB.109.224518

I. INTRODUCTION

The discovery of superfluidity [1-3] is a milestone in the
history of physics. Exotic macroscopic quantum phenomena
in superfluids are explained by the condensation of bosonic
atoms [4,5] or neutral Cooper pairs [6]. Spontaneous symme-
try breaking (SSB) of a U(1) global gauge symmetry leads to
Goldstone modes with gapless and linear dispersions [7-9],
which enables dissipationless mass currents. By alternative
U(1) symmetries, the superfluidity can be generalized to
spin [10-17] and excitonic [18-23] currents.

General relations between Goldstone modes and SSB of
continuous symmetries are derived in the literature [24-27],
while they mostly considered continuous internal symme-
tries that transform only field operators locally. Spacetime
symmetries act on both field operators and spacetime coor-
dinates [28], and the symmetries bring about fundamental
physical consequences such as the relativistic spin-orbit cou-
pling (SOC). The continuous spacetime symmetries can be
spontaneously broken in spinful superfluids in cold-atom sys-
tems [29-34]. Nonetheless, it remains largely unexplored how
the SSB of the continuous spacetime symmetries affects the
hydrodynamic transport of “charges” associated with the bro-
ken spacetime symmetries.

In this paper, we generalize the concept of superfluidity to
the SSB of continuous spacetime symmetries. As a physical
system, we consider the superfluidity of total angular momen-
tum, where a joint U(1) rotational symmetry of an in-plane
spin vector and two-dimensional (2D) spatial coordinates is
spontaneously broken. The superfluid of total angular momen-
tum is nothing but a spin superfluid [10-17] in the presence of
the SOC. It can be effectively realized in a ferromagnet and a
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spin-triplet exciton condensate [35-37] with easy-plane spin
anisotropy.

We derive an effective field theory of a Goldstone mode
in the total-angular-momentum superfluid and solve its clas-
sical equation of motion in the presence of a steady injection
of spin. We find that the total-angular-momentum superfluid
shows spacetime oscillations of spin density and current under
the spin injection, which contrasts with conventional spin
superfluid without SOC [10-17]. We also uncover unique
geometry dependence and nonreciprocity in its hydrodynamic
spin transport, which are absent in systems only with discrete
internal rotational symmetry [13,19,38]. Especially, when the
system is in a circular geometry with finite curvature, the
spin hydrodynamics depends on the direction of the spin flow
as well as the curvature of the system. The proposed spatial
and temporal spin textures can be experimentally detected
by magnetic force microscopy [39,40] and x-ray pump-probe
microscopy [41], respectively.

We also show that unlike in the conventional spin
superfluid, the steady spin injection destabilizes the total-
angular-momentum superfluid. Landau argued that uniform
superfluids moving slower than a critical velocity realize
states at local minima of energy, so the superfluidity is pro-
tected from any dissipative perturbation [13,42—44]. Based on
the same spirit as Landau’s argument, we demonstrate that
the total-angular-momentum superfluid is not an energy-local-
minimum state in the presence of the spin injection and decay
processes to lower energy states bring about a dissipation
effect in the spin hydrodynamic properties of the superfluid.
Nonetheless, we show that the qualitative behavior of the
hydrodynamic spin transport remains unchanged and distinct
from a nonsuperfluid [13].

The structure of the remaining part of the paper is as
follows. In Sec. II, we introduce the field theory with the
U(1) spacetime symmetry and offer possible realizations of
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the theory in two microscopic models. In Sec. III, we show
spin and orbital parts of Noether’s current corresponding to
the U(1) spacetime symmetry. In Sec. IV, we propose a
spin-injection model with different geometries. The spacetime
distribution of a Goldstone mode of the theory are proposed
from a classical solution of the mesoscopic model under a
steady injection of spin current. In Sec. V, we demonstrate
the possibility of energy dissipation by a stability analysis
against a local deformation. Thereby, we show that the energy
of the classical solution can be further lowered by local de-
formations, indicating a decay process to lower energy states.
The effect of the dissipation on the classical motion of the
Goldstone mode is also discussed. Section VI is devoted to a
summary.

A number of Appendices are offered to help understand the
main text of the paper. In Appendix A, we provide detailed
derivations of the field theory from the microscopic models
proposed in Sec. II. Detailed derivations and solutions for
Secs. III and IV are displayed in Appendices B and C, re-
spectively. Appendices D and E provide instrumental details
of Sec. V, where we thoroughly discuss the possibility of the
dissipation proposed in Sec. V and its effects on the equa-
tion of motion (EOM). In Appendix F, we discuss solutions
of the spin-injection model at some special parameter points.
In Appendix G, we use the same stability analysis as in Sec. V
and derive the Landau criterion of a conventional superfluid.
We use this classic and simple example to demonstrate the
validity of our stability analysis in Sec. V. In Appendix H, we
present how to construct the local deformation of the classical
solution of the EOM.

II. MODEL

Consider a complex bosonic field ¢ = ¢, + i¢, in three
dimensions (3D), where the 2D real and time-reversally-odd
vector field (¢, ¢,) and two of three spatial coordinates (x, y)
transform under a joint U(1) rotation around z direction,

(p_>(peis7

The vector field here stands for a spin vector in physical
systems. In the presence of the time-reversal symmetry, ¢ —
—¢',t — —t,i — —i, the SSB of the joint U(1) symmetry is
characterized by a real-time field theory of ¢,
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where 0+ = 9, £ i0,, j = x, y. A global phase of ¢ is properly
chosen so that « is real and positive. @ € R and o > 0. We
assume 0 < «a < 1 for the stability of the theory. Ground
states for pp > O break the U(1) symmetry by uniform field
configurations ¢ = . /pe’®.

The joint nature of the rotational symmetry results from
spin-orbit locking in solid-state materials with SOC. An ex-
ample of the joint rotational symmetry breaking is in the XY
ferromagnet phase on a 3D trigonal or hexagonal lattice. A

localized spin model for spin-orbit coupled magnets generally
comprises symmetric and antisymmetric exchange interac-
tions,

1
Hoin =5 D (Jijuw+Dyju)SiuSiv 3

ij mv=rvz

with lattice sites i = (i, i;), j = (j, J;), spin operators S; ,
(n=x,y,2), \.7ij.,;w = u7ij,v/u and Dij,;w = _Dij.vu- i; and
i, are xy and z coordinates of the lattice site i on the lat-
tices, respectively. For i = j, D;; ,, = 0 while J;; ,,, gives an
single-ion spin anisotropy energy. Suppose that Hgpy, has an
easy-plane spin anisotropy in the XY spin plane and under-
goes a quantum phase transition of ferromagnetic ordering of
the XY spins, §,-, 1 = (Six, Si,y). When Hgp;, belongs to a point
group of Cs;, D3y, Csy, Csp, Cony Coy, D3p, Or Dgyp, spin hy-
drodynamics of the XY spin near the ferromagnetic transition
point is described by Eq. (2), where ¢(r;) = S; , +1S;, and a
2 by 2 symmetric matrix comprised of J;; ;v (1, v = x, y) de-
termines the strength of the « term. Specifically, for each bond
(i, j), the 2 by 2 matrix [J;; ,, has real eigenvalues A;; ,, and
eigenvectors t;j,, (m =1, 2). Defining Ad;; = Ajj1 — Aij2,
ajj,L =1iL — j, 1, € as the total volume of the material, and
&ij,L as an angle between #;;; in the XY spin plane and
iy —j, in the xy coordinate plane, o in Eq. (2) is given by
a sum of A};; with a phase ¢**i+ over all the bonds (see
Appendix A 1),

1 1€::
Oﬂ']%ci = S_Q Zatgj,l_ A)”ij oL “)
iLj

The antisymmetric exchange interactions D;j ,,, do not con-
tribute to the spin hydrodynamic equation near the critical
point. Note that the joint rotational symmetry in solid-state
materials with periodic lattices must be discrete due to the
lattices. In fact, £, for the XY ferromagnet on the hexagonal
lattices generally acquires additional hexagonal easy spin axes
within the XY spin plane in the form of &s¢° + H.c. The sym-
metries also allow &6¢3(81¢) + H.c. in the action £,. Near
the ferromagnetic transition point, however, the additional
term becomes effectively negligible compared to the « term in
a hydrodynamic regime with an intermediate crossover length
scale (see Appendix A 1).

Another example of Eq. (2) can be found in the triplet
exciton condensate phase in semiconductors with Rashba
spin-orbit interaction. We consider a 2D model for simplicity.
It may be regarded as an effective model of 3D systems.
Suppose that electron energy bands near the conduction-band
bottom and valence-band top in the semiconductors can be ap-
proximated by a model with continuous rotational symmetry
(h=1),

92
Hg, = / dzraT|:<—2—n’10 + Ego)ffo + Ero(—idyo, + i8x‘7y)]“
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Spin
injector

Spin superfluid

FIG. 1. A spin-injection model. A steady spin current j, is injected from a spin injector (red) to the total-angular-momentum superfluid
(blue). The spin current passes through the superfluid (blue) and flows into a spin nonsuperfluid (yellow). The direction of the dc component
of the current is indicated by black arrows. (a) A straight geometry. (b) A contour plot of s(¢, t) in a circular geometry with a positive current
Jo = 4. (c) A contour plot of |s(¢, ¢)| in a circular geometry with a negative current jo = —4. x = x' =D, = 1,7/ =4,6, =2, r=1,L =4,

a = 0.1 are used in the contour plots.
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withi =x,y,z,a = (ay,a;) and b = (b4, b)) for spin—% elec-
trons in conduction and valence bands, respectively. In the
presence of the Rashba interactions (&g, Ez/e,o) and spin-
less inter-band coupling (A;, AY), an attractive interaction
gs0 between conduction electrons and valence holes induces
a condensation of the XY components of the real part of
the s-wave exciton pairing, O, = (chrja) (j=x,y) (see
Appendix A 2). Thereby, the spin hydrodynamics of the XY -
components can be well described by Eq. (2) with ¢
ReO, + iReO,, where « is determined by the Rashba inter-
actions (Appendix A 2).

III. CLASSICAL MOTION AND CONSERVED CURRENT

Motivated by these physical realizations, we study classical
motion around the ground states. Taking ¢ = /g + 6 pe?,
integrating a gapped amplitude mode § o, and neglecting fluc-
tuations along z, we obtain a 2D effective field theory for a
Goldstone mode 6 in the SSB phase,

L =3,0)" — 5(3,0)’[1 — acos(26)]
_ %(8y9)2[1 + acos(20)] 4+ a(3:0)(3,0)sin(20).  (6)

We set n; =c1 = pp = 1 without loss of generality. For a
given ground state ¢ = \/;Toe”’“, the dispersion of a phase
fluctuation 80 = 6 — 6, is gapless with a linear dispersion,
where velocities are anisotropic and depend on 6y. Note that
the joint U(1) symmetry generally allows higher-order terms
in derivatives or fields in the effective theory Eq. (2), while
they do not affect the hydrodynamic transport of low-energy
excitations near the ground states.

According to Noether’s theorem [28,45], the U(1) contin-
uous spacetime symmetry endows the classical motion with a
conserved current of total angular momentum, which can be

divided into a spin part (j,,) and an orbital part ( jL)’

LRy
R TEN )
oL
= 8.0l — —=(8,0)|Ax,, 7

with w,v e {t,x,y}, Ax, € {At, Ax, Ay}, A6 =1, and
(At, Ax, Ay) = (0, —y, x). The two parts are not conserved
by themselves, 9, j, = —d, jfL = G, where a spin torque G
can be defined by the divergence of the spin current. The
spin torque (G), spin currents (jy, jy), and a spin angular
momentum along z direction (j) are given by the following
equations (see Appendix B):

G = —a[(3,0)* — (3,0)*1sin(20) + 20:(3,60)(3,0)cos(20),
7= —(3:0)[1 — acos(20)] + «(d,0)sin(20),
7= —@,0)[1 + acos(20)] + a(3,0)sin(26),

s=j =09,0. 3

Though the orbital part jfL is nonlocal [see Eqs. (B13)-(B15)],
the spin torque G as well as the spin part j;, are local. The
locality of the spin torque results from a continuous spacetime
translational symmetry of £ (Appendix B).

IV. SPIN INJECTION AND TRANSPORT

To illustrate observables of a total-angular-momentum su-
perfluid, consider a uniform spin current jy (jo > 0) injected
into one end (x = 0) of the superfluid (0 < x < L). The spin
current passes through the superfluid and flows into a spin
nonsuperfluid at the other end x = L [see Fig. 1(a)] [11,13].
The nonsuperfluid “lead” has diffusive spin transport. Hydro-
dynamic spin transport in the superfluid is determined by a
one-dimensional (1D) EOM of the Goldstone mode 6(x, t) in
Eq. (6) with 9,6 = 0,

370 — (320)[1 — acos(20)] — a(8:0)’sin(20) = 0. (9)
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The EOM (9) will be solved together with proper boundary
conditions. To determine the boundary conditions, note that
spin transport in the nonsuperfluid (x > L) is described by
diffusion equations [11,13],

as  0j; s ) s
— =——, Jji=-Dy—, (10)
ot ox T/ X

with relaxation time 7; and a diffusion coefficient D,. The
diffusive spin current is caused by the gradient of the spin
density. Due to the relaxation time, the density and current
decay exponentially in space for L > 0,

S()C, t) = ZSC(X’ l‘) — Z aceiC’e_«’D.?'w<"‘,

ceR ceR
B =Yg nt) =) VDweace eV (11)
ceR ceR

From Eq. (11) we get ji .= +/Dsw.s., where ji _  and s,

are Fourier components of ji and s with a time periodicity

27¢~ L. Here w, = ic + TL a. are complex coefficients, and
1

the square roots of D; !, take positive real parts. The spin
current is assumed to be continuous at the junction between
the superfluid and nonsuperfluid, and it is proportional to the
gradient of an effective local magnetic field felt by the spin
density [11],

/;(x = L_7 t)
= jilx=L+,1)

= _ﬂz[i/s(x L) — s =L, t)i|. (12)
X X

Here x, x' are magnetic susceptibilities at x = L— and x =
L+, respectively, B, is a response coefficient of the junction,
and they are all positive. Equation (12) imposes a boundary
condition (BC) on the spin density and current at x = L— for
each frequency c,

se(x = L—,1) = kj; (x =L—,1), (13)

1

with k. = %[DS(TL{ +io)l ? + £, k- =k, and Re(k.) > 0.
The steady injection of spin imposes another boundary con-
dition at x = 04, ji(x = 0+,1) = jo [11]. In the following,
the EOM (9) is solved for 0(x, ) such that s(x, #) and ji(x, 1)
satisfy the BCs.

An analytical solution of 6(x, ¢) can be obtained perturba-
tively in the SOC. The solution at the first order consists of
three parts,

O(x,1) = Op(x,t) + 01 (x, 1) + 62 (x, 1) + Oa?).  (14)

6y is the zeroth-order solution satisfying the EOM and
BCs [11,13],

Bo(x, 1) = kojot — jox, (15)

with kg = XL@ + g—r An oscillation is absent at the zeroth
order due to the BCs with Re(k.) > 0. 6, and 6, are at the first
order in «. 6 is a special solution of an inhomogeneous linear
differential equation,

3701 — 320, = — a(d260)cos(26p) + (300 )*sin(26p). (16)

6, is a solution of a homogeneous linear differential equa-
tion such that 6 satisfies the BCs at the first order in «,

326, — 876, = 0. (17)

The solution at the first order oscillates with two spatial wave
numbers, 2j, and 2k jo, and one temporal frequency 2k jo
(see Appendix C 1),

o
O(x, 1) = jolkot — x) — ————sin[2jo(kot — x)]
(ks = 1)
oz(2k§ — 1) o )
— —————2c0s(2kq jot )sin(2kg jox)

4(k§ — 1)
~+ aIm(n)cos(2kg jot )cos(2ko jox)
+ aRe(n)sin(2kg jot )cos(2kg jox) + O(a?). (18)

n is a constant depending on ko, k.—az,j,» and 2joL [see
Egs. (C29) and (C22)]. The two spacetime frequencies
(2jo, 2ko jo) and (2kojo, 2kojo) come from 6; and 6, re-
spectively, and are determined by the BCs. Note that the
perturbative solution is divergent and fails near a “resonant”
point ky = 1 [46] (see Appendix F). The divergence can be
resolved by adding a finite dissipation term, —Tl_18t9, to
EOM (9).

Higher-order solutions can be systematically obtained by
the perturbative iteration, where the spin density and current
have the same periodicity in time as the first-order solution,
7 (kojo)~". The time periodicity can be detected by a time-
resolved measurement of the spin density in the nonsuperfluid
“lead,” which depends on the injected spin current (jo) and
properties of the junction (ko). The higher-order solution has
no spatial periodicity in general, while its Fourier transform in
space has two major peaks at 2 jy and 2k jo as in the first-order
solution. The two major wave numbers can be observed by a
local measurement of the spin density in the superfluid.

The spin hydrodynamics under the spin current has a
unique geometric effect in a geometry with a finite curvature
[Figs. 1(b) and 1(c)]. To demonstrate this, suppose that the
width of the junction in the circular geometry is small enough
that the radius of the junction is taken as a constant » and
the field depends only on time and a 1D angular coordinate ¢
With (x, y) = r(cos?, sin?}), Eq. (6) leads to a 1D Lagrangian
(see Appendix C2),

L= 1(8;9)2 - 1(3e9)2[1 + acos(29 — %€>] (19)
2 2 r

where ¢ = ri. The corresponding EOM under the injected
spin current jy together with the junction parameter ko has a
zeroth-order solution, 6y(¢, t) = kg jot — jo¢, and a first-order
solution, 6y(€, t) + 01 (£, t) + 6,(£, t). Here 6, is a special so-
lution of an inhomogeneous differential equation,

2 2 . 2\ . . . 1
8t91—8291=—(x10 j0+; sin| 2kq jot — 2 Jo—'—; 2.
(20)

0, and 6, introduce two wave numbers, 2j, + % and 2k jo,
in the observables, respectively, where the wave number
of 6; acquires a linear curvature (%) dependence. Due
to the curvature dependence, two injected spin currents
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with opposite signs [jo = jo from Fig. 1(b) and j, = —jo
from Fig. 1(c)] lead to different spatial distributions of the
observables (nonreciprocal spin hydrodynamics, see Ap-
pendix C2). The nonreciprocity in the curved geometry
contradicts neither the time-reversal symmetry nor an inver-
sion at the origin (r = 0), as a uniform circular spin current is
even under those symmetries.

When the discreteness of the lattice rotational symmetry
becomes relevant, the Lagrangian and EOM acquire Z,, terms,
where the U(1) spacetime symmetry reduces to the Z,, space-
time symmetry (see Appendix A 1). The Z, theory leads to
a gapped ground state at equilibrium, whose low-energy spin
transport is characterized by the dynamics of domain walls. A
Z, term &, sin(nf) also gives rise to similar spacetime oscilla-
tions in the observables under the spin injection [11,13,20,38],
while there is no geometric dependence. On the contrary, as
described above, the spacetime oscillations induced by the
SOC (@) have nonreciprocal and curvature-dependent hydro-
dynamics in the curved geometry.

V. DISSIPATION EFFECT

In the presence of the Galilean covariance, a uniform su-
perfluid moving slower than the velocity of its Goldstone
mode achieves a local energy minimum so that it is stable
against dissipation by local perturbations, e.g., elastic scat-
tering by disorder [13]. To see the stability of a supercurrent
state with the broken U(1) spacetime symmetry, we compare
classical energies of the 1D solution 6(x,?) and its local
deformation 0(x,t) + 86(x,t). The deformation §6(x,t) is
induced by local perturbations, so the spacetime derivatives
of §6 do not contain any uniform component in spacetime.
O(x,t)+86(x,t) as well as O(x, t) is a classical solution of
Eq. (9), while they do not necessarily share the same bound-
ary conditions. The classical energy in the 1D model can be
evaluated from a Hamiltonian,

H[f] = /dx{%(8,0)2+%(8x9)2[1—acos(20)]}. (1)

As the classical energies are independent of time, for simplic-
ity, we compare time averages of the energies (with kg # 1)
over a large period of time T (see Appendix D),

T T
AJ = lim l(/ dtH[9+59]—/ dtH[Q])
T—oo T 0 0
1 T
= lim —/ dt/dx{(ate)(atﬁe)—l—(8X9)(8x59)
T-oo T J

x [1 — cos(20)] 4+ a(3,0)*sin(26)(80)} + O((86)%)

= — lim
T T—>co

T
dt / dx(8,02)(8,860) + O(a?86, (80)%),
' (22)

with 6 4+ 80 = 6y + §6) + O(a). Terms oscillating in space
or time vanish after the spacetime integrals. 66y, as well as
6, is a solution of Eq. (17), and both are given by linear
superpositions of ¢/4¢=% and e““*") over g. Thus the right-
hand side of Eq. (22) indicates that for a given 6, # 0, one
can always choose 66y with AJ < 0. This means that the
supercurrent state is classically unstable toward other states,

and energy always dissipates by the local perturbations. The
instability results from the absence of the Galilean covariance.
The superflow state is distinct from the ground state by the
spacetime oscillation feature, and the energy of the superflow
state can be lowered by excitations §6y which match the oscil-
lation periodicity.

The dissipation effect on the spin hydrodynamics can be
phenomenologically studied through addition of the simplest
time-reversal breaking term, — Tl_l 0,0, into the classical EOM
(see Appendix E). With finite Tl_l, the zeroth-order solution
of spin current acquires linear spatial decay [11,13], which
contrasts with the exponential decay in the nonsuperfluid [13].
Thereby, the hydrodynamic feature of spin transport survives
against dissipation. When a phase accumulation y due to the
spatially dependent current is small, a double expansion in «
and y enables a perturbative solution of 6 systematically (see
Appendix E). The lowest-order solution suggests that the spin
density and current remain periodic in time, and they show
nonreciprocal and curvature-dependent spin transport in the
curved geometry.

VI. SUMMARY

In this paper, we generalize the U(1) internal symmetry
in conventional superfluid theories into the U(1) spacetime
symmetry. Due to the joint symmetry, the supercurrent state
shows geometry-dependent spacetime oscillations, and it is
unstable against the dissipation effect. Note that in the spin
and excitonic systems, the orbital angular momentum density
j! has much smaller coupling with local magnetic probes
than the spin angular momentum density j;, because both the
spin and exciton are charge neutral, and their motions have
no direct coupling with a magnetic field. For this reason, we
expect that the local measurements of spin angular momentum
density in the proposed physical systems are experimentally
feasible. Our study paves the way for further exploration of
multiple spacetime symmetries and their coupling with inter-
nal symmetries.
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APPENDIX A: MICROSCOPIC MODELS

In this Appendix, we discuss physical realizations of the
U(1) spacetime symmetry in two physical models; (i) an XY
spin model for spin-orbit coupled magnets near a critical
point, and (ii) a triplet excitonic model for semiconductors.
The U(1) spacetime symmetry is a joint continuous rotational
symmetry that acts on both matter field and 2D spatial co-
ordinates. The joint nature of the symmetry results from a
locking between the rotation of the matter field and that of the
spatial coordinate. Such locking is ubiquitous in solid-state
materials with relativistic spin-orbit interaction, where spin
or an interband component of spin forms the matter field. In
solid-state materials with periodic lattices, the spatial rotation
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must be discrete due to the lattices, so the joint rotation sym-
metry is also discrete; the U(1) spacetime symmetry cannot
be an exact symmetry and it is valid only approximately.
Nonetheless, for some solid-state systems, the approximation
becomes effective where the difference between discrete and
continuous joint rotations becomes irrelevant.

1. Easy-plane ferromagnetic spin model

To see the effectiveness of the U(1) theory in magnetic
systems, let us consider a XY ferromagnetic spin system in
3D lattices that is symmetric under C, rotation around a z
axis (n = 3,4, 6,...) and time reversal. We will first impose
a spatial inversion symmetry; at the end of this section, we
will show that the inversion symmetry is not necessary to
derive the U(1) theory for some cases. We suppose that the
spin system is a spin-orbit coupled magnet with an easy-plane
spin anisotropy (an XY plane being the easy plane), and it
undergoes a continuous phase transition from a disordered
phase to a ferromagnetic ordered phase of XY components of
spins, S; , and S; ,. In this section, we will discuss the effective
symmetry of spin hydrodynamics near the phase transition
point.

The second-order phase transition in the XY ferromagnet
with the C, rotation can be described by a partition function
Z, (n=73,4,6,...) with a Ginzburg-Landau (GL) action for
a 2D complex variable ¢ (x) (& = 1),

Z, = fD(bD(ﬁT exp[—Sn.¢l,

1/kgT
Sip = / d’r / dts,[o(r, ).
0

Here the internal field ¢ (r) is a spatial average of S; \ + iS; ,
with respect to a lattice site i over some hydrodynamic
volume element. i is the complex unit. r is a spatial coordinate
of the hydrodynamic volume element. The transition can
happen either at the zero-temperature 7' = 0 critical point
(quantum critical point) or at finite-temperature 7 # O critical
point (classical critical point). In this Appendix, we consider
the spin hydrodynamics near the 7= 0 quantum critical
point. The time-reversal symmetry means the absence of an
external magnetic (Zeeman) field in the spin model, and the
ferromagnetic order breaks the symmetry spontaneously. The
time-reversal symmetry in the model requires the dynamical
exponent z at the quantum critical point to be one, z = 1 (see
below).

For n = 4, the spin system is defined on a 3D tetragonal
lattice with a Cy4 rotational symmetry around the z axis, such as
a layered square lattice. For n = 3 or 6, the system is defined
on a 3D trigonal or hexagonal lattice with a C; or Cg rotation,
e.g., layered honeycomb or triangle lattices. In the following,
we first employ a symmetry argument to determine the form
of the GL action s,[¢] for n =4, 3, and 6 and show that
for the n =3 or 6 case, the U(1) joint rotational symmetry
is an effective symmetry of the GL action for the xy spins
near the critical point, while for the n = 4 case, the effective
symmetry remains discrete (a Z4 joint rotational symmetry).
To this end, note that under the C, rotation around the z axis,
the complex field ¢ (r) of the xy spins, and the 3D spatial coor-
dinate, r = (x, y, 7), are rotated together due to the spin-orbit

(AD)

locking,
r—>r=.,y,2, X+iy= o (x + iy),

B(r) = Sy(r) +iS,(r) > ¢'() = p(r)e’ ™ . (A2)

The spatial inversion changes the sign of the coordinate vec-
tor, while the time-reversal changes the sign of ¢., ¢,, and
i. These symmetries constrain forms of the actions for the ¢
field.

a. GL action for XY ferromagnets with Cy rotation

The symmetries of the joint C4 rotation around z and time
reversal allow the following terms and their complex conju-
gates in the GL action,

91> =0'¢, ilgp7d.0 — (3.07)8],
329, p33 0, (1917 ¢%, ...,

withm = x,y, z, and 0+ = 9 £ id,. Higher-order terms in ¢,
higher-order spatial gradient terms, and total-derivative terms
are omitted as “...”. The higher-order ¢ terms are irrelevant
near the critical point where the amplitude of ¢ becomes
smaller. The higher-order spatial gradient terms are irrelevant
in the hydrodynamic regime where the volume element over
which the spin operator is averaged becomes larger. Here
the time reversal forbids odd-order terms of ¢. The spatial
inversion further forbids i[¢70,¢ — (3.¢7)¢] from the action.
Accordingly, the GL functional form allowed by the symme-
tries is given by

(39 ) (Bndh),
(A3)

Zya= / DYD' expl—S,igl.
h/ksT e .
Speso = [ drH(aquT)(aqu)
0

2.2
’“;Z (0.0)(0.0)

2.2
+ 1L (0,0")0,9) +
U%Ci 2 % 12
+ @) + " (0491)
. U
+ B(31¢) + B (0_9¢") 1+ 3(¢T¢ — o)’

+ 1[5 41 #F M - Ad
Sl + a5 @)+ , (A4)
with j = x, y, imaginary time t, real numbers pg, 71, ¢, U, and
complex numbers «, 8, ¢4. Here the first-order time-derivative
of ¢, such as ¢79,¢, is forbidden by the time reversal sym-
metry. The second-order time-derivative term is induced by
an integration of the z-component spin. To be specific, one
can start from a path integral of a spin Lagrangian with a
Wess-Zumino term that ensures correct commutation rela-
tions between spin operators. In the presence of easy-plane
anisotropy, the out-of-plane component of spin () is gapped,
and one can integrate out the gapped degree of freedom,
leading to an effective field theory of ¢ =S, +iS,. In the
effective field theory, the leading-order time-dependent term

allowed by time-reversal symmetry is "7'2(81¢T)(81¢). Note
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that the dynamical exponent z around the 7 = 0 quantum
critical point becomes one, namely z = 1.

A partition function Z,_4 describes the phase transition
from the disordered phase (py < 0) to the ordered phase of the
xy spins (pp > 0). In the ordered phase, a phase of ¢ is locked
into four minima determined by the ¢4 term. At the quantum
critical point, the terms with higher-order gradient and/or ¢
terms become irrelevant in the long-wavelength limit, and the
effective symmetry of the GL action at the critical point is
determined by a gapless free theory part,

. hi/ksT 772
Sn=tp = / &’r /0 dr{;‘(aqu*)(am

2.2 2.2
nic nic
+ %(ajdﬁ)(a@) I

5 (0:67)(3:¢)

77262
+ [ (0-9) + " (040"

+B(0:4)" + ﬁ*(aw)ﬁ}. (AS5)
Importantly, though the « term in the second line is symmet-
ric under the U(1) spacetime symmetry, 9+ — 0, = ety
¢ — ¢’ = ¢ for Ve, the B term is symmetric only under
the joint Z4 rotational symmetry,

0L — 9, = 30, ¢ ¢ =29,

¢" = (¢ =gl

Due to the B term, the effective symmetry at the critical point
remains discrete for the n = 4 case.

(A6)

b. GL action for XY ferromagnets with Cs or Cg rotation

For the hexagonal crystal family, on the contrary, the joint
C5 or Cg rotational symmetry forbids the 8 term, so the cor-
responding gapless free theory does have the U(1) spacetime
symmetry. To this end, we analyze the terms allowed in the
action. The symmetries of the Cg rotation around z, spatial
inversion, and time reversal allow the following terms and
their complex conjugates in the action,

1612, (3P ) (Bnd), 9320, (I91*)%, 7320, ¢°, ..., (AT)

with m = x, y, z. When the Cg rotation is substituted by the Cs
rotation, Eq. (A7) also exhausts all symmetry-allowed terms
apart from higher-order ¢ terms, higher-order spatial-gradient
terms, and total derivative terms. In fact, the Cs; rotational
symmetry alone allows ¢ and ¢d,¢, while the ¢3 term is
prohibited by the time-reversal symmetry and ¢d ¢ is a total
derivative term. Thus the partition function Z,_3 ¢ near the
critical point is given by

Zues6 = f D¢pD" exp[—S,=3,6.4]
h/kgT ,72 R
Sizi6p = / d’r / dr{;l(aw')(arqs)
0

2.2
"‘;Z (0.01)(3.)

2.2
+ 1L (0,01)0,9) +
2.2

+ %[a(a_qb)2 +a"(3:9") + @’ (01)

i 4 Uu .
+a5(@ (02011 + S(@'¢ — po)’
l 5 46 | =k 1TN\6
+2[66¢ + (@ )T+ f, (A8)
where pp > 0 and py < 0 correspond to ordered and disor-

dered phases, respectively. Importantly, a gapless free theory
part S,,=3,6,4 Of the action,

_ BT (2
Srrog = / &r / dr{;l(afd)')(am)
0

2.2
N (5.6 )(0.¢)

2.2
+%<a,¢w(8j¢>+ )

’ﬁci 2 * 112
+ 7 [20-9)" + o7 (@14 7) ], (A9)
is symmetric under the U(1) spacetime symmetry,
I —> 0 =0, ¢ —> ¢ =9,
¢ — (@) =e 9", for Ve. (A10)

This contrasts with the free theory for the n = 4 case which is
symmetric only under the joint discrete rotational symmetry.

In the ordered phase (py > 0) for the Cg case, a phase of ¢
is locked into six minima by the &g term. The &g and &g terms
reduce the symmetry of the whole action into a joint discrete
(Z¢) rotational symmetry,

o> ¢ =c9,

de — 0, = et 0.,
o= @) =e 5o

In the ordered phase for the C5 case, the phase of ¢ is locked
into three minima by the ¢ term and other higher-ordered
terms omitted as “...” in Eq. (A8). Nonetheless, unlike the
B-term in Z,_4, &¢ and G terms as well as the higher-order
terms are irrelevant in the long-wavelength limit at the quan-
tum critical point, since their scaling dimensions at the critical
point are all negative.

The scaling dimensions of &g and &g terms at the critical
point, y4, and y.,, can be evaluated from a dimensional analy-
sis of the gapless free theory partat T = 0;y,, =2 — D = =2
and y,, = 6 — 2D = —2 with D = 3 + 1. Scaling dimensions
of the higher-order ¢ terms and higher-order spatial gradient
terms are also negative and smaller than y,, and y.,. When the
hydrodynamic volume element becomes larger, the terms with
negative scaling dimensions get smaller at the critical point.
Thanks to their irrelevance at the critical point, the GL action
respects effectively the U(1) spacetime symmetry in the long-
wavelength limit. In other words, the spin hydrodynamics at
the critical point becomes U(1) spacetime symmetric more
effectively for larger hydrodynamic volume element. The hy-
drodynamic regime with the effective U(1) symmetry has a
lower crossover boundary in its length scale; in order that the
hydrodynamics has the effective U(1) spacetime symmetry,
the length scale A of the volume element should be greater
than a certain crossover length A, p,

A> A

(Al1)

(A12)

The crossover length scale is dependent on ¢, &g, and other
higher-order terms that manifest the joint discrete rotational
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symmetries. In the Cg case, for example, A, is primarily

dependent on &g, & and their scaling dimensions with the
following scalings,

. i

A1 o |Gl el or  |ag| ! (A13)

When the system is in the ordered phase but close to the

critical point (oo 2 0), the hydrodynamics regime with the

effective U(1) symmetry has also an upper bound in its length

scale,

Aea > A > A (A14)

The upper bound is because the ground state for py > 0
breaks the joint rotational symmetry spontaneously, and in this
sense, Cg, &, and the other higher-order terms manifesting
the discrete symmetry are dangerously irrelevant. In typical
renormalization group (RG) flow trajectory, they get smaller
around a saddle-point fixed point for the critical point upon
the increase of the length scale, while in the very long wave-
length limit, they become larger again around another fixed
point that describes an ordered phase with broken joint U(1)
symmetry (a Nambu-Goldstone fixed point). The upper bound
A defines a length scale for this upturn behavior of the
dangerously irrelevant scaling variables. Generally, A, has
a complicated scaling form of p, as it also depends on scal-
ing of the coupling constants around the Nambu-Goldstone
fixed point. Nonetheless, A, is always greater than the lower
bound, A, > A, for smaller py. In the Cg case, for exam-
ple, A.» > A is sastified when pg, ¢, and &g are in the
following regimes:

Iyeg | yag |

Ioo)ﬁo << m IOO‘/’(J << m

Here y,, is the scaling dimension of py around the critical
point; y,, = 2.

(A15)

¢. Continuum limit of generic XY ferromagnetic spin models
in the 3D hexagonal crystal family

The above argument is solely based on the symmetry and
scaling arguments, suggesting that any XY ferromagnetic spin
models with the Cs or Gy rotational, spatial inversion, and time
reversal symmetries has the effective U(1) spacetime sym-
metry near the quantum critical point, if the models undergo
the continuous phase transition of the ferromagnetic ordering.
In the following, we will argue this by deriving explicitly a
continuum limit of generic XY ferromagnetic spin models
with the symmetries.

Exchange interactions in spin-orbit coupled magnets
generally comprise of symmetric part J;j .o = Jij,v and

J

(ch‘)c@(j),xx

Jeqircsnay) [ €08
Jesircstyyx Jea@cs(inyy —sin§

Then, by using a gradient expansion, S; , = S; , + (j — ),0:5; ;. + %(j

s T T s T
sin 3\ (Jijaux  Jijay)[COST  —sinF
z " . inZ z |
cos 3 J \Jijyx  Jijyy) \SIN 3 Ccos 3

antisymmetric part D;; ,,, = —D;j ., [Eq. (3)],

1
I—Ispin = E Z ZSi,;/.(Zj,;w + Dij,;/.v)Sj,v’

ij v

(A16)

with spin vector §; = (S;,, Si,y, Si ;). We first consider that
the spins live on the 3D hexagonal lattice with Cy rotational
and spatial inversion symmetries, namely the lattice belongs
to either Cg;, or Dg;, point group. Further discussion of other
possibilities of point groups will be provided below. Here, the
exchange interactions are not only limited to those between
the nearest neighboring sites on the lattice, but they can also
be between further neighboring sites.

Near the transition point of the ferromagnetic ordering of
the XY spins, the Z component of the spins fluctuates rapidly
in space and time, so that one can legitimately integrate out
the Z component, yielding effective spin models for the XY
spins,

1
I{eff = E Z Z Si,;L(Jijﬁ;w + Dij,//.v)Sj,v

i,j mov=xy
Jij,xy Sj,x
Jij-,y.v Sj,y

+ Dijay[SixSjy — SiySjx }

= —Z {(S,x S,V)< v

Jt] yxX

(A17)

with 2 by 2 symmetric and antisymmetric interactions,
Jijw = Jijop and Dyj 0y = =Dy, for p, v =x,y. The ef-
fective exchange interactions in Eq. (A17) as well as the
exchange interactions in Eq. (A16) respect the joint Cg rota-
tional symmetry and inversion symmetry. In the following, we
show that due to the Cg rotational symmetry, the continuum
limit of the symmetric exchange interactions in the effective
spin models always take the same form as in Eq. (A8),

1
EZ Z Si,MJij,quj,v

i,j m,v=x,y

~ [ar { o+ Do g0+ 0 3 agiag

i=x,y

2.2

+ (a0 + (019 + - } (A18)

To see this, note first that any bond of two spin sites, (i, j),
in a sum of Eq. (A17) has 5 other bonds in the sum that
are derived from the first bond (i, j) by the Cg rotation, i.e.,
(CE), Cg(j)) m=1,2,...,5). Due to the joint Cs rotation
symmetry, Jeraca(.- and Jj .. are related by the Ce spin
rotation around z;

(A19)

—1),(J —1)c0,0cS; ;. + - - -, one can explicitly show

that a sum of the symmetric exchange interactions over the six bonds reduce to the same form of the continuum limit as Eq. (A18)
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up to the second order in the gradient expansion;

1 Jerayer(y,ax
5 2 Sqox Sqon)| "t
n=0,1,...,5 CeDC5(J).yx

3 3“;'2'.L
-~ E()Lij,l + hij2)e ' + 1—16

m=1,2

Here ¢ on the right-hand side is from ¢(r;) = §; » +1iS;, in
Eq. (A17), and the higher-order derivative and total deriva-
tive terms are omitted. We also regard that i and C{(i) (n =
1, ..., 5) are the same for the argument of ¢, because their dif-
ferences (if exist) can be controlled by the microscopic length.
a;j,1 and g;j . are the spatial length of the bond (Z, j) within
the xy plane and along z axis, respectively; a;; | = [i; —j |,
jj,z = |lZ - jz|7 withi = (ilv lz) andj = (jJ_’ .12) Pij, L is the
angle between j, — i, and the x axis. A;; ,, and ¢;; ,,, are real-
valued eigenvalues and eigenvectors of the 2 by 2 symmetric
matrix J;; (m = 1, 2). ¥y | » is the angle betweent;; ,,, and the
x-axis in the xy plane. As ¢;; ; and ¢;; » are orthogonal to each
other, Yij2 = Yij1 + /2 and Zm:l,z )\ij’meZi(lﬂij.L—lllij.Lm) —
(Aij.1 — Aijp)e?i@ii=VirD) A sum of Eq. (A20) over differ-
ent types of bonds leads to Eq. (A18), where « is simply
given by the sum of af; | 3, _; 5 hij me™ it Vitm). Note
that in the absence of the spin-orbit interaction, J;; are always
proportional to the unit matrix, where A;; 1 = Aij 2, (Aij1 —
Aij2)e i =Viii1) = ( for any bond (i, j), and & vanishes.

The continuum limit of the antisymmetric exchange inter-
action yields the first-order spatial gradient terms,

Dij,xy(Si.ij,y - Si,ij,x)
= iDjj (i — (970,00 — (3,9")$) + O(B%). (A21)

In the presence of the spatial inversion, they are canceled by
its inversion symmetric counterpart;

Diiyi¢j),xy (S16),xS1Gi),y — S,y S1(j),x)
= —iDjj (i — ) (@'8,0 — (3,67)p) + OB%) (A22)

with Dy (j),.xy = Dij,xy- Thus the antisymmetric interaction
gives only higher-order gradient terms in the continuum limit
for the GL action; they are all irrelevant in the sense that their
scaling dimensions around the critical point are negative.
Near the quantum critical point of the ferromagnetic order
of the xy spin, the systems effectively have the U(1) spacetime
symmetry. Note that apart from the Cg;, and D¢, point groups,
the hexagonal crystal family (including the trigonal crystal
system and the hexagonal crystal system) has 10 other point
groups: Cs, Cs;, D3, C3y, D34 from the trigonal crystal system
and Cs, Csp,, D¢, Cey, D3j, from the hexagonal crystal system.
The GL action for Cs, D3, Cg, and Dg has an additional term,
iy[¢pT9.¢ — (3.¢7)¢], that comes from the antisymmetric ex-
change interaction in Eq. (A21). Such a term is prohibited

. 3aZ; .
+ Y hijme® TV (0, — i0,) ¢ + c.c.} - :" Z(hij1 + hij2) @ 02 + -

Jericriya \ [Sczix
Jezircziray ) \Scziy

{2@,-]-,1 + 2ij2) 9" (07 + 07)

(A20)

(

for G;;, D34, Cg,, and Dg, because there is the inversion
symmetry. The term is also prohibited for Cs,, C3;, Cs,, and
Ds;,. Although there is no inversion symmetry, for Cs,, Cgy,
and Dsy,, there is a vertical mirror symmetry that reflects only
one component of the in-plane spin vector; for C3;, and Ds,
there is a horizontal mirror symmetry which makes the term
opposite. In conclusion, a continuum limit of generic XY spin
models in the hexagonal crystal family with a spatial inver-
sion or rotoinversion symmetry as well as the time-reversal
symmetry is described by Eq. (A8). For the C3, D3, Cg, and Dg
cases, the first-order z-derivative term can be eliminated by re-
definitions of ¢ and pg; Pnew = € “:poig and —U (00 new =
—U(00)old — (n%cng)/2 with y = nfczzAz/Z. If A, is com-
mensurate to the phase locking by the ¢¢ term, 3A,a, = Zn
with an integer Z (a;j . = a), the partition function has no
magnetic frustration and it describes the continuous phase
transition from a disordered phase (o9 < 0) to the XY fer-
romagnetic order phase with a spin-helix along z (o9 > 0).
As the first-order z-derivative term also respects the U(1)
spacetime symmetry, the systems near the transition point
have also the effective U(1) spacetime symmetry for these
cases.

d. Hydrodynamics in an intermediate length scale
near the quantum critical point

An analytic continuation of Eq. (A8) at T =0 (r — it)
leads to the following real-time complex field theory L:

2 2.2
£y =L04D@®) — UL 01 ) (010)

2.2
— L w(0-¢) +a"(2:9")’]

2.2
— I (6(0:4)¢?

U
R ACRANN AN B 5<¢*¢ — o)’

Lo 6 e rin6
- E[quj + (9], (A23)
where we take classical solutions of ¢ independent of z, so
the term of (9.¢")(0,¢) is negligible. Here, for simplicity, let
us take o, & and Gg to be real, and assume that a coupling
between the phase mode @ and the amplitude mode p = ¢7¢
can be neglected. Then, we obtain an effective theory of the
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phase mode 6,

2 2.2
1100 (3;9)2 _ McLpo
2 2
x [1 — acos(20) — &spjcos(49)]

L= (8,0)°

_ nicipo
2
+ nicd po(8,0)(3,0)[asin(20) — & posin(46)]

(8,0)*[1 4 arcos(20) + & pocos(40)]

— 8603cos(60). (A24)

As in Eq. (A8), terms with higher-order derivatives or higher
order in py are neglected in Eq. (A24). Equation (A24) is
symmetric under the joint Z¢ rotation,

3

()= (ol S0

while in the absence of &g and &g, it is symmetric under the

joint U(1) rotation;
—sin e) (x)’ (A26)
cos e y

6 —0+e, (x> — (Cf’“
y sin €
for Ve.

The U(1) theory becomes a good approximation theory
for Eq. (A24), when py approaches zero before 0,6 (u =
t, x,y) approach zero. This is the case for the 3D spin model
Eq. (A14) in the intermediate length scale near the quantum
critical point. Thereby, the internal field ¢ is introduced as a
spatial average of §; , + iS;, over some hydrodynamic vol-
ume element. When the length scale of the volume element
increases within the intermediate length scale, A.; < A <
Acp, a scaling of pg and 0,6 is controlled by the quan-
tum critical point; oy gets small faster than 9,60, and the
approximation becomes better. On the other hand, when the
length scale of the element becomes larger than the upper
bound A.,, another scaling law from the Nambu-Goldstone
fixed point kicks in, and the ¢ and &¢ terms become rele-
vant again [47,48]. Besides, for a 2D quantum spin model,
although the & term is dangerously marginal instead of dan-
gerously irrelevant from simple dimensional counting, as long
as a bare value of ¢ is small enough, there is still an in-
termediate length scale where the U(1) theory is applicable.
To summarize, the U(1) theory is effective near the quantum
critical point only when 6 fluctuates over a length in the
intermediate length scale. When 6 fluctuates more slowly than
Acp, 0,0 becomes smaller than a small but finite pp, and
the & and &g terms dominate over the others, giving a large
contribution to the EOM.

9—>0+E,

(A25)

2. Spin-triplet exciton model

As another example of solid-state materials where the U(1)
theory of spin dynamics is applicable, we consider semi-
conductors with electron excitations near a conduction-band
bottom and hole excitations near a valence-band top around
a high-symmetric k point, e.g., the I" point. Near the band

top and bottom, suppose the kinetic-energy bands can be ap-
proximately described by a rotational-symmetric continuous
theory. The theory with relativistic spin-orbit interaction is
expected to have joint continuous rotational symmetry.

To be specific, we consider a condensate of spin-triplet
excitons in a 2D semiconductor model with Rashba-type
spin-orbit interactions. The semiconductor model is given by
(Eq. (5)]

3?2
Hex = / d2raT|:(— ﬁ—}—égo)o'o + ER()(—llay(Tx + i8x6y)i|a
0

g/ 92
+ f dzrb'|:( L —ego>ao+s,;0(iayax—iaxav)]b
2my, |
+fd2r(A,a+aob+Afb+aoa)+ 80 Z /dzr

2
so'=1

x (aLa} aya, + bLb! byby + 26140 byiay),

oo’

(A27)

withi = x, y. Here a and b are spin-% electron annihilation op-
erators near the I" point in the conduction and valence bands,
respectively. We suppose inter-band interaction is smaller than
intraband interaction, namely 0 < & < 1. Due to the attrac-
tion between electrons and holes (£g0), the quasiparticles
form bound states inside a band gap (eg). The bound states
have a spin-singlet component and spin-triplet components.
In the presence of Rashba interaction (£go, &g,) and interband
“spinless” hopping (A,), the in-plane component of the spin-
triplet states undergoes Bose-Einstein condensation at g = 0.
In the following, we will show that this condensation is de-
scribed by Eq. (2) (without the ¢, term).

For simplicity, we take the electron band and the hole band
in a symmetric form, mo = my, £go = &gy, While the derivation
can be generalized into the case with mo&gy = myg&p,. The
derivation can be also applicable to a 3D model with a finite
effective mass along z. Due to the Rashba interaction (£gp) and
interband tunneling (A;), the system has only a U(1) rotational
symmetry and a time-reversal symmetry,

a — e—iea;/Za’ b — e_iEUZ/2b,
<x) N (cgse —s1ne> <x) (A28)
y sine  cose J\y
a— ioya, b—ioh, t——t, i— —i (A29)

The quadratic part of the Hamiltonian Eq. (A27) is diagonal-
ized,

(|k| — kg)*
Ho=) {ai,ak[w + Ego |dk.o

k
+ (|k| - kR)2
~ bro, [Z—mo + E [P
i xpt 8

x / d’r(ald’ aya, + bLb! byb, + 24l b byay,),
(A30)
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where

k2
kr = mo&ro, Eg = €0 — ﬁ, (A31)

a; and by are Fourier transforms of a(r) and b(r), o} denotes up spin along the direction of 7 x k, k = Illz_l Here we discard

the down-spin bands of the conduction and valence bands, because they are higher in energy and they do not constitute low-
energy exciton levels. Since excitons are formed by electrons and holes around the I" point, we neglect |k| dependence of the
hybridization coefficients of the conduction and valence bands,

ay = Ayc08O — B, e'®sin®, b, = aze ' Tsin® + B,cosO, (A32)

where

Eq = \JEL + 10120820, A, = JEZ + A2 %sin20. (A33)

Taking Eq. (A32) into the interaction term and taking ® = 0 for simplicity, we get
g0(a}al agiay +bib} boby + €15 b] beas + E1blal azby)
= (e} Bl Porte + Blad o o) + wes(al Bl oo By + Bl Bortte) + wgs(@fal Bo By + BLBL i)+, (A34)
with
(1 — &)sin’(20)

- A
sin?(20) + & [1 4 cos2(20)]’ (A3

g, = é%[sin%z@) + £ + £c0s2(20)],

and 0 < w < 1. Here we only keep terms in exciton-pairing channels in the basis of « and 8, &) ,Bi,ﬂara(,, oc;a;, Bo'Bs, and
/3:, ﬂ;,aa/ag. Neglected terms contain also hybridization between excitons and intraband collective modes, a;a;,aaf B, which
in the absence of the time-reversal symmetry leads to an additional cubic term (8+¢)(¢T)2 in Eq. (2). The hybridization and
other neglected terms can be safely omitted as the intraband collective modes are gapped excitations in the semiconductor. The
Hamiltonian can be rewritten by the new basis,

_ 2 _ 2
He = Z {a;ﬁk[u + Elotk o — 'BZ,Uk [M + Eg] ﬁk,ak}

2m 2m
k

vo [ dzr(ﬂtf,ﬂ;ﬁa/ag + warl Bl iy By + Sabal Bofo + %ﬂiﬁ;aa/%), (A36)
LS

o,0'="%,

where

k| — kn)2 2 E k| — kg)? k| — kg)?
\/[u = o) +Ego} TN Ry N R el Ly L L
o JER+1ap 2m "

Exciton operators are defined by O, = bTa,La, where u = 0, x, y, z. In terms of a completeness relation

1
5 2_(0ap(@)ys = dasdpy (A38)
n
the interaction terms are decomposed as follows:

N 1 N
ga;ﬂ;ﬂa/aﬂ =— gaiﬂa/ﬂ;,ao =-3 XM: 0.0, (A39)
Do alBlachs =Y al BBl = 0j00. (A40)

’ ’ I oo
P ~ T i ¥ i _ it T T

Z alal B, By Z alBoal,By + Z @ Botry B = =3 XM: 0},0}, + 0;0}. (A41)
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In Eq. (A41), we decompose the interaction in two different channels, so we do not divide the result by two. Adding Eqs. (A39)—
(A41) together, we get

8s Z (aiﬂlfﬁa’aa + wa;ﬁl/aa’ﬁa 2 ;aa Bo'Bs + = ﬂ B ,Olg/OlU>

0,0’

= —-Zo 0, + w0, 00——2(0T0T +0,0,)+ — (030;§+0000)
= _% [2(2010, + w0 0! + w0,0,) + (2 — 4w)0; 0y — WO, Of — w0000j|

- _% |:Z(l + weos2g,)P? + (1 — 2w — wcoquo)P§:|, (A42)

where r = x,,z, O, = P,e"%. Note that due to w, the U(1) symmetry of the four-component exciton field reduces to a Z»
symmetry. Since 0 < w < 1, go = £5 and g, = 0, 7 are preferred by the interaction. Fluctuations of g,, around the minima are
gapped excitations, so they can be safely neglected. This leads to

T8t g, tgt o g Wt _w
gsg (aaﬂg/ﬂa (023 +wag,30-/aa ,30 205“ GIBU ﬂa :3 ﬂ U aa)

=—% E (1+w)P3+(1—w)P02]
g 0,+ 0! 00— 01\’
—_5 r _ U]
=-3 §(1+ )< )+(1 w)( 5; ) - (A43)

By the Hubbard-Stratonovich transformation, we can introduce real exciton fields ¢,,,

exp{/ drdzrg—; |:Z(l + w)P,2 + (1 — w)Pg:| }

. 2 2
- /D¢Mexp{—/drd2r|:—2r:¢,(0j +0,) — iy (0} — 00) + Z T w)q>f + i = w)%} } (A44)

where ¢, and ¢ have the physical meanings of M (P,) and w (Po), respectively. Since 0 < w < 1, the interaction term
[Eq. (A43)] favors the triplet excitons (¢, ) over the singlet excitons (¢g). The quadratic part of Eq. (A36) also lifts the four-fold
degeneracy of ¢,,, while mass terms for ¢, and ¢, remain degenerate.

Due to the adjustment of the conduction band and valence band, mo&ro = my&p,, one can expect that momentum-energy
dispersions of the exciton bands have minima at g = 0, so condensation of the exciton fields happen at the zero momentum. In
the following, we keep track of all the four components, ¢, (u = 0, x, y, z), in the derivation of Eq. (2), to see whether and when
¢, and ¢, achieve the lowest energy (smallest mass at ¢ = 0) among others. Fermion fields can be integrated out,

/ Dla',b', a, b]exp[ — (@ G <Z>] = det(G™") = MG, (A45)
where
G ' =G, +Gy, (A46)
. k| —kg)? —1o +0%
Go 8 Po, 0\ _ [ —iw, + WA g ] 22 0 (A47)
0 gt 0 B

0 - rOr — ipyo

Gy = . 2,9 $oo0) (A48)
-, 60, +igog 0
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G, !and G are block-diagonal in the momentum-frequency space and the coordinate space, respectively. G is diagonal in spin
along £ x k and its diagonal element is zero for the down spin,

P, = Y00+ 05,3) = 2(00 — 0,8in6; + 0,c086;). (A49)

The integration leads to an effective theory of the exciton fields,

2 1 1
Ssldu] = —Trin(1 + GoGy) + o / drd%(Z " w¢,2 +1o w¢3), (A50)
1 1
—Trin(1 + G0G¢) = ETT(GQG¢G0G¢) + ZTI‘(G()G¢GQG¢G0G¢G0G¢) + - (A51)

Note that “Tr” stands for traces over both spacetime and spin indices, while “tr” is trace over only spin indices (see below). To

determine the form of the effective theory, we use the following relations:

P,0.P, =0, (A52)
P 0 P, = Py, (07c080; — 04,GSINO)P,, = —sintpPy, 04 7 = —sintpo 3Po,, (A53)
tr(Py,00Ps,00) = tr(P2,) = tr(Py,) = 1, (A54)

tr(Pg, 0. Py, 0:) = 3tr(0,0,) + %tr(afxzax%xﬂox) = 1 + Lu[(—sinfgo, + C0860,)0 (—Sinfi -0+ + costi—0,)0,]
= %(1 + sin@;sineﬂ? — cos@,;cos@m) = %[1 — cos(6; + Gk/g)], (A55)
tr(PakayngHay) = %[1 + cos(6; + @m)], (A56)

tr(Py, 0. Py,,,0y) = %tr(a&;ax%xﬂoy) = Ltr[(—sinfgo, + c086;0,)0+(—Sind 0 + cost;~0,)0,]

= —%(sin@;cos@m + costsing ) = —3sin(6; + b (A57)
tr(Py,0Ps,,,0:) = —3sin(6; + O (A58)
tr(Pp,0,Poy 0 P30, Py 0,) = tr[ (P00 Ps,) ] = tr[(P0y 02,705, 2P) Jsin*6; = tr(P,, )sin*6; = sin*6;. (A59)

As the exciton field ¢, (¢) [Fourier transform of ¢, (r)] at the zero momentum (g = 0) is expected to have the smallest energy, we
expand the effective theory in terms of small g. The zeroth order in g gives the mass (M,,) and the quartic term (U) from the first
and the second terms in Eq. (A51), respectively. Let us first calculate the masses for the four exciton components (1 = 0, x, y, z),

1 1
3 Tr(GoGyGoGy) O § / dtd2r¢i|:ﬁ § g%,kgg’ktr(PakaMPGkaﬂ)]
n k

1 1 1
= /dl'dzrd)g (m E gl(l),kg]g),k> + E / deZr((p)% —+ ¢)2) (m E g?),kgg,k> . (A60)
k k

where we used Eqgs. (A52) and (A54)—(A56) and ), cos(26;) = Y, sin(26;) = 0. Taking Eqgs. (A50) and (A60) together, we
get

1 22 1 2 1 2 Doy 2 2
EXH:M“% zg_S(Xr:1+w¢’+1—w¢°>_7(¢’“+¢y+2¢°)’ (A61)
where
1 1 1 1 1 < nr (&) — np(—&k) d’k tanh(}B&)
D = — — a b = —— = —— = 2 O’
CT T Xk:go"‘g(”‘ pL2 Xk: ion—Eion+& L ; 2% @y 2%
(A62)
(k| — kp)? 1

&= e — +E, np&)= 1 (A63)

B is the inverse of temperature. So we have

4 4 4
,=———— >0, My=————-2Dy, M;=——— — Dy, (A64)
gs(1+w) gs(lI —w) gs(1+w)
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where i = x,y. M; < 0 < M is realized by

| 1 1
SeDp < —. A65
+w 45730 (A63)

Given that w > 3, the condition can be realized by proper g;, 8, and E,. Given that the condition is satisfied, we henceforth
consider the effective theory only of ¢ = ¢, + i¢, and neglect the other exciton components as they are gapped modes.

Equation (2) takes the following form in the imaginary-time representation:

U .
Lop= —(a oo ) + i l(a ¢ (D) + ”'4L ((d-¢)" + " (244" V] + S (@'¢ — po)’. (A66)
where the mass term was already obtained,
4
Wpo=M;=Dy— ——— A67
00 ) o+ ) (A67T)

To determine U, we calculate the quartic term in ¢, from the second term of Eq. (A51), using Eq. (A59) and ), sin* O = % > e

1
ZTT[(GOG¢)4] D) ’3_ Z ¢x(ql)¢x(q2)¢x(q3)¢x( q1 — q2 — 613){ 2,3[42 Z g() kg()k tr[(ngO'x) ]}

q1,92,93

1 3 1
= /‘dtdzr(p;cl{ ZﬂLZ ; (g%,kg?),k)ztr[(PUkax)4]} = g / dtdzr(pj |:2,3L2 ; (g((l),kgl(?),k)21| . (A68)

J

Thus U is given by

3 b2 _ 3 d’k 4 ! !
_8’3L22k:(g%,k80,k) _8/(2n)2{dz[eﬂz+l(z—§k)2:|

+d|: 1 1 :|
dz|eF*+ 1 (z+&)]|._

7=—&
2 1
3[4k 1 [tanh(Zﬁg") ___F ] >0, (A69)
(2m)? (2&)? &k 1 + cosh(B&)

To determine the coefficients of the lowest-order gradient terms, we define o1 = %(ax Lioy), ¢ = P, +ig,, ¢ = — i¢y, and
set o = ¢, = 0in G4 in Eq. (A48). Note also that

0 —(¢po_ +¢'o
G, — G- +9'e0)\ AT0)
—(¢o_+¢ay) 0

1 1

(PUkG+PUk+q ) = g[l - COS(QE"}_ @k/g) + 1 +COS(9£+ k+q)] - Z’ (A71)
tr(Py 0 P = L cos@ +6—) — 1 — cos(@ + ) — isin(B + 6—) — isin(6c Lo,
0 0+Po,., 0 ) 3 cos(6; + k+q) cos(6; + k+q) isin(6; + k+q) isin(6; + k+q)]_
(A72)
1

0(Po,0 Py ,0) = = e HTE. (AT3)

In terms of Eq. (A70), the first term of Eq. (A51) is given by

1
7 Tr(GoGyGoGy) = D (8048 irg + 8486 kig) [B50atr (P01 Py, ,0-) + ¢_ygtr(Po,0 Py, 0_)] +He.  (A74)
-4

1
2
2BL2 £

By an expansion of small ¢ = (q, iw,,), we get

1 1
2 2 b b 2 b
m= _4’373;'@,,, 10 Xk: (80480444 T 80.44q804) = _Waiwm - Xk:g%,kfggo,ﬂg’ (A73)
1 1
22 _ 2 b b\ _ 2 b
ne = 4,3L2 8%— 4=0 Xk: (g‘(l),kgO,IH-q + g‘(z),/H—ng,k) - 2,3L2 8%- 4=0 Xk: ggvk*%go*kJr% ’ (A76)
1 1 —i(—5+6—)
22 2 b b i(Op+6—) _ 2 b -
N =p12 8% D (8648barq + 8arg8op)e FE = 2BL2 a0 2 gBoue T (A77)
=07 q=0
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where we used

D Saosrg = D 8ug8ok = D & i 180sss- (A78)
k k k

Equivalently, we can also use

1 i 1 ’ a
22 £ //g[(;)k Z g?)k 80k =Z|: 0 /ggk+8g0k(g0k)/_Z(go,k)/(gg,k)/}’ (A79)

k k
or

Z o4) //8}5 = Zgo (804) =— Z (g((l),k)/(gl(’),k)/' (A80)
P

k

Here primes and double primes denote first-order and second-order derivatives with respect to one of the spacetime components
of k. Note that Eqs. (A78) and (A80) are valid given that associated integrals vanish or are sufficiently small in the ultraviolet
regime (large k region). Using them, we can determine n; and n;c, as follows:

1 a
n% = 2ﬁL2 ; (aiwm ’q=0g0,k+q) (aiwm |q=0g16,k+q)

1 1 . 2 4£
" 261 ; (i — &) (i + &) 2PL2 ;(go,kg%,k) =— >0, (A81)

] a
nfci = _m ; (aqx q:OgO,k+q) (aqx q:()gl(,),k+q)

B 1 (k| — kg)*k?
2812 Zk: (iwy — &)? (iwy + &> m2lk|?

_ 1l dk ] [tanh(%ﬁék) B B ](|k| — k)
B (27)? (2&)? &k 1 + cosh(B&) 2m?

To determine the coefficient of the spin-coordinate coupling term (Tl%cia), We can use a similar trick as Egs. (A78) and (A80)
to simplify Eq. (A77),

> 0. (A82)

1 . .
22 —i6— b —i——
nea= 2/3L2 Z 8!1,« q:()[g((l),k-kqe Hq]a% q:()[go,k+qe Hq]? (A83)
k
where
) ) k ) k., . sinf;
0 ey = — 719/:8 t. Y —je 2 — o k. AB4
g qzoe e 4, qzoarc an kx + qx e k]% + k}z e |k| ( )
Then we have
20, 2(|k| — kg)costy ., sinfp 2 (Jk| — kg)costy sinf o210
771 - ZﬁLZZ[ g?)k m + gOk |k| (g k) m g?)k |k|
_ ¢ 2 k| — . 1 p 2kl —kg o, 1
= 2812 Z[ 2m +g°*"2|k|][(g°*") om TS0k
@ 2(Ikl kr)* 1 0 (P V(o V2o 1M = KR
= 8,8L2 Z{ m— +g'6k 0k|k|2 + [gO,k(gO,k) - (8o,k) go,k] mik| |’ (A85)

where

. 1 1 2_( 1 )2 1 ]
Z[gOk 80k — (g64) quk]_;[—iwn-i-ék(—iwn—ék) —iw, +& ) —iw, — &

(. n ) - ( n — ) a
- (l:; +Z(k)2<iaf— éf)l; = > 2a(ghushs)” (A86)

k| — kg [2& (k] —kR)IkI] _ Ikl — ke [ZEg (k] —kR)kR]

mk| m mlk| m

(A87)
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In terms of Egs. (A62), (A69), (A86), and (A87), we finally determine n7c’a as follows:

2ea _ L[ &% {tanh(%ﬂf;'k) 1 1 [tanh(%ﬂék) B B ][(|k| —kke } k| —kR}' (ASS)
2] @orl 2% Ak Qarl & 1+ cosh(B&) m 1 amlkl
To evaluate « and ¢, note first that the omission of the down-spin bands in Eq. (A30) is justified when
k2
| « BE, < B=E. (A89)
2m

The condition also implies that when the temperature is low enough, electrons and holes are excited only around kg. This
naturally lets us introduce an “ultraviolet” cutoff k, in the integral over |k| in Egs. (A82) and (A88),

d*k 1 (k| —kg)? ketke gk ko (k — kg)?
T)%Ci _ . (l | R) — / or ; ( R) ’ (A90)
(2m)? 168} m? k—k, 27 1687 m?
d’k 1 kelk|(k| — kg)*  Elk|(lk| — kg) [ (k| — kg)? g
2.2 R R g R R
= - E
heL (27 ) 16$k3|k|2{ 2m? m + [ o g} }
ketke gl 1 ((k—kp)*(kK* +k3)  Egkr(k —kg)
= —— . — +E; 1. (A91)
kek, 27 1687k 4m m

The cutoff k, satifies that k, = O(,/2mE,) < kg. Note also that without the cutoff the integral in Eq. (A88) has the logarithmic
divergence at k = 0. With the cutoff, We finally obtain

ke dk (kg + k)E, [ K2 32 ks dk kxE, { k> g2 k
22 R g RLg R
E, = ERTI( 4 g) = X L E ) =0 FR), A92
€L /_kg 27 16 <2m+ g) m? /Q 7 16 <2m+ g) m? (kg> (A92)
k, -1 2 -3 2 2
< dk (kg + k) 'E, [ k k[kr + k) + k3] Ekgk
antei, = [ ST (%*E) { o TE
g
1 2.2 1 2.2 kR
=2 E,+0(0) < =} E+ |0 = ). (A93)
2 2 ke

A comparison between Eqgs. (A92) and (A93) suggests that || = % < 1 in the limit of Eq. (A89). « = O(1) is due to the
large spin-orbit-coupling limit, while @ < O(1) for smaller spin-orbit coupling. Nonetheless, the competition between different
components of excitons will be more complicated in the smaller spin-orbit coupling case. nic? E, > 1 is consistent with the
physical picture of Eq. (A89). In the large spin-orbit coupling limit, We can also simplify Egs. (A62) and (A81) and all the
coefficients in Eq. (2),

Dom — 2 youp = [ AL / . ﬁl("—z VE )1 (A94)
g(1+w) Qr)22&  Jo w2\2m  ¢)
, 44U k1 ke dk 1 (k2 -
i=5 ==l TalatE) .

To summarize, the U(1) theory of Eq. (2) can be derived as an effective theory for the spin-triplet exciton condensate phase in
semiconductors with Rashba spin-orbit interaction. Thereby, the spinless inter-band mixing (A;, A¥) and an attractive interaction
gs between electrons in the conduction band and holes in the valence band induces a condensation of the XY component of
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the real part of the excitonic pairing, ¢ o ReO, + iReO, with O; = (bTaja) (j = x,y). Physically reasonable values of the
coefficients in the U(1) theory are obtained within certain limits.

APPENDIX B: DERIVATION AND CONSERVATION OF NOETHER’S CURRENT

In this Appendix, we derive the spin (;j;,) and orbital ( jfL) parts of Noether’s current in Egs. (7) and (8) and verify that the total
angular momentum is conserved. We start with the classical effective theory Eq. (6),

L= 13,00 — 1(8:0)*[1 — acos(20)] — 1(8,0)*[1 + ccos(20)] + a(3:0)(3,0)sin(26). (B1)
The theory has a U(1) spacetime symmetry,
0 —>0+eA0=0+€¢, x—>x+eAx=x—€y, y—>y+eAy=y+ex, t—>t+ecAt=t. (B2)
With the continuous symmetry Eq. (B2), Noether’s theorem gives a conserved current,
Ju= oL 0+ |:8,w£ — oL (8V9)i| Ax, = A + T, Ax,, B3)
9(0,0) 9(9,0) 0(9,0)
where wu, v € {t,x,y}, Ax, € {At, Ax, Ay}. T, = 8,,L — M%—fg)(ave) is a stress-energy tensor. The conserved current obeys

9, j,. = 0 as long as an EOM is satisfied,

oL oL
a“[8<8u9>]'_ Fa B

The EOM is given by
976 — (376)[1 — accos(26)] — 2a(3,60)’sin(260) — (3;6)[1 + arcos(26)] 4 2cx(d,6)sin(26))
+ 2a(8,,0)sin(20) + 4a(3,0)(3,0)c0s(20) + a[(3,0)* — (8,0)*1sin(26) — 20(8,6)(,0)cos(26)
=076 — (070)[1 — acos(260)] — (3;0)[1 + ccos(26)] + 2(3,0,0)sin(26)
— a[(3,0)* — (8,0)*1sin(20) + 20(3,0)(,0)cos(20)
=0. (B5)

The theory has spatial and temporal translational symmetries, which imposes a conservation rule on the stress-energy tensor,

L
9T =, [3,“£ - a(a—,m(a”e)} =0. (B6)

The total angular momentum current of Eq. (B3) can be divided into spin angular momentum current j; that does not depend on
T,,,, and orbital angular momentum current j; that depends on 7},,,.

oL oL

s A@, ) — (SLV‘C_— ave AXx,. B7
JM a(aue) .];/, [ ) a(alue)( )} xl) ( )

Let us focus on the spin part. Spin angular momentum density is
s=j =90, (B8)

and corresponding spin currents are

Ji = —(0:0)[1 — acos(20)] + a(9,6)sin(20), (B9)
]f = —(8,0)[1 + acos(20)] + «(9,0)sin(26). (B10)

The spin density and current are zero at equilibrium, j; = 0. The spin angular momentum is not conserved,
Oudy =G = =0y, (B11)

Local sources of the spin angular momentum are given by spin torque G. The torque represents the mutual conversion between
orbital and spin angular momenta. Taking EOM (B5) into Egs. (B8)—-(B10), we get the spin torque as follows:

G =0,j, = 970 — (3;0)[1 — acos(20)] — (8760)[1 + crcos(260)] — 2(,:0) tsin(260) + 2(3,0 ) axsin(26)
+ 20(8,8,6)sin(20) + 4t (8,0)(8,6 )cos(26)
= —a[(8,0)* — (3,0)*Isin(20) + 2a(3,0)(3,0)cos(26). (B12)
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The orbital-angular-momentum density and current are given by
[ = ji = y(3,6)(8:0) — x(3,6)(3,6), (B13)

jt=—y{33,0)" — 1(3,0)*[1 + acos(20)] + 1(8:0)*[1 — acos(20)]} + x{(3:0)(3,0)[1 — arcos(20)] — (8,0)*sin(26)},
(B14)

Jb =x{3(3,6)" — 3(3,0)°[1 — acos(26)] + 5(3,6)°[1 + arcos(26)]} — y{(3:6)(3,60)[1 4 ccos(26)] — & (3,6)*sin(26)}.
(B15)

The orbital angular momentum density and current depends explicitly on spatial coordinates, and they depend on a choice of the
origin for the spatial coordinates. Besides, EOM (B5) gives 839 instead of 9,6, while j; as well as 9, j; contains d,60. Nonetheless,
we can verify the continuity equation Eq. (B11) directly, using Egs. (B5) and (B13)—~(B15). 9,, jL is formally given by a term that
has no explicit dependence on x and y, and terms that depend explicitly and linearly on the spatial coordinates. The latter terms
vanish thanks to Eq. (B5);

8(%’1‘) o= (970)(3:0) + (3,0)(3:3,0) — (3,0)(:3,0) + (3,0)(3,9,0)[1 + rcos(20)] — (3,0)*(:0)sin(26)
— (0:0)(270)[1 — arcos(20)] — a(8,0)*(3,0)sin(20) — (8,0)(3760)[1 + ecos(26)]
— (3:0,0)(3,0)[1 + acos(20)] + 2a(8,0)(8,6)*sin(260) + 20(8,0)(8,,0)sin(20) + 20:(3,0)* (8,6 )cos(26)
= (370)(3:0) — (3:0)(3;6 + 9;0) + ar(3:0)sin(20)[(3,0)* — (0:0)” + 2(0x0,60)] + & (3:0)cos(260)[(0:6)*
— (0,0)” 4 2(3,6)(3,0)]
=0, (B16)
8(88"5 ) = —(370)(3,0) — (3,0)(3y8,0) + (3,0)(3,8,0) — (3:0)(3:3,0)[1 — cxcos(26)]
¥,0,8,0
— a(0:0)*(9,0)sin(20) + (3,0)(3;0)[1 + eccos(20)] — ar(3,0)*(3,0)sin(26) + (3,0)(9;6)[1 — ercos(26)]
+ (8:8,0)(3:0)[1 — ccos(20)] + 20(3,0)(,0)*sin(20) — 2c(3,0)(8,9,0)sin(20) — 2c¢(8,60)*(8,0)cos(26)
= —(070)(3,0) + (3,0)(376 + 9;0) + c(3,0)sin(20)[(2:6)* — (8,6)* — 2(0,d,6)]
+ a(3,6)c0s(20)[(3,0)* — (3,0)* — 2(8,0)(3,6)] = 0. (B17)
The former term is nothing but —G,
P ICYA TR IOV

= (8,0)(3,0)[1 — rcos(20)] — ae(3,0)*sin(26)
. 0x  |y6.9.0 Y 6.0 T Y

— (0:0)(D,0)[1 + acos(260)] + (3,60)sin(20)

= a[(8,0)* — (3,0)*1sin(20) — 2a(8,0)(3,0 )cos(26). (B18)
Thus the total angular momentum is indeed conserved,
uil, = al(3:0)> — (3,0)*1sin(20) — 2a(,0)(,0)cos(20) = —G. (B19)
[
APPENDIX C: SOLUTIONS FOR THE 1. Straight geometry without curvature

SPIN-INJECTION MODEL For the straight geometry without the curvature [Fig. 1(a)],

In this Appendix, we solve #(x,) in the spin-injection  let us consider the EOM in the 1D system,
model, Eq. (9), together with the boundary condition, Eq. (12), 920 = (920)[1 — 20 5.0)2sin(26 Cl1
and j5(x =0,1) = jo. We consider a general junction pa- 76 = (06)[1 — ocos20)] + ar(d,6)"sin(26). €D
rameter ko except ko = 1 (straight geometry), k3 = (1 + #)2 The boundary conditions are given by
(circular geometry), and ko = 0, while leaving discussions 50.1) = j €2)
about solutions at these special parameter points for Ap- S8 1) = Jo,

pendix F. se(L,t) = kejy (L, 1), (C3)
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with k. = %[Ds(%{ + ic)]_l/2 + é Here “c” stands for the

frequency of spin density and current at x = L, and Eq. (C3)
is imposed for each frequency component of the density and
current. The density and current are given by 6 (Eq. (8)),

§ = 8[0,
jys = «d,0sin(26),

7= —(3,:0)[1 — acos(20)],
G = —a(3,0)*sin(26). (C4)

We solve the EOM by a perturbative expansion of . With
0(x,1) = 0y(x,1) + O(a), the zeroth order is
3200 = 9260. (C5)

The general solution of Eq. (C5) is

Oo(x, 1) =At +Bx+ Fyp+ Y [Fe“™ 4 F/e),

ceR,c#0
(C6)
where A, B, F., F/ are constants. Eq. (C2) leads to
Bo(x, 1) = At — jox + Fy + Z 2F.cos(cx)e.  (C7)

ceR,c#£0

Since Re(k.) > 0, Eq. (C3) requires F, = 0 for ¢ # 0, and the
zeroth order takes the following form:

Oo(x, 1) = s(x, 1)t — ji(x,t)x + F(0)

= ko jot — jox + Fo. (C8)

Here Fy can be absorbed by a time translation so we take Fy =
0. Note that without the spin-orbit coupling (¢ = 0), the spin
density and current are static,

720 <x <L) = jo+ O(a),

s(0 < x < L) =kojo+ Oa). (C9)

Upon a substitution of Eq. (C9) into Eq. (C1) and an expan-
sion of Eq. (C1) in «, the first-order correction to the solution
is given by an inhomogeneous linear differential equation.
Thereby, the first-order solution has two parts, 6; and 6,,

O(x,1) = Op(x, 1) + 0,(x,1) + 02 (x, 1) + O(a?),  (C10)

and 6, is a special solution of the inhomogenous equation,
3701 — 076, = —a(376)cos(260p) + a(3,00)*sin(26y)

= aj5sin(2kojot — 2jox). (C1D)

6>(x, t) is a solution of the homogeneous differential equation,

320, — 326, = 0. (C12)
With 0, (x, ¢) and 6,(x, t), the spin density and current should
satisfy the BCs up to the first order in «.
Thanks to the linear x and ¢ dependence of 6y(x,?) and
ko # 1, we can find a special solution,
9] (xa t) = -

Sil’l(2k()j0l — 2j0x). (C13)

o
4(k2 —1)
6> (x, t) takes the same form as Eq. (C6). With these solutions,
the spin density and current are given by the following up to

the first order in «,
ko joot

= kojo —
s 0J0 2(

082k jot — 2jox) + 0,6, + O(a?),
ks —1)

(C14)

Jy = Jo — ajocos(Zko jot — 2 jox)

— P cos(2kjot — 2jox) — 96> + O(a?)
2(kg — 1)
joce (2k2 — 1
= jo— ]o(z—o)cos(Zko Jot — 2jox) — 8,62 + O(c).
2(k2 — 1)

(C15)

In order that Eqs. (C14) and (C15) satisfy the BCs, 6,(x, 1)
must have the same frequency as 6, (x, ),

0r(x, 1) = arge?hoo=9) 4 gl Q2kojot+x) | ¢ ¢ (C16)

Here g and ¢ are complex constants. By the same reasoning
as in the text below Eq. (C7), other frequency components in
6> (x, t) vanish. This leads to

1 . .
§ = EkOjO + akojerZkoJot |:2ig821k010x o

6721'_]'())(
4(ks — 1)]

+ 2iakg jog ¥ 00 1 O(a*) + c.c., (C17)

o1 R U (2k§ — 1)~ 2o
S = o 4 o joekodot |:21k o~ Zikojox _ A0 7
Jx 2]0 Jo 08 4(k§ — 1)
— 2iakgjog €00 L O(a?) + c.c. (C18)
The boundary conditions Egs. (C2) and (C3) require
. 22— 1 o
@jo|2ikg — — 95— | = 2iakojog =0, (C19)
4(k0 - 1)
2iko joL ek 2iko jol
o jo| 2ikgge "0 — — | 4+ 2ia jokog e 0
Jo[ 08 4(k§ — 1)} Joko&

= kC{jO [2ik0ge—2ikujuL _ M}

4(k2 — 1)
— 2ikarky jog e* ok, (C20)
with

1

D\ "2
ko = i(_,> + X (C21)

X' Tl B
_ X 1 N

k = kaiyjo = 2 Dy 7 + 2iko jo + 5 (C22)

and k_. = (k.)* for a real number c. Equations (C19)
and (C20) can be simplified,

2iko(g — &) 2% - 1 (C23)
i - = —,
ol8&— & 4(k§ — 1)
2l~k0(ge—2ik0j0L + glezikojoL) _ Zikko(ge—zikojoL _ g/eZikngL)
1— (k2 -1k ..
— ( 0 ) 6721101" (C24)
4(k3 —1)
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The two equations Egs. (C23) and (C24) determine the two coefficients, g and ¢/,

( 1 -1 )(g> _ 1 ( 263 — 1 ) ©25)
(1= kel (1+k)e™ J\g' ) ™ iko(k2 — 1) \(1 — (2k3 — 1)k)e P )’

where B, = 2joL. The solution of the equations is

(25 — A + 0™ +[1 — (2k5 — Dkle™ 1

= . - , C26
§ (1 + k)eobe + (1 — k)e~tkobr 8iko(k3 — 1) (€20
1 — (22 — 1)k]e Pt — (2k2 — 1)(1 — k)e*obr 1
g 1= (@8 — DiJe™™ = (2% — 1)1 — ke . (C27)
(1 + k)ekobr + (1 — k)eikobr Siko(kg — 1)
From Egs. (C8), (C10), (C13), and (C16), we obtain
0(x,t) = jolkot —x) — ﬁsin[ﬁo(kot — x)] + 2aRe(g + g)cos(2kg jot )cos(2kg jox)
2

+ 2aRe(g — g')sin(2kg jot )sin(2kg jox) — 2aIm(g + g")sin(2kq jot )cos(2kg jox)

+ 2alm(g — g)cos(2kg jot )sin(2kq jox) + O(a?). (C28)

The solution has one frequency (2ky jo) in time and two wave numbers (2o, 2k jo) in space. According to Egs. (C23), (C26),
and (C27), Eq. (C28) is nothing but Eq. (18) with

(2k3 — D)[(1 + k)eoPr — (1 — k)e~™obr] 4+ 2[1 — (2k¢ — 1)k]e™ -
4ko(k§ — 1)[(1 + k)eikob + (1 — k)e—ikobr] .

Higher-order solutions can be obtained by the same perturbative iteration method. In the solution, the spin density and current
have the same periodicity in time as the first-order solution, 7 (kg jo)~'. This is because the inhomogeneous terms at every order
keep the same discrete time translational symmetry as that for the first order. For irrational &y, the solution is not periodic in the
space coordinate x because of the superpositions of the two wave numbers. Nonetheless, the Fourier-transform in the space has
two major peaks at 2 j, and 2k jo.

n=2g+4)= (C29)

2. Circular geometry with curvature

For the 1D circular geometry with a finite radius r of the curvature [insets of Figs. 1(b) and 1(c)], the Lagrangian is generalized
as follows:

_Llagp_ L 2, % 2 in29 — cos29) — 2si ~
L = —(0,0) (050)" + (0560)"[cos(20)(sin“® — cos“1) — 2sin(26 )sinfcosh |
2 2r2 2r?
IS I 2
= 5(8,0) — 5(859) 1+ acos{20— -2/, (C30)
r

with a 1D coordinate £ = r?}, and
1 1
9,0(x,y) = 0,(rcos??, rsin) =0, 9y = ——(sin?})dy, 0y = —(cost})dy. (C31)
r r

The Lagrangian gives the classical EOM in the 1D system,
2 2 2 . 2 1 5. 2
970 — (070)| 1 + acos| 20 — ;E ~+ 2a(9,0)sin| 26 — ;Z (9,0) — o a(0,0)sin| 20 — ;Z

2 2 2 27 . 2
=00 — (859) 1 +acos( 20 — —£ | | + «(3,0)| (8,0) — — |sin[ 26 — —¢ ) =0, (C32)
r r r
and the spin density and current,
< 2
s=1090, j,= —(8@9)[1 + acos<29 — —E)]. (C33)
r

The boundary conditions are imposed on the spin density and current,

7o, 1) = jo, sc(L,t) = kejp (L, 1). (C34)
The boundary condition at £ = L is imposed on every frequency (c) component of the density and current, and k. = % [DS(TLI, +
i)+ L.
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The zeroth-order solution of the EOM that satisfies the BCs is given by

Bo(£, 1) = ko jot — jot.

(C35)

In the perturbative iteration method, the first-order solution comprises of 6 (¢, ) and 6,(¢, t). 61 (¢, t) is a special solution of the
inhomogeneous linear differential equation, Eq. (20), while 6, (¢, t) is a solution of the homogeneous linear differential equation.

For k2 # (1 + )2 we find the special solution,
al+ = 1
Oi(t.1) = — (1+5) sin[2ko jot — 2(jo + —)¢]. (C36)
Alkg — (14 5;)7] g
together with
0,(€,1) = At + Bl + Fy + Z [Fe ™" 4 Fleictt07], (C37)
ceR,c#0
A substitution of 8 = 6y + 6, + 6, + O(?) into Eq. (C33) leads to
_ ko joar(1 + Jf,) o1 5
s = kojo + . cos| 2kg jot — 2| jo+ — J€ | + 3,0, + O(a”), (C38)
206 — (14 75)°] d
0 2k —2(1+ + + 2 1
J= o 0 (14 50"+ ( ) (! JO’)cos[zkojoz - 2<jo + —)e} — 3,6, + O(?)
2 k2 ( + ) r
Joar[2k5 2 1
= jo+ [ 0 ’“ cos 2ko jot — Z(jo + —>£:| — 03,6, + O(a?). (C39)
2[k3 — ( r
In order that Egs. (C38) and (C39) satlsfy the BCs, 6,(¢, t) must have the same frequency as 6, (¢, t);
0L, 1) = age™ =0 4 qg 2M0NIHO ¢ ¢, (C40)

The complex constants, g and g, are determined by

)

(0 0o (§) = G e
(1 —k)e=*obr (1 4 k)eobr )\ ¢ _8ik0[k§—(1+#)2] {1+ 2 -2k - (1+ 4
Jor Jor

where k is given by Eq. (C22).

0,(£, t) vanishes when jy = —%. Even when 6;(¢,1) =0,
6,(€,t) # 0 in general. The nonzero 6,(¢,t) comes from
an O(a) contribution of j; in Eq. (C33). For jy = —% and
ko = %, both 6, (£, t) and 6,(£, t) reduce to zero, and 6y(¢, t)
becomes an “exact” solution satisfying the BCs. However,
the exactness is not protected by the symmetry of the theory,
and there will be a finite 6, (¢, r) when higher-order expansion
terms are considered in Eq. (6).

Besides, Eqgs. (C25) and (C41) always have unique solu-
tions for g and ¢, because

(1 + k)e™oPr 4 (1 — ke *b = 0 (C42)
or
e*ikoﬂL + eikoﬂL i
— __ C43
e~kofr — etkofr  tan(2koBL) (C43)

contradicts with Re(k) > 0. The solutions of Egs. (C25)
and (C41) are divergent at kg = 1 (straight) and kg =+
jlr )? (circular), respectively. Physically, the divergence could
be avoided by finite dissipation time 7;. A more detailed
discussion on the divergence is given in Appendix F.

The radius (r) dependence of 6(¢, t) leads to the nonre-

ciprocity of the hydrodynamic spin transport. We show the

S]k} i+ )&) (C41)

1
Jor

(

nonreciprocity in insets of Figs. 1(b) and 1(c). The nonre-
ciprocity is essentially from 6; (¢, t), as the spatial wavelength
of 0, (£, t) depends on the radius 7; it also comes from 6, (¢, t)
as 6,(£, 1) is different for two opposite currents to satisfy the
boundary conditions. From the figures, we can see that 6(¢, 1)
is periodic along ¢ because 6, (¢, t) and 6, (¢, t) share the same
temporal frequency; the structure of (¢, ¢) along £ is more
complicated because 0;(¢,t) and 6,(£,t) give two different
spatial wave numbers. To show the spatial structure of (¢, t)
more clearly, we plot them in a larger range of ¢ (see Fig. 2),
although physically £ should not be greater than L, and L
should not be greater than 27 r.

APPENDIX D: POSSIBILITY OF DISSIPATION

In this Appendix, we study the stability of the superfluid
state with a finite supercurrent in the U(1) spacetime theory.
The Lagrangian Eq. (6) leads to a classical EOM, Eq. (B5). A
solution of the EOM was obtained under boundary conditions
of a finite current (Sec. III). The solution characterizes the
supercurrent state. To study the stability of the supercurrent
state, we compare the classical energy of the solution 6(x, y, ¢)
with the energy of other solutions of the EOM with different

224518-21



YEYANG ZHANG AND RYUICHI SHINDOU

PHYSICAL REVIEW B 109, 224518 (2024)

FIG. 2. Contour plots of 6(¢, t) in a larger spatial range of ¢ with the same parameters in insets of Figs. 1(b) and 1(c). (a) and (b) above

correspond to Figs. 1(b) and 1(c), respectively.

BCs, say 0(x, y, 1) + 80(x, y, t). Here, we consider that 56 is a
deformation induced by spatially local perturbations. Thus the
spacetime derivatives of §0 (x, y, t) do not contain any uniform
component in spacetime. The classical energy is evaluated by
a Hamiltonian that corresponds to the Lagrangian Eq. (6),

1 1
H[O] = /azzr{i(a,e)%r z(axe)z[l — o cos(20)]

+ %(8y0)2[1 + a cos(20)] — a(3,6)(8,6) sin(ZH)}.

(D)

The solution for the supercurrent state with broken U(1)
spacetime symmetry depends on time, e.g., Eq. (18), while
the Hamiltonian of 6 and 6 4 §6 are conserved, i.e., time-
independent. Thus, for clarity of calculation, we compare the
“time averages” of the classical energies over a large period
of time 7,

T T

AJ = lim l(/ H[6 + 80]dt —/ H[Q]dt). (D2)

T—oo T 0 0

When the classical energy of 6 is lower than 6 4 §6 for
arbitrary small §6, the supercurrent state of 6(x, t) is stable
against the local perturbation. If it is not for some §6, the
supercurrent state is no longer stable, and it must experience
energy dissipation. Effects of the energy dissipation can be
included as finite relaxation time into the classical EOM (see
Appendix E). To demonstrate the validity of our method used
in this Appendix, we also apply the same method to a con-
ventional superfluid moving at a finite velocity and derive its
Landau criterion (see Appendix G).

As explained above, 80 is a deformation induced by the
local perturbations and the spacetime derivatives of 6 are
considered to be always zero on average. The locality of §6
is crucial in the following argument. For example, a finite av-
erage of the space derivative of 66 changes a uniform current,
and such 66 should be excluded from the local deformation.
This is because even for the conventional superfluid, the clas-
sical energy with a smaller velocity of the supercurrent will
always decrease. In the derivation of the Landau criterion in
Appendix G, only single excitations with (k, w) are consid-
ered; perturbation that lowers the average velocity is excluded
implicitly.

In this Appendix, we apply the stability analysis to
the total-angular-momentum superfluid in the spin-injection

model. We consider a general value of the junction parameter
ko, except for kg = 1 (straight geometry), k2 = (1 + jo%)z (cir-
cular geometry), and ky = 0, while leaving discussions about
some of these points for Appendix F. In the following, let us
study the straight geometry case.

In the 1D spin injection model, 8 depends only on x and ¢;
O(x,1) and 6(x, 1) + 860 (x, t). The energy difference between
0 and 6 + 66 will be evaluated order by order in powers of the
SOC (@). To this end, we expand 6 and 66 in powers of «,

0 = 60p(x, 1) + 0] (x, 1) + O(a?), (D3)
80(x, 1) = 86y(x, 1) + 861 (x, 1) + O(cr?), (D4)

where
0] (x, 1) = 01 (x, 1) + Or(x, 1), (D5)

8601 (x, 1) = O(a). 86y(x, 1), By(x, 1), and 6,(x, t) are solutions
of Eq. (C5). Since the spacetime derivatives of 36 (x,t) is
not uniform, §0y(x, t), as well as 6,(x, t), is given by linear
superpositions of ¢4~ and €“*+) over ¢, e.g.

=
VL

with the system length L. In Appendix H, we give a pertur-
bation theory in the SOC (&) that determines the higher order
corrections (e.g., §6;) for a given 66, in the form of Eq. (D6).

Given the a-expansions of 8 and 6 + 66, we now evaluate
their energy difference order by order in the power of «. We
expand AJ in Eq. (D2),

AT =87 + 18°T + O((86)%).

860(x, 1) = —= Y [8dye“™) 4 8de0H), (D6)
q

D7)

Here 8J and 8%J are at the first and second order in 86,
respectively. The first-order variation is, i.e., Eq. (22)

T
8 = % / dt / dx{(8,0)(3,66) + (3,0)(0:86)
0
x [1 — acos(260)] + a(d,0)%sin(260)(56)}
T
= %/ dtfdx[(ateo)(a,SQO)+(at@]’)(3t590)
0

+ (8,60)(3;861) + (3:00)(3x860) + (8.0 )(8:86))
+ (0,60)(9:8601) — 0t(3:00)(x86p)cos(26p)
+ a(8,60)%sin(260)(860)] + O(a?)
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T
- %/ dt/dx{(azef)(azts@o)+(8X0]/)(ax590)
0

+ [(9%60) cos(26p) — (8:6) sin(26p)1860} + O(a®)

1 T
=5 | ar [ axtasasen + @oasn
0
+ (—376; + 8201)860] + O(a?)

2 T
=z / dt f dx(9:0,)(:860) + O(er?), (D8)
0
where we neglect boundary contributions in the right-hand
side, e.g.,

T
d1(3,86)) = O(T ™),

I ko jo
— dt(0;00)(0;601) = ——
T/o (0:60)(0;861) T ),

/dX(3x90)(8x391) = —jo/dX(afo@l)

=0() < OW). D9)

From the third to the fourth line, we use Eq. (C11). From the
fourth line to the last line, we neglect terms that contain 8; and
86y, because for ky # 1, 0; and 86, have different velocities
(ratios between the frequency and wave number), and their
product must vanish under the spacetime integral. The second-
order variation is

1

—§%] = l/drdx l(a 80) + l(a 80)?[1 — acos(20)]
2T 2+ 2

— a(80)*[(8,0)*cos(20) + (afe)sin(ze)]}
= Y aral .00 + Lia.66)7 — % (8,860 2c0s(20
—;/ 1] S @30) + 5 @507 — 5 0,500 cos(20)

— 0(860)*[(3,600)*cos(26p) + (ajeo)sin(zeo)]}
+ O(a?)

= I/dtd 1(359)2+1(a 562 — Z(8,860) cos(260)
—T )C2 t ) X ) x000 V) 0

- a(890)2(8x90)zcos(200)} + O@@?). (D10)

Note that %821 > 0 at O(a). This is because the leading-order
term [O(1) term] is positive semidefinite, and negative contri-
butions come from O(«) terms. Besides, under the spacetime
integral, the O(«) terms can be nonzero only if §6) in Eq. (D6)
comprises of (more than) two Fourier components, g, ¢»,
.., and an oscillation function from (86y)?> and that from
c0s(26y) = cos(2jokot — 2 jox) cancel each other, e.g.,

q1 — q2 = Ejoko, g1+ q = Ejo. (D11)

In the presence of such components in 66, however, the
leading-order term is positive definite.

860, as well as 6,, is a solution of Eq. (C5); both are given
by linear superpositions of e**) and ¢'4*~%) over g. Thus, for
given 6, # 0, one can always choose §6, such that the space-
time integral of (9,6,)(9,86y) remains nonzero and negative,

8J < 0. This suggests that the superflow state is stable only
when 6,(x, t) = 0, while it is not stable when 6,(x, t) # 0.

The same conclusion holds true in the spin-injection model
with the circular geometry. In the 1D spin-injection model
with finite curvature, the Hamiltonian is given by

1 1 2
H = fdﬁ{—(&,@)z + —(859)2[1 +acos<20 - —z)} }
2 2 r

(D12)

where 6 and 6 + 66 depend only on £ and ¢. Their energy
difference AJ can be expanded in the powers of small local
deformation 66. The first- and second-order variations of the
energy in 66 are

T
T / dr f dﬁ{(a,e)(8,89)+(8@9)(3259)
0

2
X [l +acos<26 — —€>i|
r

— a(8g9)251n<29 - %z) (59)}, (D13)

1521—1/szde 1(889)2+1(889)2
2°77 T ), 2 2t

+ a(8g89)zcos<29 — %z) + a(88)2{ [(349)2

2 2 2y 2
— —(age)}cos(ze - —@) + (859)51n<20 - -z)}},
r r r

(D14)

respectively. Equations (D13) and (D14) have a similar struc-
ture as Eqgs. (D8) and (D10), respectively. For kg # (1 + j(l)—r)2
(resonance point), one can use the o expansion of 6 and
86, and the expressions support the same conclusion in the
circular geometry case; 8J < 0 for some 66, and %521 2> 0.

In summary, contrary to the conventional superfluid with
0, = 6, =0, the supercurrent state with the broken U(1)
spacetime symmetry is classically unstable toward other
states, and it must experience the energy dissipation by local
perturbation. Physically speaking, the difference in the sta-
bilities between these two types of superfluids comes from
the fact that the spin-injection boundary condition does not
break the U(1) symmetry of the conventional superfluid, but
it breaks the U(1) spacetime symmetry of the total-angular-
momentum superfluid; under the U(1) spacetime rotation, the
whole junction should also be rotated. Effects of the energy
dissipation can be included as finite relaxation time Tl’l,
while the motion of # with vanishing or small Tl_1 can be
realized only in a superclean limit.

A conventional superfluid described by a nonrelativistic
complex field has a critical velocity given by the Landau
criterion. Below the critical velocity, a supercurrent is stable.
The Landau criterion should be derived from a theory of the
complex field instead of an effective theory of a Goldstone
mode. This is because when the velocity approaches the crit-
ical value, a low-energy condition is already violated. Our
analyses only study the stability in the low-energy limit where
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a nonrelativistic complex field and a relativistic complex field
both lead to a Goldstone mode with linear dispersion.

APPENDIX E: EFFECTS OF DISSIPATION
IN THE CLASSICAL EOM

Note first that the classical equation, Eq. (BS), as well as
its 1D descendants, Eqgs. (C1) and (C32), are all invariant
under the time-reversal operation; t — —¢, and 6 — 6 + 7.
In the previous Appendix, we demonstrate that the classical
energy of the spin supercurrent state is higher than other
states due to the finite . This suggests that the supercur-
rent state decays into other states with lower energy. Such
an energy-nonconserving decay process generally breaks the
time-reversal symmetry of the classical equation. To study
the effect of the decay process into the spin hydrodynamics
predicted in Sec. V, we include the simplest time-reversal-
breaking term, 9,0, into the classical equation;

976 — (37)611 —  cos(260)] — (876)[1 4 o cos(26)]
+ 2a(8,8,0) sin(20) — a[(8,0)* — (3,0)*]sin(26)
+ 20(8,6)(8,0) cos(26)
1
= _713’9' (ED)

From the symmetry point of view, one could also add other
time-reversal breaking terms that respect the U(1) spacetime
symmetry but breaks the time-reversal symmetry, e.g.,

LY VRRLE (376 + 0;0) — —0,6
Ti t T t ¥ y T t
x {(076 — 876) cos(20) + 20,0, sin(20)} + - - -

(E2)

Nonetheless, the first term on the right-hand side always
dominates the others in the hydrodynamic regime, since the
physical variable 8 changes much more slowly than any mi-
croscopic length scales in the hydrodynamic regime, and in
this sense, the other terms in Eq. (E2) are higher-order spatial
gradient terms than the first term in Eq. (E2). In this Ap-
pendix, we will solve Eq. (E1) or its 1D descendant in the
spin-injection model with the straight geometry,

370 — (370)[1 — a cos(20)] — «(3,0)* sin(20) = —Tia,e.
1
(E3)

0o (x, t) with the dissipation term was previously solved by
Refs. [11,13]. It satisfies

1
3260 + 7300 = 326. (E4)
1
The general solution (up to a constant Fy) of Eq. (E4) is
Bo(x, 1) = At + 4 +B
o(x,1) = T X X

+ Z [Fceiw_i’(‘x + FC/eiCt-HKCX], (ES)
ceR,c#0

where A, B, F,, F/ are constants and
/ c
= |2 +i—. E6
K, ce 4+ lTl (E6)
The boundary conditions Eqgs. (C2) and (C3) are satisfied by
A
B=—j,, A= —ko(?L—i—B), F.=F =0, (E7)
1
which leads to
koL ™"
A=@+ﬁﬂ ko jo- (E8)
T

This gives the zeroth-order solution of the EOM with the BCs,
Tiko jo

Oo(x. 1) ; [1 kox }
X, 1) = ———1 — - |x
0 Ti+kL °l 7 2T + kL)
= ko jot — joh(x)x, (E9)

. T + ko(L —x)

50 L= TRV 0w,
Ji0O<x <L) T 1 kol Jo+ O()

Ti ko jo

0 L)y= 2000 o o). E10

sO0O<x<L) T1+koL+ (o) (E10)

In the conventional spin superfluid with Tl_1 # 0, the spin
density and the spin current are static. Different from the dissi-
pationless case (Tfl = 0), the spin current decreases linearly
in the 1D coordinate x, while the spin density is uniform in x.

Due to nonlinear x dependence of 6(x, t), the perturbative
analyses in the SOC («) becomes harder. To obtain the solu-
tion of the EOM analytically, we consider a limit that a phase
accumulation y is small when the spatial dependence of the
current is small,

dh(x) . ko joL*
y=| - LljoL = 77—
dx 2(T) + koL)

The small y limit can be achieved by a small dissipation term
or a short propagation distance. The zeroth-order solution in
the small y and « limit is

- koL .
Oo(x, 1) = kojo| 1 — T t — joh(x)x
1

< 1. (E11)

= kojot — jox + O(y).

We will solve 6(x, t) up to the first order in « or in y, namely
O(«a, y). Thereby, we keep the zeroth order of 6y(x, ) when
solving 6 (x, t) and 6,(x, t). Equation (C11) is slightly modi-
fied and becomes

(E12)

1 o ,
826, + =00 — 820, = ajZsin(2ko jot — 2jox)
1

) .
ai.()eZikojotfﬁjox T
2i
Equation (E13) has a special solution,

(E13)

22 2iko jot —2i jox
Ol]()e 0Jo Jo.

2i( — 4k3 j2 — 3tkojo +473)
ajoTi 621'/;0./'01—2!'./'01(

TR (@ —1) + 4k

4+ c.c.

01(x,1)

C.C.

= qugoeliio®r=0 4 cc., (E14)
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where

JoTh

80 =

8ijoTi (k2 — 1) +4ky

(E15)

Equation (C16) holds true, while Egs. (C17) and (C18) are modified,

JoTie

72[\]’0){

1. - o .
§ = Ek()j() + Olkojertknjnl‘ I:zl-geZtkgjgx _

jO Tl e—2ij0x

s

4joT; (k2 — 1) — 2iko

} + 2iako jog R0 L O(a?, 2, ay) + c.c., (E16)

e—2ij0x

1 o - o
= o+ ajoet [%koge‘“wm‘ -

1

4T (R2 — 1) —2iky 2
[joTi (2&2 — 1) — ikge~2io*

] — 2iarko jog M) 4 O(a, v, y joL) + c.c.

= —jotai 2il€0j0t{2-]; —2iko jox __ _ _ } — Yiake ind 2i1€0j0(t+x)+o az’ 2’ +cc. (E17
5 Jo+ ajoe ikoge LT (2 — 1) — 21k iacko jog'e (@ vy, ay) (E17)
The boundary conditions Egs. (C2) and (C3) leads to the following secular equation [cf. Eq. (C25)]:
< 1 -1 )(g) B 1 JoTi(2k3 — 1) — iko E18)
(1 = kye ™ (14 kel J\g ) ™ 8ikgjoTi (k2 — 1) + 4k2 \GoTy — joTi (2k3 — 1)k + ikok)e 1 |
The solution of Eq. (E18) is
LA (2R = 1) — iko) (1 + k)eF + [joTy — joTy (263 — 1)k + ikok Je P E19)
B [(1+ k)eiof + (1 — kye=Rofi][8iko joTi (K — 1) + 4k3] ’
, LioTy — joTy (2% — 1)k + ikok]e™ P — [joTi (2k3 — 1) — iko] (1 — k)e~oPL 20)
N [(1 + k)eiFobr + (1 — k)e~Robr][8iko joT; (k2 — 1) + 4k2] '
Similar to Eq. (C28), the solution of 6 (x, t) is
- k - -
O(x, 1) = kojot — j0[1 - ﬁxm)}x + 2aRe(g0)cos[2,jo (Ror — x)] — 2aIm(go)sin[2,jo(Ror — x)]
+ 2aRe(g)cos[2ko jo(t — x)] + 2aRe(g )cos[2ko jo(t + x)] — 2aIm(g)sin[2kg jo(t — x)]
+ 2aIm(g)sin[ 2k jo (1 + )] + Oa®, y*, ay), (E21)

where go, g, ¢ are given by Eqgs. (E15), (E19), and (E20). ko,
k, and ko are given by Egs. (C21), (C22), and (E9). Compared
to Egs. (C25) and (C41), Eqs. (E19)-(E21) have no divergence
due to finite 77. The situation is analogous to periodically
driven harmonic oscillators, where the dissipation removes
divergence due to resonance [46]. Note also that the solution
Eq. (E21) has a periodicity in time, 7 (kojo)~", and two char-
acteristic wavelengths, 2 jy, and 2120 Jo. A solution at higher
order in y has all spatial Fourier components, while it is still
periodic in time with the same periodicity.

APPENDIX F: SPECIAL PARAMETER POINTS
IN THE SPIN-INJECTION MODEL

In this Appendix, we study some special parameter points
in the spin-injection model without the spin relaxation term,
where solutions in Appendix C do not apply directly and need
careful investigations.

1. ko = 1 (straight geometry)
and kﬁ =1+ le)z (circular geometry)
Consider ko = 1 in the straight geometry and k% = (1 +
].0%)2 in the circular geometry. Naive substitutions of ky =
1 into Egs. (C13) and (C25) and of k2 = (1 + jo%)z into

(

Egs. (C36) and (C41) lead to divergences in 6; and 6,
respectively. It seems that the divergences in 6, and 6, can-
cel each other. For example, Eqgs. (C29) and (18) at ky =1
become

[(1 + ke — (1 — ke ] 4 2(1 — k)e™#r

Mot = T4 — I T e + (1 — ke 7]
1
__ Fl
4(k2 - 1) b
0(x, t)|k0=1 = jot —x) — mSin[ZjO(t —x)]
7_
_ 4(k§a——1)cos(2 Jot)sin(2,jox)
+— 2 Gin@jor)cos2jox) + O@?)
4(k§ _ 1) Jo Jo

= jo(t —x) + O(a?), (F2)

respectively, where the final result of 6(x,r) is apparently
finite. However, Eq. (F2) is not a solution to EOM (C1). In
fact, with light-cone coordinates

E=t—x, ¢=t+x, (F3)
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Eq. (C11) at kp = 1 becomes

[ + 8. ) — (3 — 8;)%10) = 48:8,6) = ajisin(2jok).
(F4)

Equation (F4) has a special solution which is not consistent to
Eq. (F2),

o = —%005(2 jo) = — cos[2jo(t — )l (F5)

ot +x)

1
Note that |0;] in Eq. (F5) is not bounded for large ¢ =t + x.
This indicates that the perturbation with respect to « becomes
invalid at kg = 1, leading to the discrepancy. The divergences
at ko = 1 can be regarded as the resonance of the inhomoge-
neous linearized differential equation [46], and one can expect
that the SOC has nonperturbative effects around ky = 1.

To understand the origin of the nonperturbative effect of
o, let us consider a set of solutions of Eq. (C1) that depends
on x and ¢ only through x — vt. For the later comparison to a
special solution developed in Appendix C, 6y + 6; + O(a?),
let v to be kg,

1
0(x.1) =0~ ko). 0 =0,0 = —-0i6. (F6)
0

Here, the prime denotes an x derivative. Eq. (C1) effectively
becomes an ordinary differential equation,

(k2 —1)0" = —ab"cos(26) + afsin(20).  (F7)

To solve this equation, use its analogy to 1D classical mechan-
ics, where the phase 6(x) as a function of x corresponds to a
1D coordinate as a function of time. The classical mechanics
for the 1D coordinate has a Lagrangian whose variation gives
Eq. (F7) as a classical EOM,

1
Lip = 5 (K = 1)6” + 30" cos(20). (F8)
The classical mechanics has a canonical momentum conjugate
to the coordinate,
__OLip
Tl

as well as a conserved Hamiltonian,

= (ké — 1)9/ + af’cos(26), (F9)

1
Hip =76’ = Lip = 5k — 1)6° + %9/2005(29). (F10)

Utilizing the x independence (“time”-independence) of Hip,
we can solve the EOM from Eq. (F10),

@ _ 2Hip (F11)
dx k3 — 1+ acos(20)’
Its formal solution is given by
o0 12— 1 20
+(x — xg) = / \/ 0 =1 +acos@0) o (i)
0(x0) 2H\p

With Eq. (F6), we get a set of (1 + 1)-dimensional solutions,

oen 12 4 26
\/0 +acos9) o (F13)

:I:(x—kt—C):/
0 0 0 2Hp

(x0,70)

where Cy = xo — kotp.

Equation (F13) is inclusive of those perturbative solutions
in Sec. III that depend on x and ¢ only through x — kot, i.e.,
0o + 6, given by Egs. (C8) and (C13). Namely, when o <«
|k} — 1|, we can apply an expansion in «,

+ (x — kot — Cp)
O(x,t) k2 -1 o
0 2
1+ COS(ZQ)}{Q + O(a”).
oto0) ' 2HiD 2(k3 — 1)
(F14)
From this, we obtain
2H
O(x,1) = % | = (x — kot — Cp)
KR—1
—— 2% in26)+ O@?)
4(k3 — 1)
o
=0y — ———sin(26p) + O?), F15
0= @ e 0, ELS)
where
2H
b = % | 2 (x — kot — Cp), (F16)
2—1
c = k‘%_l{e( f0) + ———sin[26( z)]}
= X0, sin X0, .
0 0+ 2Hip 0, 1o 4(k§—1) 0, lo
(F17)

Note that due to the absence of 6,(x, t) in its o expansion,
Eq. (F15) does not satisfy the boundary conditions in the spin-
injection model in general.

Nonetheless, Eq. (F13) is still useful to see that the ex-
pansion in « is invalid when |k§ — 1] < O(a). Take ky =1
in Eq. (F13) as an example. Thereby, the sign of cos(20) is
conserved from Eq. (F10). Then, the integral of Eq. (F13)
gives

2H1D

+ (x — kot —Co) = E(0(x,1),2) — E(0(xo, 1), 2),

(F18)

where E (0, m) is the elliptic integral of the second kind. This
special solution can be made independent from « because
a can be absorbed into another parameter H;p. The « inde-
pendence as well as the conserved sign of cos(20) are not
consistent with 6y (x, 1) + 6, (x, t) in Egs. (C8) and (C13). This
suggests that the expansion in « is invalid, particularly at
ko =1.

2. ky = 0 (straight geometry)
Another special parameter point is ko = 0. ko = 0 is a limit

where y in Eq. (C21) is much smaller than x’ /% and g;, and
1
k. goes to zero for any c;

1

_— F19
Dy(7; + ic) (1%

X X
k.= — + = — 0.
X' B
We first consider ky = 0 in the straight geometry (+~! = 0).
6y at ko = 0 has no time dependence in Eq. (C8), so that
the phase Fy in Eq. (C8) cannot be absorbed into the time.
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Meanwhile, s(x = L—) = 0 because k. = 0 for any ¢, and
s(x) = 0,6 = 0 can be always satisfied by a time-independent
6. Thus we have only to make Egs. (C8) and (C10) with an
additional Fy to satisfy the other boundary condition, j{(x =
04) = jp. Firstly, let us choose 6y = — jox + Fp that satisfies
the boundary condition. The substitution into Eq. (C11) gives
01 = 7 sin(=2jox + Fp). To satisfy the boundary condition up
to the 1st order in « [see also Eq. (C4)],

%
= 04) = jo — %cos(zFo) — 90, + O@?) = jo,
(F20)
we have

0r(x) = —TCOS(ZF())X (F21)

Here, |6,(x)| for large x is not bounded, where the perturbation
in « breaks down. An alternative way to get a consistent
perturbative solution is to require 6,(x) = 0 and take 6y(x) =
—jox + Fy where jo # jo. Then we have

- o0t
= 04) = jo — %cos(zﬁ)) — 36, + O@@?) = jo.
(F22)
From this, we get

—1
Jo = j0|:1 - %cos(ZFo)] = jo[l + %COS(ZF())} + O@@?).
(F23)
At O(a), this solution is equivalent to absorbing 6,(x) in
Eq. (F21) into 8y(x). Note also that from Eq. (D8), 6,(x) = 0
implies that the steady (but not uniform) current without spin
accumulation has no energy dissipation. However, a higher-
order calculation in o suggests that §J can be nonzero and
negative. This is because 66, and 6, can share identical Fourier
components [see Eq. (H35) in Appendix H].

3. ky = 0 (circular geometry)

Let us next consider the circular geometry with ko = 0.
We take 6,(¢) = 0 and 6y(£) = — jol + Fy with jo # jo. Then,
similar to Eq. (20), we obtain

. 2 .2
376, = —ajo (jo + —>Sin< — 20t — U+ 2F0>. (F24)
r r

When jy # —1, Eq. (F24) leads to
+ 2
01(0) = Man (2 ot + S - 2F0) (F25)
4(jo+7)
Note that when jo =—= 0/()=0, and 6(¢) = 2—f + F

(Fp € R) becomes an “exact” solution of Eq. (C32). The solu-
tion is not exact in the presence of higher-order derivatives in
the model Eq. (6).

From Eq. (F25) and 8, = 0, the boundary condition at { =
0+ reads

Ji(€ = 0+4) = jo = Jo + ajocos(2Fy)

MCOS(ZFO) + O(?)
2(jo + ;)
=jo+ @jg cos(2Fy) + O(a?).  (F26)

2(jo + )

So we have
)

‘:’_._ 0
Jo = Jo —2(],04_%)

As in the previous case, the steady current without spin accu-
mulation has an energy dissipation.

cos(2Fy) + O(a?). (F27)

a ky=0,j, =
When jo = —1, Eq. (F24) leads to

1 .
— (circular geometry)

e oL 2. Ca .
01 = ——0uJjol Jo + — Sm(ZFo) = FS]H(ZFO). (F28)
r r

2
When Fy # 5 N7, the perturbation of o becomes invalid for
larger ¢, where |6, (£)| is not bounded. When Fy = %
01(£) = 0, and the boundary condition requires

. = N 1 N
Jo=Jjoll +a(=1) ]=—;[1—I-06(—1) I (F29)
This solution (8(£,t) = f + NT”) can exist only at ky =0,
while it is not continuously connected to a solution at finite
small kj (see below).

b. kg —> 0, jo = —; + O(a) (circular geometry)

To see that the solution Eq. (F29) is not continuously con-
nected to a perturbative solution at finite small ko, let us keep a
finite ky and choose jy = —% + O(w); 6p(8) = %(kot —0)+
O(a). In the perturbation theory, we should neglect O(c?)
contributions to 6;, so 6, is not affected by the O(«) com-
ponent in jo. Then Eq. (20) becomes

o 2k0
=——sin| ——1),
r r
which leads to a solution,

o 2](()
0, = ——2s1n —t).
e r

When ko — 0, the solution has the divergence. Physically
speaking, when ky — 0, Fy changes slowly with respect to
time, so we cannot fix the phase Fj in Eq. (F28).

326, — 376, (F30)

(F31)

APPENDIX G: DERIVATION OF THE LANDAU
CRITERION

In this Appendix, we use the same framework as in Sec. V
and Appendix D and derive the Landau criterion. A similar
argument can be found in Ref. [13], while the derivation here
is more formal than Ref. [13]. We begin with a 1D superfluid
model,

U s ¥
(') +ud'e.
(GI)

- R’ .
Ly =ihg'd,¢ — %(Bxcb’)(ax@ -

with its classical EOM,

2
ihd,p = ( - zh—maf +Up ¢ — M)¢>. (G2)
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Thanks to the Galilean covariance of the Lagrangian Eq. (G1),
our discussion will be easier than Sec. V, and we do not
need to expand the variation of the motion as in Sec. V.
Namely, using the Galilean covariance, we can directly obtain
two motions that are close to each other, and compare their
energies from the corresponding Hamiltonian,

7 W T U . » +
Hyl¢] = /dx 2—(3x¢ )(0xP) + —(¢'d) — nud'e|.
m 2

(G3)
Consider a steady flow ¢o(x, 1),

. 2
Po(x, 1) = /0 exp [%(mvx _ %z)} (G4)

Let us assume that the following motion ¢(x,t), as well as
do(x, 1), satisfies the EOM, Eq. (G2),

o i mv?
P(x,t)=¢' (X', t")exp |:E<mvx — 7t>i|

: 2
= ¢ (x — vt,1)exp 2 (mvx - 224 ., (GS)

h 2
with X' =x—wvt and ¢ =¢t. Here |¢p'(X,t")— /pol K

Jpo and ¢(x,t) is close to ¢o(x, 7). Using a Galilean
transformation,

X =x—-vt, t =t, (G6)

ax = 8)5’» at = at’ - va}n (G7)

we can see that ¢'(x', ") must satisfy a similar equation as
Eq' (G2)3

1
<ih3, + Ean)qs/(x’, )
1 .
= [%(_ihax +mv)’ +U¢"¢' — /L]¢’(X’, "), (G8)
or equivalently,
hz
ihdng' (', 1) = < - %33 +U"¢ — M)rb’(X’, 1"). (G9)

Now we compare the energies of ¢(x, t) and ¢o(x, t). The
energy of ¢o(x, t) is,

. "2 U
Hylol = / dx[%(axfi)g)(f)xfﬁo) + 5<¢3¢o)2 — u¢$¢o}

1
=Ey+ EmszO, (G10)
where
U iz
Ey = /dX<Ep§ - upo) = —E/dxpo,
Qo =/dxpo- (G11)

The energy of ¢(x, 1) is

_ "2 U
Hylp] = / dx[—z (30" (0:9) + = (9T 9)* — uqbﬂ
m 2

. 1
= /dxqs”(x — vt t)[—(—ihax + mv)?
2m

Y o /
+3¢ ¢ —M}d)(x—vt,t)
= /dx¢/*(x,t)[i(—ihax+mv)2
2m
U o /
+3¢ ¢ —M}d)(x,t)
—/d T(x, t —hzaz—'ha+1 2
= x¢'"'(x,1) 2 ivho, Emv

Y o /
+5¢>'¢ —M}qﬁ(x,t)

N 1
= Hy[¢'] + vPy[9'] + Emv2Q¢[¢'], (G12)
where
Pylo'] = _/dw”(x,t)(—ihax)d(x,t),
09’1 = /dW/T(x,t)qﬁ’(x,t)- (G13)

Thus the energy difference between ¢ (x, ¢) and ¢g(x, 1) is

AEgl¢, ol = Hylp] — Hylo]
= (Hyl¢'] — Eo) + vPy[¢']
+ 5mv(Qyld'] — Qo)

For ¢’ that satisfies EOM (G9), energy Hy[¢'], momentum
Py[¢'], and U(1) charge Qy4[¢'] must be all conserved. This is

because from Eq. (G9), ¢’(x, t) is a solution of Eq. (G2).
The average velocity of ¢(x, t) is not small, while ¢’ (x, t)
can be assumed at the near-equilibrium limit [44]. In this limit,

the EOM of ¢’ = /po + 8p’¢””" can be described by a wave
equation of §p’ and ',

(G14)

U
820" (x, 1) — 222 9%0'(x, 1) = 0, (G15)
m

h
80/ (x.1) = — 5046/ (x. 1), (G16)

Thereby, 6'(x, t) is given by a superposition of oscillations,

’ 1 iq(x—v, / ig(x+v
o= ﬁ Z[fqe q(x—vet) + fle qletvet)]
q

ooU
Ve =/ —.
m

In the near-equilibirum limit of ¢’, we evaluate the energy
difference in the leading order in small f, and f,,

(G17)

2
Hyl¢'l — Ey = /dX[M(BXG/)Z + %(8/0’)2}

2m

h2p0 h2
= [ dx| ==2(8,0")* + — (8,0")?
/ x|:2m( ) +2U(t ):|

thO 2 2 /12
=== CULLP+ILD), (G18)
q
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2
Pyl = [dx%p'(ax@’): —%/dX(BIG')(Bﬂ)

_ 1 po 5 ) o
D DR IATHD! G19)

q
Qul¢'] — Qo = / dxsp = 0.
Taking Egs. (G18)—~(G20) into Eq. (G14), we have

i p v v
AEy = —= q2|:<1 + —)Ifq|2 + (1 — —>|f;|2]
m Ve Ve

q
(G21)
To make AE, > 0 for any (small) f, and f;, we obtain the

Landau criterion,
[ poU
|U| < Ve = -
m

APPENDIX H: LOCAL DEFORMATIONS
OF CLASSICAL SOLUTIONS OF THE EOM

(G20)

(G22)

The superfluid state with a finite supercurrent is charac-
terized by the solution 6(x,¢) of the classical EOM in the
1D spin-injection model (e.g., with the straight geometry). In
Sec. V, we introduced its local deformation 6(x, t) + §0(x, t)
as another solution of the EOM with different boundary con-
ditions. We regarded that 66 (x, ), as well as 6(x, t), can be
determined perturbatively in the SOC (o). At the zeroth order
in SOC, 6 + 66, as well as 0, is a solution of 3[29 — 836 =0,
and so is §0. Since §0(x,t) is a local deformation and its
spacetime derivatives should not contain any uniform com-
ponents in space, the zeroth order of §0 (x, t) must be given by
Eq. (D6);

1 A .
860(x, 1) = 7 Z[adqew—” + 8d) 101, (HI)
q

In this Appendix, for a given form of Eq. (D6) as the zeroth or-
der, we will show how to determine the first order of 80 (x, t);

80(x, 1) = 86p(x, 1) + 80, (x, 1) + O(a?). (H2)

We first give a general framework to determine §6. 6 + 80,
as well as 6, is a local minimum of the action, S = f d&rL =
f dtd?*rL, and 80 is infinitesimally small. Thus we take a §6
variation of S;

S[0] = Sixl0] + Syy[0] + Siy[01 + % / d*r(8,6)>, (H3)

1
S == / d*r(8:0)*[1 — a cos(26)],

1
Sy = 5 / d’r(3,0)*[1 + & cos(20)], (H4)
Sy =a f d*r(3,6)(3,0)sin(26).
The first-order variation just gives EOM (B)Y),
88 = 8Syx + 8Syy + 884y — f d’r(86)(379), (H5)

88 = / d’r(80){(370)[1 — acos(26)]

+ a(3:0)*sin(20)}, (H6)
88,y = / d*r(86){(3;6)[1 + accos(26)]

— a(3,0)sin(260)}, (H7)
88, = —2a [ d*r(80)[(,9,0)sin(20)

+ (8,0)(8,0)cos(20)]. (H8)

3S vanishes since 6 is an extremum or a saddle point of S. The
second-order variation §°S determines small deformation §6
in such a way that 8 + §6 is an extremum or a saddle point of
S. Sy gives

828 = f d*r(80){(3780)[1 — acos(26)]

+ 20(870)sin(260)(86) + 201(3,:0)(3,:30)sin(26)
+ 200(3,0)*c0s(26)(56) }
= / d’r[(3.:80) 4 acos(20)(80)3;(560)
— 2asin(20)(070)(80)> — 20(:0)(80)(3,30)sin(26)
— 2a(3:0)*cos(20)(86)*], (H9)

where

/ d®racos(20)(80)32(86)
=— / drad [cos(260)(86)](,80)

= / d®r[2asin(20)(8,0)(860)(,80) — acos(20)(,860)*].
(H10)
Taking Eq. (H10) into Eq. (H9), we get
82, = — / d’r{(8:80)°[1 — acos(20)] — 2c(36)*
x [cos(20)(3:0)* + sin(20)(70)]}. (HI11)
Similarly, we get
828, = — / d*r{(8,80)*[1 + acos(20)]
+ 20(860)*[cos(20)(8,0)” + sin(20)(0;0)]}. (H12)
Sy gives

828, = —2a [ d>r(86)[(,0,80)sin(26)

+ 2(860)c08(26)(3,3,0) + (0586)(,6)cos(26)
+ (8,86)(3,60)c08(260) — 2(56)sin(26)(3,60)(3,6)],
(H13)
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where

—a / d3r(86)(3,0,80)sin(260) = « / d>r(3,80)[(8,80)sin(26) + 2(56)cos(20)(3,6)]

=a / d’r(8,80)[(8,60)sin(26) + 2(80)cos(20)(,0)]. (H14)
Taking Eq. (H14) into Eq. (H13), we get
828, = 2a / d®r{(8,86)(,80)sin(260) + 2(80)*[sin(26)(8,6)(3,8) — cos(26)(8,,6)1}. (H15)
Besides, we have
—5/d3r(59)(839) = /d3r(58t9)2. (H16)

Combining Eqgs. (H11), (H12), (H15), and (H16) together, we obtain the second-order variation of S with respect to
small 86,

S50 = %azs = / d%{%(a,sef - %(axae)z[l — acos(20)] — %(8y89)2[1 + acos(20)] + (3,86)(3,86)sin(26)

+ a(860)*{2sin(26)(3,60)(3,0) + cos(20)[(3:0)* — (3,0)*] + sin(20)(076 — 076) — 2cos(29)(8xay0)}}. (H17)

Here 6 is a solution of the classical EOM. Given such 6, we have only to find those 56 that makes §S5y[66] = 0.
In the following, we focus on the 1D solution (9,6 = 9,60 = 0) for simplicity, and neglect the integral over y, while the
following derivation can be generalized to 9,86 # 0. The action becomes in the 1D model

K = Ss0la,0=0,60=0
= /oo dt f a’x{l(a 56)° — L (0,60)°11 — acos(20)] + a(80)*[(3:0)*cos(260) + (820)sin(29)]} (H18)
- ) t 2 X X x .
—00 L
We substitute into K a perturbative solution of 6 in «, e.g., Eq. (18), and expand K in powers of «. This gives

K =Ko+ K, + K> + O(a?), (H19)

where K, = O(a"). K is a quadratic function of 6. In terms of a Fourier transform of 86, .,

1 o0 S
80y0 = — / dx / dr 86 (x, r)e 4" (H20)
! ﬁ L —00
the quadratic function can be characterized by matrix elements among wave number ¢ and frequency w;
do’
89 K wq’,w’[e](geq’,w’- (H21)

Let us take a solution 6(x, t) for the spin-injection model with the straight geometry as an example. We first take a part of
0 (x, t) with only one spatial wavelength from Egs. (C8) and (C13),

O(x,1) = Op(x, 1) + 01 (x, 1) + O(a?), (H22)

Oo(x, 1) = —jox + jokot,

0,(x, 1) = sin(2jox — 2 jokot)- (H23)

_*
4(k2 - 1)

An inclusion of 6,(x, t) shall be given later. The zeroth order of K is given by

1 2 2
Ky = —/dt/dx[(a,SG) — (3:80)*]

_ - Z / do 86] o (@ — )36, (H24)
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A substitution of Eq. (H23) into O(«) terms in Eq. (H18) gives K; and K5,

%(8x89)zcos(260 +20) + a(86)7 (3,00 + 3.01)*cos (20 + 2601) + a(86)* (3760 + 9761 )sin(26, + 26, )
= %(8x89)zcos(290) + a(80)%(3:80)*cos(26p) — a(8,860)%sin(260)0; — 20¢(860)*(3:60)(9:6; )cos(26y)

— 20(860)*(3,00)*sin(260)01 — a(86)*(3761)sin(26p) + O(a?)

a?(3,80)?
4(k2 — 1)

= %(8X89)Zcos(2 Jox — 2ko jot) + 0 j2(80)*cos(2jox — 2jokot) + sin?(2jox — 2jokot)

()2

o236 )2
k2

k2

o? j5(86)?

—_— sin?(2jox — 2jokot) + O(&®).  (H25
e ) (2jox — 2jokot) + (@), (H25)

cosz(2j0x — 2jokot) + sm2(2]0x — 2jokot) +

Equivalently, we have

1
K =a / dt / dx|:§(8x89)2cos(2 Jox — 2jokot) + j2(80)*cos(2jox — 2 jokot)}
L
T JO ¥ —igx+iwt jiq'x—iw't 2ijox—2ijokot
/ [ / 4q'86; ,80y o + Z / aeq,waeq,,w/]e e e +Hec.
a.q w,w’

o . . o T 2\ _2ij
% Z/ 4+2jo,0+2joko q,w[q(q +2jo) + 2]5] +Hec. = 2 Z/ 80,4 io ot ok SOa—o.o—joko (q2 4 ]g)e Zijokot 4 H ..
q v? q v?

(H26)

9,80)? 10) 0)?
K, = a2/dt/de{ﬁ[l — cos(4jox — 4jokot)] — k( )1 cos(4jox — 4 jokot) + %[1 — cos(4jox — 4j0kot)]}

k2 y /-59* 804.09" AT7ER /—59* 860

o? CU . . 27 ,—4ij
— m Z/ E 9([‘4»2]0 w+210k08911*2j0,w*2j0k0[(q2 — 4]8) + 8]3 + 2]3]6 i jokot + HC}

2
2, 2 o dw s 2 2
k2 - Z / 286,804,023 + %) — 6@ =) > / 3 190012y it 302021000 (47 + 6J3) + Hee ]
0 q
(H27)
Taking Eqs. (H24), (H26), and (H27) into Eq. (H20), we obtain the matrix elements,

1 o 2 + 2
EKq+p$w+u;q—p,w—v = (a)2 - qz)Sp,o5(V) + w(sl’»]‘og(‘) — Joko) + SP,—.ioa(v + -]OkO))
2
- h[— 2(2j6+ 4%)8.08()+ (4 + 65) (85.2j8 (v — 2joko) + 8p.—2j,8(v + 2joko)) ] + O(e?).
2 -

(H28)

To find 66 that satisfies §S59[660] = 0, we only have to find an eigenmode of K in Eq. (H21) that belongs to zero eigenvalue
(“eigenenergy”’). At the zeroth order in «, eigenmodes of K are characterized by g and w, and the “zero-energy” eigenmodes
are obtained by setting w to be g (on-shell condition). When « is included perturbatively, eigenmodes at g and w hybridize with
eigenmodes at g + 2j, and w =+ 2ok as well as eigenmodes at g £ 4 jy and w £ 4 joky in terms of off-diagonal mixing terms.
Due to the off-diagonal mixing terms, eigenmodes of K are characterized by g and w modulo 2 j, and 2 joko respectively, and
(g, w) € [—Jo, jo] X [—kojo, kojo] plays a role of a first Brillouin zone. In the Brillouin zone, eigenmodes at the same (g, w) are
distinguished by a band index #,

koo da) 3
Z Z (pqwn qwn(s‘pqwn + O(Ol ) (H29)

neN —jo<q<jo koo 2
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with
80{1+2j0m1,w+2k0j0m2 = Zcq,w,n;ml,mz&pq,w,m (H30)
neN

my € Z, my € Z.Here, ¢4 ¢ n;m, m, 1S analogous to the periodic part of a Bloch wave function in the band theory. From Eq. (H28)
K. 09,0 18 Teal symmetric, so that ¢4 ¢ nm,,m, are real. An eigenstate of the lowest energy, say 8¢y, »—0, must approach 66, ., in
the limit of « — 0. Such lowest eigenmode (n = 0) is calculated up to the first order in « as follows:

o [ (q+j02)2+j§ ]

Cq..00mymy = Omy,00my,0 — Sy, 18ma,1

(@ + 2joko)* — (g +2jo)* — 0* + ¢*
B o [ <q—joz>2+j3 ]
(0 — 2joko)* — (q — 2jo)* — @* + ¢*

14 O(q, w) 1+ 0(q, o)

8m|,718mz,71 + O(az)

= 8y.00mr,0 — & —————— Oy 18yl — @ Smy—18ms—1 + O(?). H31
1.08m,.0 W2 —1) 1 10m,,1 We—1 " 10my,—1 (@) (H31)
A corresponding “eigenenergy” is calculated up to the second order,
' 22 EPRCIPN
N e R = el oW
e 4R —1)  (@+2joko? — (q+2jo? —?+ ¢ (0 — 2joko)® — (q — 2jo)? — &* + ¢
. ; . 2 . . 2
PR Qi +q) (25 +2qj0+ ) (2 —2qj0+ ) +OEd), H3)
4(k2 —1) 4[4j2 (k2 — 1) + 4qjo — dwjoke|  4[42 (K3 — 1) — 4qjo + 4w joko] ’
namely,
a2 1 o? o? q — wky (g — wko)?
Agowo =" +—L —q2|:1— :|— - 4j3 + 8qjs +84%j3 |:1— -
‘ 2 K21 4k2—1)]  16j2(2—1) (445 +8ao 0 Jo(kg—1) k2 —1)°
o? . . . — wk (q — wko)?
+ O((q + coko)3)] — ———5——(4j; — 84jo + 84215)[1 + 2 — j ; 2+ O((q + wko)3)] + O(a?)
16JO (kO - 1) ]O(kO - 1) .]()(k() - l)

22 2 22
L 2 o a o 2.2 292 2 3
= + — — 1-— — + O(a"w”, a°q”, a“wq, a
2 R—1 q[ 4(k3—1)} -1y T Thereqa)
2
=’ — q2|:1 S :| + O(?0?, ¢, d*wgq, o). (H33)
4(k3 — 1)

The lowest energy band indicates that §6 evaluated on shell, A, .0 = 0, behaves like a gapless classical wave. This is because
the original theory, Eq. (6), has a spacetime translational symmetry. Thus, for any 8, one can choose 6 as a translation of 6, and
such 46 does not change the Lagrangian. For a general k (off the resonance point; ky # 1), @ can be treated perturbatively, and
the classical wave up to the second order in « has a well-defined (i.e., real-valued) velocity v,

o?

l———— =14+00@)=v>>0. H34
4(k§—1) +O(@”) =v" > (H34)

By evaluating the eigenmode on shell (|o| = |g| + O(a?)|q|), we finally determine the first-order 86, for an arbitrary form of
86y given by Eq. (H1),

lgl<jo  pkyij
1 - 1 O . . . .
=7 3 / dol8(q — w)d, + 5(g + )d]] [‘ “Lt(_,;—((f;e“q”m)x*w”’“"“”
—kojo °
q
_ @ 1 O@ igajpa—ico-2inkon | (H35)
4(kg — 1)

Finally, let us include 6,(x, t) into Eq. (H22),
O(x,1) = Oo(x, 1) + 01 (x, 1) + 02(x, 1) + O(a?), (H36)

0(x, 1) = 2aRe(g)cos[2kojo(t — x)] + 2aRe(g )cos[2kojo(t + x)] — 2aIm(g)sin[2ko jo(t — x)] — 2eIm(g )sin[2ko jo(t + x)].
(H37)
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Equation (H27) has an additional O(a?) contribution,

AK, = / dtdx[ — a(8:80)sin(260)6> + 20¢(86)%(3,00)(3:62)cos(26p) — 20¢(86)*(3,00)*sin(260)6> + (807 (3765 )sin(26) |-

(H38)

For ky # 1, AK; contributes only to off-diagonal matrix elements of K, .., «,, S0 that it changes neither Eq. (H33) nor Eq. (H35)

at their respective subleading order.
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