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We study the nonadiabatic dynamics of a two-dimensional p 4 ip superfluid following an instantaneous
quantum quench of the BCS coupling constant. The model describes a topological superconductor with a
nontrivial BCS (trivial BEC) phase appearing at weak- (strong-) coupling strengths. We extract the exact long-time
asymptotics of the order parameter A(#) by exploiting the integrability of the classical p-wave Hamiltonian, which
we establish via a Lax construction. Three different types of asymptotic behavior can occur depending upon
the strength and direction of the interaction quench. We refer to these as the nonequilibrium phases {L, 1T, IIT},
characterized as follows. In phase I, the order parameter asymptotes to zero due to dephasing. In phase II,
A — Ay, anonzero constant. Phase III is characterized by persistent oscillations of A(#). For quenches within
phases I and II, we determine the topological character of the asymptotic states. We show that two different
formulations of the bulk topological winding number, although equivalent in the BCS or BEC ground states,
must be regarded as independent out of equilibrium. The first winding number Q characterizes the Anderson
pseudospin texture of the initial state; we show that Q is generically conserved. For Q # 0, this leads to the
prediction of a “gapless topological” state when A asymptotes to zero. The presence or absence of Majorana
edge modes in a sample with a boundary is encoded in the second winding number W, which is formulated in
terms of the retarded Green’s function. We establish that W can change following a quench across the quantum
critical point. When the order parameter asymptotes to a nonzero constant, the final value of W is well defined
and quantized. We discuss the implications for the (dis)appearance of Majorana edge modes. Finally, we show
that the parity of zeros in the bulk out-of-equilibrium Cooper-pair distribution function constitutes a Z,-valued
quantum number, which is nonzero whenever W # Q. The pair distribution can in principle be measured using
rf spectroscopy in an ultracold-atom realization, allowing direct experimental detection of the Z, number. This
has the following interesting implication: topological information that is experimentally inaccessible in the
bulk ground state can be transferred to an observable distribution function when the system is driven far from

equilibrium.
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I. INTRODUCTION

Topology has emerged as a key tool to characterize
phases of quantum many-body particle systems. A recent
application is the classification of topological insulators and
superconductors.'?> These are distinguished by a topological
winding number in the bulk; when this number is quantized to
a nonzero integer value, it implies the presence of gapless,
delocalized states at the sample surface. Both the bulk
topological invariant and the gapless surface states are argued
to be protected against generic local perturbations.

A natural means to generate nontrivial dynamics in a
topological system is via a global deformation of the system
Hamiltonian, otherwise known as a quantum quench.’~°
Through the evolution induced by a quench, one can probe the
stability of the system topology: When and how can it change?
Under what circumstances does it remain well defined when
the system is coherently driven far away from its ground state?
Finally, can the quench be employed as an experimental tool
to reveal the bulk topology?

In the setup for a quench, a many-particle system is initially
prepared in a particular pure state; this can be taken as the
ground state of some initial Hamiltonian. In addition, we as-
sume that there is a gap to excitations. Performing the quench,
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a parameter of the Hamiltonian (such as the interparticle inter-
action strength) is changed over a time interval much shorter
than the inverse excitation gap. The system subsequently
evolves as a highly excited, coherent admixture of many-body
eigenstates of the final, post-quench Hamiltonian. Quantum
quenches have become a standard protocol to investigate
ultracold-atomic systems.>>?! Ultracold gases are engineered
to be well isolated from any outside environment or heat bath,
and typically exhibit a high degree of external tunability. The
long-time out-of-equilibrium dynamics induced by a quench in
anisolated many-particle system can show different dynamical
phases as a function of the quench parameters.5-'42223

In this work, we probe the response of a two-dimensional
(2D) topological p +ip superfluid'?** to an instanta-
neous quantum quench. We envisage an ultracold fermionic
atom?*37 or molecule?® realization of the system, such that the
effective pairing interaction strength can be tuned externally,
e.g., by manipulating a Feshbach resonance.?®-3? Initially,
the system occupies the ground state of the pre-quench
Hamiltonian, residing within either the topologically nontrivial
BCS or trivial BEC phase (see following). Subsequently,
the BCS interaction coupling is deformed instantaneously
to stronger or weaker pairing. We consider quenches both
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within and between the BCS and BEC phases. We calculate
the asymptotic time evolution®!> using an integrable version
of the p-wave BCS Hamiltonian.**} Our treatment is exact
in the thermodynamic limit when pair breaking can be
neglected.®!0:!!

An overview of our main results is provided in Sec. II;
these include the following: First, we compute the out-of-
equilibrium phase diagram shown in Fig. 4, as determined
by the exact long-time dynamics of the order parameter A
[which is not the same as the quasiparticle gap for p wave
(see Secs. I A, IIIB, and Appendix A for a brief review)].
Similar to the s-wave case,'* we find that A exhibits one
of three behaviors in the long-time limit t+ — oo: for strong-
to-weak pairing quenches within phase I of Fig. 4, A(z) — 0
due to dephasing.'®'# In phase II, which includes the case of
zero quench, A(f) - Ay, a nonzero constant.”10-12 Finally,
for weak-to-strong pairing quenches within phase III, A(¢)
exhibits coherent, undamped oscillations®'%!3 as t — oo (see
Fig. 7).

In the ground state, the bulk topology and edge states are
encoded in a Z-valued winding number. We consider two
formulations: the winding of the Anderson pseudospin texture
0., and of the retarded single-particle Green’s function
W 24445 1n the ground state W = Q,and Q =1 (Q = 0) in
the weak pairing BCS (strong pairing BEC) phase. We show
that Q does not evolve from its initial value following a quench
(Fig. 8). We identify a “gapless topological” phase, charac-
terized by Q = 1 and lim,_, o A(¢) = 0. Although equivalent
in equilibrium, we find that Q and W must be regarded as
independent following a quench. In particular, the presence
or absence of Majorana edge modes in a sample with a
boundary is encoded in W, not Q. Moreover, a quench across
the topological quantum phase transition (e.g., from BCS
to BEC) induces a change in W. Whenever lim,_, ,A(t) =
A # 0, W nevertheless assumes a quantized value in the
asymptotic steady state (Fig. 9). We discuss implications for
the (dis)appearance of Majorana edge modes.

Some of the results discussed in this paper also appear in an
abbreviated form in Ref. 46. The quench phase diagram and the
asymptotic values of the winding number W for quenches in
phase II are presented in that work, as well as the link between
W and Majorana edge modes. In Ref. 46, we show that a
topologically nontrivial cold-atomic p-wave superfluid could
be induced by quenching from very weak initial coupling to
strong pairing, using a Feshbach resonance. In the nontrivial
case, the order parameter oscillates periodically in time
(phase III), and the presence of edge modes is established
using a Floquet analysis.*’° We do not discuss Floquet in
this paper. Instead, we provide the detailed derivation of the
phase diagram and the topological characterization of phases
I and II. We consider both formulations Q and W of the bulk
winding number. We compute the long-time dynamics of the
order parameter exactly, using a variant of the Lax construction
employed in the s-wave case.'®"'* Finally, in this paper we
search for bulk signatures of the system topology.

Because the topology resides in a quantum mechanical
Berry phase, it is typically difficult to measure a bulk
invariant directly. We show that when A asymptotes to
a nonzero constant and Q # W, as occurs for a quench
across the quantum critical point, the number of zeros in the
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out-of-equilibrium Cooper-pair distribution function is odd,
as demonstrated in Figs. 10 and 13. The parity of these zeros
constitutes a nonequilibrium Z,-valued bulk winding number.
We show that this number can in principle be detected through
the modulation of the absorption amplitude in rf spectroscopy.
This is unique to the nonequilibrium preparation; the winding
number distinguishing the BCS and BEC ground states can
not be ascertained via a bulk rf measurement.

In the remainder of this Introduction, we briefly review the
topological character of 2D p + ip superfluids. We close with
an outline for the organization of this paper.

A. Topological superfluidity in 2D

The topological properties of 2D p + ip superconductors
were originally obtained by Volovik** in the context of
SHe-A, and subsequently discussed in the context of the
fractional quantum Hall effect by Read and Green.”> The
simplest p-wave channel BCS Hamiltonian for spinless (or
spin-polarized) fermions is**

kr . 2G ’ _
H=y 20
o m m a

where G > 0 is a dimensionless, attractive BCS interaction
strength. Equation (1.1) is expressed in terms of SU(2)
Anderson pseudospin®! operators, defined as follows:

(1.1)

si= Hefew +cl e — 1),
k2o K (1.2)

— it - _
= CkC_ k> Sx = C—kCk,

where ckcjl + cjlck = 8k,q- The primed sums in Eq. (1.1) run
over 2D momenta in the half plane k = {k* € R,k” > 0}; with
{k,q} restricted to this range, the pseudospins satisfy [sy ,s(’; 1=
ie“bcﬁk,q s In Eq. (1.1), we have assumed that Cooper pairs
are created and destroyed with zero center-of-mass momentum
only (“reduced BCS” theory).’> This neglects pair-breaking
processes; we address the limitations of this approximation in
the conclusion, Sec. VI.

The Anderson pseudospins provide a simple way to
visualize the ground state of a BCS superconductor. The
expectation (sg) measures the double occupancy of a pair of
1

states related by time-reversal symmetry; in Eq. (1.2), (sy) = 5

— %) implies that the states {k, —k} are occupied (vacant). The
Fermi liquid ground state is a discontinuous domain wall,
as depicted in Fig. 1(a). By contrast, an s-wave paired state
exhibits smooth pseudospin canting near k = kr [Fig. 1(b)]. In
the thermodynamic limit, H in Eq. (1.1) has a p + ip ground

(a) e
0

(b) .

FIG. 1. (Color online) Anderson pseudospin description of (a) a
normal Fermi liquid and (b) an s-wave superconductor, in any number
of spatial dimensions at zero temperature. In this figure, k measures
the radial coordinate along any direction in momentum space.
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FIG. 2. (Color online) Momentum-space pseudospin texture of
the p + ip ground state (a) in the topological BCS phase Q = 1, (b) at
the BCS-BEC quantum phase transition, and (c) in the topologically
trivial BEC phase Q = 0. Here, Q denotes the pseudospin winding
number (skyrmion charge), defined via Eq. (1.6). For a p + ip state,
0 = 1(Q = 0) when the k = 0 spin sy is up (down). By contrast, Q
is ill defined at the quantum phase transition.

state, defined in terms of the order parameter

AR =263 k-qlsy) = Ak —ik).  (13)

q

The amplitude A is nonzero for any G > 0. The pseudospin
texture for the weak pairing BCS ground state is shown in
Fig.2(a). The p + ip texture differs from the s-wave one in that
the canting angle in spin space is correlated to the polar angle
¢ in momentum space; the result is a topologically nontrivial
(skyrmion) configuration,”*?> discussed in more detail below.

The quasiparticle energy in the p + ip paired state is given

by
k2 2
E, = (3 - M) + k2A%,

where u is the chemical potential. Here, we have set m = 1
since the mass can be factored from H in Eq. (1.1);  and (A)?
both carry units of density. The spectrum is fully gapped for
any u # 0. In a system with fixed density n, the chemical
potential is a monotonically decreasing function of the pairing

(1.4)
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FIG. 3. (Color online) Zero-temperature chemical potential p as
a function of the ground-state order-parameter amplitude A, in the
p + ip ground state, for fixed particle density n. The point {Ag,u} =
{Aqcp,0} is a quantum phase transition between the topologically
nontrivial BCS and trivial BEC phases. The quasiparticle spectrum
has a gapless Dirac node in the bulk at k = 0 when Ay = Aqcp.

amplitude Ag:

2 A(z) 1 ( 24 ) 6(A A)
=|(2nn— —In| — —
1% ) eA% QCP

2
+ [ﬂ — Aexp <—% — 1>:| 0(A — AQCP)v (1.5)

where A is a high-energy cutoff (see Appendix A for details),
and 6(A) denotes the unit step function. A plot of u versus Ag
is shown in Fig. 3. At the special value Ag = Agcp [defined
via Eq. (A4)], u = 0. Here, the bulk quasiparticle spectrum
develops a massless Dirac node at k = 0.

Aqcp marks a fopological quantum phase transition
between the topologically nontrivial, weak pairing BCS phase
(0 < Ap < Aqcp) and the trivial, strong pairing BEC phase
(Ao > Aqcp).” These can be distinguished by a bulk topo-
logical invariant. There are several equivalent formulations
of the invariant in equilibrium. We will employ two different
definitions. The first measures the winding of the pseudospin
texture?*2

d’k 1
0 = 8meupe / Wz(s;;)ak(s{;)a@(s,ﬁ), (1.6)
where ¢; denotes the polar angle in momentum space. A
generalized p + ip state can be defined by the pseudospin
configuration

(s5i) = 3V 1 = Q*(k) expl—igy +iOK)],
(si) = z00k),
where o(k) and ®(k) are real, continuous functions of k,
independent of ¢, |o(k)| < 1,and |o(0)] = —p(k — 00) = 1.

Then, the integrand reduces to a total derivative, leading to
Q = 3{sgn[e(0)] + 1}. In the p + ip ground state,

(1.7)

2u — k2

2E,

0= 1, w>0 (BCS),
10, w<0 (BEQ).
At Ag = Agcp (4 = 0), both (ko) and Q are undefined.

Pseudospin textures at the critical point and in the BEC phase
are depicted in Figs. 2(b) and 2(c).

o(k) = Ok) =0,
so that

(1.8)
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A different formulation of the invariant based upon the
Thouless-Kohmoto-Nightingale-den Nijs (TKNN) formula®
was derived by Volovik,?* and utilizes the retarded single-
particle Green’s function

T ’ T Toer
Gt = —i [<{c_k<r),c_k(r W (el )}>} ot — 1),
({ex(@),c—k@)})  ({ex(D),e (1D}
(1.9)
The winding number W is+4443
W= Sapy /Oo dwf @k
3! J (2m)?
x Tr[G ™ (0,96 (059G (8,91, (1.10)

where Tr denotes the trace in Nambu (particle-hole) space, and
G = Gx(iw) is the Fourier transform of Gi(z,0), analytically
continued to imaginary frequency. In both the BCS and BEC
ground states, W = Q.

In the BCS phase, the advent of a nonzero bulk wind-
ing number implies the presence of one-dimensional (1D)
chiral Majorana edge states at the boundary of a superfluid
droplet.*?> Gapless Majorana edge channels are the hallmark
of atopological superconductor.! When a temperature gradient
is applied across the droplet, these states carry a perpendicular,
dissipationless energy current, with a quantized thermal Hall
conductance?>3+33

T 2k B T
Kyy = .
’ 127h
Here, T is the average temperature of the bulk. Additional

“Majorana” signatures include isolated zero modes in type-II
vortices.?

B. Outline

This paper is organized as follows. In Sec. II, we provide an
overview of our main results concerning the order-parameter
dynamics and asymptotic winding numbers following a
quench. We discuss implications for Majorana edge states and
rf spectroscopy. These results are derived in the remaining
sections. In Sec. III, we derive the quench phase diagram
from the exact solution to the long-time dynamics. We exploit
a new Lax vector construction for the integrable p-wave
problem. The solution obtains by classifying the isolated
roots of the system’s spectral polynomial. In Sec. IV, we
establish the precise relation between the roots of the spectral
polynomial and the steady-state order-parameter dynamics.
We compute the exact form of the persistent oscillations in
A(t) for weak-to-strong quenches, and we present formulas
relating the period and amplitude of these to the isolated
roots. In Sec. V, we derive the out-of-equilibrium pseudospin
and Cooper-pair distribution functions. Using these results,
for quenches wherein A(f) asymptotes to a finite constant
(which may be zero), we derive the power-law approach to this
value. We also compute the asymptotic values of the winding
numbers W and Q, defined above. We conclude with open
questions in Sec. VI.

Various technical details are relegated to the Appendices.
Ground-state properties, including the tunneling density of
states, are reviewed in Appendix A. Appendix C supplies
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additional results on persistent order-parameter oscillations
in a narrow sliver of the quench phase diagram. Finally, in
Appendix D we compute the coherence factors and single-
particle Green’s functions following the quench.

II. p+ip SUPERFLUID QUENCH: KEY RESULTS

A. Chiral p-wave BCS model

To study quench dynamics in a 2D p + ip superfluid, we
consider a “chiral” variant*' of the model in Eq. (1.1), defined
via

! Z / X .7y X . —
H=Y Ksi—GY (K —ik)q" +ig")sisy. (2.1
k k,q

where the mass m = 1. The relation between Eqs. (1.1)
and (2.1) follows from

k-q =110 — ik)q" +ig”) + K +ik)g" —ig”)],

discarding the second term. In the thermodynamic limit, H
in Eq. (2.1) possesses the same p +ip ground state (BCS
product wave function)®? as Eq. (1.1), in both the topologically
nontrivial BCS and trivial BEC phases. However, the model
in Eq. (2.1) breaks time-reversal symmetry explicitly, and
preferentially selects k* — ik” over k* 4 ik” pairing. These
are degenerate in the time-reversal-invariant Hamiltonian of
Eq. (1.1).

We work with Eq. (2.1) instead of Eq. (1.1) because
the former is of Richardson-Gaudin®*-® type and therefore
integrable;***3 e.g., equilibrium properties can be extracted
exactly via the Bethe ansatz. We can absorb the polar phase
into the pseudospins s, — exp(—i¢y)s, , and sum spins along
arcs in momentum space:

- (" -
Sk = — f d¢k Sk-
T Jo

As aresult, Eq. (2.1) reduces to an effective “1D” model

H= Zeisf —GZ@S?Z@S}
i i j

2.2)

2.3)

where ¢; = kiz. The Heisenberg equations of motion for the
pseudospins are

(8;) = —(B; x 5),
Bi = —6:5 — 2E(A% + A, D),

A=A, —iA = —GZ@si—.

In the first equation, we take the expecltation (---) with respect
to the initial state. Due to the infinite-ranged nature of the
interactions in the BCS Hamiltonian, self-consistent mean
field theory becomes exact in the thermodynamic limit.>!>°
This is because A is an extensive variable depending upon
all N of the spins in the system, and can be replaced by its
expectation value in the limit N — oo. For a global quench,
the instantaneous state of the system is described by a BCS
product wave function at all times, albeit one parametrized
by time-dependent coherence factors.® This implies that the
problem reduces to solving Eq. (2.4), treating the spins and A
as classical variables.®%!!

dt 2.4)

2.5)
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In Appendix B, we demonstrate that the classical dynamics
following from a p 4+ ip initial pseudospin configuration is
in fact identical when generated by either Eq. (1.1) or (2.1);
we therefore expect our predictions hold for the full quantum
dynamics of Eq. (1.1) as well, in the thermodynamic limit.
The main approximation employed in this work is not tied
to the distinction between Egs. (1.1) and (2.1), but rather the
neglect of pair-breaking processes. These are always present,
break the integrability of the BCS Hamiltonian, and should
ultimately induce thermalization. We will discuss time scales
relevant to pair breaking in Sec. VI.

B. Nonequilibrium phase diagram
and asymptotic order-parameter dynamics
We consider quenches in the model of Eq. (2.1) [or,
equivalently, Eq. (2.3)]. The system is initially prepared in
the p 4 ip ground state of the pre-quench Hamiltonian H;,
which has interaction strength G; and amplitude Ag) . At time
t =0, the coupling is instantaneously deformed G; — G .

We can label the quench by the initial pairing amplitude Ag )
and the quench parameter

1 1
pear (Lo L),
8r 8

g = G22/4

2.6)

where
2.7

is the interaction strength that remains well defined in the ther-
modynamic limit; £ is the linear system size. The case of zero
quench has B = 0; 8 > 0 (B < 0) signifies a quench towards
weaker (stronger) pairing in the post-quench Hamiltonian H .
Although g carries units of length squared and is therefore
formally irrelevant in a renormalization group (RG) sense, the
integrals necessary to compute the quench dynamics are at
most logarithmically divergent in the high-energy ultraviolet
cutoff A. These can be evaluated to logarithmic accuracy.
Parameters (Ag)?, i, B, and the fixed particle density n carry
the same units; the latter sets the natural scale.

A quench {Ag), B} can also be specified via “quench

coordinates” {Ag),Agf )}, where Aéf ) denotes the pairing
amplitude associated to the ground state of Hy. This is not
to be confused with the dynamic variable A(¢), which evolves
away from its initial value for any B8 # 0. Using the BCS
Eq. (A2) in Appendix A, we can express = ,B(A(i),Af)f)), a
function of the pre- and post-quench Hamiltonian ground-state
order-parameter amplitudes, with S(Ag,Ag) = 0. An explicit
formula appears in Eq. (3.39).

In this work, we employ a generalized Lax construction
to solve the integrable dynamics of the classical pseudospins
governed by Eq. (2.3), given a p + ip paired initial state.
The key to the solution is the so-called “spectral polynomial”
Qon(u; B), defined via a suitable Lax vector norm (see
Sec. IIT A for details). For a system of N spins, Q,n(u; )
is a rank-2N polynomial in an auxiliary parameter u; it is
also a conserved integral of motion for any value of u. The
polynomial coefficients (which are also integrals of motion)
are complicated functions of the pseudospins {5 }. The spectral
polynomial encodes all essential aspects of the quench.!*!3 It

10,11
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is a function of the post-quench coupling strength G ¢, and of
the pre-quench state; the coefficients can be evaluated in terms
of the spin configuration at r = 0.

There is a separation of global versus local dynamics in
the BCS quench problem. The long-time evolution of the
order parameter is determined by the isolated roots'®'? of
Q,n(u; B). These always appear in pairs and are few in number
for a quench. In a quench with M isolated pairs, A(t — o0)
is governed by an effective M-spin problem, with parameters
specified by the roots.'? Once the asymptotic dynamics of A(t)
is determined, more detailed information can be extracted. In
particular, the pseudospin distribution required to compute
winding numbers and Green’s functions in the limit t — oo
follows from the conservation of the spectral polynomial and
the behavior of A(z).

Our results for the order-parameter dynamics are sum-
marized in Fig. 4, which shows the nonequilibrium phase
diagram. The initial pre-quench state is labeled by Ag) on

@) A
AO / Q}\(\’Q
BEC R
Il \Qo
AQCP r

1.0¢
BCS
051
0 - - 4 AV
0 0.5 1.0 AQCP 0

FIG. 4. (Color online) Exact interaction strength quench phase
diagram, extracted from the isolated roots of the spectral polynomial.
The vertical axis measures the initial pairing amplitude Ag). Aqcp
marks the equilibrium BCS-to-BEC topological quantum phase
transition. The horizontal axis specifies the post-quench Hamiltonian
through AY | which is the order parameter the system would exhibit
in its ground state. The diagonal line Ag )= Agf ) is the case of no
quench. Off-diagonal points to the left (right) describe strong-to-weak
(weak-to-strong) pairing quenches, wherein the dynamic variable
A(t) evolves away from its initial value. Similar to the s-wave case
(Refs. 6-14), the p + ip system exhibits three different dynamical
phases defined by the long-time asymptotics (r — oo) of A. In phase
I, A(t) — 0 due to dephasing (Refs. 13 and 14) in II, A(?) - A,
a nonzero constant (Refs. 10 and 12), and in phase III, A(¢) shows
persistent oscillations (Refs. 6, 12, and 13). The dashed purple line is
the nonequilibrium continuation of the quantum phase transition,
in the sense that the asymptotic value of the chemical potential
Moo = lim,_, o (?) vanishes. This leads to a change in the retarded
Green’s function winding number W (Fig. 9, below). For this plot and
all subsequent figures, we choose the Fermi energy £ = 27n = 5.18
and the energy cutoff A = 50&F, so that Agcp = 1.54.
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the vertical axis; the post-quench Hamiltonian is identified
by Af)f ) (the ground-state pairing amplitude of Hy) on the
horizontal. The diagonal line Ag ) = ABf ) corresponds to the
ground state (no quench), while points to the left (right) of
this line indicate strong-to-weak (weak-to-strong) quenches.
Each point in this diagram represents a specific quench. As
in previous studies of the s-wave case,*'* we find that the
p + ip order parameter exhibits only three different classes of
long-time dynamics, labeled {I,II,III} in Fig. 4. For strong-to-
weak pairing quenches in phase I, A(¢) decays to zero due to

(ii)

(iif)

-0.25
\J

FIG. 5. (Color online) Asymptotic values of the nonequilibrium
order parameter induced by various quenches. In (a), we plot
lim,— o A(t) = A as a function of the post-quench ground-state
amplitude Aéf), for fixed values of the initial Ag). Curves (1)—(iv),
respectively, correspond to Ag)/AQCP = {1.2,0.5,0.3,0.00651}; each
gives A along a horizontal cut across the quench phase diagram in
Fig. 4. The value of A, is determined by the isolated roots in Eq. (4.3).
For the quench specified by {Ag ), Af)f }, the roots are computed from
the conserved spectral polynomial [Egs. (3.34)]. The dashed vertical
line marks the boundary separating phases III and II at Ag) = 0. The
portion of curve (iv) to the left of this line in fact represents quenches
in phase III, while the portion to the right resides in phase II. Instead
of asymptoting to a constant, A() executes periodic amplitude and
phase motion in phase III. For a given A(()f ) to the left of the dashed
line, the value of the curve (iv) specifies the average (|AL| + |A_|)/2,
where |A.| denote the turning points of the orbit in the complex A
plane. Phase III orbits (Ref. 59) associated to the quenches marked A
and B appear in (b).
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dephasing; this is the case of zero isolated pairs in Qo (u; B).
Phase I is an example of gapless superconductivity: pair
oscillations produce a continuous frequency spectrum with no
isolated frequencies separated from the continuum.'>'* The
Riemann-Lebesgue lemma then implies that A(z — oo) = 0.
Quenches in phase II exhibit A(f) > Ay as t — 0o, where
A is a nonzero constant. In this case, there is a single
pair of isolated roots in Q,y(u; B). Finally, weak-to-strong
quenches in phase III induce persistent oscillations in A(z);
here, Qo n(u; B) has two isolated pairs of roots.

A key difference from previous work®®~'* is that the
chemical potential () is also a dynamical variable here. This
occurs because we consider quenches to and from intermediate
and strong pairing, wherein u deviates from the Fermi energy
even in the ground state [Eq. (1.5) and Fig. 3]. In phase II,
the chemical potential asymptotes to a constant (.., which
is positive (negative) to the left (right) of the dashed purple
line shown in Fig. 4. This line is the nonequilibrium extension
of the topological quantum phase transition at Ay = Aqcp.
As discussed in the following, the asymptotic value (t — o0)
of the Green’s function winding number W [Eq. (1.10)]
associated with Majorana edge modes changes across this line.

In phases II and III wherein the order parameter re-
mains nonzero, the quantitative description of the asymptotic
dynamics is entirely encoded in the isolated roots of Qy (u; B).
These solve a particular transcendental equation in the thermo-
dynamic limit, and can be extracted for any quench. Results for
the asymptotic order parameter A, and chemical potential 4
amplitudes are plotted for horizontal cuts across the quench
phase diagram in Figs. 5(a) and 6. Persistent oscillations in
phase III are depicted in Figs. 5(b) and 7. In the latter, the
result obtained from the isolated roots is compared to a direct
simulation of 5024 coupled spins.

C. One quench, two winding numbers

Our main purpose is to characterize the dynamics of the
system topology following a global quench. We compute the
winding numbers Q and W, respectively, defined by Egs. (1.6)
and (1.10) for quenches in the dynamical phases I-III of Fig. 4.

In the initial BCS or BEC ground state, O = W. We
find that the pseudospin winding number Q does not change

Hoo
A
4t
(i)
2mnf
(iif)
A(f)
0 - - - >
025 05 075 Aqcp

FIG. 6. (Color online) Asymptotic value of the nonequilibrium
chemical potential lim,_,, () = po for quenches in phase II, as
a function of the post-quench ground-state amplitude Af)f ), for fixed
values of the initial Ag) . Curves (i)—(iii) correspond to the associated
quenches in Fig. 5(a). The dashed line is the ground-state curve
[Eq. (1.5)].

104511-6



QUANTUM QUENCH IN A p + ip SUPERFLUID: . ..

0.1

IA®D)

0.05

FIG. 7. (Color online) Example of persistent order-parameter
oscillations following a quench. The coordinates {Ag ),Agf )} =
{0.00503,0.108} place this quench in phase Il of Fig. 4. The blue solid
curve is the result of numerical simulation for classical pseudospins
(5024 spins). The red dashed curve obtains from the effective two-spin
analytical solution, the parameters of which are extracted from the
isolated roots of the spectral polynomial Q,y(u; 8) (see text).

following a quench, as indicated in Fig. 8. By contrast, the
retarded Green’s function winding W undergoes a dynamical
transition for a quench across the quantum critical point. We
argue below that W determines the presence or absence of chi-
ral Majorana edge modes in the post-quench asymptotic state
for quenches in phase II. A quenchin which W # Q ast — oo
incurs a nonequilibrium topological quantum phase transition.
In phase II of Fig. 4 wherein {A(?), ()} = {Aco, oo}
ast — 0o, W =1 (W =0) when oo > 0 (oo < 0). These
regions are indicated in Fig. 9. The dashed purple line has
oo = 0, and is the extension of the topological quantum
critical point into the nonequilibrium phase diagram.
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FIG. 9. (Color online) Quench phase diagram: Retarded Green’s
function winding number W and Majorana edge modes. In phase
II of Fig. 4, {A@®),u(?)} > {Ax, Moo} as t — 00, With Ay a
nonzero constant. Along the dashed purple line, po, = 0; this is
a nonequilibrium extension of the ground-state quantum phase
transition; see also Fig. 6. To the left (right) of this line, @y > 0
(Moo < 0), leading to W =1 (W =0). W is ill defined in the
gapless phase 1. Phase III, wherein A(#) exhibits persistent amplitude
and phase oscillations [Figs. 5(b) and 7] is topologically nontrivial
(Ref. 46). Both phase III and the W = 1 region of phase II support
gapless Majorana edge modes. The former is confirmed by the Floquet
analysis in Ref. 46, while the latter is established here via Eq. (2.11)

and the surrounding discussion.

Phase IT quenches in which W changes relative to Q occur
in two regions. Strong-to-weak pairing quenches across the
critical point (A > Agcp, AY to the left of the o =0
line) have Q =0 and W =1, region C in Fig. 10. Weak-
to-strong quenches across the nonequilibrium quantum phase
boundary (Ag) < Aqcp, Aéf ) to the right of the to, = 0 line)
have QO =1 and W =0, region H in Fig. 10. Our methods
allow access to the asymptotic behavior; we do not compute
the transient kinetics of the topological transition wherein W

changes.
We now discuss implications specific to the particular

winding numbers.

FIG. 8. (Color online) Quench phase diagram: Pseudospin wind-
ing number Q. We find that Q is unchanged from its initial value,
such that Q =1 (Q = 0) for an initial BCS A}’ < Agcp (BEC
Ag ) > Aqcp) state. The highlighted region B is a “topological
gapless” phase. Throughout phase I of Fig. 4, A(#) vanishes as
t — oo. In subregion B, the pseudospin texture nevertheless retains
a nonzero winding Q = 1 [Fig. 12 and Eq. (2.8)]. The state can be
visualized as a skyrmion texture as in Fig. 2(a), but now the tilted
pseudospins precess at different frequencies about Z in spin space [see
Eq. (2.8)]. The notion of smooth topology for the evolving texture
remains well defined for times up to the inverse level spacing.

AD
7
BEC A( C 1 E
Ager F /G
’:
1
]
1
B D E ! H
BCS 1
ll
1
!
1 AV
Aqcp 0

FIG. 10. (Color online) Sectioned phase diagram. Regions C and
H include strong-to-weak and weak-to-strong quenches across the

quantum critical point at Ay = Agqcp.
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1. Nonequilibrium gapless topological phase

The conservation of the pseudospin winding number Q
[Eq. (1.6)] is simple to understand. Under the dynamics in-
duced by Eq. (2.1), spins along equal-radius arcs in momentum
space evolve collectively. For a p + ip initial state, the relative
canting of spins with equal & is determined by the polar phase
¢r, and this does not change; the spin texture is chiral at
any time ¢ > 0. The pseudospins can be parametrized as in
Eq. (1.7), with o(k) and ®(k) now time-dependent parameters.
The effective dynamics are captured by the “1D” model in
Eq. (2.3). The spin at zero energy is stationary because it is
decoupled from A [see Eq. (2.4)]. By continuity, low-energy
spins remain close to the zero-energy spin over a time interval
of order of the inverse level spacing, beyond which the notion
of smooth topology becomes meaningless. Up until this time,
Q is conserved.

This has interesting implications in phase I of Fig. 4,
wherein A(f) decays to zero. At sufficiently long times,
tlle effective magnetic field acting upon spin §; reduces to
B; = —¢;Z. However, the gapless phase is not a Fermi liquid
ground state, which would have spins aligned along the
field,’® nor can it be understood as a finite-temperature normal
fluid. Instead, phase I is a quench-induced state of gapless
superconductivity with a nonzero superfluid density.'* The
spin configuration can be parametrized as

5(t) = %M{COS(S,’I + 0%
+ sin(eit + ©)9} + 1yt

where ©; is some constant phase. The precession frequency
of a spin at radius k; is & = kiz, twice the bare energy. The
parameter y; gives the z projection of the ith spinin the t — oo
limit. This is the “distribution function” for the Anderson
pseudospins, equivalent to the fermion mode occupation
minus one, which characterizes the out-of-equilibrium state.
The zero-temperature Fermi liquid would have y; = sgn(e; —
2&r), with Er the Fermi energy. For the quench, we compute
y; exactly in the thermodynamic limit using the conservation
of the Lax vector norm.

In Figs. 11 and 12, we plot 2s; = y; for representative
quenches in regions A and B of Fig. 8. The pseudospin
distributions resemble those of the initial, pre-quench ground
state with pairing amplitude Ag), and the winding Q is the
same. Nevertheless, the post-quench state is gapless, due to
dephasing of the spins. In particular, a quench in region
B induces a “gapless topological” state with Q =1 and
A(t — 00) = 0. The state can be visualized as an undulating
(time-evolving) variant of the skyrmion texture shown in
Fig. 2(a), where the pseudospin s precesses about 7 at
frequency k° [Eq. (2.8)].

Knowledge of y; allows the self-consistent determination
of A(z). For an initial state not at the quantum critical point
Ag) #* AQCP» we find that

2.8)

c 1 1
A(t — 00) Xl <;> exp(=2iAD + o5, (29)

where c|, are constants and A is the high-energy cutoff
appearing in, e.g., Eq. (1.5). Ignoring the high-frequency,
cutoff-dependent piece, the dominant decay is 1/t2. By
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28¢
1.0
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' 0.2 0.4 0.6 0.8 1.0

FIG. 11. (Color online) Asymptotic (infinite-time) pseudospin
distribution function for a representative quench in the gapless
region A of Fig. 8. The solid blue curve is the result of numerical
simulation for 5024 classical pseudospins; the red dashed curve is the
analytical solution obtained from the Lax construction. The dotted
gray line gives the initial ground-state distribution. Although the
initial and asymptotic distributions share the same winding Q = 0,
in the latter case A(¢) has decayed to zero, due to the dephasing
of precessing pseudospins [Egs. (2.8) and (2.9)]. By contrast, in
the ground state each pseudospin is aligned along its magnetic
field. The quench coordinates are {A’, A{"} = {1.56,0.00211}, and
kp = 4v4mrn = 12.9.

contrast, for Ag) = Aqcp the cutoff-independent decay law
is slower:

Cl 1 . - 1
At — 00) X X (;) exp(—2zAt) + Cgt37. (2.10)

2. Asymptotic Bogoliubov-de Gennes spectrum and edge states

The retarded Green’s function winding W in Eq. (1.10)
is well defined as + — oo in phase II of Fig. 4, whereupon
{A(t), ()} = {Ax, Moo} As discussed above, W changes
from its initial value Q for quenches across the topological
quantum critical point, regions C and H in Fig. 10. This
follows from solving the Bogoliubov—de Gennes equation in
the asymptotic steady state:

d [ e ik A ,
i—Gut)=| * e Gi(1,1),
dr (ky —iky)Aoo 7 T Moo
@2.11)
28%
1.0
0.5
0.0
-0.5
k/kp
-1.0
0.2 0.4 0.6 0.8 1.0

FIG. 12. (Color online) The same as Fig. 11, but for a point in the
gapless region B of Fig 8. In this case Q = 1, and the decay of A(z)
to zero implies that the fluctuating region B is a “topological gapless”
phase. The quench coordinates are {Aff),Agf)} = {0.750,0.00224}.
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subject to the initial condition

1 0
lim G(t +8,.1) = —i[ ] (2.12)
t—0t

0 1

Technically, it is the magnitude |A(z)| that asymptotes to a
finite constant in phase II: Using the definition in Eq. (2.5),
the phase of the order parameter winds according to A(¢) —
A exp(—2ipteot). In Eq. (2.11) and all following equations
in this section, we work in the rotating frame that eliminates
this phase.®’ The function G (¢,t') encodes only the asymptotic
pairing amplitude and chemical potential, not the nonequilib-
rium spin distribution function. The solution to Eq. (2.11) is
identical to that in the BCS or BEC ground state, but with
A and (1o determined by the quench. Equation (1.10) then
implies that W =1 (W =0) for poo > 0 (e < 0). This
is specific to the retarded function; other Green’s functions
(e.g., Keldysh) do depend upon the asymptotic pseudospin
configuration.

The question of Majorana edge modes in the spectrum of a
system with a boundary is determined by solving the effective
Bogoliubov—de Gennes mean field Hamiltonian Hggg in the
appropriate geometry. For the quench, we have

Hyao() = 3 {[K* = 2u(0)lsi + KADsE + K A (0s |
k
(2.13)

where k =k, —ik,. Since Hgqg and Gk(z,’) encode the
same information as t — 0o, one expects edge modes in the
asymptotic spectrum when W = 1.

We conclude that Majorana edge modes appear when W
0 in the post-quench state. This implies that the edge spectrum
can change following a quench across the critical point. In
region C of Fig. 10, the initially trivial BEC state develops
edge modes in the Hpqg spectrum, while the modes present
in the initial BCS state disappear from the spectrum in region
H. Using a Floquet analysis,*’" we have established that
phase III also hosts gapless Majorana edge modes. Details
appear elsewhere.*

Within the bulk integrable theory, we can not determine the
occupation of edge states following a quench. This is because
a spatial edge breaks the integrability. In future work, we will
investigate possible experimental signatures of the edge states
following a quench, such as a quantized dissipationless energy
current.”>>*3 The characterization of Majorana zero modes
following a quench in a 1D topological superconductor has
been studied numerically,®' for a parameter change in a
noninteracting (non-self-consistent) Bogoliubov—de Gennes
model.

D. A new Z,: Parity of the nonequilibrium
Cooper-pair distribution

We have established above that the two different formu-
lations of the bulk topological invariant, although equivalent
in equilibrium, can differ following a quench, and we have
discussed implications for the presence or absence of chiral
Majorana modes at the edge of the sample. Are there any
experimentally accessible bulk signatures of the topological
transition that occur when W # Q? Here, we discuss one
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possibility in the parity of zeros of the Cooper-pair distribution
function, defined in the following.

For a quench in which the order parameter asymptotes to a
nonzero constant (phase II of Fig. 4), the pseudospins precess
around the “effective ground-state field”

Bi = —(&i — 2/100)2 — 24/€ Ao (2.14)
The solution is
. 1 .
si(t) = 3 1— yi2{cos[2Eoc(£i)t + 0;1B; x ¥
4 Sin2Eoo(e) + ©;19) — %Bi, 2.15)
where B; = B;/|B;|, Eno(€) = E(&; Ano,/Lo), and
e 2
E(e; Ao, ) = (E — M) +eAl. (2.16)

In Eq. (2.15), y; is the “Cooper-pair distribution,” which
measures the projection of the pseudospin onto —B;. [Note
that this is different from the definition employed in the
gapless case, Eq. (2.8).] In the ground state, y; = —1 for all
pseudospins, while the configuration with y; = +1 foralliisa
metastable negative-temperature state. We refer to a spin with
y; = —1 as a ground-state pair, while y; = +1 is an excited
pair.®

For the quench, we compute y; exactly in the limit ¢t — oo
using the conservation of the Lax vector norm. We find that y;
exhibits an odd number of zeros whenever W # Q, whereas
the number of zeros is even (and typically zero) when W = Q.
Two examples are shown in Fig. 13: The first is a quench
across the quantum critical point from strong-to-weak pairing,

0.5
0.0

-0.5

k/kp
0.8 1.0

-1.0

FIG. 13. (Color online) Nonequilibrium winding number: parity
of zeros in the Cooper-pair distribution function of phase II,
for representative quenches in regions C and D (Fig. 10). The
Cooper-pair distribution function is the pseudospin projection y (k)
at each momentum k onto the effective field —1§(8 = k?). The latter
encodes the asymptotic global parameters { A, 4o} [s€€ Eqs. (2.14)
and (2.15)]. Distributions C (blue solid line) and D (red dashed
line) belong to quenches in the corresponding regions highlighted
in Fig. 10. Whenever Q # W (Q = W), y (k) exhibits an odd (even)
number of zeros, illustrated here by curve C (D) (cf. Figs. 8 and 9).
The parity of these zeros is a Z,-valued quantum number that can
in principle be extracted from a rf spectroscopic measurement in a
cold-atomic realization of the quench. The quench coordinates for
curves C and D are {A}’,AY’} = {1.65,0.359} and {1.47,0.365},
respectively. Both curves were obtained from the analytical solution.
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region C in Fig. 10 with W =1 and Q = 0. The second is
a strong-to-weak quench within the BCS phase, region D in
Fig. 10 with W = Q = 1.

The presence of an odd number of zeros in y; is required by
the conservation of the pseudospin winding Q. The effective
field in Eq. (2.14) “winds” when W = 1 ((too > 0). When W
obtained in the asymptotic steady state differs from its initial,
pre-quench value, y; must also “wind” so that the pseudospin
index Q is conserved. Thus, the parity of the number of zeros in
y; constitutes a new Z,-valued index that encodes the retarded
Green’s function invariant W, which can change following a
quench.

The Cooper-pair distribution appears in the amplitude for
photon absorption or emission via rf spectroscopy.®” In a cold-
atomic realization, absorption of a rf photon can destroy an
Anderson pseudospin by breaking a Cooper pair. The photon
is absorbed by one partner, which is subsequently excited to a
different internal state, denoted below as ““3.” An atom in state
3 does not participate in pairing.

The rf-induced tunneling Hamiltonian is

Hr =T ) [ cldy + e " dfcy]. (2.17)
k

Here, dy annihilates a state-3 atom with momentum k and
wy, > 0 is the frequency of the rf source. We denote the total
number of state-3 atoms by

Nd = Z dldk
k

In the asymptotic steady state following a quench in phase II, a
straightforward linear response calculation gives the rf current

<dN (t)> 2voT? £0 A% 8(e,)A(w), (2.18)
— =27V —=——0(e,)A(w), .
dr " 7 lelle + A%

where

A() = {[1 — y ()1 — nV(e,)]
—[1+ y(e)n“(e,)} ()
+{[1 + Y[ — nD(e,)]
—[1 = y(e)In“(e,)} O(—w).

In these equations, 6(¢) denotes the Heaviside unit step
function, and n¥ (¢ = k?) is the initial occupation of atoms

in state 3, equal to (dlidk)o. The frequency w is defined by

(2.19)

w=w,— &),

where &, > 0 denotes the atomic transition energy between
states 3 and 2. We ignore high-frequency processes that involve
counter-rotating terms with w; — —w,. In Eq. (2.18), vy
denotes the bare density of states [Eq. (3.3)] and the mode
energy &,/2 is defined in Eq. (2.20).

Equation (2.19) follows from simple kinematics. The first
term proportional to [1 — n‘®] describes the process wherein
a photon with energy w; > & is absorbed by a ground-state
Cooper pair with initial energy — E(¢,,), exciting one partner to
state 3 withenergy €,/2 + 32 — [4oo- The remaining unpaired
fermion carries energy zero since sf(‘clt |0) = spcl 10) =0,
where modes {k,—k} are vacant in |0). The conservation of
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energy gives

)
w— Ex(s,) = ? — Moo

which has the unique solution

_ 0@ +215)

£y = (2.20)
A2 4w

The second term in Eq. (2.19) proportional to n? is the inverse
stimulated emission process. The third term describes the
destruction of an excited-state Cooper pair due to a photon
absorption with w; < &, again creating a state-3 atom with
energy €,/2 + &2 — oo and an unpaired particle with zero
energy. Energy balance is

8&)
o+ Ex(8,) = 7 — Moo

with ¢, again given by Eq. (2.20) and w < 0. The fourth
term is the inverse emission process. The factor 6(e,) in
Eq. (2.18) disallows unphysical processes requiring negative
mode energies.

Conceptually, the simplest situation has an initially empty
state-3 band; then, n)(g) = 0 for all ¢. Equation (2.19) implies
that the Cooper-pair distribution function y (&) can in principle
be extracted from the rf spectroscopy current. However,
this result ignores complications involving “off-diagonal”
processes®” that can become important for transitions involv-
ing states far from the Fermi energy. We defer a full treatment
to future work.

III. QUENCH PHASE DIAGRAM

In this section, we derive the quench phase diagram in
Fig. 4. Ground-state properties of the model are reviewed in
Appendix A.

A. Lax construction, spectral polynomial, separation variables

Our starting point is the “1D” Hamiltonian in Eq. (2.3).
This can be derived from the 2D chiral p-wave model***! in
Eq. (2.1) by a canonical rescaling of the pseudospins,

3.1)

where ¢ is the polar angle of k. Applying Eq. (3.1) to H
in Eq. (2.1) eliminates the phases of the complex momenta
appearing in the pairing term. Pseudospins with the same
momentum radius evolve collectively. For each k, we sum
spins along the arc in Eq. (2.2) to obtain a single radial
pseudospin s;. The Hamiltonian reduces to Eq. (2.3), where
&i = k? and 5; = 5. At any time 7 following a quench, the full
2D spin configuration is easily reconstructed.

In what follows, we switch frequently between discrete and
continuum formulations of the problem. The connection is
given by

s —> exp(—idr) s, sy — expligp) sy,

2(A+p)
> e / ds , (3.2)
; 0
where
£2
Vo = — 3.3)
8

104511-10



QUANTUM QUENCH IN A p + ip SUPERFLUID: . ..

is the (bare) density of states and £ denotes the linear
system size. On the right-hand side of Eq. (3.2), A is the
high-energy cutoff; the chemical potential is incorporated here
as a convenience (see Appendix A). Using these conventions,
all spins have (5;)%> = 1.

Although the model in Eq. (2.3) is classically integrable
as we demonstrate below, the spin equations of motion in
Eq. (2.4) are not directly useful. Instead, we introduce a new
Lax vector construction inspired by the s-wave case!0-12657
and the Bethe-ansatz formulation*'~* of the p-wave model.

For a system of N pseudospins, we define the Lax vector
components

N + N —

EIS: /E€:8.
LTt = AT = A
(w) ;gi_u (u) ggi_u

N (3.4)

SiS»Z 1
L*(u) = — 4+ —,
( ) ; & —U 2G
where G is the interaction strength in Eq. (2.3). In these
equations, u denotes an arbitrary complex-valued parameter.
We also introduce a Lax vector norm

Lo(u) = uL* ()L™ (u) + [L*w)]*. (3.5)

Unlike the s-wave case,!-125657 the norm is not Euclidean.
This is a key distinction that produces a different structure
for isolated roots of the spectral polynomial, defined in the
following.

Employing canonical Poisson bracket relations for the spins

{sish} = 8ijetess, (3.6)
it is easy to show that
(L), L™ (v)} =2 [M] ,
u—v
+0) — o]t
(L L) = SO0 6
. _ _uL™(u) —vL"(v)
(Liw), L~ ()} = 2
These in turn imply that
{La(u),L>(v)} = 0. (3.8)

The Lax norm L,(u) is a generator for integrals of motion.
Explicitly,

Hi 82 1
L = ! —, (39
2(4) lZu—e,- +lZ4(u—8,»)2 tag 89
where H; denotes a central-spin-type Hamiltonian
1
H = ——¢g;st stso
GS s; + &8s,
& /sisj[s;”sj_ +s s, 14 288587 55
+y :
— (& —€5)
J#i
(3.10)

There are N independent H;’s in a system of N spins. Because
Eq. (3.8) holds for generic u and v, it implies that the H;’s are
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mutually conserved:
{H;,H;} =0. (3.11)

The BCS Hamiltonian in Eq. (2.3) is given by the sum
H=-G) H,.

For the spin dynamics generated by H [Eq. (2.4)], the Lax
components evolve according to

(3.12)

dL(u) i y uz
u

—det| 2A°  2AY  uw |, (3.13)

L*(u) LY(u) L*(u)

where L = £L* + $LY + 2L and L* = L* £iL".

We define the spectral polynomial

N
Qn(w) = G| [ — &) Lo(u). (3.14)

j=1

This is a polynomial of degree 2N in u, with coefficients
that depend upon (a) the coupling strength G and (b) the
pseudospin configuration {s;}. Equation (3.13) implies that
Ly(u) and Q,n(u) are integrals of motion.

For a quench, the roots of Q,y(u) provide the key to
determine the long-time asymptotic dynamics. Part of the
story involves trading the spins for a more convenient set of
coordinates. From Eq. (3.4), we write

(3.15)

In this equation, we have formed a common denominator.
The numerator is a polynomial in u# of degree N — 1 with
zeros {ug}, which we term separation variables."*%*%* Each
uy is a complicated function of all N {s; }, the precise form
of which we will not need. The separation variables satisfy
the Poisson bracket relations {uq,ug} = 0. The prefactor in
Eq. (3.15) follows by expanding the numerator and matching
the coefficient of u¥~! with Eq. (3.4), using Eq. (2.5).

The BCS evolution of the Lax vector in Eq. (3.13) implies

that
i oL (u) d_u
—2AL*(w)] + (dt)’

AL~ ) .
dt = il G ou

allowing for a time-dependent parameter u. Evaluating this
equation for a separation variable gives

oo —ug) (du,
0=2iAL*(u a)+—n‘#—“ﬁ( “ ) (3.16)
G 1’[ (g —ej) \ dt
Using Egs. (3.5) and (3.14), we obtain the equations of motion
dug v/ «
o _ —ZiM. (3.17)
dt Hﬂ¢a(ua —up)

The spins have been entirely eliminated in favor of cou-
pled equations for the separation variables. One can also
derive the following equation of motion for A(¢), employing
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Egs. (2.4), (2.5), and (3.15):

dA N—-1
—- =i Dug—) e —2GH -2JAP|. (3.18)
p=1 J

Separation variables are in general complex valued; to solve
the equations of motion in (3.17), one has to choose a proper
branch of +/Q,y(u) in the plane of complex u. This can be
done by connecting pairs of roots of the polynomial Qy (1)
with branch cuts. Separation variables can not cross these cuts
in their motion. Note that the number of separation variables
(N — 1) is one less than the number of the branch cuts (N).

B. Ground-state roots and spectral transitions

In the BCS or BEC ground state, the pseudospins satisfy

_ JEi Ao . (&i —2u)

- _ 0 g ET 3
g S T e ae O

’ 2E(eis Ao )"
where E(e; Ag,u) is the quasiparticle energy, defined by
Eq. (2.16). We take Ay real and positive_without loss of
generality. Spin s; lies along the field B; +2uZ, which
incorporates i so as to fix the total density n. The pairing
amplitude in Eq. (2.5) solves the BCS equation

1 &
G = 2 3 Aoy (320
Equation (1.5) determines p in terms of the density n» and
Ay. Equation (A2) relates these to the interaction strength (see
Appendix A 1 for details).

We evaluate the ground-state spectral polynomial
[Eq. (3.14)] by combining Egs. (3.19), (3.4), and (3.5). The
result is

G? _
Qon(u) = —-(u — uS?Yw — ul”) [Py )17,

(3.21a)
N
Pyoi@) = [ T = &) Fus Ag.po), (3.21b)
j=1
N Py
F(u; Ao, ) = Z ! (3.21c)

— 2(u — &) E(ei3 Ao, )’
Pyn_1(u) denotes a polynomial of degree N — 1 in u. The
zeros of F(u) fall between adjacent mode energies {;,€;11},
the latter non-negative and nondegenerate. The N — 1 distinct,
positive real zeros of F(u) are the roots of Py_i(u). Each of
these is a doubly degenerate root of Q,y(u). The remaining
two roots ugi) solve E(u; Ag,it) = 0 [Eq. (2.16)]:

ug” =20 — (Ao)* £ Agy/(Ag)? — 2pul.

We first consider the 2(N — 1) positive real roots of Oy (u).
Equation (3.5) implies that each such root u( also satisfies
L™ (up) =0, ie., up is a separation variable [Eq. (3.15)].
Equation (3.17) shows that this is a stationary solution to the
equations of motion. Thus, in the BCS ground state, the N — 1

(3.22)
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separation variables {u,} are locked to the N — 1 distinct,
positive real roots of Q,y (ut).

The single pair of isolated roots in Eq. (3.22) encodes key
macroscopic features of the superfluid state: the order parame-
ter Ay and the chemical potential . These are constrained by
Eq. (1.5) for a fixed particle density n (Fig. 3). Roots u(()i) take
values away from the positive real axis for all Ag > 0 [except
at the critical point Ag = Aqcp, Eq. (3.25)], and can not serve
as stationary solutions for separation variables. Different from
the s-wave case, the isolated roots for p wave can be complex
or negative real, due to the non-Euclidean norm in Eq. (3.5).

For the p-wave model, the pattern of isolated roots is
tied to the strength of the pairing as measured by A,.
Three special values Acon < AMr < Aqcp separate four
domains. These are implicitly defined through Eq. (A3) in
Appendix A 2, which specifies the relation of each to the chem-
ical potential. All three pairing amplitudes {Acon, Amr, Aqcp}
are of order /4mn/In(A/2nn), and differ by terms of
size /n[In(A/2mwn)]~3/?; explicit values are transcribed in
Eq. (A4). In the following, we describe the four pairing
domains in terms of the isolated roots, and via spectral features
detectable in the tunneling density of states (TDoS). Both are
depicted in Fig. 14.

For the weakest coupling strengths such that Ay < Acon,
the minimum of the quasiparticle spectrum E(g; Ag,t) occurs
at a nonzero mode energy &y = 2(u — A(Z)). The quasiparticle

gap is
Emin = E(g0; Ao, jt) = Aoy/21 — AF,  Ag < Acon. (3.23)

In this regime, the TDoS v(w) possesses a coherence peak at
the gap edge [Eq. (A6) in Appendix A 2 and Fig. 14(b)]. The
corresponding isolated roots form a complex conjugate pair
with positive real part. At Ay = Acon [Where p = (Acon)?,
Eq. (A3)], the TDoS coherence peak and the real part of u(()i)
both vanish. For stronger pairing, the bulk quasiparticle gap is
determined by the chemical potential, and resides at ¢ = 0:

Emin = E0; Ag, ) = |1l, (3.24)

Increasing the interaction strength (yet remaining within the
topologically nontrivial BCS phase), the roots move into the
left-hand complex plane. At Ag = Ayr [t = (Amr)?/2],
the roots collapse to a degenerate value on the negative real
axis. This is a point (for fixed density) on the “Moore-Read”
line discussed in Ref. 41. Although gapped, the spectrum
E(e; Amr, 1) exhibits zero curvature (Appendix A2). As Ag
is further increased towards the topological phase transition at
Aqcp, the roots split along the negative real axis; ugr) (ugf))
becomes less (more) negative. At the critical point Ag = Aqcp
and pu = 0, the quasiparticle gap vanishes as indicated by the
TDoS in Fig. 14(b). The roots are

Ay = Acoh.

ul? =0, ul” = —4(Agep). (3.25)

Entering the BEC phase with Ay > Aqcp (and p < 0), uf)ﬂ
retreats back along the negative axis. Throughout the BEC
phase, the TDoS is gapped, and u((]i) remain nondegenerate
and negative real.

Thus, the three thresholds Ay = {Acon, Amr, Aqcp} corre-
spond to three special configurations of the isolated roots in
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FIG. 14. (Color online) Isolated roots and ground-state spectral
transitions. (a) shows the positions of the isolated root pair ugi)
[Eq. (3.22)] in the ground-state spectral polynomial, for increasing
values of Ay. Particular root configurations are labeled (1)—(4). For
Ao < Acon (1), the isolated roots are a conjugate pair with positive
real part. At Ay = Acon (2), the roots become purely imaginary. At
Ao = Amr (“Moore-Read,” see text) (3), the roots become negative
real and degenerate. For Ayr < Ag < Agqcp, the roots split and travel
along the negative real axis. At Ay = Aqcp (4), the retreating root hits
zero. The thresholds {Acon, Amr} lie within the BCS phase (1 > 0),
while Aqcp marks the topological transition. All are defined explicitly
in Appendix A2, Egs. (A3) and (A4). For Ay > Aqcp (BEC), both
roots are again nondegenerate and negative real. The zero-temperature
tunneling density of states v(w) is shown for the corresponding root
positions in (b). The weak pairing coherence peak visible in the
trace (1 — 2) disappears for Ay > Acon. The difference between the
“soft” and “hard” gaps in the BCS (2 — 3 — 4) and BEC regimes is
a coherence factor effect. The spectrum is gapless at Ay = Aqcp (4).

the p + ip ground state, marked (2), (3), and (4) in Fig. 14(a).
Nonequilibrium extensions of all three appear in the quench
phase diagram as the lines marked Bcon, Bmr, and Bocp in
Fig. 15, discussed in the following.

C. Roots of the spectral polynomial and the asymptotic behavior

An instantaneous quench of the BCS coupling strength
sends G; — G in Eq. (2.3). The initial condition is taken
as the (BCS or BEC) p + ip ground state of the pre-quench
Hamiltonian. Following the quench, the spins evolve according
to Eq. (2.4), and A(?) is self-consistently determined by (2.5),
with G = Gy.

We label the strength of the quench by 8, defined in terms of
{G,G s} viaEgs. (2.6) and (2.7). We denote the corresponding
spectral polynomial as Qin(u; ) [Eq. (3.14)]. This is a
function of the instantaneous spin state {s;(z)}. Because it is
an integral of motion, we can evaluate Q,y(u;f) at t =0
in terms of the pre-quench ground-state spin configuration in
Eq. (3.19), wherein the initial pairing amplitude Ag ) is related
to G; via the BCS Eq. (3.20).

PHYSICAL REVIEW B 88, 104511 (2013)

In the ground state, all but two of the 2N roots of Q,y (u;0)
reside along the positive real axis; the remaining isolated roots
uf)i) in Eq. (3.22) are determined by the pairing amplitude
Ay and the chemical potential . Various equilibrium spectral
transitions (including the topological BCS-BEC transition) are
encoded in the isolated root positions (see Fig. 14).

Because a quench is a violent perturbation to the many-pair
superfluid, one expects to find a different pattern of roots in
Q,n(u; B) for any B # 0. In particular, for a finite number of
spins, all of the real, doubly degenerate, positive ground-state
roots split into complex-conjugate pairs for an arbitrarily weak
quench. However, the splitting for most roots turns out to be
small, of the order of the level spacing. In fact, when Q,x (u; 8)
is evaluated at points {Ag ), Af)f )} throughout the quench phase
diagram in Fig. 4, for even a modest number (e.g., 100) of
spins, one finds that all but a few roots always cluster around
the positive real axis, even for “large” quenches. As 8 carries
units of density, a large quench has |8] > n.

For all quenches depicted in Fig. 4, including those across
the topological quantum phase transition (e.g., Ag) > Aqcp
and A(()f) < Aqcp), we find that Qyy (u; B) exhibits zero, one,
or two isolated pairs of roots. An isolated pair is well separated
from the positive real u axis, as is the case for the ground-
state pair uéi) in Eq. (3.22). The following picture therefore
emerges, identical to the s-wave'%'# case: The pattern of roots
in @,y (u; B) for a quench is similar to that of the ground state,
except that the number M of isolated root pairs can change.
There is also a small splitting of the remaining 2(N — M) roots
away from the positive real u axis.

The importance of the spectral polynomial roots can be
appreciated from the following argument. Suppose Q;y (¢) has
a positive real zero uy, i.e., Qo (1g) = 0. Zeros of the spectral
polynomial coincide with the zeros of L,(u) and because by
definition this quantity is non-negative when u > 0, any real
positive root of L,(x#) must also be a double root. Further,
since both terms in Eq. (3.5) are non-negative for u > 0, it
follows that uy must be a root of both L?(1) and L™ (u). But,
the roots of L~ (u) are defined to be the separation variables.
This implies that one of the separation variables must coincide
with the positive real root: ug(t) = uyg. It is then “frozen” in
time; this is consistent with the equations of motion because
both sides of Eq. (3.17) vanish for ug(t) = uo = const.

Note that ug = u also drops out from the equations of
motion for the remaining separation variables. Indeed, we
have Qon(uy) = (g — u0)2 Qonv_o(uy) because ug is a double
root of Q,n(u); the factor of (u, — ug) in the numerator of
Eq. (3.17) cancels (uy — ug) in the denominator. Note also
that the order of the spectral polynomial drops by two. It turns
out that this kind of reduction occurs for our quench initial
conditions in the continuum, N — oo, limit. As a result, the
order of the spectral polynomial drops dramatically to either 0,
2, or 4, and the resulting equations of motion can be explicitly
solved.

Suppose there are N — M real double roots {ug8 )}. The
spectral polynomial in Eq. (3.14) then reduces to

N-M
Qo) = [ (u = u”)* Qom(w),
p=1

(3.26)
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where Q,y (1) is a polynomial of order 2M whose roots are
isolated. Now N — M separation variables are equal to the
roots, and the remaining nontrivial M — 1 variables u,, satisfy,
as a consequence of Eq. (3.17),

dug _ . Qula)

=2j——
dt [Tp0(tte — up)

These are the reduced equations of motion for the remaining
M — 1 separation variables, which have the same form as the
original equations of motion for N — 1 variables.

Itis possible to reduce the number of degrees of freedom for
this problem by using an explicit (“Lax reduction”) procedure,
whose outcome allows one to find the asymptotic behavior of
the order parameter. We introduce M collective spin variables
Gy, where r =1,2,...,M. They satisfy the same Poisson
bracket relations as the original spins [Eq. (3.6)]. The collective
spins have their own Lax vector Ija defined analogously to
Eq. (3.4) as

(3.27)

M +
NS
Liwy =) Y=L,
r=1 Xr—u
(3.28)

M XrOF 1
Li(u) = S
(u) ZX,—u+2G

r=1

Here, the parameters {x,} are chosen in such a way that

L(u) = A(u) L, (), (3.29)
where
Ny
Awy=1+y ——. (3.30)
= Ej—u

Matching the residues of the poles with Eq. (3.4), we require
that

N
>,
j=1

8j_Xr

refl,....M) (3.31a)

di di
s.i:—L;t(gl-), sf=—Li(&), iefl,...,N}.
Ej

e
(3.31b)

The first Eq. (3.31a) constrains the parameters {y,}, while
Eq. (3.31b) determines the coefficients

&i&i

2,/ LY (&)

where LY (u) = uL}L;(u)+ (L)*w) and ¢ € +1. To
obtain Eq. (3.32) we have used the fact that 57 = ;. The
spectral polynomial indeed takes the form in Eq. (3.26).

The effective spin variables {G,} evolve according to the
same Hamiltonian in Eq. (2.3) except with energies {x,} and
with M spins instead of the original N. The order parameter is
expressed in terms of {5, } in the same way as §; in Eq. (2.5),
that is

di = (3.32)

N

- T d S .
A:—GXI: X0, ZXr—Si =—G21: XrO, .
r= r=

=l (3.33)
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As discussed above, the roots of the spectral polynomial for
a quench Q,y(u; B) fall into two classes. This equation can be
studied numerically or analytically for some finite large value
of N. Such a study reveals that most of the roots come in
complex-conjugate pairs that lie close to the real axis. Their
imaginary parts scale as 1/N for large N. For each such root
pair there is a separation variable that remains close to it (at
a distance of order 1/N) at all times. We call these variables
continuum separation variables and the respective zeros of
«/L>(u) continuum roots. [Recall that L,(u) is proportional
to Q,n(u; B) through Eq. (3.14).] In the thermodynamic limit
N — oo, the continuum roots of /L, merge with its poles into
a cut on the real axis. However, several of the zeros, which we
can call the isolated roots, remain far from each other even in
the thermodynamic limit.

The contribution of the continuum separation variables to
the equations of motion (3.17) for the isolated ones as well as
to Eq. (3.18) vanishes as t — oo. This can be shown explicitly
assuming the joined Fourier spectrum of the continuum
separation variables is continuous. Then, for example,

Zuﬂ — /A(w)ei“”da) -0
B

ast — oo. Here, the summation is over continuum separation
variables only. Thus, at large times A(¢) and the isolated
separation variables are given by an effective M-spin solution,
as outlined above.

With this information, it is straightforward to construct the
large-time asymptotic solutions of the equations of motion.
For example, in phase II the spectral polynomial has one pair
of isolated roots. That means that the reduced problem has
only one collective spin (M = 1), and the order parameter
behaves as A(?) = A exp(—2iusot), as follows from the
solution of the equations of motion for just one spin. In turn,
it is possible to relate A, and [t to the position of that
isolated root, by calculating the spectral polynomial for this
single-spin problem. Phases I and III, respectively, correspond
to zero and two-spin problems associated to zero and two
pairs of isolated roots. The precise relations between the
isolated roots and the order-parameter dynamics in phases II
and III are determined in Sec. IV.

D. Spectral polynomial and isolated roots for a quench

The spectral polynomial is defined by Egs. (3.14), (3.5),
and (3.4), where explicit factors of the coupling G take the

post-quench value G ;. We evaluate this in terms of the initial
pre-quench state in Eq. (3.19) with {Ag,u} = {Ag),ug)},
where the chemical potential ,ug ) is that associated to the initial
pre-quench order parameter Ag ) via Eq. (1.5). The result is

N
Qon(w; B) = G [ [ — /) Laus B, (3.342)

j=1
Vo 2 . .
Lo(us; B) = (3) {LED) fOwP
+B(u—2uy)) fOw) + B2}, (3.34b)
where the “quench parameter” § was defined in Eq. (2.6). In
Eq. (3.34), we have introduced the following quantities that
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FIG. 15. (Color online) Detailed quench phase diagram. The
dynamical phase boundaries B were obtained from a numerical
solution to Egs. (3.40), using Eq. (3.39). The pairing amplitude values
Acons Amr, and Aqcp mark spectral transitions in the equilibrium
ground state, as described in Sec. III B and illustrated in Fig. 14.
Explicit values appear in Eqgs. (A3) and (A4). The lines marked Bcon,
Bmr, and Bocp are the nonequilibrium extensions of these ground-state
spectral transitions, as discussed in Sec. III F.

characterize the pre-quench state:

EOu) = E(u; AS),MS))’ (3.35)

. 2 : .
PO = = F (A" ).

where F denotes the function appearing in the ground-state
spectral polynomial [Eq. (3.21c)], and vy is the density of
states in Eq. (3.3).

In the remainder of this section, we demonstrate how to
extract isolated roots from Eq. (3.34) in the thermodynamic
limit, and we establish the boundaries of the phase diagram
in Fig. 4. We also determine the nonequilibrium extensions of
the special pairing amplitudes { Acon, Amr, Aqcp} discussed in
Sec. I B.

The roots of Q,y(u; B) in Eq. (3.34) satisfy

Oy = P (3.362)
! O]

i u i N
Eu) = (5 — uEﬂ) FiADu'2 (3.36b)

where we have solved the quadratic equation for f@®. In
the thermodynamic limit, the left-hand side of this equation
becomes [via Eq. (3.21¢)]

, 2AA+1) e
ow= [
0
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To logarithmic accuracy in the cutoff A,

FOw;0)

2A u
' [(Aa”)z +20uf)| 9(-#3))} T Ew
2[u(A) = unnf) +2(u’) + 2|’ | EO)]
(3.38)

The parameter ¢ determines the branch cut in the complex u
plane; taking the principal branch for In(z), the cut lies along
the positive (negative) u axis for ¢ = —1 (¢ = 1).

In the thermodynamic limit, isolated roots are solutions
to Egs. (3.36) and (3.38) for u away from the positive
real axis (so that we should take { = —1). A given quench
is defined by the initial pairing amplitude Ag) and the
quench parameter 8 [Eq. (2.6)]. Alternatively, one can specify
coordinates {AY, Agf )} in the quench phase diagram (Fig. 4).
B is determined through the ground-state BCS equation for the
initial and final coupling strengths through Eq. (A2), leading to

N |: 2Ae :|
(o + 20 o (1)
|: 2Ae :| (3.39)
(5 + 2o ()

E. Threshold roots: Dynamical phase boundaries

A quench located within the dynamical phases marked I, 11,
or III in Fig. 4, respectively, exhibits zero, one, or two isolated
pairs of spectral polynomial roots. To determine the boundaries
of these regions, we look for threshold conditions, wherein a
complex-conjugate pair first separates from or merges with the
positive real axis. To that end, we write

u — u xisgn(B)n,

where 1 denotes a positive infinitesimal, and we take u real
and positive on the right-hand side of this equation. The real
and imaginary parts of Eq. (3.36) then imply that
u (@)
O 1) = — sen(gy ™Y1 G = #o)
fPu; 1) = —sgn(B) A0 EO@)
U

1Bl = ——ED).
@)
Ay

(3.40a)

(3.40b)

For the generic quench, two pieces of information such as
{Ag),ﬂ} must be specified to determine the isolated roots.
In Eq. (3.40), |B] is no longer a free parameter, as we have
constrained the imaginary part of u to be infinitesimal. For
a given Ag) and sgn(f), the real positive roots of Eq. (3.40)
determine || and A(()f ) as functions of Ag ), leading to one-
parameter curves in the phase diagram shown in Fig. 4.

The phase boundaries are labeled ﬂéi) in Fig. 15, which
depicts a more detailed version of the quench phase diagram.
These curves were obtained through the numerical solution of
Eq. (3.40), using Eq. (3.39) to determine Agf ) Inthe following,
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we derive analytical results for quenches from a weakly paired
initial BCS state.

1. Threshold roots at weak initial and final pairing
(AY, A} < Agce
For weak initial pairing defined as Ag) < Aqcp, the
threshold root

ul’ =200 ~ dzn + 0 (A0 (3.41)

solves Eq. (3.40) for both sgn(8) = £1. The corresponding
quench parameters are

& =+’ (3.42)

Equation (3.39) reduces to Ag)/AE)f ):exp(ﬂ/sz) for

{A("),A(()f)} <& Aqcp. Phase boundaries corresponding to
Eq. (3.42) are given by the lines

AY == PA. (3.43)

These are plotted in Fig. 15. The weak pairing thresholds in
Eq. (3.43) correspond to the straight-line portions of the curves
marked A5 near the origin {AY, AY} = {0,0} in Fig. 15.

We can go further and determine the roots throughout
the weak pairing BCS-to-BCS region of the quench phase
diagram. In phases II and III with {A(i) ,Agf ')} < Aqcp, an
isolated root can be parametrized as

u~uld +2is. (3.44)

Employing the branch of Eq. (3.36) with the minus sign
[Sf’)(u)] and using ¢ = —1 in Eq. (3.38), a single complex-
conjugate isolated pair obtains for quenches satisfying 8 <

ﬂé”. For 8 > ,Bff), there are no isolated roots (phase I in
Fig. 15). We define

T ( B
8 _feos®).,  0<8 < VAmnay (3.45b)
\/4nnAg) N cosh(9), 6> «/47mA8). ’

We note that since (Aqcp)® is of order 47n [Eq. (A4)], we
have \/4nnA8 )« u,(sl) for Ag) <& Aqcp; the imaginary part
of the root is always much smaller than the real part in this
regime. Using the above definitions, we find that § is encoded
in the transcendental equations

SRS

0tan<g) —B, ogegg, 0<B<
P (3.46)
6 tanh <§> =|B|, 0<6, B<O.

The first equation applies to strong-to-weak quenches, up to the
boundary of phase II with phase I, B = 6 = /2. The second
equation holds for weak-to-strong quenches in phases II and
III. Both equations have exactly one solution in their regions
of validity.

The second branch of Eq. (3.36) with the plus sign [8;')(14)]
has zero (one) isolated pair of complex-conjugate roots for
B> B (B < B). Employing Eq. (3.45) to specify the

PHYSICAL REVIEW B 88, 104511 (2013)

imaginary part the root § in terms of 6, we find the equations

0
9cot(§>=|B|, 0<o<t _—2<Bg<-Z

2’ 2
) (3.47)
Gcoth(§> =B, 0<6, B<-2.

The two pairs of isolated roots that distinguish phase III
solve Egs. (3.46) and (3.47) with B < — /2. Equations (3.46)
and (3.47) turn out to be identical to the corresponding
equations in the s-wave case.!>!*

2. Phase I1I termination at strong final pairing A:)f ) ~ Avr

For Ag) < Aqcp, the threshold Eq. (3.40) admits an
additional solution for sgn(f) < 0 (weak-to-strong quenches),

given by
0 2
@ _ 24 | 2A
Ug = T n 2 .
(a0)

This threshold root in fact locates the phase III-II boundary
near the bottom of the phase diagram. Unlike uf:l) [Eq. (3.41)],
this additional isolated root vanishes as Ag) — 0. The reason
for this is as follows. In the next section, we discuss the
nonequilibrium extension of the topological quantum critical
point, indicated by the dashed curve labeled Bocp in Fig. 15.
The Bqcp line is uniquely defined in phase II by the feature
that it possesses a vanishing isolated root. Since the phase
II-II boundary merges with the Bqcp line when Ag) — 0, the

(3.48)

threshold root uéz) also vanishes in that limit.
Via Eq. (3.39), the quench parameter associated with the
phase III boundary is
i ; 8m2n?
() (AD () )
c (Ao ) = ﬂQCP(Ao ) —ug In ( Augz) ) , (349

valid in the same limit. In this equation, ﬁQcp(Ag))
parametrizes the nonequilibrium topological transition line
[Eq. (3.50)]. At A’ =0, the threshold root uf’ =0 and
é_) (0) coincides with Bocp(0). The corresponding quench
phase diagram coordinates are {Ag),Af)f )} ~{0,Amr} as
shown in Fig. 15 [see Eq. (3.51) in the next section].

F. Nonequilibrium topological and spectral transitions

In the ground state, the topological quantum phase transi-
tion at {Ag,u} = {Aqcp,0} corresponds to the isolated root
configuration ug)i) in Eq. (3.25). This is the only pairing
amplitude associated to a vanishing isolated root; for any
nonzero A # Agqcp, both u(()i) have finite separation from
the positive real axis. For quenches in phase II of Figs. 4
and 15, the chemical potential p(¢) and the order parameter
A(t), respectively, asymptote to constants (o, and Ay, with
the latter nonzero. Phase 1II is characterized by a single pair of
isolated roots. As discussed in Sec. IV A, {Ax,too} have the
same relation to the isolated roots u‘® of the quench spectral
polynomial Q,y(u; B) as {Ag,u} have to uf)i) in the ground
state [cf. Eqs. (3.22) and (4.3)].

We can define a nonequilibrium extension of the topolog-
ical phase transition through the condition w., = 0, which
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corresponds to the vanishing of an isolated root of Q,y(u; B).
For a given Ag) , let us denote the quench parameter f = Bocp
that yields a vanishing isolated root in phase II. At u =0,
Egs. (3.36) and (3.38) yield

ﬂQCP(Ag)) = _2“8)1‘1 |: N2 21\(1) I :| :
(Ao ) +2‘“0 }9(_““0 )
(3.50)

Note that the ground-state critical point satisfies this equation
since Bocp = 0 for zero quench and /,Lg ) =0 locates the
ground-state transition. As discussed in Sec. II C2, the Green’s
function winding number W defined via Eq. (1.10) changes
across this line (Fig. 9), indicating the presence or absence of
edge states in the spectrum of the asymptotic Bogoliubov—de
Gennes Hamiltonian. The topological transition (dashed) line
drawn in Figs. 4 and 15 was obtained by solving Eq. (3.39)
numerically to calculate Af)f ) from Ag), using Eq. (3.50).

In the limit Ag) — 0 (very weak initial pairing), the
topological transition line Socp terminates at a particular value
of AY” in Fig. 15. Equations (3.50) and (3.39) imply that for

BAY, AV = Bocr(AY),

lim AY) ~ Ay, (3.51)
AB”—)O

up to terms of size /n[In(A/2mn)]~>>. By contrast, the

ground-state pairing amplitudes Acon and Agcp differ from

Anr by terms of order y/n[In(A /27 n)]~3/2. [Equation (A4)

gives explicit formulas for { Acon, Amr, Agcp}-]

We conclude that the topological transition in the nonequi-
librium phase diagram deviates from the equilibrium line
Agf) = Aqcp for Ag) < Aqcp. At Ag) = 0, the transition
Bacp is such that A(()f ) ~ AMr, which is of the same order

as, but smaller than, Agcp. The boundary ﬂé_) separating
dynamical phases II and III also terminates at this point.

In the ground state, the quasiparticle energy gap E i, occurs
at nonzero (zero) momentum for Ay < Acon (Ag = Acon)
[Egs. (3.23) and (3.24)]. The isolated ground-state roots
uéi) in Eq. (3.22) are purely imaginary at the transition
Ay = Acon, marked (2) in Fig. 14(a). The dotted curve labeled
Bcon in Fig. 15 is the nonequilibrium extension, obtained via
the numerical solution of Egs. (3.36) and (3.38) (¢ = —1)
locating one pair of purely imaginary isolated roots for a given
Ag) . Along this curve, the asymptotic values {A ., [0} satisfy

fhoo = (An)? (3.52)

[cf. Eq. (4.3)].

Throughout phase II, the order parameter approaches its
asymptotic value via a power-law-damped oscillation. The
precession of the pseudospins in the asymptotically constant
field B; [Eq. (2.14)] implies that the self-consistent time
evolution of A can be expressed as

A(t) — Ay X /da a(e)exp[—i2Ex(e)t], (3.53)

where E(¢) = E(€; Ao, oo) 18 the asymptotic dispersion
relation [Eq. (2.16)]. In Sec. V C2, we show that Eq. (3.53)
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evaluates to
A1) = Ay + ct ™% cos(Qt + @),

where c is a constant and we ignore “nonuniversal” corrections
of order 1/A. We will find that o = % and Q =2E;, to
the left of the Bcon curve. For quenches to the right of the
Bcon line in Fig. 15, o =2 and 2 = 0 (excluding certain
special cases). The changes in « and 2 are associated to the
transition in the asymptotic dispersion relation, as determined
by {Aso,fhoo}. FOr A < (ftoo)? (left of Beon), the minimum
in E(&; Ao, hoo) = Emin at nonzero € results in a nontrivial
saddle point for the dynamics. This disappears when Ep,
moves to & = 0 [Ay = (l4so)?, quenches to the right of the
Bcoh curve].

As discussed in Sec. III B, the amplitude Apg corresponds
to a doubly degenerate, negative real root pair in the ground-
state polynomial Q,y(u). Such a pair is marked (3) in
Fig. 14(a). We look for a nonequilibrium extension in the form
of a doubly degenerate, negative real isolated rootu = —v < 0
satisfying

d
Don(—v; B) = d—QzN(—v;,B) =0.
v

From Egs. (3.34) and (3.36), these conditions become

v i i i
B = [(5 +M§)>> - Ag&/ﬂﬂ Y(—v;—1) (3.54a)
drp@_ (e 112
___ slEY%Cwf (mv; Dl s
FO(=v; =D+ (v + 21y ) £ fO(—v; —1)
On the first line, we have selected the branch of

Eq. (3.36) that includes the ground-state solution {Ag,x,8} =
{AMR,A%\,[R/Z,O}; the other branch gives v ~ O(1/A), which
is beyond the logarithmic accuracy employed here. In the limit
of weak initial pairing A}’ < Aqce, Eq. (3.54) reduces to

eAv ) 2A
Jvin <8n2n2) ~ Ay’ In |:(A(i))2:| )

0

This has the solution

@) 2A
Ao’ In [(A&”)Z]

4 1AY [eal’
2W°{ln[mg’)2]m 2

valid for v > 872n?/eA. In this equation, Wy(z) denotes the
k = 0 branch of Lambert’s W function. The quench parameter
is

S = (3.55)

Br(A5)) = Bace(AG) + ve + e Ay In |: @ 2] .
(29))
(3.56)

Like the spectral transition line Bcon, Bmr converges to Bocp as
Ag) — 0; all three curves coalesce at Af)f) ~ Awmr [Eq. (3.51)]
for vanishing initial interaction strength, as shown in Fig. 15.
The dotted-dashed curve in this figure marked Syr was
obtained through the numerical solution to Eq. (3.54), using
Eq. (3.39).
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Summarizing, in phase II of the quench phase diagram in
Fig. 15, the same patterns of isolated roots that appear in the
ground state (diagonal line) also appear for quenches (8 # 0).
Implications of the lines Bcon and Bocp for asymptotic quench
dynamics are discussed in detail in Sec. V.

IV. STEADY-STATE ORDER-PARAMETER DYNAMICS

In this section, we determine the generalized steady-
state behavior of A(¢) in the limit + — oco. We include the
case exhibiting persistent oscillations, phase III in Fig. 4.
Calculations of the approach to the steady state are deferred
until Sec. V.

A. Phase II: Constant A(t) > A,

In phase II of Fig. 4, there is a single pair of isolated roots.
The reduced problem [Lax reduction, Egs. (3.28) and (3.29)]
has one collective spin 6 and zero separation variables. The
order parameter solves a version of Eq. (3.18) with N = 1.
The solution is

A(t) = Aco exp(—2i oot + i), 4.1)
X z
Moo = = = Gxo®, 4.2)

where x is the mode energy. We relate {A, oo} to the roots
of the reduced spectral polynomial. Equation (3.4) implies that

X _
Lg(u):l[w_i_l]

G u—x 2
Using Egs. (3.5), (3.14), and (3.28), the spectral polynomial is
Q) = 3(u — u)u —u),

with roots

U™ =2 oo — (Aso)” £ Acov/(Ase)? — 2toc].

We interpret o as the out-of-equilibrium chemical
potential because the N-spin ground state has A(f) =
Agexp(—2iput). This follows from using Eq. (3.19) as the
initial condition to Eq. (2.4): Due to the mismatch between
B; in the equation of motion (EOM) and the ground-state
field E,- + 2uZ, the pseudospins uniformly precess s; (t) =
s; (0)exp(—2iput). This can be eliminated by moving to a
rotating frame.®® {A ., it} have the same relation to the iso-
lated roots u® of the quench spectral polynomial Q,y(u; 8)
as {Ag,u} have to ugi) in the ground state [Eq. (3.22)].

For a quench, the pairing amplitude and chemical potential
evolve from the initial pre-quench state. The isolated root pair
for Qon(u; B) determines limy—,oo{ A1), u(1)} = {Aco, oo}
via Eq. (4.3). By contrast, the approach to the asymptotic
steady state (typically a power-law-damped oscillation) is
governed by the full N-spin distribution function. This is
computed exactly in the thermodynamic limit in Sec. V A.

(4.3)

B. Phase III: Oscillating order parameter
In phase III, O,y (u; B) exhibits two isolated pairs of roots.
The pair confined to this region nucleates along the boundary
marked ,3((;) in Fig. 15. The second pair persists into phase II.
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At weak initial and final coupling {A(()' ) ,Ag)f )} < Aqcp, these
solve Egs. (3.47) and (3.46), respectively.

The isolated roots entirely confined to III always appear as
a complex-conjugate pair, with a positive real part. In what
follows, we denote this pair as

Ui+ =Uje iy, Uiy = 0. (4.4)

The isolated pair that persists into phase II also occurs as a
complex-conjugate pair throughout the bulk of phase III; we
denote this pair as

Up+ =Upy Tiupi, uzi = 0. 4.5)

In Fig. 15, there is a very narrow sliver in phase III
bounded on the left (right) by the Bwmr (ﬁé_)) curve, of
width ~/n[In(A/27n)]7/? < {Acoh, Amr,Aqcp} [cf. the
text surrounding Eq. (3.51)]. Within this sliver, the second pair
of roots is negative real (to the right of the Byr line). In this
section, we consider quenches in the bulk of phase III, wherein
the isolated roots always occur in two complex-conjugate
pairs. The sliver with negative real roots is considered in
Appendix C.

1. Pairing energy EOM

As argued in Sec. III C, the asymptotic dynamics of A(f)
for the quench will be the same as in the two-spin solution,
which we now derive. We first decompose the complex pairing
amplitude into modulus and phase components:

A =+vR exp(—ig), (4.6)

where R is the pairing energy. For the BCS problem with
two spins g1, conservation of the total energy E, and of the
z-angular momentum J, imply that

R
— + E; = 107 + X205, (4.7a)

G

Jo = of +0j, (4.7b)
where x;, are the mode energies [cf. Eq. (3.28)] and R is the
pairing energy defined by Eq. (4.6). Expressing the spins in
terms of the latter, we have

R
O'p = Clpa + bp,
1
ajp=f—m, 4.8)
(X1 — x2)
Ea - Ja
51,2 =+ (—XZ,I > .
X1 — X2

According to the reduction formula (3.31b), the z compo-
nent of the ith spin in the N-spin problem is expressed in terms
of o1, via

di . R
Siz = —L;(Si)ECli_+bi~ (49)
& G
Equation (3.32) implies that the constant g; is given by
Geig;
a4 = ———, (4.10)
24/ Qu(er)
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where ¢; = £1 and we have introduced the fourth-order
spectral polynomial for the two-spin problem

Q) = G*u — 1)’ (u — 2’ LY ). (4.11)
In this equation, L(;)(si) denotes the reduced Lax norm defined
below Eq. (3.32).

The constants {a;,b;} must satisfy

N N
dla=0 Y b=,
i=1 i=1

N N

ZS,‘(Z,’ = 1, Z&‘,‘b,‘ = H.

i=1 i=1

The two equations on the first line follow from particle
conservation (J is the conserved total z spin). The remaining
equations encode energy conservation; H is the Hamiltonian
in Eq. (2.3).

We differentiate Eq. (4.9) to obtain

4.12)

ai
vV Ei R
where X = dx/dt and we have used Eq. (2.4). We also have

4.13)

—i

R o -
o = oxpid)s —exp(—ig)s;

d - ot
——lexp(ig)s;” + exp(—ig)s;"]

dt
a; ¢R a; R
=VRo ViRG
We define
. 1 ..
A= ——0¢R, 4.14
2\/ﬁ¢ @19
so that
a; 1 .
exp(id)s. = —— —i—R—i—A—e,-«/ﬁ)—i—ci. 4.15
p(ig)s; Gﬁ( /R (4.15)

Equation (2.5) implies that

N
Z@ci =0. (4.16)
i=1

We compute the modulus squared of Eq. (4.15):
LR oR2+ +26% )R
— ot =& i\ & —
4R a;
G iCi G iti
—2g,~< VEie +A>x/ﬁ+2£A+A2
a; a;

G?s; 1
LG <b3+c3__).

i 4.17)

Multiplying both sides by a; and summing over i, we solve for
A to find

1
A=§R3/2+2m«/ﬁ+i+y, (4.18)

JR
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where

2
i&;
om = Z—“zl +GH,

i

G2, 1
=) —(p2+cP—=),
2. 24, < it 4)

i

= - Z Gs?/zci.
i

Equation (4.17) becomes

(4.19)

<
Il

1 . R3 iVEG
——R’=—+2mR*>+ (i + y) R*? + O(R).

4R 4 a;
(4.20)
We therefore require that C’aﬂ = k, independent of i.
Equation (4.19) implies that
Yy = —K. 4.21)
Equation (4.17) reduces to
—R?=R*+8mR’ + 8pR*> + 40R + 4y2, (4.22)
where
GS,‘b,’ 1 -
p= L (W),
G?¢; 1
= — (b7 — =) —2v&, 4.23
o) 2
& =g —2m.
Solving for a; and b;, we obtain
Geigi
a; = £ i . (424a)
2\/[% (EF+v)—p] —aQYE +0)
a; 1
by = — |p— = (&2 , 4.24b
alo-5 @] (4240)

where ¢{; = +1. Equation (4.22) is an elliptic equation of
motion for the pairing energy R.

Comparing Eqgs. (4.10) and (4.24a), we determine that the
two-spin spectral polynomial can be expressed as

aw=4{[(5-m) +§-5]
~o(5-m)+5]}

Equations (4.22) and (4.25) express the pairing energy dynam-
ics and the reduced spectral polynomial in terms of a common
set of parameters {M,p,o,V}.

For most quenches in phase III (to the left of the By line
in Fig. 15), the isolated roots #; 1 and u; 4 take the form of
two complex-conjugate pairs [Egs. (4.4) and (4.5)]. Expanding
Eq. (4.25) and matching powers of u to the anticipated form,

(4.25)
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we find that

1
m = Z(ul,t + uz),

p = —%(u%yi +u3;) + %Uf - 371/[ (4.26)
o= % (w3, —ui;) —4ym,
where
Ue = 21 — une). 4.27)

The parameter ¥ has two solutions in terms of the roots,
Vi =g — (] +ud;) — 2 cune £ 20uy|lun]],  (4.28)

where |u| = ~/uZ + u? is the modulus of the complex root
u. The physical solution is ¥ = ¥, since this gives positive
turning points for the positive-definite pairing energy R, as
shown below.

2. Pairing energy dynamics

We first consider a quench confined to the weak pairing
BCS region with {Ag),A(()f)} <& Aqcp. In phase III, the
corresponding roots take the form uy; g+ = 2u8) +2id; 2,

where §;, is of order ,/ug)Ag) < ug). Here, ug) ~2rn
denotes the chemical potential in the initial state; see Sec. Il E1
for details. To leading order, Egs. (4.26)—(4.28) simplify as
follows:

@)

1
mo~pu,’, px _Z(u%,i +“%,i)»

M2 P I/t2 : 2
o~ % (4.29)
32u

U~ (a0 i~ 0(af)"

Given that R ~ O(Ag) )? and retaining only the leading terms,
Eq. (4.22) reduces to

R*> ~ 8uy’ R(R; —R)YR —R.),
to” R(Ry —R)( ) 430)

1
Ri = —7@.i£ Uz i)
81tg

This has the same structure as the previously studied s-wave
case.®!%1213 The turning points of the modulus |A+| = /R
are proportional to the sum and difference of the isolated root
pairs’ imaginary parts. At the boundary of phase III marked

é_) inFig. 15, the imaginary part of pair one vanishes |u; ;| —
0, leading to the collapse of the oscillatory amplitude.

Equation (4.30) has the solution
M1,1M2,i>

Ui
dn (I/t‘l[
(@)

2

|A[() =

| “4.31)
up = E(ul,i +ui),

where |A| = +/R and dn(z|M) denotes the Jacobi elliptic
function (M = k? is the modulo parameter). Just inside of
phase III near the boundary with II, the period of |A|(?)
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FIG. 16. (Color online) Persistent order-parameter oscillations
following a quench. The same as Fig. 7, but for quench coordinates
(AD, A} = {0.00503,0.961}.

is T~ 27 /up; ~ O/ AV)1, valid in the weak pairing

limit {A”, A"} < Agep.

Next, we consider general phase III quenches. Using
Egs. (4.26)—(4.28) and taking Y = vy, the fourth-order
polynomial in Eq. (4.22) can be factored. The result is

R’=(R. —R(R—-ROR+RHR+R), (4.32a)
where
Ry = 31V — ur) £ /(ual —uz o), (432b)

Re = I/Quil +uro) = /(Qual + uz 01

The above is an elliptic EOM for the pairing energy R, which
executes undamped periodic motion between the turning
points R_ < R < R;.

In Figs. 7 and 16, representative order-parameter oscilla-
tions for phase III quenches are shown. The blue solid curves
are the results of numerical simulations of the BCS Hamilto-
nian in Eq. (2.3) for 5024 classical Anderson pseudospins. The
red dashed curves in these figures are solutions to Eq. (4.32a),
with parameters in Eq. (4.32b) extracted from the roots.

We define

R+ +R_ R+
Ry =—, Ri=——, 4.33
0 5 d 2 (4.33)
and introduce dimensionless amplitude y via
R(t) = Ro + Ra y(»),
Ro + ﬁ_
= —, 4.34
Vi R, (4.34)
_ R() + ﬁ+
V2 = —Rd .

The relative amplitude y is constrained to —1 < y < 1, while
1 < y; < y». Equation (4.32a) becomes

¥ =Ry = ) + y) + 32)- (4.35)
The solution may be written as
2ys e’ (at|M) = (y2 + 1)
y(t) = (4.36)

(y2+ 1) —2cn? (at|M) ’
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where cn (z| M) denotes the Jacobi elliptic function (M = k>
is the modulo parameter). In terms of the roots,

1
Ro = §(|M1| + |uz| —uy, —uz,),

Ra = VIuil — ure/luz| — uze,
| + [ua] + Tur |+ upey/luz + o

= , 4.37
y2 R, (4.37)
Uy il i
M=
1
o= 5\/(ul,r —up)* + (uyi +uz i)
The physical period T of R(¢) is
4K (M)
T = , (4.38)
20

where K (M) is the complete elliptic integral of the first kind
(and M = k?).

Consider quenches near the phase boundary within III such
that u#; ; — O, i.e., quench coordinates {A(i),Aéf)} lying just
below the curve ﬂé_) in Fig. 15. Here, Eqs. (4.34) and (4.36)
simplify to

R(t) >~ Ry + Ry cos(L2ct),

 lual —uy

Ry =~ 5 =+ Oury)?,

lua]| — us,
Rq= | = Ui+ O@uy1),
2u1,t

Qe = Jure —u2.0? + 13+ OGur).

(4.39)

The orbit collapses for u#; ; — 0, wherein isolated pair one
merges with the continuum along the real axis. This is the

phase boundary marked ﬂé_) in Fig. 15.

Finally, we consider quenches along the small segment of
the Byvr line in Fig. 15 which intrudes into phase III near
{Ag),A(()f)} = {0, Amr}. For a discussion of the Syr line and its
termination at A(()') = 0, see Sec. III F, Egs. (3.51) and (3.56).
Along this line, the second root pair becomes negative real
and degenerate: up + = —vy < 0. The solution in Eq. (4.36)
reduces to
y2 cos(2umr?) — 1

y2 — cos(Qur?)

Qumr = \/(Ml,t +v2)? +ui;.

() =
(4.40)

3. Order-parameter phase dynamics
Equations (4.14) and (4.18) imply that the pairing amplitude
phase ¢ in Eq. (4.6) satisfies
Y+
R

From Egs. (4.26), (4.28), and (4.39), one can show that at the
boundary separating phases II and III where u; ; = 0,

¢'>=%R+2m— (4.41)

¢ = |uz| =2,
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which is the expected result. Here, we have used Eq. (4.3) to
relate the remaining pair of isolated roots us + t0 -

V. NONEQUILIBRIUM WINDING NUMBERS
AND OBSERVABLES

In this section, we calculate the long-time asymptotic spin
distribution function from the conservation of the Lax norm.
Using this result, we compute the winding numbers Q and W
and the approach of A(t) to its asymptotic constant value in
phases I and II of the phase diagram (Fig. 4). We relate the
parity of zeros in the Cooper-pair distribution (introduced in
Sec. IID) to Q and W, and to the rf spectroscopy amplitude
in Eq. (2.19). Additional results, including the Bogoliubov
amplitudes uk(r) and vk(?) as well as single-particle Green’s
functions are relegated to Appendix D.

As discussed in Sec. IV A, in phase II the asymptotic
behavior of the order parameter is A(f) = Ao eXp(—2i hoot).
It is the modulus of A that goes to a constant, but the
phase winds at the frequency 2. This includes the ground
state (zero quench) with U, = ug), due to the chemical
potential shift of the field relative to E,- in Eq. (2.4). Unless
otherwise noted, in this section we will work in the rotating
frame s; (r) — s; (¢) exp(2ijtoot) when discussing phase II
(cf. Ref. 60). In this frame, A(t) — A (constant).

A. Pseudospin distribution function

In phases I and IT of the quench phase diagram in Fig. 4, A(¢)
asymptotes to a constant A, (equal to zero in I). In the long-
time limit, the effective magnetic field E,- seen by Anderson
pseudospin s; is given by Eq. (2.14). This is identical to the field
in an “effective” ground state with pairing amplitude A, and
chemical potential {1 . In the actual BCS or BEC ground state,
each spin is parallel to its associated field.%° For a quench, the
situation is different. As t — 00, each spin precesses about its
field with an energy-dependent frequency, as in Eq. (2.15). The
pseudospin distribution function y; determines the projection
of the spin onto the field in this equation. [In phase I, we
should take Ei = —Z and u = 0; this reconciles Egs. (2.8)
and (2.15). In phase II, y is referred to as the Cooper-pair
distribution in Sec. II D.]

The conservation of the Lax norm (spectral polynomial)
allows the determination of y; in Eq. (2.15). As t — oo, the
Lax components in Eq. (3.4) become

L= VO/SA e YEBST @D i (e 0]
0

E—UuU

EA Az ;t
LZ(u;,)ZVO/ - [M%u
0 E—U gf

In these equations, we have converted to the continuum via
Eq. (3.2); g is the post-quench coupling strength [Eq. (2.7)],
and s9(g;;t) = a - 5;(¢) [a € {x,y,z}] is the continuum version
of the precessing spin in Eq. (2.15). The energy cutoff in
Eq. (5.1)is

5.1)

e =2[A + ] (5.2)

[see Egs. (3.2) and (3.37)].
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For A, # 0, all three Lax components in Eq. (5.1)
contain both oscillating and constant terms. Our procedure
to determine y(¢) is as follows: We sit at some fixed complex
value of u away from the positive real axis. Next, we take
t — oo. The oscillatory terms in L™ (u;¢) vanish in this
limit, as can be seen through repeated integration by parts.%
The result is

L*(u: 00) = 2 "y (6)— 80
woo =3 [y =i

L’ (u;00) = 0, (5.3)

LZ(u;oo)zgfg dsy(s)—( ki );"‘ZZ) i
0 )

Finally, we let u approach the positive real axis and evaluate
the Lax components at u — u =+ in, with u and 7 positive and
real on the right-hand side. We obtain

L'(u xin;o00) =

[J( ):ENTE )J/( )]

%{m)im[ ]25 m}y(u)},

(5.4a)

L*(u £ in;00) =

where

Ju) =

P/.SA de( i )g;;(s)(A;o,
0 ETH/ Dol (5.4b)

p/”dg < 1 ) ey(e) (5~ p) | 21

0 e—u Exo(e) 8

In these equations, P denotes the principal value. Combining
Egs. (5.4) and (3.5) determines the Lax norm at infinite time
Ly(u £in;t = 00). We equate this to Eq. (3.34b), which gives
L,(u) in terms of the pre-quench state, leading to

—w y()}

2
{IC(M):I:ZJT|: () :|y(u)} =Iz(u), (5.5)

where the initial state is encoded in

Ku) =

{j(u):l:ln

L) = B>+ [EQw) fOw; 1) F imu)?

(v = 2ug

B oW D EOw O Fimal. (56)
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The form of f@(u;1) is given by Eq. (3.38). Equation (5.5)
implies that

u [T (4 — poo) — K As]”
se | I = “EZw
_ (5 = o) K + uBoc T () timuym), (5.7)

Eo(u)
with {s;,s_} € £1.
We take the difference of the +in prescriptions in Eq. (5.7)

to obtain
1 ; Ew) 1
y(u) = M{S+ —(u)—u[Eoo(u)}
I 2 1 58
o +(”‘)_“[Eoo<u>] } o8
where
B(u) = J(u)(% = uoo> — K(u)As
A {2_”_/“618 [~y ()] — }
R VTR Y Eo(e)
=0. (5.9

That E = 0 is explained as follows. Clearly, this holds in
phase I, wherein A, = 0. To see why E vanishes for Ay, > 0
(phase II), we note that the term in brackets on the second
line of Eq. (5.9) is the continuum version of the BCS
equation [Egs. (3.20) and (A 1a)] for effective spins of “length”
—y(e)/2. Indeed, the Lax components at infinite time in
Eq. (5.3) appear as though evaluated for a ground state with
{Ao, 1t} = {Aco, oo}, for effective spins aligned along the field
as in Eq. (3.19), but with a renormalized spin length set by
y (&) (which is the projection onto the field of the physical,
precessing pseudospins).
We therefore conclude that

y(e )— \/1 (&) — V1 (8)],

whichis independent of {AoQ ,Ioo}- Relative to Eq. (5.8), we set
sy = s_ = s € %1 to obtain a real amplitude. Equation (5.10)
holds throughout phases I and II. Note that y(¢) — —1 as
& — oo for any quench since the particle density is finite and
all spins are aligned along —Z for sufficiently large energies.
Subject to this boundary condition, the physical branch (sign
s) of Eq. (5.10) changes at an energy ¢ whenever y(¢) — 0
with anonzero slope, so as to produce a continuous distribution
function.
A more useful but equivalent expression is

(5.10)

y@Ee)=s |1-

where

ZnsA(i)ﬂ 2
_ 2 _ 0
2 )Z[N() \/{N ®) 8[ Eoo(e) } ”

2
N(e) = [(; ug))f(”(s; 1) +ﬁ] +e[AY rOe: D] + (o).

(5.11a)

(5.11b)
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Equation (5.11a) gives a manifestly real formula for y(¢); one
must still choose the branch s € +£1 as a function of energy so
as to produce a continuous distribution function.

Finally, we note that the expression for y(¢) in Egs. (5.10)
or (5.11a) also applies in phase III, if suitably interpreted. In
this case, —y(¢)/2 denotes the projection of spin 5(¢) in the
post-quench asymptotic state onto the reduced spin solution
Sred(¢). The reduced spin solution is defined such that Syeq(s)
satisfies Eq. (3.31b) in terms of the collective variables &1 7,
as discussed in Sec. IV B.

B. Winding numbers
1. Green’s function winding W

The winding number W in Eq. (1.10) depends upon the
asymptotic form of the retarded Green’s function G (,t"). As
discussed in Sec. I C2, this function satisfies the Bogoliubov—
de Gennes equation (2.11), subject to the initial condition
in (2.12). Itis therefore independent of the distribution function
y(e), which does not appear in these equations. This is
confirmed by a calculation in Appendix D, which yields the
explicit form for Gi(¢,¢) in Eq. (D13). This result is identical
to that for a system in its ground state, except that here
the order parameter A, and the chemical potential p, are
determined by the quench through the single isolated pair of
roots [Eq. (4.3)].

The winding number W therefore depends only upon
sgn(iteo) in phase II, and takes the values shown in Fig. 9, as
discussed in Sec. III F. By the argument in Sec. [IC2, W = 1
(W = 0) signals the presence (absence) of edge states in the
Bogoliubov—de Gennes quasiparticle spectrum following a
quench in phase II. By contrast, W is ill defined in the gapless
phase I.

2. Pseudospin winding Q

As explained in Sec. IICl, starting from an initial p +
ip state in either the BCS or BEC phases, the evolving spin
distribution can be parametrized at any time ¢ as in Eq. (1.7),
where o(k) and ®(k) are time dependent. Equation (1.6) then
implies that the pseudospin winding number Q is given by

Q = ; {sgnlok = 0)] + 1} . (5.12)

As t — 0o, the momentum-space pseudospin texture is
reconstructed from Egs. (2.8) and (2.15) in phases I and
II, respectively. The latter is transcribed in Eq. (DI1) of
Appendix D.

We consider first the gapless phase 1. The winding Q =
%{y(O) + 1}. From Egs. (5.11), one can check that

L #0,

0 (5.13)
O’ MO = Oa

lim |y (o)l =

where Mg) is the pre-quench chemical potential, with ,ug '~ 0
(M(()i) < 0) indicating a BCS (BEC) initial state. We conclude
that Q is well defined throughout the gapless phase I, except for
aquench starting from the quantum critical point Ag) = Aqcp.
To compute Q, we must determine the branch of

Eq. (5.11a) (i.e., s = £1) relevant for ¢ — 0. We know that
lim,_, o, y(e) = —1, so that the branch is s = —1 at large .
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The branch switches every time y goes to zero with a nonzero
slope, so as to preserve the continuity. We find that in the
gapless phase I,

-1, p,g)<0 = 0=0,

o (5.14)
+1, uy >0 =>0=1

ggr(l) y(e) =
In other words, Q is conserved in the gapless phase. This
can be understood in various ways. The pseudospin winding
number can not change unless (a) the spin distribution develops
a discontinuity or a diabolical point,* or (b) a skyrmion-
number changing process (hedgehog) occurs in momentum
time. Scenario (a) can not occur within a finite-time interval
because the time evolution is a smooth deformation. Scenario
(b) can not happen for the reduced p-wave BCS Hamiltonian
dynamics [which are identical for Egs. (1.1) and (2.1), as
shown in Appendix B].

The conservation of Q in phase I wherein A(z) — 0 leads
to the notion of a “gapless topological phase.” This occurs
for quenches in the region marked B, Fig. 8. Those in A
are topologically trivial. Corresponding topological and trivial
pseudospin textures appear similar to those in Figs. 2(a)
and 2(c), but now these textures undulate in time: The spins
at radius k precess about Z with frequency k*> [Eq. (2.8)].
In Figs. 11 and 12, y(e) is plotted against k = /e for
representative quenches in A and B, respectively.

Next, we consider phase II. As discussed above and in
Sec. II C2, in the limit # — o0, the retarded Green’s function
winding number W is completely determined by po.. This
appears in é(s), the continuum version of Eq. (2.14). The
latter can be viewed as an effective ground-state field, which
“winds” whenever W = 0 (recall that spins are aligned along
the field in the actual ground state). For W = 1, we have
Moo > 0and B(O) = Z (“winding”), while W = 0 implies that
Moo < 0 and E(O) = —Z (“nonwinding”). As shown in Fig. 9,
W undergoes a dynamical topological transition for quenches
across the quantum critical point. In particular, W evolves from
trivial to nontrivial or vice versa for quenches in the regions
marked C and H in Fig. 10.

The pseudospin winding Q is determined by s%(0). Since
ly(0)] =1 for ug) # 0 [Eq. (5.13)], Eq. (2.15) implies that
Q =0 for y(0)B*(0) =1 and Q =1 for y(0)B*(0) = —1.
For a given phase II quench {Ag),ABf )}, let us denote the
initial value of the Green’s function winding as Wy, while W,
is the asymptotic value as + — co. Imposing continuity on the
function y (¢), we find that

+1, Wa # W,

5.15
-1, We =W, (5.15)

y(0) = {
In other words, the Cooper-pair distribution y (¢) “winds” from
—l ate — oo to 41 at ¢ = 0 whenever W in the asymptotic
post-quench state differs from its value in the initial state. As
a result, we determine that Q is conserved for all quenches in
phase II, so that Eq. (5.15) can be rewritten as

+1, W#0,

y©={4,W:Q,

(5.16)

where both winding numbers are computed in the asymptotic
steady state.
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FIG. 17. (Color online) The Cooper-pair distribution function
y (k) as in Fig. 13, but plotted for representative quenches in regions
E (red dashed line) and H (blue solid line) of phase II. The quench
coordinates for E are {Ag ),A(f )} {0.972,1.25}, while the quench
coordinates for H are {A('),A(f)} {0.972,1.55}. Regions E and H
are specified in Fig. 10.

Plots of y(¢) for phase II quenches in regions {C,D,E,H}
marked in Fig. 10 appear in Figs. 13 and 17. Because quenches
in regions C and H have W # Q and therefore y(0) = +1, we
deduce that the number of zeros in y (¢) is odd for quenches in
these regions. By contrast, y (¢) must exhibit an even number
of zeros for quenches wherein W = Q, including those in D
and E. A quench therefore imprints a new Z; index upon the
Cooper-pair distribution function, in the form of its parity of
zeros. By contrast, y(¢) = —1 for all mode energies ¢ in both
the BCS and BEC ground states.

For an ultracold-atomic realization of the p + i p superfluid,
the Cooper-pair distribution can in principle be measured in rf
spectroscopy, as discussed in Sec. II D.

C. Approach to the steady state

1. Phase I: Decay to zero

In the continuum limit, the post-quench order parameter in
Eq. (2.5) is given by

Alt) = if

de JEsT(e:1). (5.17)

The order parameter can be self-consistently determined by
linearizing the spin equations of motion in Eq. (2.4). In phase I,
A(t) decays to zero as t — 00, and s~ (¢;7) can be written as
a sum of the pure precession in Eq. (2.8), plus a fluctuation:

s7(&;1) = s.(858) + 85 (&51),
so(et) = %\/I——J/Z(S)exp{—i [et + O(8)]}. ©
The continuum limit of Eq. (2.4) can be written as
§%(es0) = ie[ATsT(e31) — AsT(e;1)],
§T(e31) = i[24/eAs%(g;1) — es™ (g3 1)],

where x = dx/dt. Equation (5.19) is invariant under the
effective time-reversal transformation

18)

(5.19)

s¥(est) — s%(s;—1),
sE(e;t) — sF(e; 1),

A@t) — A*(—1).
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These relations are also satisfied by the initial condition (3.19)
for the pre-quench p + ip state with real Aj. Therefore, we
can set ®(¢) = 0 in Egs. (2.8), (2.15), and (5.18).

To linear order in the smallness of A(z),

857 (e;1) = i[ey(e)A@) — eds™(e;1)], (5.20a)
A = Al + (SA(t), (5.20D)
Aty = =32 [ de Ay e, (5.20¢)
4 o

sA@) = — 5L [ e Jess—(ein).  (5.20d)
27T 0

A(e) = e/ 1 — y2(e). (5.20e)

In these equations, A (), §A(t), and §s~(e;¢t) all vanish by
assumption as t — O.

We first calculate Ay (#), which exhibits the same power-
law decay as the full A(#). The latter is also computed explicitly
below For an initial state not at the quantum critical point

(’) # 0), Egs. (5.11) and (5.20e) imply that

Ale) = 0(e?),
()= et o . (5.21)
BAY
1(8+ 200 [ )

(A5 P42l 10(—11g))

Cc =

where {A( ), Mo)} characterize the initial state and S > 0O is
the quench parameter [Eq. (2.6)]. Because A(¢) is a regular
(if complicated) function over the integration interval, we can
evaluate Eq. (5.20c) via repeated integration by parts. The
leading result is

At = 4L [tz + = A(sA>exp<—zsAr>]

The energy cutoff ¢, was defined in Eq. (5.2). Via Egs. (5.11)
and (5.20e), one can show that A(e) = d/A + O(A)~? with
d a cutoff-independent constant, leading to

5.22
12 At ( )

. d

wo(t) = 2L [— —i— exp(—zeAz)]

This has the form given by Eq. (2.9), which consists of a cutoff-

independent 1/¢%> decay plus a “nonuniversal” oscillating

term proportional to 1/A¢. The latter is technically beyond

the logarithmic accuracy to which we have been working

throughout, but can be important when comparing against
numerics.

By contrast, for a quench starting from the quantum critical

point (with AY = Aqcp and ,u,(()' ) = 0), one finds that

Ae) = e —

with ¢ a constant. The square root leads to the slower
t73/2 decay law in Eq. (2.10); the ultraviolet gives the same
nonuniversal contribution.

We can also determine the precise form of A(¢). Ignoring the
cutoff-dependent term, the 1/¢> decay of A..(¢) in Eq. (5.22)
enters as a source in the right-hand side of Eq. (5.20a). As a
result, 85~ (e;¢) o< 1/¢? and we can drop the time derivative on

e’ + 0, (5.23)
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the left-hand side, which decays faster. We thereby obtain
1
8s~(e1) = ﬁy(e)A(t),
and using Eq. (5.20d)

SA®M) = gfz—i(t)

(e — 8711). (5.24)

Here, we have expressed the conserved particle density n
through the distribution function

n:L/EAd8[1+2sZ(s)]=L/€Ad8 [1+ y(e)].
87 Jo 8 Jo

Using Eq. (5.20b), Eq. (5.24) simplifies to
Aso(r)
[1 + g—fr Bmn — sA)]
1

C
RETGINEN ) 412
[Mo In I:(Aéff)z:l — MKy }

At) =

(5.25)

On the second line, we have employed the BCS equation (A2).
Here, /Lg) (,u(()f )) denotes the chemical potential associated to

Ag) (A(()f )) in the BCS ground state. For a quench in phase I,

we have ugf ) ~ 2mn, while uf)” < 27mn. We note that only

logarithmic dependence upon the cutoff appears in the final
expression.

2. Phase II: Decay to Ay, > 0

We will evaluate the counterpart of Eq. (5.20c) for quenches
wherein the order parameter asymptotes to a nonzero constant.
The precessing spin in Eq. (2.15) has the minus component

Soo(E31) = - {a1(e) cos [2Eco(e)1]
€

7

—iay(e)sin[2Ex(e)t] + as(e)}, (5.26)
where
wi(e) = ,4(8)%,
ax(e) = %A(s), (5.27)
&Ny
a3(e) = y(S)QEOO(E)’

and the amplitude A(g) was defined in Eq. (5.20e).
Inserting Eq. (5.26) into Eq. (5.17), the static term involving
a3(e) evaluates to

gr [

de as(e) = A,
27T 0

(5.28)
where we have used Eq. (5.9). Thus, the spin distribution
reconstructed from the conservation of the Lax norm is
consistent with the pairing amplitude A, computed from
the isolated root pair. The time-dependent part of the order
parameter is given by

gf €A

SAL() = ~or de {a;(g)cos [2E s (e)t]

0

—iaa(e)sin [2Eso(e)t]} . (5.29)
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To compute Eq. (5.29), we must distinguish two regimes.
For quenches with A2 < jin, the dominant contribution
comes from a saddle point at nonzero e. This is the re-
gion of phase II to the left of the line marked Bcon in
Fig. 15, as discussed above Eq. (3.52) in Sec. IIIF. For
quenches in this regime, E(¢) reaches its minimum value
(the nonequilibrium spectral gap) Emin = Acoy/2loo — AL
at gy = 2(heo — AZ) > 0:

(e — &)’

E = Epn 4+ — 2
(&) + SE +

The saddle point gives

Emin .
JA (1) ~ _gf\l 2_l [ coS(2Emint) — oy Sin(2Emint)]
T
ax = ai(eo) Fioa(eo). (5.30)

This is qualitatively the same behavior as obtained for weak
BCS-to-BCS quenches in the s-wave case.'>%

The saddle-point contribution in Eq. (5.30) vanishes when
g0 = 0 (oo = AZ). For A2 > [ieo, the minimum of Ex(e)
occurs at € = 0 (see Sec. III B for further discussion of the
spectrum). Equation (5.29) can then by evaluated by repeated
integration by parts. Note that

ai(e) = az(&)[—sgn(ie) + O(8)],

leading to
SA(1) ~ %(“‘”) / de A(e) 2 E~@ s (53]
T 0

This is the phase II generalization of Eq. (5.20c), valid
for Ago > oo Equations (5.21) and (5.23) imply that the
cutoff-independent part of the decay is 1/¢> for Ag) # Aqcp
and 1/132 for AY = Aqcp. At & =0, the phase factor
e Exc@senlueolt . gkt thig is eliminated by moving back
to the “lab” frame.

We conclude that Eqgs. (2.9) and (2.10) also describe the
decay of §A(t) = [A(t) — A ] for phase II quenches to the
right of the Bcop line in Fig. 15. By contrast, quenches to the
left of this line within phase II exhibit slower, oscillatory decay
according to Eq. (5.30), due to the saddle-point contribution.

V1. CONCLUSION

A. Pair-breaking processes

In this paper, we have computed the quench dynamics
of a p+ ip superfluid in the collisionless regime. This is
a nonadiabatic evolution of the initial state in which pair-
breaking processes are neglected. The preconditions necessary
to observe our results in an experiment are that

tquench <

< tyb, 6.1)

min

where #quench i the duration of the quench (zero for the instanta-
neous quench studied here), E,;, is the minimum quasiparticle
energy (quasiparticle gap), and f,, is the time scale associated
to inelastic pair-breaking processes. The various predictions
presented in this paper describe the post-quench asymptotic
steady state. Provided the bounds in Eq. (6.1) are met, we
expect our results to hold for times ¢ such that ﬁ Lt S top.
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For BCS-to-BCS quenches entirely confined to the weak
pairing regime,

Emin = AV 20 — (AD)? = AP Va7

Fermi liquid theory then implies the order-of-magnitude
estimate

)

1
Top ™~ > )
P Emin |:Emin:| Emin

implying the existence of a large window over which the
collisionless dynamics computed in this paper can be observed.
The investigation of pair-breaking processes upon quenches
originating or terminating beyond the weak coupling regime
remains an important subject for future work.

6.2)

B. Summary and open questions

In summary, we have investigated quantum quenches in 2D
topological p-wave superfluids. The post-quench dynamics
has been computed via classical integrability. Within the
classical approximation, our treatment is exact. Because of the
infinite-ranged nature of the interactions in the reduced BCS
Hamiltonian, we expect that our results apply to the quantum
model in the thermodynamic limit.

We constructed the quench phase diagram, and extracted the
exact asymptotic order-parameter A(¢) dynamics, finding that
either (1) A(¢) goes to zero, (2) A(t) goes to nonzero constant,
or (3) A(t) exhibits persistent oscillations. These results are
qualitatively the same as the s-wave case.®'4

The key difference from previous work is that here we
have characterized the quench-induced dynamics of the system
topology. We found that the pseudospin winding number
Q is unchanged by the quench, leading to the prediction
of a “gapless topological state”. By contrast, the retarded
Green’s function winding number W can undergo a dynamical
transition. This happens, e.g., for quenches across the quantum
critical point separating the topologically nontrivial BCS and
trivial BEC phases. In the asymptotic steady state wherein
the order parameter goes to a constant, the corresponding
Bogoliubov—de Gennes Hamiltonian is expected to possess
edge states in a finite geometry whenever W # 0.

While W determines the existence of edge modes following
a quench, we have not determined the occupancy of these
states. The difficulty is that introducing an edge breaks the inte-
grability of our momentum-space BCS model. A fundamental
question is whether these nonequilibrium topological steady
states support the kind of quantized thermal conductance
expected in an equilibrium p-wave superconductor.*>° A
related question is the formation, preservation, or destruction
of Majorana zero modes following a quench in 1D topological
superconductor; this was studied numerically for a noninter-
acting model in Ref. 61.

Another interesting open problem relates to the role of
topological defects in thermalization. Once pair-breaking
processes are included, the theory is no longer integrable. One
therefore expects thermalization at the longest times. How does
this occur? One possibility is that topological defects, which
can appear either as phase vortices in real space, or hedgehog
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instantons in momentum time, proliferate and scramble the
topological order.

Finally, we have determined that the parity of zeros in the
Cooper-pair distribution is odd whenever Q # W, i.e., when-
ever W undergoes a dynamical transition. We have argued
that the Cooper-pair distribution should be observable in rf
spectroscopy in an ultracold-atomic or molecular realization
of the 2D p + ip superfluid. By contrast, the same response
does not distinguish the BCS from BEC phases in the ground
state.

Probing the Cooper-pair distribution can therefore provide
a bulk signature of the topological properties of the system
when it is driven far from equilibrium by a quench. In this
way, a quantum quench can be used to transfer topological
entanglement normally hidden from experiment into a physical
observable, i.e., a nonequilibrium distribution function.
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APPENDIX A: GROUND STATE
1. BCS equations

In the thermodynamic limit, the BCS equations for the
pairing amplitude A and particle density n are

(Ala)

[ Y e/2

7 2_/ de 2 ’
44 €

g 7 VG =) + (a0

. (Alb)

1 2(A+p)
n = g/(; de|1— \/(8

2
£ — 1)+ (Ag)e

where & = k2, and we have cut these integrals off at a single-
particle energy k>/2 = A + p. (The inclusion of u simplifies
the analysis; results are obtained to logarithmic accuracy in
A > |i].) The BCS coupling G in Eq. (2.1) is related to g via
Eq. (2.7). The dimensionful interaction strength g is nonzero in
the thermodynamic limit, and carries units of inverse density.
Equation (Ala) is the continuum version of Eq. (3.20), using
Eq. (3.2).

Integrating Eq. (A 1) and discarding terms proportional to
inverse powers of A, one obtains Eq. (1.5) for the chemical
potential and

1 1 n |: 2Ae i|
— e — =B
A3+ 2/l6(—)

§ 8qcp T
In this equation, gqcp is the coupling strength at the BCS-BEC
transition u = 0,

(A2)

1 A
— = — —4n.
gQcp 4
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The linear divergence in Eq. (Ala) has been absorbed into
1/gqcp. Because a quench is completely specified by the
initial order parameter A(’) and the difference of the initial
and final coupling strengths [Eq. (2.6)], gqcp plays no role in
the dynamics.

2. Spectral transitions and tunneling density of states

We first note three special values of Ay, defined implicitly
through the chemical potential equation (1.5):

w(n, Acon) = (Acon)?,
nw(n, Apr) = 3(Amr)?, (A3)
um,Aqcp) = 0.

Since p is a monotonically decreasing function of A [Eq. (1.5)
and Fig. 3], we have Acon < Amr < Agqcp. Each of these
values corresponds to a particular transition or anomalous
point in the shape of the quasiparticle energy spectrum. To
see this, we rewrite the quasiparticle energy E; in Eq. (1.4) in
terms of & = k* [Eq. (2.16)]:

£ 2
E(e; Ag) = <§—u> + (Ao)?e.

For sufficiently weak pairing, the minimum of E with
respect to ¢ occurs slightly below 2, where £ denotes the
Fermi energy. As A (or equivalently, the coupling strength)
is increased, this minimum moves to smaller energies. At
Ag = Acen, it reaches zero. For Ag < Acon [t > (Acon)?],
the tunneling density of states exhibits a coherence peak (van
Hove singularity) above its threshold value [see Fig. 14(b) and
Eq. (A6)]. The coherence peak disappears for Ay > Acon. At
the special point Ay = Awmr, the curvature of E(e) vanishes
everywhere:

E(e; Avr) = 3le + (Amr)*]-

The condition Ay = Apmg for variable density n was termed
the “Moore-Read” line in Ref. 41. Finally, the BCS-BEC
quantum phase transition occurs at 4 = 0, Ag = Aqcp. Here,
the spectrum exhibits a gapless Dirac node at ¢ = 0,

E(g; Aqcp) = Aqepy/ € + &2 /4(Aqep)?.

Equations (1.5) and (A3) can be solved to obtain

Acoh = v T(n51),
Amr = v Y (n;0), (A4)
Aqcr = /Y (n;—1),

where

dn
W_i [=5 exp(—x)]
- dmn
o ln( n)—i—x—i—ln[ln(

YT(n,x)=—

) +x]

2mn

Here, W_(z) is the k = —1 branch of Lambert’s W function.
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The tunneling density of states measured at a tip potential
V is given by>?

— d2 2
v(V>=/(2 e k8B = V)

1
= v de(——M+V)5[E(8 Ag) = V], (AS)

where ug = \/Li\/l + (k2/2 — w)/Ey is a coherence factor.
Performing the integration, one obtains

1 V —(Ag)?
27[ V2 Vn211n
X OV — Viin) (0 — V) 0 (Acon — Ao)

_ 2
. w} 46
V2 _ V2

min

wW(V) =

1
+ 0V —lub [1

In this equation, 6(¢) denotes the unit step function. The
first term in Eq. (A6) is nonzero only for weak pairing
strengths such that Ay < Acon. In this range, the single-
particle excitation gap is [Eq. (3.23)]

Vimin = Aoy 21 — (Ao)?, (AT)

and v(V) exhibits a coherence peak above this energy, as shown
in Fig. 14(b). For Ay > Acon, only the second term in Eq. (A6)
contributes. The minimum of E(g) occurs at £ = 0, where
the single-particle excitation gap is |u| [Eq. (3.24)]. This is
nonzero on both sides of the BCS-BEC transition. On the
BCS side (Acon < Ag < Agcp), v(V) in Eq. (A6) vanishes
continuously at V = p; on the BEC side (Ao > Aqcp), there
is a discontinuous jump [see Fig. 14(b)]. The difference is a
coherence factor effect due to |uy|? in Eq. (A5).

APPENDIX B: CLASSICAL DYNAMICS IN THE CHIRAL
p-WAVE MODEL

In this Appendix, we establish the equivalence of dynamics
generated from a p + ip initial state using the “real” p-wave
Hamiltonian in Eq. (1.1) and the chiral one in Eq. (2.1). For
the Hamiltonian in Eq. (1.1), the equations of motion are

. i
Sp = g[Bksk Bis, 1,
. o . (B1)
S = —l[k S + Bksl:],
where
By=4GY k-qs,. (B2)
q
For a time-dependent p + ip state, we can write
S = ef"‘msk_, sp = S§. (B3)
Equation (B1) becomes
5 =iG Z/kq [sq_s,:r - sk_s;'] ,
! (B4)

)
bl
I

S, —i<k2sk + ZGZ/kq sq_s,§>,

q
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where we have used the fact that

/ Td
Z exp(—2i¢y) — vo / de ﬂ exp(—2i¢,) = 0.

q o 7
In this last equation, we convert to the continuum via Eq. (3.2).
Defining §; = 5., Eq. (B4) takes the form
5P = iJa[A*sT — As],
§; =i {2\/8_,'sz — sisf} ,
A=-GY [fes;.

J

(B5)

These are identical to Eq. (2.4).

APPENDIX C: PHASE III DYNAMICS FOR NEGATIVE
REAL ROOTS

In Sec. IV B, we computed the asymptotic dynamics for

PHYSICAL REVIEW B 88, 104511 (2013)

[Egs. (4.4) and (4.5)]. For a given quench {Ag) ,B}, these solve
Eqgs. (3.36).

These results do not apply to a very narrow phase III
sliver of width ~/n[In(A/27n)] 7/ < {Acoh, AMr,Aqce}
in Fig. 15. This is the region bounded on the left (right)
by the Bmr (,Bé_)) curve. Within this sliver, the roots us 4+
are nondegenerate, negative, and real. Quenches in phases Il
and III between the lines marked Bvr and Bgcp in Fig. 15
are nonequilibrium versions of the BCS ground state with
Amr < Ap < Aqcp. The corresponding root configurations
lie between those marked (3) and (4) in Fig. 14(a).

In this Appendix, we transcribe the order-parameter dy-
namics for quenches in this sliver. Instead of Eq. (4.5), the
second isolated pair is

Uz {ap) = — 02,006y < 0.
Equations (4.32a) and (4.32b) are replaced by
R’ =(R; —R(R-R.)[(R-R.)*+R?], (Cla

A(t) through the bulk of phase III. Equations (4.34)—(4.38) Ri = 10020 + V2.0 = 2(lu1] — ur o),
give the evolution of the squared modulus R(t) = |A(t)|? R, + iR = [ /55 — oo + i V2 F i P (Clb)
everywhere in III to the left of the line marked By in Fig. 15. t R e R ! Led -
All coefficients are determined by the two pairs of isolated
roots u; + and uy 4, which come in complex-conjugate pairs The solution is
|
R(t) = Ry + Ry z(2), (C2)
® (1 +25) {ze.e[1 4+ cn®@1|N)] + (1 + |zc|*) en(61|N)} (©3)
Z == bl
{0+ 2026,0)? 4 2zee (1 + 23) en(@1|N) + 2322 . + [(z0 — 2e.)> + 22, en?(01|N)}
where z, = 7.« + i2..i.- In terms of the roots,
1 1
Ro = 1[2(|u1| —u1) + (VU2a + 0201, Ri= E\/ lur] — uy (V2,0 + V/V2.),
B (| Y2 ) B LT S T VAT R0,
o Vil =1 (2 + Jo2p) ] — (o2 + ) )
{M%,i + Wi + v +v2) + \/[u%1 + (e + v2.0)?] [M%l + (U + U2.b)2]}
20 = )
uyi(v2,p — V2,4)
1 1/4
N=1rm 0= ([0 + Qe + 0207 [h s + e + v20)°])
0

The physical period T of R(¢) is
__4K(N)
=0
where K (N) is the complete elliptic integral of the first kind
(and N = k?).

T

(C5)

APPENDIX D: GREEN’S FUNCTIONS

In this Appendix, we compute single-particle Green’s
functions in the long-time limit for quenches in phase II of

the diagram in Fig. 4. Throughout this appendix, we work
in the rotating frame employed in Sec. V such that the order
parameter itself (and not only its modulus) asymptotes to a
constant.

1. Post-quench coherence factors

In phase II, the asymptotic spin configuration is given by
Eq. (2.15), where y; = y(¢&;) in Eq. (5.11a). Following the
discussion surrounding Eq. (3.1), the spins in the 2D k plane
evolving from an initial p +ip state are reconstructed as
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follows:
257 (1) = { 1—y,3[< K >cos(2Ekt)—isin(2Ekt)i|
k
Aw
—i—)/k( E, > exp(—idy),
A
255(1) = —/1 — y,3< 5 )cos(ZEkt)—l—yk @’;)

k2
& = <— - Moo) Ei = /& +K2AZ, (DD
where ¢ is the polar angle in momentum space, and A, and
oo refer to the post-quench steady-state (not ground-state)
values. Comparing to Eq. (2.15), we have set the phase shifts
®; =0 (see Sec. VC). The pre-quench parameters Ag ) and

uf)’) enter through the distribution function

ye = (e =k, (D2)
the latter evaluated in Eq. (5.11a).

In the thermodynamic limit, the many-body wave function
assumes a BCS product form with time-dependent coherence
factors,

W (1))

= T () + w0) 57110, (D3)
k

where |0) is the vacuum (all pseudospins down). In this state,
the expectations of Anderson pseudospin Schrodinger picture
operators are given by

(W)l s 1(1) = vgux(),

(WD) s (D) = uok(®),

(W) s W) = 5(lvkl® = @)

(D4)

The coherence factors solve the same Bogoliubov—de
Gennes equation as the retarded Green’s function Gy(z,t')
[Eqg. (2.11)]. In the large-time limit,

d t — K*Aso t
d [ ux() _ &k ug(t) ’ D)
dt | vk(?) KAy, & vk (1)

where K = k¥ — ik”. Different from Gy(¢,t’), the coherence

factors “remember” details of the pre-quench state through the
initial condition at ¢ = 0. The general solution to Eq. (D5) is

— &) Age B+ (Ey + &) Bre'™,
Bie' B Aok e

u(t) = (Ex

. D6
vk (1) = [Age B — (bo)

where the undetermined complex constants A; and By satisfy

1=[(Ex — &) + K A% ] 1A

+[(Ex + 807 + K2 A% 1B . (D7)
For the p-wave problem, one coherence factor must have odd
parity; we have chosen vy in Eq. (D6).

Using Eq. (D6), one can compute the expectation values in
Eq. (D4). Comparing the results to that of the Lax calculation
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in Eq. (D1), we determine that

) = 2\/(1 + 1) (B —

&) o Ext+iTy

Ey

n 1 /A =) (Ex + &) o Ert Tk
2 E;

(1) = \/(1 * Vk);Ek + &) et Ek i +iTy
k

10—y (B -
2 Ex

where I'; is an undetermined time-independent phase.
The ground state (zero quench) has y; = —1 for all &, lead-

ing to u(t) = /3 (1 + &/Ey) exp(i Ext + iTy) and vi(t) =
—,/% (1 — & /Ey) exp(i Ext — iy + i), as expected.

2. One-particle Green’s functions and structure factors

Ek) eiEkt7i¢k+il_'k’ (D8)

The dynamic single-particle Green’s functions can be
computed from the coherence factors. For example,

Grn (1,8) = —i (W(1)| e el 1w
= —iug(Hux(t)

x (Ol e [T Tu

$(0) + Vi) c_qeqle ™

q#k
T g @)+ vg @) et 16 10),
q'#k
(D9)

where Hg is the interacting (and time-independent) BCS
Hamiltonian in Eq. (2.1) excluding the mode {k,—k}:

! /
He=) ¢’s;—G ) tiGssg sy

q#k q1,q27k

(D10)

Above, we have used the fact that e""zsliclf1 [0) = cli |0). Equa-
tion (D9) becomes

Ok, (1,1") = —iug (Duy(r)

x (01 et [T T (0) + v (0) c_qcq]
ak

x [T g + v @ cye! 1y [0)
q'#k

= —iup(t)uk(t). (D11)

In these manipulations, we have used the fact that in mean field

theory, the many-body BCS state can always be expressed as

product over modes of either a coherent admixture of empty

and doubly occupied levels, or alternatively a singly occupied
(“blocked”) level.
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We thereby obtain the following Green’s functions:

PHYSICAL REVIEW B 88, 104511 (2013)

E, — Evvie —
G- (1.1 = (Wil a0 ) 19 = (B2 cogmr — o)+ (BLZE) SinfEyr - 1)
2Ek 2Ek
kA > ,
+ ——/1 — ¥ cos[Ex(t + )], (D12a)
2E;
. ’ i * Ey +
—iGk,<(1,1) = (Wil (1) ¢, (1) [W7) = vt v(t) = (%) cos[Ex(t — 1)]
E kA
—i (k);kTi_Sk) sin[Ep(r — )] — Z_EC: 1 — ¢ cos[Ex(t + 1)), (D12b)
G (1.1 = (Ui lef(0) L ()W) = v () (@)
& kA i )
={Eiwkwfwﬂ&0+ﬁkm%ﬂ$cmwur4ﬂ+zwl—ﬁmm&0+ﬁ]
kA A
+i—= sin[E(t — t’)]}e"pk, (D12¢)
2E;
Oy (t,1) = (Wi coi(0) k() |Wi) = (1) vi(t') =[G (', 1" (D12d)
In these equations, |\;) denotes the initial pre-quench BCS, BEC, or quantum critical state.
Using these results, the retarded Green’s function in Eq. (1.9) evaluates to
)] / @) ’
t—1 t—t
Ok(t,t") = —i gk(z)( ,) . g('i)( /)* 0@t — 1), (D13a)
—[67@ =] 60 1]
where
K +ik’)A
G (1) = cos (Ext) + i (%) sin(Et), GO = —i [%] sin (Egt) . (D13b)
k k

The retarded function in Eq. (D13) is a function only of the time difference (¢ — t’), and is independent of y;. It satisfies Eq. (2.11)
with the initial condition in Eq. (2.12). By contrast, the other Green’s functions in Eq. (D12) depend upon both the relative and
average (t + ') times, and upon the nonthermal Cooper-pair distribution function yy.
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