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We study a problem of nonadiabatic superfluid dynamics of spin-orbit-coupled neutral fermions in two spatial
dimensions. We focus on the two cases when the out-of-equilibrium conditions are initiated by either a sudden
change of the pairing strength or the population imbalance. For the case of a zero-population imbalance and within
the mean-field approximation, the nonadiabatic evolution of the pairing amplitude in a collisionless regime can
be found exactly by employing the method of Lax vector construction. Our main finding is that the presence of the
spin-orbit coupling significantly reduces the region in the parameter space where a steady state with periodically
oscillating pairing amplitude is realized. For the collisionless dynamics initiated by a sudden disappearance of
the population imbalance, we obtain an exact expression for the steady-state pairing amplitude. In the general
case of quenches to a state with finite population imbalance, we show that there is a region in the steady-state
phase diagram where at long times the pairing amplitude dynamics is governed by the reduced number of the
equations of motion in full analogy with the exactly integrable case.
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I. INTRODUCTION

Starting with the seminal paper by Gor’kov and Rashba
[1], there has been a remarkable resurgence of interest in
the physical properties of spin-orbit-coupled superfluids and
superconductors in the past decade [2—10]. This interest is
largely motivated by the theoretical discovery of topological
insulators and topological superconductors in which spin-orbit
coupling often plays a crucial role by giving rise to the
existence of robust conducting states at a system’s boundaries
on a background of a gapped single-particle spectrum in a
bulk [11-18]. In addition, the recent discovery of supercon-
ductivity at the interface in the oxide-based heterostructures
[19-21] where the inversion symmetry is naturally broken
served as additional motivation for studying both conventional
and unconventional superconductivity in spin-orbit-coupled
systems [22].

Of special interest are the physical properties of topological
insulators and superconductors under external influences that
drive these systems far from equilibrium. In particular, the
concept of Floquet topological insulators has been recently
developed in the context of various systems’ external periodic
driving, which leads to an inversion of the bands with different
parity giving rise to metallic edge states [23—25]. Furthermore,
several groups have generalized the idea of Floquet topological
insulators to Floquet topological s-wave superconductors
[26-31]. Most recently, it has been shown that topological
Floquet superfluidity can be realized in systems where the
periodic driving is self-generated in the process of the
collisionless dynamics [32-34].

However, certain aspects of the pairing dynamics in the
collisionless regime for the spin-orbit-coupled systems have
not been addressed yet. The aim of this paper is to close the
remaining gaps in the studies of this problem. Specifically,
using both exact integrability and numerical analysis, we
investigate how the presence of the spin-orbit coupling affects
the behavior of the pairing amplitude at long times. We con-
sider the standard protocol of inducing far-from-equilibrium
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coherent dynamics in fermionic condensates by a fast switch
of one of the system’s parameters. In our model we allow
for a nonzero out-of-plane Zeeman field k; that gives rise
to the population imbalance between the fermionic atoms in
two hyperfine states. Here we discuss two cases: changes in
the detuning frequency of the Feshbach resonance and in the
population imbalance.

There are three relevant time scales in the problem: The
first time is the perturbation time scale Tquench, Which we
take to be instantaneous; the second time scale is governed
by the dynamics of the Cooper pairs 7o; and the third
time scale 7, accounts for the relaxation due to two-particle
collisions. In what follows we consider the limit 7, — oo and
analyze the dynamics of the pairing amplitude at long times
t > 1. Importantly, we also neglect the possibility for the
pairing amplitude to become spatially inhomogeneous, which
is equivalent to an assumption of having a system with a size
much smaller than the superfluid coherence length.

Within the mean-field theory for the reduced BCS model
in the weak-coupling limit, three types of steady states have
been found for the quenches of the pairing strength and
provided the system is initially in its ground state [35-39]:
regime I, a gapless steady state with zero pairing amplitude
A(t — o0) = 0; regime II, a steady state with the constant
pairing amplitude A(t — 00) = A ; and regime III, a steady
state described by the undamped periodic oscillations of
the pairing amplitude. Interestingly, there are no qualitative
changes in the steady-state phase diagram for the quenches
across the s-wave Feshbach resonance [40] as well as for the
two-dimensional chiral superfluids [32,33]. In principle, other
steady states, such as the one in which the pairing amplitude
is a multiperiod function of time, can also be realized [37,41].
However, realization of these states requires that the system is
initially in an excited state.

Perhaps the most surprising result from the earlier studies
of the nonadiabatic pairing problem is the discovery of a
steady state with the periodically oscillating amplitude whose
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analytical expression is given by the Jacobi elliptic function
[35,37,41,42]. Thus, the main thrust of the present work is,
on the one hand, to investigate the fate of that steady state for
a condensate with equal populations and nonzero spin-orbit
coupling. On the other hand, we will also investigate whether
in the model with the population imbalance a system allows the
realization of that steady state, i.e., the pairing amplitude is still
expressed in terms of the Jacobi elliptic function, even though
nonzero-population imbalance precludes the full analytical
description.

Let us briefly summarize our results. In the first part of
the paper we analyze the effect of the spin-orbit coupling
on the steady-state phase diagram. We find that steady state
Il is realized in a much narrower region of the phase
diagram. In particular, we find that the size of region III
is inversely proportional to the strength of the spin-orbit
coupling. Qualitatively, this effect is due to the lifting of the
Kramers degeneracy by the spin-orbit coupling. Since the total
pairing amplitude is determined by the pairing in two chiral
bands and the collective collisionless dynamics is reduced to
a motion of two effective variables, large spin-orbit coupling
effectively hinders the appearance of the steady state with
periodically oscillating amplitude.

The remaining part of our discussion concerns the nature of
the steady state for the quenches in the population imbalance.
This problem has been recently studied by Dong er al. [34]
by solving the Bogoliubov—de Gennes equations numerically.
Here we show that for the quenches to the state with equal
atomic populations, the superfluid dynamics for the pairing
amplitude can in fact be found exactly. Specifically, we obtain
an exact expression for the steady-state pairing amplitude and
analyze the steady-state phase diagram as a function of the
population imbalance in the initial state. Our results for this
part are generally in agreement with those reported in Ref. [34].
Then we continue with the discussion for the quenches to
a state with a finite population imbalance. For this part we
have to resort to a numerical analysis of the equations of
motion. Our main finding is that when the finite value of
the population imbalance exceeds some critical value, we
observe the dynamical reduction in the number of quantities
describing the system’s dynamics. In other words, the order
parameter dynamics is described by the same equations of
motion as in integrable case of a zero-population imbalance.
This implies that we are able to find an analytical form for
the pairing amplitude at long times, although the parameters
of the solution cannot be determined exactly from the initial
conditions.

In the next section we introduce the model, briefly review its
ground-state properties, and derive the equation of motion that
describes the superfluid dynamics in terms of real functions.
In Sec. IIT we analyze the possible steady states that appear as
a result of quench in the pairing strength for equal atomic
populations. In the first part of Sec. IV we discuss the
steady-state diagram for the quenches to the state with a
zero-population imbalance, while in the second part we present
the results of the numerical simulations for the quenches
into a state with a nonzero-population imbalance. Section V
is followed by the concluding discussion of our results. In
Appendixes A and B we provide the details of the derivation
of the equations of motion.
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II. MODEL

Our starting point is the BCS Hamiltonian in the presence
of the spin-orbit interaction in two spatial dimensions and the
Zeeman magnetic field term [1,15,16,34]

H = Z [(Sk&yﬁ - l’le';ﬂ) + OlSO(I:k . a)]élaékﬂ
kap

—g Y elyely e anr Q.1)
kk’

where E‘Im is a fermionic creation operator with momentum

k and spin projection o, g > 0 is the pairing strength, Ty =
(ky, —ky), aso is the Rashba spin-orbit coupling constant, /2,
is a Zeeman field that determines the degree of the population
imbalance, & = k?/2 — u is the single-particle energy taken
relative to the chemical potential w, and we set the mass of the
fermions to m = 1. In passing we note that this model, strictly
speaking, is not applicable to the system of charged fermions
since the orbital effects will dominate the Pauli limiting effects.

The noninteracting part of the Hamiltonian (2.1) can be
diagonalized, which yields a new spectrum

ey = &k — M/hzz + (asok)?, A ==£l.

We can now perform the unitary transformation from the orig-
inal operators to new operators, which describe the fermionic
excitations in chiral bands. The analysis of the ground-state
properties of the model (2.1) can be considerably simplified
after we employ the mean-field theory approximation in the
particle-particle channel and then make a unitary transforma-
tion from the original operators ¢k, to a fermionic operators in
chiral basis dy;. The resulting mean-field Hamiltonian reads

(2.2)

; A P
— AT oA AT AT
H = kgl\ ey Qi — 5 kgk MeOrdy, a’

A ~
—5 D Ok by + He. 2.3)
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Here, for convenience, we introduced the following
momentum-dependent functions: nx = expl[i tan_l(ky / k)]
and

_ Olsok ~ ]’l VA

@ -_ bl @ e 9
k R k Re

Ry =/ hzz + (asok)?.

Formally, the model (2.3) is analogous to the model discussed
by Sato et al. [15,16]. The crucial difference in our case,
however, is that the pairing gap A is not proximity induced
and instead must be determined self-consistently:

(2.4)

A =g Y ndAOaanin) + Orldnag)l.  25)

ki

The mean-field Hamiltonian (2.3) can be diagonalized. We
find that the single-particle spectrum consists of four bands
w+(Kk,1) = £ Ey; with the dispersion

Ew = [6 + RE + A — 23Ry, /62 + 8222] .

(2.6)
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Before we discuss the ground-state properties of the model
(2.3), we first introduce the auxiliary functions, which are
analogous to the pseudospin variables for the BCS model.

A. Equations of motion

In this section we list the equations of motion (EOMs) that
will allow us to study the dynamics of the pairing amplitude
in the collisionless regime. Equations of motion can be
obtained from the corresponding EOMs for the single-particle
propagators, which can then be cast into the form of the EOMs
analogous to the Bloch equations for the magnetic moments
in an external magnetic field. As a reader may have already
guessed, there should be ten equations of motion overall: Six
equations describe the Cooper pair dynamics on each of the
two chiral bands A = + and the remaining four appear as a
result of a nonzero Zeeman field. The details of the derivation
of the equations of motion are given in Appendix A, so here we
provide the final results. The first six equations are compactly
written as
2.7)

3 S0, = Bio.(t) X Sia(t) + mi(t) x Lia.(0),

where I§k,\ =2(—0OrAx, — OrAy,&,) is an effective field
around which. S s precessing and the vector iy =
2(—OrA,, — ©;A,,0) can be interpreted as an induced
magnetization since its xy components vanish for hz = 0.
Naturally, Eq. (2.7) has the form of the Bloch equations for the
BCS superconductor when /7 = 0. The first two components
of By, are determined self-consistently by

Ar(t) —iA(1) = g Y [0Sy, (1) + O Ly, (],
ku

2.8)

where we have adopted the usual notation S* = §* +iS5”.The
equations of motion for the components of vector L, (t) are

9Ly, OcAy (D[ S5, + 5] — 20k AL (DT,
O Liy, = 2eLiy; + Ou A (O[S5, + S5 ] — 20, A, (0T,
8/ Lig, + 20 ReTi(®) + O Ax (0] Sy, — 5.7

~OA, (O[S, — 85] =0, (2.9)

= _Q’ekLi(A —

where ¢ = k2 /2. Note that, as it follows from these equations,
Ly = L,; andalso Ly, = —L; . Finally, the last equation of
motion that determines the evolution of the auxiliary variable
Tk reads

S 5 1 . 5 .
8T +Bi(t) - Lo (1) = 5 D in(0) - Sia (1) = el
r

(2.10)

As we can immediately observe from these equations of
motion, in the absence of the Zeeman field the first six
equations decouple from the rest and become equivalent to the
Anderson equations of motion for the pseudospins in the BCS
model [43,44]. Thus, based on this observation, we conclude
that the evolution of S; () can be determined exactly [45,46].
However, for the general case of a nonzero Zeeman field, one
needs to resort to the numerical solution of the equations above
for the dynamics initiated by a sudden change in the parameters
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of the model, such as pairing strength g, Zeeman field &, or
spin-orbit coupling aso. In what follows we specifically study
the quenches of the coupling constant and Zeeman field.

B. Initial conditions

Let us write down the expressions for the auxiliary functions
S‘k,\(t), Z,k,\(t), and Ti(#) at the time of a quench r = 0. In what
follows we focus only on the case when the system is initially
in its ground state. Then the initial momentum distribution for
these variables directly follows from the equations of motion
(2.7), (2.9), and (2.10). Without loss of generality, we assume
that initially the superfluid order parameterisreal A, = A and
A, = 0. Employing the relations between the single-particle
propagators, evaluated at equal times and auxiliary functions
above, for the x components of §k,\(t) and Ijkx(t) we find

OrA(Ew E + &5 + A?)
2Ew E\g(Ex. + Ey)
OLALE Eys + €i6i5 + A2
2Ew Exs (B + Exy)

S (0) =

3

@2.11)

Ly, (0) =

3

while S, (0) = Ly, (0) = Tx = 0. Reader can easily check
that in the limit £z = 0 we recover the expression for the
Anderson pseudospin in the BCS model. Consequently, in the
limit of aso = 0 we naturally find Si, (0) = 0, while L, (0) =
@kA/ZEk with Ek = w/(ek — [1,)2 + AZ and Yk = Ek[l +
sgn(Ex — hz)1/(Ex + hz + | Ex — hz|). Similarly, for S;, (0)
and L}, (0) we obtain

CHCINICE
2EwEg(Ew + Eg)’

~

O
SM(O) +

lem(o) =
(2.12)

S (0) = Lﬁx(o)

@A

One can easily check that in the limit 4; = 0 we recover the
usual expression for Sy, (0) in the reduced BCS model. For
the case of a finite Zeeman field and no spin-orbit coupling
L;, is zero, while A[SE, (0)]ago=0 = —(ex — [ Li;; (0)]ago=0-
In this case there is a similar decoupling in the equations of
motion and we only need to solve six dynamics equations
instead of ten. As it turns out, the pairing dynamics in this case
can be found exactly [47]. Next we discuss the ground-state
properties of our mean-field model.

C. Ground state

In the absence of spin-orbit coupling superconductivity
becomes energetically unfavorable when the magnitude of the
Zeeman field is h; > \/EA, which is known as the Clogston-
Chandrasekar criterion [48,49]. Nonzero spin-orbit coupling,
however, leads to the mixing between singlet and triplet
components in the anomalous Gor’kov-Rashba correlation
functions [1] and superconductivity extends to much higher
values of the Zeeman field.

The value of the pairing amplitude in the ground state
is determined from the solution of the self-consistency
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FIG. 1. (Color online) Dependence of the pairing amplitude A,
chemical potential p, and spectral gap E,,, = Ex—o—+ (all in
arbitrary units) as a function of the Zeeman field & ; determined by the
numerical solution of the self-consistency equations (2.13) and (2.14).
Note that the superfluid becomes gapless while the order parameter
remains finite at some critical value of the field % = \/u2 + A2.
These results correspond to the following choice of parameters:
n. =0.125, ey = 2wn,. = 0.785, and aso = 0.752.

equation (2.8). Taking into account Egs. (2.11) above, we find

EEg + A + 0l + Oen sy
2Ew Eg(Ex. + Eyg)

1 > (2.13)
ki

8

In addition, we need to compute the value of the chemical
potential p in the ground state. The equation for the chemical
potential is obtained from the standard expression for the
particle number in terms of the functions Sg, . We find

Ekn (EkAEkX + Eix + @I%AZ)
2EuEG(Ex + E)

2nc=2|:%—

(2.14)

@iAzsk; i|
2EwEG(Ex + Eg) ]

where we used the relation @,% + @),% =1,n.=¢p/2m is a
particle density per spin in two dimensions, and € is the Fermi
energy. We analyze both of these equations numerically and
present the results of our analysis in Fig. 1. Perhaps the most
remarkable feature of our results is the vanishing of the spectral
gap Egp = Ex—o,,—+ at some critical value of the Zeeman
field hz. = /1u? + AZ, while the pairing amplitude remains
finite. This effect is well understood: It signals a topological
phase transition at which the winding number W changes from
W =0to W =1 (for a related discussion see, e.g., Ref. [34]
and references therein). The change in the winding number
reflects the appearance of the Majorana gapless chiral edge
modes in a sample with boundaries.
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III. QUENCH OF THE PAIRING STRENGTH IN THE
MODEL WITH A ZERO-POPULATION IMBALANCE

In this section we consider the pairing dynamics following
the sudden change of the pairing strength for equal atomic
populations Az = 0. In this case ®; =1 and ®; = 0. We
mainly focus of the details of the steady-state phase dia-
gram, ignoring other aspects of the problem such as the
long-time asymptote of the pairing amplitude and steady-
state quasiparticle distribution function due to the similarity
to the corresponding problem discussed in great detail by
Yuzbashyan et al. [40].

A. Lax vector

Here we introduce quantities that we will later use to
analyze the steady-state dynamics of the condensate. The Lax
vector for our problem is defined according to

E(u) = Z Sio — é.

3.1
The equation of motion for the Lax vector follows directly
from the equations of motion for the pseudospins S;:

3, L(u) = [<2A@t) + 2ué,] x LQu). (3.2)

The square of the Lax vector is conserved by the evolution

. 1 2 52
Pay=—+ e e gy
o U — Epy

8 (u — 8pk)2

where we have introduced

Spi - S s:
Hp, = Z Opr T Pqu Tk (3.4)
piqu P+ T Can §

Following the arguments of Ref. [40], we immediately
conclude that the dynamics governed by the mean-field
Hamiltonian (2.1) with 2z = 0 can be determined exactly.

Our main goal in this section is to determine the steady-state
phase diagram, which we will plot in the plane of initial and
final values of the superfluid order parameters Ag; and Agy,
just like it was done in earlier works [32,34,40].

As it has been extensively discussed in Ref. [40], in the
thermodynamic limit the imaginary part of the complex roots
of the spectral polynomial determines the value of the pairing
amplitude in a steady state. Let us compute the roots of (3.3)
for the initial configuration of the pseudospins. It follows that

X

S
Lolu,g) =y  —¥— = AgLow), (3.5)
U — &k
ki
where
1
Lo(u) = Z . (3.6)
. 20 — &)/ (B — w)? + A}
Similarly, £,(u,g;) = 0 and
Lo(u,8) = —u — u)Lou). (3.7
Thus, Eq. (3.3) becomes
[(w — w)?* + AF]L5w) = 0. (3.8)
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Clearly, Eq. (3.8) has the complex-conjugate pair of roots
Uuo + ZMZIZiAQi (39)

and the imaginary part of ug 1 gives the value of the pairing
amplitude We also define a spectral polynomial

Qonia(u) = g [ [ — e2) - L2(w),

pAr

(3.10)

where N is the total number of distinct single-particle energy
levels &p,. Since we are considering the case when the pairing
strength changes abruptly from g; — g, we set g = gy in
Egs. (3.1) and (3.10).

B. Roots of the spectral polynomial and steady-state diagram

For the case when the coupling is changed instantaneously,
the complex roots of Eq. (3.3) or, equivalently, the roots of the
spectral polynomial (3.10) with ¢ = g can be obtained from

B 1
U — W F iAoy + Z 2
bk 20— ey (B — W7 A

(3.11)

where = g;l -8 !, To analyze Eq. (3.11) it is convenient
to go from summations over momentum to the integration
over energy by introducing the density of states v(e) = vp,
where vy = n./ep with e the Fermi energy and .. the particle
density per spin. We need to consider the contribution from
each chiral band separately.

Consider A = + first with &,y = k?/2 — asok:

* kdk < kdk
D Fler) = / o Flen) + / > F(exs):
K 0 T a

=0,

o (3.12)

Next we introduce an integration variable € = k?/2 — asok,

giving
2
I+ —
30

For the first integral in (3.12) we need to pick k_(€) while in
the second integral we pick k; (¢€). It follows that

ki(é) = aso(l + (313)

20[50

0 de
Sk = [ 4 2m0
k —ao/2 AT [ado + 2¢€

F(e)

® de
¥ f =+ __*0 | Fe). (3.14)
(O \/ aéo + 2¢
The contribution from the chiral band A = — is trivial and

yields

(3.15)

ZF(Ek_)=/OOd—E | — 29 | Fe.
K 0o 27 Vodo + 2¢
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Thus, Eq. (3.11) becomes

B +fwb de
w—pFibo Joo o —e) fe — p)? + A2

Olsodé

/_0‘80/2 2,/ddo + 2e(u — €), /(e — p)? + A%l

where 8 = f/2vr and wp, is the bandwidth. Naturally, when
aso = 0 we recover the equation for the Lax roots in the BCS
model. Although in the subsequent analysis we can safely
take wp — 00, in numerical calculations we have to keep the
bandwidth finite.

We are interested in finding the values of g for which
Eq. (3.16) will have two pairs of complex-conjugate roots.
Let us introduce the following variable:

(3.16)

U=+ vAy. (3.17)

The imaginary roots that determine the value of the pairing
amplitude in the steady state are determined by setting
u— uxis. (3.18)

Using (3.17) we rewrite (3.16) as follows:

aS /‘—lt/Ai
—u/bg (U — 6)«/ V 200 J-(@2y 42200

X =0. (3.19)
\/E + [(ado + 2“)/2A0i](v —eVer +1

Let us find the critical value of 8 when the imaginary part of
v becomes nonzero for the first time. We have

2B w (VA + 1)
v2 41 Ju2+1

ady T (—vAg — “)ﬁ(sz‘+2M+(x§O) L
V220 \/v+ [(e20 + 21) 200 V2 £ 1
2pv _|_][ de
1 Ly, 0+ 1

N & ][IA/AOI- de —o
V 2401 J @2, +2000/280 TRAE)

where we introduced for brevity the function

R(e) = /€ + 5o + 2“(1} —eWer+
ZAOI

Let us analyze the first of Eqgs. (3.20). Depending on the
value of v, there are two possible solutions. The first solution
corresponds to the usual BCS case

T
Bl =5V v+ 1, v> —u/Ag,

2,3(v:l:t)
v2+1

(3.20)

(3.21)
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FIG. 2. (Color online) Steady-state diagram for the case h; = 0.
Inregion I A(t — oo) = 0. Inregion Il A(t — 00) = Ay. Inregion
IIT A(¢) varies periodically with time. The parameters are n. = 0.125
and ago = 0.75. In the limit of zero spin-orbit coupling the red line
inside region III is absent.

while v is found by solving
T Sgn(ﬂc) n ][°° de
ida U — OV T 1

(XSO f_M/AOi df _ O
V 200i J—(@2gr27200 R(€)

(3.22)

still for v > —u/Ao;. There is, however, another solution for
B. given by
241
.| = 120 i . v < —pu/bda. (323)

\/2A0i v+ad,+ 20
The value of v in this case will be given by

Tasosgn(Be) n /°° de
\/2Ao,v +aly+2u s (V= ver+1

‘xs ][—M/Ao; de _
V 2000 J @2y +2m /200 R(€)

forv < —u/Ag;.

The results of our analysis of equations for the critical g
above are shown in Fig. 2. The presence of the spin-orbit
coupling leads to the appearance of the region where the
pairing amplitude goes to a constant (region II) realized inside
the region where the pairing amplitude periodically varies with
time (region III).

(3.24)

IV. QUENCH OF THE POPULATION IMBALANCE

As we have seen already, the nonzero Zeeman field breaks
integrability. Thus, for the quenches of the Zeeman field
hzi — hzs one needs to resort to the numerical analysis
of the equations of motion. The main interest in studying
this particular type of quench is mainly motivated by the
existence of the topological transition. The task of analyzing
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a steady-state diagram for an arbitrary value of hz; has
been recently accomplished by Dong et al. [34] However,
as it became clear from our discussion above, for the spatial
quenches such that 7y = 0 the problem can be analyzed
analytically using the same method of Lax vector construction.
The only difference from the previous analysis is that an initial
pseudospin distribution explicitly depends on A z;.

A. Integrable dynamics: iz = 0

We start with the analysis of the expression for the Lax
vector (3.1). The expression for £, (u) can be considerably
simplified if we take into account the self-consistency
equation (2.13). However, one needs to be careful, since at
large fields the self-consistency equation does not have a
solution and we have to set A = Ag; = 0 in (3.1). Therefore,
we have to consider two cases: In the first case Ag; in the
initial state is nonzero, while in the second case A  is large
enough so that Ay; = 0.

We first analyze the roots for the case of finite Ag;. The
roots are the computed numerically from

> U — pu+iOA)(EnEg + A + &)
= 2 — p — e) B Eg(Exa + E3)
+y OFA (515 — £10)
o 2 — = ew) Ew Exg (B + Eyg)
h3
~ B Eg(E. + Eg)’

4.1

which follows from (3.1) and the self-consistency equation
(2.13). We analyze this equation numerically and plot the
results in Fig. 3. As expected, for relatively small values of
hz; = hz there is only one complex root, which means that
the steady-state order parameter asymptotically approaches
a constant. As the value of the field is increased further, it
reaches &, where the second complex-conjugate root appears.
For quenches of the Zeeman field with h; > h., the pairing
amplitude periodically oscillates in time. Our results confirm
those found from the numerical simulations [34]. Indeed,
in Fig. 4 we show A(t) found by numerically solving the
equations of motions for various values of hy; it is clearly in
agreement with our analysis of the Lax roots, Fig. 3.

In Fig. 5 we also plot the dependence of /., on asp, which
we determine by setting # = up + ié in (IV A) and solving
them together with Egs. (2.13) and (2.14). As one may have
expected, . X asopr. Furthermore, the fact that we do not
find a solution for small «agp is in qualitative agreement with
the observation that the steady state with an oscillating pairing
amplitude generally appears for moderate to strong quenches.

Next we would like to show that no more complex roots
appear at large fields when Ag; is infinitesimally small.
First, let us consider the case when the self-consistency
equation (2.13) does not have a solution and, as before, we
set u = ug+ i8. Then, in the equation for the Lax roots
L,(u) = £i L, (u) we can consider the real and imaginary parts
separately. The equation for the imaginary part is satisfied
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FIG. 3. (Color online) Imaginary parts of the roots of £>(u) = 0
and superfluid order parameter Ay; in the initial state plotted as a
function of the initial value of the Zeeman field h,; = h; for the
quenches hz; — hzy = 0. Note that the imaginary parts of both roots
essentially coincide with each other for the initial conditions with
Agi — 0. At hz = h., the second complex root appears. Thus, &,
separates the steady states with constant and periodically oscillating
superfluid order parameters. These results correspond to the following
choice of parameters: n, = 0.125, e = 0.785, and aso = 0.752.

only if uy < —hyz, while the equation of the real part reads
2 sgn(e
_+ZP< gn(exs) ):0’
g 4 \wo—p—en

where P stands for the principal value. We have analyzed
this equation and did not find a value of coupling g consistent
with the zero value of the superfluid gap. We reach the same
conclusion from the analysis of Eq. (4.1) for the case when
Ay; is small enough, so it can be neglected. To summarize, we
find that for the quenches of the Zeeman field from some finite
value hyz; to zero, there are only two steady states possible at
long times: In the first one A(#) asymptotically approaches a
constant, while in the second one A(#) continues to oscillate
periodically.

4.2)

B. Analytical solution for the pairing amplitude

In this section we derive the analytic expressions for the
pairing amplitude A(?) in a steady state. Our discussion here
follows closely the related discussion in Refs. [32,40].

Steady states with constant and periodically oscillating
pairing amplitudes can be described analytically by construct-
ing the Lax vector for an effective m-pseudospin system. The
Lax reduction procedure states that at long times the dynamics
of a superfluid is governed by the dynamics of only a few
generalized pseudospin variables, which we will denote by
o i [32,40]. The Lax vector describing the reduced solution is

dpy,
U — &py

L),

Zred(u) =11+ Z
pXr
4.3)
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FIG. 4. (Color online) Results of the numerical solution of the
equations of motion for A(¢) in the exactly integrable case when
hz; =0. These results correspond to the following choice of
parameters: n. = 0.125, ¢ = 0.785, and h,, = 1.02¢f.

m - >

= (o] z
Lywy=|) ———-—
j=1” € g
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FIG. 5. (Color online) Dependence of the critical Zeeman field
h.,, which separates the steady states with constant and periodically
oscillating pairing amplitudes, on the strength of the spin-orbit
coupling. Note that for the case of weak spin-orbit coupling, the
pairing amplitude will always go to a constant at long times A(t —
00) = An. The inset shows the dependence of the real part of the
second root on asp. These results correspond to the following choice
of parameters: n, = 0.125 and ¢ = 0.785.

Here L,,(u) is a Lax vector for a reduced system; the
time-dependent vectors ¢; and parameters dp, and €; need
to be determined. As it can be easily seen, vectors o; satisfy

the same equations of motion as the original pseudospins Sp.
The parameters of the reduced Lax vector are chosen such that

L(u) = Lyea(w). (4.4)

Therefore, the equation of motion for vector Ered(u) is the
same as the one for L(u):

O Lrea(u) = [<2A(t) 4 2ué.] X Lrea(u),  (4.5)

where we use A = (Ay,Ay) for brevity. By matching the
residues at u = &p; and at u = €; we find the following set of

relations:
dp.
E _p -1,
pi Gj - SP)‘

dpxzm(pr) = L_S:p)h-

In the thermodynamic limit it is possible to find the reduced
solutions that have the same integrals of motion as the
solutions for the quenched dynamics, i.e., they have the same
L?(u). Thus, Eq. (4.3) becomes

vi(€)dy(€)de;, L2(u)
14y [ BTG [
XA:/ u— €, £ L2 (u)

j=1,....m,

(4.6)

.7

where ¢ (u) = %1, v, (€) is the density of states for the chiral
band A, and £>(u) is determined by the initial conditions. By
setting ¥ = & % i6 we can immediately determine d, (¢),

it(e) (VL)  VLAey)
d = — , 4.8
() 27w, (8) (\/ﬂfn(e) \/[:3”(8+)> @9
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with e = ¢ £+ i§. In what follows we will derive the explicit
expressions to determine the parameters ¢; and n; (j > 1),

which define Em (u), in terms of the complex roots of £%(u).

1. The m = 1 solution

This is the case of the one-spin solution. The expression
for £,,— reads

& &

u—e€ 8

Lopei(u) = (4.9)

The relation between o; and A follows directly from the
self-consistency equation (2.8) and Eq. (4.6):

A(t) = g51(0),

which also implies that of remains constant. Using the
equation of motion for the Lax vector (4.5) together with
(4.10) we can now solve for A(t):

A(t) = Age?He=!=10,

(4.10)

@.11)

where (o =€ + gof and ¢ is an integration constant.
The parameters {Ao, Lo} can be expressed in terms of the
roots for the square of the reduced Lax vector. Recall that
in the thermodynamic limit these roots are the same as the
roots of £2(u) =0 by construction. As we have seen in the
previous section, when hz; < h., there is only one pair of
complex-conjugate roots, which we define uy = u. £ iuy;.
Taking the square of both parts in Eq. (4.9) and regrouping
the terms on the right-hand side yields

Ule = [loos Uli = Aso. (4.12)

Thus, in agreement with earlier results we find that the
imaginary root of £*(u) =0 determines the value of the
pairing amplitude at long times.

2. The m = 2 solution

This is the case of the two-spin solution with the reduced
Lax vector of the form

- - -

L) = =2 »2__& (4.13)
u— € u—e I4
and
A=g-G1+6), Ad)—iA()=Qe ' (414

where in the second expression 2 = |5| and @ is the phase
of the pairing amplitude. The dynamics of the variables o 5 is
governed by the following two-spin Hamiltonian:

Hyey = 2(€107 + €205) —2A - 5. (4.15)

The z component of & = 67 + 6, is conserved by evolution
governed by the reduced Hamiltonian (4.15), which reflects
the total particle conservation. In addition, the total energy &£
must be conserved by the evolution. Given the self-consistency
condition (4.14) for the reduced Hamiltonian, it follows that £
is conserved provided the terms containing A(¢) drop out from
(4.15). In turn, this is only possible for afyz o 2. Therefore,
we write [32,40]

oi =224 by, of =20 +b,, (4.16)
8 8
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where coefficients a; , and b , satisfy

€1a) + €a; = %, 2eby + b)) =&
4.17)
a; = —ay, by +b,=0".
Importantly, by a virtue of the second of Egs. (4.6) we obtain
the following ansatz for the original variables:

Sz A —apAQ —|—bp)L

: (4.18)

Furthermore, the equations of motion for the two remaining
components of Sp; [Eq. (2.7) with m = 0 and ©; = 1] yield

S5e® —She™® =2iay Q,

. - (4.19)

where we use the notation S;EA =S, £ zSp,\ After a series of

algebraic manipulations identical to the ones in Refs. [32,40],
we find the following equation for €2:

. 2b
Q?+QF + (—"* - 4512”)9 — 44y Q2
Ap).
SZ
+ Ay —"A — =0, (4.20)
pA
where A is a function of Q2 given by
KA

and n4 and k4 are arbitrary real constants. Since the same
equation for €2 is found by considering the equations of motion
for the variables o ,, we conclude that the coefficients in
Eq. (4.20) must be independent of p and A:

P2 4 2ep — 1a) = 20,

CZP)L
b2 — S2
—2 —dica(eps — a) = 4x. (4.22)
px

Thus the differential equation for Q(t) becomes

O+ QF p 42 A Qz + 4y =0. (4.23)
The solution of this equation is [40]

=+A2+e, A=A, dn[A (t—19),k], 4.24)

where dn is the Jacobi elliptic function, k' = A_/A,, A2 =
e — ey, Ai = e3 — e, and the parameters e » 3 are the real
roots of the qubic polynomial

Py(w) = w® +dpw’ +dyw + 3. (4.25)

The last step is to match the coefficients in the polynomial
(4.25) with the values of the complex-conjugate roots appear-
ing for hz; > h¢, (Fig. 3). To do that we employ the relation
(4.6). First we solve Eqgs. (4.22) for ayp,;, and by,. We find

Spi
dpr =~ 7 2
2/ [(Eps. — 1) — pI* — Ka(Epy — 1a) — X
[(epr — 1a)* — P1Spa
by =

VI(Epn — 114)2 — pI2 — ka(eps, — a) — X
(4.26)
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Similarly, the coefficients a; ; and b , of the reduced solution
(4.16) are found using the conservation laws (4.17):

1 E— <
— . bia= iﬂ‘
2(e; — €2)

Using these expressions, let us match the prefactors in front
of Q7 after we use Egs. (4.16) and (4.18) together with (4.26)
and (4.27) in the second of Egs. (4.6) for the z components of
L,, and Sp,\ We find

ayp = + (427)

€] — €

d, Eps. — €1)(Epn — €2)S,
dp _ ( p)\2 1)(2 pr — €2)Spa 4.28)
8 Jlepr — ma)* — pI> — kalep. — 1a) — X
On the other hand,
S,
dp. = P (4.29)

v Lgnzz(gpk) .

Introducing the spectral polynomial Q4(u) similar to (3.10):

Q4(u) =

If we now compare (4) with (4.28) we immediately identify
Q4(u) with

Qa(u) = [(u — pa)* —

Furthermore, since in the thermodynamic limit the complex
roots of Q4(u) must match the complex roots of £>(u), we
can express all the parameters (4.31) in terms of two pairs of
complex-conjugate roots U1 = Uy e + iUg2i:

S — ) (u — ) - L2_,(u). (4.30)

oI —kalu —pa)—x.  (4.31)

_ Une + U
na = —2 )
ui, +uf +u3, +uj;
> )
2u1t(u§t + u%t) + 2u2t (u%t + “%l) + 4H/A (10 - l’l’i)v

(“%t + “%l)(”%r + “%1)

P = 3/1*,24 — 2uyene —

KA

X = kama+ (13 —p)’ -

4.32)

We plot the dependence of the roots of P3(w) (4.25) in Fig. 6.
Note that e, e>, and e; are small for Ay ~ h.,. As noted in
Ref. [40] for the quenches of the detuning frequency across
the Feshbach resonance, the value of e serves as a measure of
the deviation from the weak-coupling limit when |e;| < 1.

To summarize, Egs. (4.32) together with (4.23) provide an
exact description of the order parameter dynamics in a steady
state determined by the two pairs of complex-conjugate roots
of the spectral polynomial. In particular, the pairing amplitude
is given by

AO] = Jor + ALR(A (- K], @33)

where the parameters entering this expression are given above
[Eq. (4.24)]. Note that parameter e; is close to zero only
when hy ~ h,. Itis somewhat surprising to find that |A(¢)] is

described by the weak-coupling solution [40]
|A@®)] oc dn[A4(t — 19),k'] (4.34)

only at lower fields.
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FIG. 6. (Color online) Dependence of the roots ey, e,, and e; of
the qubic polynomial P;(w) [Eq. (4.25)] on the value of the imbalance
hz. The parameters are n, = 0.125 and ¢ = 0.785.

C. Pairing amplitude dynamics with finite
population imbalance

Here we discuss the dynamics initiated by the quenches of
the Zeeman field so that 7 # 0. Since the dynamics governed
by the Hamiltonian (2.1) is nonintegrable, we have to resort
to the numerical analysis of the equations of motion (2.7),
(2.9), and (2.10). Our main motivation for this part was to
check whether the steady state with the periodically oscillating
pairing amplitude also extends into a nonintegrable region of
the parameter space.

The time evolution of the pairing amplitude following the
quench is shown in Figs. 7 and 8. We see that for certain

-] I s s B 15— T1—
(@) —Aw/a, 1 [® At/ A,
6 i
! 101 il
4
i sl \
2
PR PR T N — P PR RPN B
O 1 2 53 4 5 %12 53 4 5
20 (c) T T T T F T T T )
1 5'_ — AW/A, ] 20 ) Aw By
i 151
10
L 10}
s 1 5
0 . L = 1 1 0 " 1 N 1
0 1 5 2 3 0 145 2

FIG. 7. (Color online) Results of the numerical solution of the
equations of motion for A(¢) in the general, i.e., nonintegrable, case
hzf # 0 with (a) hzf = 0.9817, (b) hzf = 0.581:, (C) hzf = 0.2581:,
and (d) hzs = 0.1ep. The values of the remaining parameters are
hzi = 1.85¢p,n. = 0.125, and e = 0.785.

T T T 71— 6— —T T 1

F (a) — A/ A, T | (b) A/ A,
°r 1 af .
2 4
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FIG. 8. (Color online) Same as Fig. 7 with (a) hzy = 1.25¢F, (b)
hzf = 1.156’1:, (C) hzf = 1.181:, and (d) hzf = 0.95€F.

values of h/ef the order parameter magnitude |A(t)| shows
oscillations with several frequencies and its amplitude is not
constant at long times (at least up to the longest time scales
we were able to achieve with our numerics). However, note
the striking difference between the dynamics in Figs. 7 and 8:
When hz; exceeds the value of i3 ~ 1.02¢ provided hz; =
1.85¢F, the pairing amplitude shows regular oscillations with
constant amplitude. This behavior is characteristic of A(?),
which is found in the exactly solvable limit.

To get further insight into the origin of this behavior, in
Figs. 9 and 10 we plot thei single-particle energy dependence
of the auxiliary functions L(e,?) and T (¢,t) at long times when
hzi; < hesand hz; > hes. For these plots the regular oscillatory
behavior of A(f) becomes clear since for hyz; > h. the

0.2 T T T T [ (b) T y T
— L® 1o3f L®
0.1 §
i 0.2F ]
0 0.4F ]
| o ]
-0.1 4 T ]
i ] -04F §
. , ] , ] . , ] , ]
0.2 0.04 g/p 008 0% 0.04 ¢/A 0.08
0.03———————— 0.03———————
L (¢) L[ (d)
— L (¢ — T(e
0.02 A 1o02 ©
0.01
0
00501 008 0% o001 - 0.08
TTEe/lA T T EIN T

FIG. 9. (Color online) Energy dependence of Z(s) and T(¢) at
time #6 = 2.05 (§ is a level spacing). The values of the remaining
parameters are hz; = 1.85ef, hzy = 0.5ep, n. = 0.125, A = 10¢p,
and e = 0.785.
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FIG. 10. (Color online) Same as Fig. 9 with hzy = 1.25¢¢. In
contrast to Fig. 9, we see that all components of L(e,r — o0) and
T (e,t — o0) are vanishingly small for all single-particle energies.

equations of motion for the functions §kk(t) decouple from the
remaining four equations of motion (2.9) and (2.10). Finally,
we make one more observation: This dynamical decoupling
happens exactly when the system goes through the Floquet
topological transition [33,34] corresponding to the transition
from the topologically trivial Floquet spectrum to a steady state
with the topologically nontrivial Floquet spectrum. However,
the detailed analysis of this transition goes beyond the scope
of this paper and we leave it for the future.

V. CONCLUSION

In this paper we have analyzed the far-from-equilibrium
pairing dynamics of the spin-orbit coupled fermions in two
dimensions with a population imbalance. Specifically, we have
considered two separate cases. In the first case the dynamics
is initiated by a sudden change of the pairing strength. We
found that the steady state with a periodically varying pairing
amplitude is realized in much narrower regions of the steady-
state phase diagram compared to what happens when the spin-
orbit coupling is zero.

Exact integrability of the problem with zero imbalance
implies that we can also provide an analytical description for
the dynamics initiated by a sudden change of imbalance to
zero. We found that when the initial value of the imbalance
field h; exceeds some critical value h.,, the steady state with
a periodically oscillating pairing amplitude is realized and we
can determine an analytical expression for A(?).

Perhaps our most interesting result is our finding of the
dynamical decoupling for the quenches to finite values of the
population imbalance. Specifically, our numerical analysis of
the equations of motion showed that when the final value of
the population imbalance exceeds some value 4, the pairing
amplitude is determined by a reduced number of pseudospin
variables. Interestingly, the value of &, is a critical value
separating the regions of topologically trivial and topologically
nontrivial Floquet spectra [34]. Whether topology plays a
defining role in the above-mentioned reduction or is just a

PHYSICAL REVIEW A 92, 053626 (2015)

mere coincidence is an exciting issue, which we leave for the
future studies.
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APPENDIX A: EQUATIONS OF MOTION FOR THE
SINGLE-PARTICLE CORRELATORS

In this Appendix we analyze the ground-state properties
of the Hamiltonian (2.3) using the equations of motion of the
single-particle correlators. The main idea is to derive the set of
self-consistent equations describing the collisionless evolution
of the pairing amplitude.

Consider the equations of motion for the fermionic opera-
tors. We have
0 _ ~ * ~T S At
[—ai (1) = ek — MAAOa_,, + ®ka_px],

Y AD

N R - . ~
lgakk(t) = —sp;\a:d + NA[AOA_x) + Ord_i3].

Next we introduce the following correlation functions, which
are diagonal in the new basis:

Gpu(t1.12) = —i (T (@p(11)a}; (1),
Fp(t1,12) = —idp(T (. (1) (12))),
Gpu(t1.12) = —i(T(@L,, (1)a_p (),

Fy(ti) = —iani(T (@', (aj, ).

Similarly, we introduce the off-diagonal correlators that
account for the scattering of fermions between the two chiral
bands:

(A2)

Tpa(t1.12) = —ia(T[ayz(t1)ak, (1)),
®(t1.12) = —inp(Tlap(t)a_pz (1)),

8 - (A3)
Fon(tn.) = —i2(Tla’ | ()ap @),

Pyt 12) = —imy(T1a’ (1)ag,; (1))
As a next step one can derive the equations of motion for these
correlation functions using (Al).
1. Equations of motion for the diagonal chiral correlators

For the diagonal in the A correlation functions above we
have

.0 _ ~ —
(l Fyoie 8kk> G (t1,0) + A[Of Fyy(t1,12) + O Py (11,12)]
i

=4(t1 — h),
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.0 _ ~ —
(l Frei Sk,\> Cia(t1,02) — A[O; Py (11,12) — O Fia(t1,12)]
1
=0. (Ad)
Similarly, the equations of motion for the anomalous correla-
tion functions (A3) are
; 9 + Fio(t,1)
i— +¢ ,
o, k. | Fxalt1, 02
+A[OLG(t1,12) + O T (11,12)] = 0,

d _
| — LGN
<z o +8M> ki (t1,12)

—A[O T (t1,12) — Oy G (t1,12)] = 0,
0 ~
| — — |’ 1,1
<l o, +8kx> ki (t1,12)

—A[Or Py (t1,12) — Op Fia(11,0)] = 0. (A5)

In equilibrium, all these correlation functions depend on #; — #,
only, so we can perform the Fourier transform and compute
them explicitly. It follows that
(@ + 6, AB Fio (@) — A70,8,Gia (@)
w? — &2 — A207
%)

Fi(w) =

’

_ (@ — £) AO; Gy (0) + 20,0, Fiy ()
Py (w) = — T AG? ;
WG T k
(A6)

where we assume that A = A, i.e., in the ground state the
pairing amplitude is real. We have

(@ + o) [O2A% + &2 — 7]

G = —
W) = T TR (@ - £
OIAXw + &)
(@? — E)(@? — EY)
- OLA[A? + &) — o]
A A
200, 0, AR,
I = ,
k) = G E )@ - )
_ OrA[A? + (g5 — W)@ + €12)]
() = ,
e Oy S [
- 200,0,A2R
T () = — il (A7)

(“)2 - Eix)(a’z - Eix)

This last expression follows from the symmetry properties of
the corresponding equations of motion. Note that from these
expressions it follows that

Dy () = Dy (—w),
Mo (w) = Tz (w),
T (@) = T ().

To compute the averages that enter into the self-consistency
equation that determines A, we employ the Matsubara

(A8)
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frequency representation w — iw,. Then we perform the
summations over the Matsubara frequencies and take the
limit 7 — 0. The resulting functions of momentum are Egs.
(2.11) and (2.12). Note that L* (a;ixak)\) is generated already
within the mean-field theory despite the fact that the terms
proportional to atam do not enter into the Hamiltonian. In

K.
what follows we also consider the function

1 . .
TkZ = ET Z[Fkx(la)n) + Fk)\,(lwll)]7

iwy

(A9)

which is zero in the ground state; however, it is generated
during the evolution.

Our goal now is to derive the equations of motion for all
the correlation functions above as a function of

pnth (A10)
2

Since both normal and anomalous correlators (A2) and (A3)
depend on t = t| — t, the order parameter A(¢) is a function
of total time ¢ only. Thus, in what follows we consider T = 0.

From the equations of motion for the fermionic operators
(A1) and Egs. (A2) and (A3) it follows that

d _ ~
iZka(f) + A@D)[Or Frn(t) + O Py (1)]

—A()[Ok Fp(t) + O, P5(1)] = 0,

dt
+ O[T (1) = T ()]} = 0.

d ~
(i— _ 28k,\> Fio () + AOOUG (1) — Gio ()]
(A11)

Similarly, for the remaining two correlation functions that are
diagonal in new basis we find

d ~ _ ~
i G () + BOIOFio (1) + By Py (1)]
—AD[OLFi (1) + 0, Dy (1)] = 0,
d — _ ~
(ZE + 28kx> Fio(t) + AO){Oc[Gro(t) — Gia(1)]

+ O[T (1) — T ()]} = 0. (A12)

From the equations for the normal propagators it follows that

Gio(t) = =G (0). (A13)

Let us introduce the functions

82, (1) = ’E[ka) — G0,

S (1) = S (1) — i S}, (1) = —i F (1), (Al4)

SE(0) = S5 +iS), (1) = —i Fia(t)
and

Lip®) = 5(Tia® = N0

L (1) = Li, (1) — i Ly, (1) = —i ®y5(2),

LE(t) = L, (1) +iLi, (1) = —i D ().  (Al5)
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In terms of these new functions, the self-consistency equation
for the pairing amplitude reads

A1) =g ) [0k, (1) + Ok Ly, (1)].

kp

(Al6)

2. Equations of motion for the off-diagonal chiral correlators

The remaining equations of motion for the components of
L can be derived in the same way. Let us obtain the equations
of motion for Ik, (¢). In what follows the only relations we use
are

T(0) = Tia (),
Dy (1) = Dy (1),
Gy, = —Gy.

(A17)

The validity of these relations will be proven when we analyze
the equilibrium. We need to keep in mind, however, that given
the second relation, we expect that the equations of motion
for Llﬁ (#) should not depend on the chiral band index A. The

equations of motion for the correlator Dy, (t1,1p) are

d _
— = | @, (11,
<l o —I—8kx> k(f1,0)

—A[O Tk (t1,12) — O G (t1,1)] = 0,

0 _
| — Dy, (1,1
(1 ™ + 8kk> k.(t1,12)

—A[Oi T (t1,0) + 0, Gy (t1,1)] = 0, (A18)

where we used n_, = —np. Adding these two equations yields

9 _ O
(z Fri ZGk) @i (1) — Ok AN[G (1) — G ()] = 0.
(A19)
From this equation we can immediately obtain the equations
of motion for L;;" using Egs. (A14) and (A15).
Finally, we derive the equation of motion for
FkA(t) + Fkx(t)
S ——

Before writing down this equation, let us first obtain the
equations of motion for I'; and l"k,\ We have

0
( o Ek,\> Cia(t1,12)
AlOL D (11,12) — O Fr(11,12)] = 0,

Tk(1) = (A20)

(l— + 8k/\)rkk(tl,t2)
— A0 Py (11,12) — O Fg(11,1)] = 0,
d
o (2,1
( o +8k,\) k(t1,12)
—A[O; Py (t1,12) — O F(t1,12)] = 0,
0
(l—t — 8kA> Cia(t1,12)

— A0 Dy (11,1) — Oy F5(11,1)] = 0, (A21)

PHYSICAL REVIEW A 92, 053626 (2015)

where we have employed (A17), n_p = —np, and Ak = —1.
Adding the first and second equations and then the third and
fourth ones and setting T = #; — f, = 0 yields

8 — J—

<i§ - 2)\Rk>l"kk(t) — O[AD (1) + ADi (1)]
+ OAF () + AFg(0)] =0,
8 ~ — —

<i§ + ZARk>Fk,\(t) — O[ADK() + ADy(1)]

+ O[AFo.(t) + AF,5:(1)] = 0, (A22)

where Ry =/ V2 + aéokz. From these equations we see that,

given the property (A17), we have

Tw. = Zk+iLi,. (A23)

It is now straightforward to verify that the equations of motion
for these objects are the same as Eqgs. (2.7), (2.9), and (2.10).
Thus we have ten equations of motion. These equations are
decoupled into six plus four when either «go = 0 or bz = 0.
Note that neither L, nor Ty enters into the Hamiltonian and
both are generated in the course of the dynamics.

APPENDIX B: GENERAL RELATIONS BETWEEN THE
COMPONENTS’ AUXILIARY FUNCTIONS
IN EQUILIBRIUM

We assume that in equilibrium A, = A and A, = 0. This
implies thatatt = O both S;, = Oand L;, = 0, in accordance
with the self-consistency conditions. This guarantees that
seven out of ten equations (2.7), (2.9), and (2.10) for the
components of vectors S, L, and T are identically zero. The
remaining three equations are

.S, + A - (OrSE, + (:)ka‘d) =0,
2exLy, + O A[SE, + 5] =0, (BI)
23R Ly, + A20k Ly, — O[S, + S5} = 0.

Let us verify if the expressions for the spin components satisfy
(B1). For the first two equations we find

A[O4SE, + OkLi, ] = —e0 Sy, 2
OcA[SE, + S5] = —2eLy,
Finally, let us check the third of Egs. (B1):
20 ALY, — OpA[SE + S5 ] = 106 ATR}
8 T PR T ] T T B B (B + Erg)
(B3)
In contrast,
OrOr A% (g5 —
DRLE, = 20RO A g — Eia)
2E EG(Ew, + Eg)
40,0, A2R?
ki Sl (B4)

C 2EwEg(Ew + Eg)’
Thus the third of Egs. (B1) holds.
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