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Coherently splitting a one-dimensional Bose gas provides an attractive, experimentally established platform to
investigate many-body quantum dynamics. At short enough times, the dynamics is dominated by the dephasing of
single quasiparticles, and well described by the relaxation towards a generalized Gibbs ensemble corresponding to
the free Luttinger theory. At later times on the other hand, the approach to a thermal Gibbs ensemble is expected for
a generic, interacting quantum system. Here, we go one step beyond the quadratic Luttinger theory and include the
leading phonon-phonon interactions. By applying kinetic theory and nonequilibrium Dyson-Schwinger equations,
we analyze the full relaxation dynamics beyond dephasing and determine the asymptotic thermalization process
in the two-wire system for a symmetric splitting protocol. The major observables are the different phonon
occupation functions and the experimentally accessible coherence factor, as well as the phase correlations between
the two wires. We demonstrate that, depending on the splitting protocol, the presence of phonon collisions can
have significant influence on the asymptotic evolution of these observables, which makes the corresponding

thermalization dynamics experimentally accessible.
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I. INTRODUCTION

In recent years, the field of ultracold atoms has pro-
duced tremendous progress in the experimental realization
and observation of many-body quantum dynamics out of
equilibrium [1-7]. Experiments have demonstrated that the
purity of cold-atom systems in combination with their large
degree of controllability allows one to precisely probe the
fundamental processes in quantum many-body systems. This
is exploited by a growing number of experiments, which study
the relaxation dynamics of interacting quantum systems in
a controlled environment, thereby fostering a more detailed
understanding of paradigmatic single- and many-body effects,
such as dephasing [1,8—10] and thermalization [4,11-15].

One-dimensional quantum systems play a special role in this
context since the dynamics, especially that of collisions, is con-
strained to a reduced phase space. For many systems this leads
to the emergence of an extensive number of quasiconserved
charges, i.e., an extensive number of physical observables
which are protected from fast relaxation by approximate
conservation laws. The violation of these conservation laws
becomes only visible for large timescales. Consequently, a
large number of experiments with one-dimensional quantum
gases has been described very well in terms of integrable mod-
els, for which the conservation laws become exact [2,7,16,17].
One general feature of these integrable models is the absence
of thermalization, expressed by the fact that, due to the
large number of conservation laws, they never relax towards
a thermal Gibbs ensemble [2,7,13,16,18-23], but keep the
information on their initial state for all times and evolve
towards a so-called generalized Gibbs ensemble (GGE).
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Realistic systems, however, are expected to behave generi-
cally, and to asymptotically approach a thermal state, although
very slowly in one dimension [24,25]. The aim of this work
is to study the full relaxation dynamics process, including
thermalization, for a gas of ultracold bosons after initialization
in an out-of-equilibrium state. The specific setup consists of
an initial, one-dimensional Bose-Einstein condensate (BEC),
which is suddenly split into two halves along its longitudinal
axis, as it is performed experimentally in Vienna [2,7,16,26].
The system, now consisting of two initially strongly correlated
condensates, evolves in time and relaxes towards a stationary
state.

On short enough timescales, most of the relaxation dynam-
ics has been described successfully in terms of the integrable
Luttinger theory. It predicts the light-cone shaped dephasing
of anomalous phonon modes, which leads to the transient
relaxation of the system towards a GGE [18,22,24,27]. The
GGE state is determined by the initial expectation value of
the conserved charges of the integrable Luttinger theory. This
description, however, neglects the effect of phonon-phonon
collisions and the associated decay of the interwire correla-
tions, as well as the energy redistribution between the modes
within each individual wire. The processes, while very slow
on experimental timescales, lead to the breakdown of the GGE
on larger timescales, and the relaxation of the system towards
a thermal Gibbs state.

The goal of this paper is to obtain a complete and quantita-
tive picture of the thermalization dynamics of one-dimensional
Bose gases, including the regime where nonlinear effects are
important. In particular, we assess the observability of the as-
sociated physical effects in experiments. To this end, we study
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the time evolution of the two-wire system after the splitting
in terms of a nonlinear Luttinger theory, which incorporates
the leading order phonon scattering mechanisms for a gas of
one-dimensional bosons. We focus on a regime with a large
Luttinger parameter K > 1, i.e., weakly interacting bosons,
for which diagrammatic methods are applicable [25,28-32].
The BEC is longitudinally trapped in a box potential of length
L, which can be realized experimentally with high accuracy
[33] and which allows us to approach the dynamics within
a Luttinger framework with a physical infrared momentum
cutoff kig = L~!. All analytical results will be discussed for
kir = 0, while the numerical simulations are carried out for
kir = L~'. We determine the time evolution of temporally
local correlators of the system, as these are the quantities
accessible in current experiments.

Summary of main results. Our approach is based on a
combination of Dyson-Schwinger and kinetic equations for
the weakly interacting Bose gas. In this way, we are able to
quantitatively capture all stages of the thermalization process,
including the hydrodynamic relaxation enforced by global
conservation laws on asymptotically large times [25].

At short times, dephasing of noninteracting phonon modes
leads to a fast relaxation towards a generalized Gibbs ensemble.
The physics can be understood on the single-phonon level, i.e.,
technically in the framework of the quadratic Luttinger theory.
For intermediate and large times ¢ > t., set by the typical
phonon collision time #.j, interactions become important and
relaxation dynamics enters the realm of many-body physics.
Collisions lead to energy redistribution between the phonons
and to local equilibration, while on the other hand conservation
laws do not yet play a dominant role. On the asymptotic
timescales, however, conservation laws constrain the effects
of many collisions and the dynamics enters a many-body hy-
drodynamic regime. This leads to algebraically slow relaxation
of observables [25].

In addition to a quantitative description of the different
dynamical regimes, we obtain as well a time-resolved estimate
for the crossover scale x,(c) ~ t?/3 between the single-particle
and the many-particle regime. It grows in time with the typical
Andreev exponent 1/« = 2/3 [29-32], confirming the picture
that thermalization proceeds from high to low momentum
modes, with crossover momentum ¢‘© ~ 1/x©. Collisions
also lead to a stronger decay of coherence, which modifies the
decay of the relative phase correlation function In C, ~ —*/3
to faster than linear in time on large distances.

Our formulation allows us to address direct experimental
observables, such as the relative phase correlation function
and the coherence factor. We find that a careful choice of
observables is necessary to quantitatively certify thermaliza-
tion in the experiment. In more detail, our results indicate
that for the standard splitting procedure both the relative
phase correlation function as well as the coherence factor
are only weakly modified by phonon collisions beyond the
quadratic Luttinger model. Thermalization, while definitely
present, is therefore hard to observe in common observables.
This is caused by the form of the initial phonon distribution
function, which follows a thermal Rayleigh-Jeans divergence
n,: ~ T,/|pl, with typical temperature 7,, at low momenta.
While this temperature increases through the thermalization
process towards an absolute temperature 7,, the form of the

distribution remains untouched and thus no qualitative change
in observables can be measured.

In order to overcome the difficulty in resolving thermal-
ization, we propose to initialize the condensate in a modified
far-from-equilibrium state, for which the phonon densities are
different from a thermal distribution. Inspired by the recent
realization of one such nonthermal state [16], we investigate
initial states for which the phonon distribution oscillates on
momentum scales £~!. These oscillations remain preserved
under dephasing but are washed out by the redistribution of
energy in the thermalization process, leading to a strongly
increased signal of thermalization at distances x = 2£, which
could be detected in experiments and which would lead to a
clear observation of 7.qj.

This paper is organized as follows. We start by introducing
the interacting Luttinger model and discussing the relevant
physical observables in Sec. II. In Sec. III, we derive the
kinetic equation approach for the correlated two-wire system.
This section can be skipped by a reader more interested in
the physics results. The formalism is then applied in Sec. IV
to study the relaxation dynamics of an initial state which has
nearly thermal form, corresponding to Refs. [2,7]. A discussion
of the various stages of the relaxation process is provided in
Sec. IV B.In Sec. V, aclass of initial states is considered, which
differ more strongly from a thermal state, and a representative
of which has been implemented in recent experiments [16].
We conclude in Sec. VI.

II. MODEL

The present work analyzes the longitudinal splitting of a
one-dimensional Bose-Einstein condensate at time t = 0, and
the subsequent time evolution of the two resulting, identical
and initially correlated BECs [2,7,26]. Each individual wire
represents a one-dimensional gas of interacting bosons, whose
long-wavelength dynamics will be described in the following
in terms of an interacting Luttinger liquid theory. For a
sufficiently strong separation of the two wires, all interwire
couplings in the Hamiltonian vanish and the only correlations
between the two gases result from the correlations in the initial
state for t < 0.

A. Hamiltonian

Labeling the two subsystems with bosonic creation and an-
nihilation operators bfu ,bax,a € {1,2}, where b, , annihilates
a boson at coordinate x in wire ¢, the Hamiltonian of the joint
system for times # > 0 is

H=Hp®l,+1,® Hs. 2.1

Here, H, 1g describes a generic system of short-range interact-
ing bosons with mass m,

712
Hyp = /b;x[V(x) — —vz]bw
o 2m ’

" / Bl b 6 = Wl by (22)
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with a two-body interaction potential #, which is short-ranged
in space, and an external potential V, which we consider flat
enough to justify a local density approximation (LDA).

The creation and annihilation operators are conveniently
expressed in terms of conjugate phase and amplitude fields,
byx = Mem”, with py x = po — %V%,x, where pg is the
average particle density in both wires [34,35]. Phase and
amplitude are conjugate variables:

[(pa,mveﬂ,x’] = —ié(x — )C/)(Sa,ﬂ.

In phase-amplitude representation, the leading order terms
of the Hamiltonian (2.2) correspond to an interacting Luttinger
liquid (ILL) [28-30] and read

2.3)

h , v )
HDt,ILL = E VK(axea,x) + ?(axd)a,x)

+ K<ax¢a,x>(axea,x)2]. (2.4)

The first line of this equation is quadratic in the fields and

represents the noninteracting Luttinger liquid, which describes
noninteracting elementary excitations, i.e., phonons, propagat-

ing with sound velocity v = ,/ 242 ”“”(O) and Luttinger parameter

_ rrh
K = u(O)m

the trans1ent dynamics after the splitting. It leads to the
evolution of the system towards a quasistationary state, a
so-called generalized ensemble (GGE) [18,22,24,27].

The second line of Eq. (2.4) instead is a nonlinear cou-
pling, which represents the leading order deviation from an
integrable model and makes the ILL generic; i.e., it en-
ables true thermalization on large and asymptotic timescales
[28-30]. The vertex k describes the deviation from a perfectly
linear dispersion and can be estimated to be k = /i/m, where
m is the mass of an atom. The major contribution of this
work is to include the effect of nonzero «, and to study the
asymptotic thermalization after two different, experimentally
relevant splitting procedures. This extends the understanding
of the relaxation dynamics after the splitting to timescales
beyond prethermalization.

The Hamiltonian of the entire system after the splitting is
again the sum of the two individual wires:

This quadratic part is integrable and governs

H=H 1, +1,® HyjL. (2.5)

Since the considered splitting protocol is symmetric with
respect to the wires, both will be identical in geometry and
average particle density after the splitting. Thus, they are
described by the same set of Luttinger parameters {v, K ,«k}.
In order to diagonalize the quadratic part of the Hamiltonian
H, 111, one applies the canonical Bogoliubov transformation

[34,35] to the phonon operators al,x,aa,x,

I
. T —ipx—1l
Pr = O *’/ xpe " e, w26
/‘[ 2| Sgn(p)e lpx——( l’p +aa,7p)7
2.7)

where A = /4mu(0)po/h is the short-distance cutoff, a,,, =

fx ei"’caa,x, and the integral f; runs over all momenta except
p = 0. The global, zero-momentum modes ®,,®, contribute
only to the global dephasing of the wires [33], which is not
considered here, and are therefore neglected in the following.

In this basis, the quadratic part of the Hamiltonian [first
line of Eq. (2.4)] is diagonal and describes phonons with a
linear dispersion €, = v|p|. The nonlinear part of the Hamil-
tonian describes cubic phonon scattering processes. It can be
decomposed into a resonant part, which conserves the phonon
energies, and an off-resonant part, which does not conserve
the phonon energy during a single scattering process. The
latter processes induce only virtual transitions between the
many-body states and represent irrelevant contributions for
the forward time evolution, in contrast to the resonant ones
[36]. The common procedure is thus to neglect the off-resonant
scattering processes in a rotating wave approximation for the
kinetics at large times, and only consider resonant processes.
In the resonant approximation, the Hamiltonian is

"
Hynp = / viplal ,a, ,+ v / Vipa(g + p)l
P P.q

X (), gy pa., +He), (2.8)

with v = K,/?—Z. The integral f;p only considers resonant

processes, i.e., those processes with |p + g| = |p| + |g| (for
more details on the resonant approximation, see [28,29,36]).
From now on, we set /i = 1 within the analytic expressions.

The Hamiltonian, Eqgs. (2.5) and (2.8), describes the time
evolution of the two wires after they have been split ini-
tially at r = 0. Each wire thereby represents an independent,
interacting Luttinger liquid and the Hamiltonian generates
no additional interwire correlations. The latter are, however,
generated by the splitting procedure itself and the analysis of
the interwire and intrawire correlations’ time evolution under
(2.5) is the purpose of this article.

B. Phonon correlation functions

In the following sections, the dynamics of the two wires
is analyzed in terms of the single-particle phonon Green’s
functions, which in turn determine a set of relevant physical
observables. These are for instance the so-called phase cor-
relation function C(x,t) = (/@102 =10101=020.0) between
the two wires and the coherence factor W.(¢), which we will
introduce in this section. The basic notation and relations for
the nonequilibrium Green’s functions will be discussed below.

In the Heisenberg picture, with operators a, ,, =
e'fa, ,e="H!  the retarded Nambu response function is de-
fined as

T
lGaﬂptt/—O(l‘—l)<(<[ apzyaﬂp,/])

lal _pna), 0]

([dg p.rrty o))
(lal prag, 1))
(2.9)

while the Nambu correlation function (or Keldysh Green’s
function) is defined as

T
<{aa,p,tva/3 [’})
lGaﬂ ptt = ( t !

(al piah, )

<{aa,qu’aﬂ»Pvf'}>>_ (2.10)

(al ,ias, 1)

043611-3



HUBER, BUCHHOLD, SCHMIEDMAYER, AND DIEHL

PHYSICAL REVIEW A 97, 043611 (2018)

Here, [-,-] labels the
anticommutator.

The retarded Green’s function can immediately be simpli-
fied by noticing that the Hamiltonian (2.5) does not introduce
any interwire coupling and therefore states with o # 8 in
Eq. (2.9) commute at all times. Furthermore, within a single
wire, H, 111 in (2.8) does not couple states with opposite mo-

Consequently, the off-diagonal elements

commutator and {-,-} the

menta Ao,q,00%, g1+

of G® vanish exactly for all times #,#’. The advanced Green’s
function is the Hermitian conjugate of the retarded Green’s
function, G* = (GR)'.

A special emphasis will be put on the equal-time Green’s
functions, relevant for current experiments, which determine
the time evolution of static, i.e., frequency-independent, ob-
servables. For the retarded and advanced Green’s functions,
one finds

(Go’f’ﬂ’q,t,t - Giﬂq’,’t) = —i84 40, 2.11)
(G pgis ¥ Gopgis) =0 (2.12)

for all times, while

lGK _ < 2"0[,,3,[1,1 + 80[,}‘3

2manpie ) o 1)
a.B.p.tit 2mmﬂ’p,t6—2iv\p\t B

2}1/3’0,’1,,, + Sa’ﬂ

It describes the time evolution of intra- (¢ = 8) and in-
terwire (o # ) phonon densities, both diagonal nqp ,, =
(alyp,,aﬁyp,f) and off-diagonal mg g p; = {aq,p.cag, , )| Here
we made the time-dependent complex phase of the off-diagonal
modes explicit such that m,, , ; is real and positive for all times.
Both wires are exactly identical and therefore the system is
symmetric under the exchange of the wire index; this yields

GRIAIK _ GRIAIK g GRIAIK _ GRIAIK

11,p,t,t/ 22,p,t,t' 12,p,t,t 21,p,t,t' (214)

The same holds for the phonon densities in the wire basis

Mitps = (@] a1 ) = (@), 0 ) =n2ps. (215
nlz,p,t - (a-lryp,falp_t) - <a;,p,la],p,[) - nzl,[),t’ (2'16)
Mz ps = lay a5, ) = ay a1, = Mot pi. (2.17)

C. Relative and absolute mode and experimental observables

Due to the symmetry of the system under exchange of the
wires, i.e., 1 <> 2, the Green’s functions in the wire basis
GS’/ﬁA/ ¥ show some redundancy. It can be removed by switch-
ing from the basis of individual wires to a basis of relative and
absolute degrees of freedom for the two wires. These latter
degrees of freedom give a more compact description and are
directly related to the relevant experimental observables such
as the relative phase correlation function and the coherence
factor of the bosons.

The relative (a,. , ;) and absolute (a,,, , ,) degrees of freedom
are introduced by the unitary transformation of the Heisenberg

operators
aa,p,t — L(l 1 ) al,p,t .
ar,p,t ﬁ 1 _1 a2,p,z

Using Eq. (2.14), one can directly see that correlations between
the absolute and relative modes vanish, and that only two

(2.18)

independent Nambu Green’s functions are required, namely
the absolute and the relative Green’s functions

A A A

Ga,p,t,ﬂ = Gn’p'm, + Gn’p'm,, (2.19)
A _ A s

Gr,p,t.t’ - Gll,p,z,z/ - Glz,p,z,z” (2'20)

with A = R,A,K. We note that this does not require any
specific form of the interactions but only the fact that the
Hamiltonian as well as the initial conditions are invariant under
exchange of the wire indexes.
The dynamics of G*

r/a,p,t.t
Gly .o @0nd Gy, . It is equivalent to work in the relative
and absolute basis or in the basis of individual wires. The
Hamiltonian, however, and the corresponding time evolution
take a simpler form in the individual-wire basis. On the other
hand, experimental signatures and the initial state of the system
are determined in the relative-absolute basis. In the following,
the most convenient of both representations is used, depending
on the individual computation.

The major experimental observable for the present system
is the relative phase between the two wires, from which
the relative coherence between the wires is extracted. This
observable can be measured with high precision in matter-
wave interferometry measurements [9,31,37]. This is done by
releasing the two condensates from the wires, and then letting
them expand freely in space. When the two condensates start
to overlap, they form a characteristic interference pattern. The
integrated interference pattern is described by the coherence
factor of the two condensates

, is uniquely determined by

_ £0 i . _
W.(t)=L lf(b];,x,tblx,f> =T /(e Oy — 00€ 8,
2.21)

where the integral runs over the entire length L of the wire
and 6,,, =01, — brx, is the relative phase of the two
condensates. The subleading effect of density fluctuations has
been neglected in the definition of W.(z).

According to the linked cluster theorem, the coherence
factor up to fourth-order vertex corrections [25,38] is

e A
g(t) = / Tr[iGf, (1 + o¥)] (2.22)
» 8K1pl -
_ me 2 1 —2cos(2
= | SRy 2ere 1 = 2c0s@ulplOm. )

It is fully determined by the time evolution of the relative
phonon densities n, ,;,m, ,;. For the present analysis, we
approximate the system as being spatially homogenous. This
approximation applies very well for current experiments,
which are governed by the dynamics in the longitudinal center
of the wires [2,7,26].

A further tool to get experimental access to the correlations
between the two wires is to measure the relative phase between
the two wires for different positions in space. The observed
interference pattern of this measurement is proportional to the
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phase correlation function

Clx,t) = e~ 280 (2.23)

where x = x; — x; and AG,,; = ([6r.x — 9,,0,1]2). The rela-
tive phase fluctuation A6, , , is determined along the lines of
Eq. (2.21),

Ipl

Ab, = / {ﬂeA [1 — cos(px)]
14

4Kp
x[2n;p+1— 2005(2v|p|t)m,,p,t]}. (2.24)

Itreveals the time-dependent spatial spread (or decay) of corre-
lations and has served as the major experimental observable to
monitor the time-dependent relaxation of the two-wire system.
In order to shorten notation in the following, we will refer to
AB, ., simply as the relative phase.

In order to make theoretical predictions on the dynamics
of the phase correlation function and the coherence factor of
the system after the split, we thus need to determine the time
evolution of the relative phonon densities n,. , ;,m, ;. In the
major body of previous works, this has been performed in terms
of the quadratic Luttinger theory, which neglects collisions
between phonons, as described by the cubic part of Eq. (2.8).
This is well justified for short and intermediate times, which are
smaller that the typical, inverse collision rate, and describes the
so-called prethermalization dynamics. The present work goes
beyond the former, noninteracting approaches and takes into
account the effect of phonon-phonon scattering, which leads
to an energy redistribution between the phonon modes and
enables thermalization on large timescales. The time evolution
of the phonon densities is determined via a kinetic equation
approach, which is set up in the following section.

III. KINETIC EQUATION FOR THE PHONON DENSITIES

The time evolution of the phonon densities in the present
system is determined by a modified version of the common
kinetic equation approach [29,36]. It has been established in
previous works in order to deal with the resonant phonon
interactions, for which perturbative approaches display fatal
on-shell divergencies. The kinetic equation approach here
is based on Dyson-Schwinger equations [39,40], resulting
in regular expressions for the time evolution of the phonon
densities. The Dyson-Schwinger equations will be truncated
at the level of the cubic vertex (to be precise, including the
cubic vertex correction) and solved self-consistently. This
approach has been outlined in detail in [28,29] and will be
briefly discussed below, including the extension to the bosonic
two-wire system.

The kinetic equation is expressed in temporal Wigner
coordinates, which describe the time evolution of any two-time
function, depending on time variables #;,7,, as a function of the
average forward time ¢t = % and the relative time 6, = #; —
1. Fourier-transforming the relative time coordinate introduces
the frequency w, ie., G, = fzS, €% G, 5, for an arbitrary
Green’s function. Frequency integration thus produces equal-
time functions in Wigner representation. The Dyson equation
[38] in the individual-wire basis and in Wigner coordinates

reads

A A
G} = ( 0 Paﬂvl),w,f - Eaﬂ,;mw,t)

af,p.o.t R __ TR _ vk
Pvtﬁqp,w,t Emﬂ,p,w,t Zaﬁ,p,w,t

3.1
R,AK
af,p,w,t>
noninteracting system P;;;fllw’t = [o(w £ in) —v|p|1]dsp.
The retarded and advanced Green’s functions are modified
in the presence of interactions due to nonzero self-energies
Eféﬁ)’w’,. As pointed out above, however, the Hamiltonian
neither mixes different wires o % B8 nor opposite momenta
p, —p and thus the retarded and advanced self-energies are
diagonal in the wire index and in Nambu space.

Considering a spectral function that has support only in
the close vicinity of the dispersion, the relevant self-energy
contributions for the kinetic equation are the ones which
are on-shell, i.e., which fulfill ® = v|p| [36]. Here, these
contributions are purely imaginary and the on-shell self-energy
can be parametrized as [29] [see also Appendix A, Eq. (A10),

with @%, = 0]

R
R . o, 0
Zap.p.w=vipls = _16"""< St oA )

Dt

with the self-energies X and the bare propagators of the

(3.2)

R.A .. .
Here, 0, ;" are positive functions of momentum p and forward

time ¢. For 0,5 A < v|pl, the self-energy is interpreted as the
inverse lifetime 7, r= 15, , of the phonon modes, which remain
well-defined quasiparticles in this case.

The on-shell Keldysh self-energy is, by definition, anti-
Hermitian and, due to the symmetry of the system with respect

to exchange of the wires, conveniently parametrized as

ok oK
—i2( st ‘;‘f"’"). (3.3)

K
q)orﬁ.p,l Oup,p.t

Evﬁyp,w:wp\,t =
In contrast to the retarded self-energy, the off-diagonal el-
ements of the Keldysh self-energy both in Nambu space
and in the wire index are generally nonvanishing. This is a
consequence of the initial splitting protocol, which generates
correlations between the wires but also occupies anomalous
phonon modes. We have, however, again factored out the
complex phase of the off-diagonal modes, as in Eq. (2.13).
As a consequence, ®X is purely real for all times.

The kinetic equation for the phonon occupations is deter-
mined by parametrizing the anti-Hermitian Keldysh Green’s
function in terms of the retarded, advanced Green’s functions
and the Hermitian occupation function F, i.e.,

GK =GR oZ,F—FZ,0G",) 01

p.o.t

(3.4)

where o denotes the convolution with respect to times and
frequencies and matrix multiplication with respect to momen-
tum, Nambu, and wire index. The matrix X, = o, ® 1 ensures
the symplectic structure of bosonic Nambu space. Inserting
Eq. (3.4) into (3.1), one finds

(PRoX.F—FX.0PY)y0, =150 . (3.5)
with the collision integral
o, =K, —(Efo L. F—F. 0%, (3.6
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In order to bring Egs. (3.5) and (3.6) into a convenient
form, several steps have to be performed, which are outlined
in Appendix A. First, the Green’s functions and the occupation
function have to be expressed in the Dirac interaction picture.
This guarantees that the left-hand side of (3.5) becomes
proportional to the temporal derivative of F. Second, one has
to apply the Wigner approximation to the second term of the
collision integral (3.6). The latter approximates convolution
with respect to frequency and time in Wigner representation
by the product

Icoll ~ EK _ (ER

p.o.t Pt p.o.t

2 Fpoi — FpoiZ:20,,). 3.7)

As detailed in Appendix A and Refs. [25,28,29], this is justified
as long as the condition

19 Fup.g.0.1|005Es 4 0]

R
|Faﬂ,q,w,t| |2aﬂ,q.w,t |

<1 (3.8)

is fulfilled. Physically, Eq. (3.8) requires that the characteristic
timescale of the global system’s time evolution is much larger
than the characteristic timescale of a single scattering event.
This is justified for splitting protocols, at sufficiently low
energies, for which (see Ref. [29])

v K V2, (3.9)

where € is the average energy per momentum mode in the
system.

Multiplying both sides of the kinetic equation (3.5) with the
system’s spectral functions
- GA

p.w,t

i
Ap,a),t == E (GR

p,w,t

) (3.10)
|

o,y = / Ypgli1,p—gnitg — i p(in p—q + 1114 + DI+ 2[
O<g<p 0

oy, = / Ypgl12,p—qM12,4 — 12, p(11,p—g + 1114 + D]+ 2/
O<g<p 0

projects the kinetic equation onto the region where A, , ; has
nonzero support, i.e., onto the physical quasiparticle states. For
a given momentum and energy p,e, the width of the spectral
function can be estimated to be ~al§ < €, in the relevant
regime of low momenta and small energy density [29,32].
The corresponding criterion in the present setting is identical
to the criterion for Luttinger theory to be applicable, i.e., to
have a sufficiently low excitation energy density n, < A/q (cf.
[28]). The kinetic equation is thus projected on-shell and one
can make use of Eqgs. (3.2) and (3.3) to simplify the collision
integral 7°°"". On the other hand (for a, 8 = 1,2) (2.15),

2ngy + 84 —2my
f(AEZFEZ)aﬁ,p,w,t ~ < B.p.t B B.p.t )’

—2mg, .1 2n68,p,i + Sa,p
(3.11)
which finally leads to
Initpe =01y — O 2011 ps + 1), (3.12)
onip; = Ulg_pyt — 201511112%,, (3.13)
mirpe = PF ., — 205 mitp.. (3.14)

The anomalous densities m 1, , ; never deviate from zero and
their time evolution is not considered here.

The self-energies are evaluated in the self-consistent Born
approximation; see Appendix B. An additional rescaling of
time 7 = vt and the retarded self-energy &5, = v"crlfl~ re-

moves the explicit dependence of & If ; and n,7,m,; on the

nonlinearity v completely. This yields the equations of motion
for the phonon densities

. y;q[nll,p+q(l +ni1,q +R11,p) — Rigninpl,

(3.15)

V]Iq[(nll,p-ﬁ-q - nll,q)n12,p - n12,p+qn12,q]v (3.16)
<q

omiy,, = / Yp.glMit,p—gming —mu p(ni1 p—g +n114 + D] +2/ y;q[(nll,p-ﬁ-q —Ni1g)M11,p — ML prgMilgl,
O<g<p

with the effective scattering vertex

+ _ qr(p£q) (3.18)
q = = ~ ~R - :
i (71ge +GqR +Opiq

At each time step, the retarded self-energy has to be
determined self-consistently. It is determined by the equation
(see Appendix B)

orn
5 :2/{[ Bal +(2n11,q+1)i|
q aq

" [fu;(p qu) + f]l;(p erq)]}' (3.19)
Oy +0pg 05 t0p4y

The system of equations (3.15)—(3.19) is solved iteratively
according to the scheme shown in Fig. 1. The initial state

0<gq
(3.17)

(

at f = 0 is determined by the individual splitting procedure.
At each time step 7, one has to compute the self-energy & [ft.
which then enables the next infinitesimal time step 7 + § via
the equations of motion. The procedure is repeated until the
steady state has been reached.

To obtain the closed set of equations (3.15)—(3.19), the
Dyson-Schwinger equations for the interacting Luttinger lig-
uid have been truncated at the quadratic order; i.e., we neglect
any vertex correction to Eq. (3.18) from higher order loops.
In principle it is possible to include these corrections within
the present formalism as was discussed in Ref. [29]. This
work shows, however, that higher order vertex corrections
are generally very small, which is in agreement with numer-
ical test simulations of the vertex correction for the present
setup, and can thus be safely neglected. At this order, the
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self-consistent

numerical
integration Norn

t—t+ 0t Iq pi[ng.i]
et \ ) kinetic
time step Mgt = { q £ Mgt M ] equation

atmqt —I[ qtanqtpmqt

FIG. 1. Schematic illustration of the numerical routine for solving
the kinetic equations. For a given occupation n,,,m,,, the self-
energies are computed within the self-consistent Born approximation.
Inserting the self-energies into the collision integral determines the
evolution of n, ,,m, , via the kinetic equation. Numerical integration
yields the occupations at the next time step t — ¢ + §t.

Dyson-Schwinger equations are identical to the self-consistent
Born approximation.

IV. SPLITTING TO A NEARLY THERMAL STATE

The splitting experiments in the Vienna group have been
performed via two different splitting protocols. In this section,
we will investigate a set of splitting experiments, in which the
bosonic wires were split in such a way that the resulting state of
the system remained close to a thermal state. We demonstrate
that, as a consequence, the prethermalized state and the asymp-
totic thermal state are hard to distinguish and the asymptotic
thermalization dynamics is difficult to track experimentally.
We will discuss the different stages of thermalization for this
splitting procedure and numerically investigate the behavior
of observables in the corresponding stages. This serves as a
preparation for the discussion of the second set of splitting
procedures in the subsequent section.

A. Initial state

The initial state in the two wires is prepared by coherently
splitting a phase-fluctuating one-dimensional quasicondensate
in the longitudinal direction. The splitting is performed on a fast
timescale such that the longitudinal phase profiles in the newly
generated quantum wires are nearly identical 6;(x) ~ 6,(x)
[2,7,26], while the uncertainty in the local density is maximal.

We label the phase and density 6,, 0, of the two wires with
o = 1,2 and introduce the relative 6, = 6; — 6, and absolute
phase 6, = & 42'92 and analogously relative and absolute density
OrsPa- The absolute phase and density remain unchanged by a
sudden splitting and correspond to the initial quasicondensate.
The relative phase and density instead are generated only by the
splitting. Their initial variance can be expressed via the initial
average density in the wires py and per unit volume reads as
[2,7,26]

(or(X)py (1)) ~ % @.1)
1

(608, 0) ~ 5—. 4.2)
Lo

The quasiparticle densities in the relative mode can be
determined from Egs. (4.1) and (4.2) in combination with
Egs. (2.6) and (2.7),

T T, 1
n.p = {a;(p)a,(p)) = m + xlpl— 5 4.3)
T,
my,p = {a;(p)a,(—p)) = ool xr1pl- (4.4)

At low momenta |p| < UTf the normal density adopts ther-
XI‘

mal behavior n,. , ~ | p|~! with an effective relative tempera-
ture 7, = 2% &, which depends on the state before the splitting

via pg, and on the Hamiltonian via the Luttinger parameters.
For intermediate momenta /% < |p| < A, on the other

hand, it increases linearly in momentum with a splitting-
dependent slope x, = K On the largest momenta | p| > A
the quasiparticle densny is suppressed exponentially. Analo-
gous behavior is found for the anomalous density m,, ,, which
must, however, be zero for a thermal ensemble. This should
be contrasted with the thermal occupation of the absolute
quasiparticle mode [2,7,26]

COSh(”lp'/Ta) -1 ~ Ta
2 vipl’

e, = (al(pa,(p)) = (4.5)

Ma,p = (da(P)as(=p)) = (4.6)
which is described by the initial temperature 7, of the quasi-
condensate before the splitting.

The low-momentum effective temperature of the relative
mode 7, ~ po/K can be initialized at rather small values,
depending on the ratio of the initial density and the Luttinger
parameter. On the other hand, decreasing 7, increases the slope
Xr ~ K/ po and shifts the splitting energy from lower to larger
momenta. The larger x,, the more n,, , deviates from a thermal
distribution and the larger will be the impact of energy redis-
tributing collisions at large times. In previous experiments, the
linear increase of the occupation has not been detected in any of

the observables, indicating that the crossover momentum L

is large, i.e., of the order of the ultraviolet cutoff and thus yx,
is small. While this still implies an energy transfer from the
high-momentum to the low-momentum regime on times of the
order of the collision time, our results show that the initial,
thermal form of the low-momentum distribution makes such
transfer hard to detect. This is discussed in detail in Secs. IVB
and IV B 2. An illustration of the relative and absolute densities
is shown in Figs. 2 and 3 (see also Fig. 4) for two different sets
of splitting parameters.

As pointed out in the previous section, the kinetics of the
quasiparticles is most conveniently expressed in the basis of
individual wires. Inserting the definition of the relative and
absolute mode a, , = %(al F ap) into the densities one finds

immediately

Npp = Nil,p —N12,ps (47)
myp = mMil,p, (48)
Na,p =n11,p+n12,pa (49)

043611-7



HUBER, BUCHHOLD, SCHMIEDMAYER, AND DIEHL

PHYSICAL REVIEW A 97, 043611 (2018)

(a) relative basis
x10*

= DNa/r,p,0

x10*

3.0

(b) relative basis

(c) wire basis

= M112,p,0

L)

na/r,p(t = v

N 2.5

2.0

Nag

1.5

1.0

0.5]

—003
Mazplt =35)

= Nupplt= f,‘\J;)

0.2 0.4

0.6 0.8 1.0 0.2
p (units of A)

0.4 0.6
p (units of A)

FIG. 2. Parameters as in Table I but x, = 0: (a) The relative and absolute phonon densities, n; , with i € {r,a}, with an initial thermal
distribution (bold lines) as shown in Fig. 4 approach each other as time evolves. Both occupations converge against a final thermal state
characterized by a single temperature 7;. (b) The anomalous density m,.,, decays in time and approaches zero. (c) In this case, x, ~ 0 is
negligible and the evolution is governed by the slow decay of n;, ,, in time, while n; ,, remains constant in time [all blue (dark) lines

coincide].

where we used the symmetry ny; , =ny1, and nys , = nay
between the two subsystems and m, , =0 < m; = —ms.
The initial values can be read off directly from Eqgs. (4.3)-(4.6).

B. Prethermalization and thermalization: Time regimes in the
double-wire dynamics

The splitting procedure initializes the two-wire system in
a nonthermal, out-of-equilibrium state, which will start to
relax immediately after the splitting. This relaxation process
undergoes the typical, stepwise process towards equilibration,
which we will discuss in the following. We start with a
qualitative discussion of the different relaxation processes
based on the Hamiltonian (2.8) and the initial-state properties,
expressed via nyy,n13,mq;. This scenario is then confirmed
quantitatively by simulations of the kinetic equations (3.15)—
(3.17) and discussed on the basis of experimentally relevant
observables. The relaxation of a generic, weakly interacting
quantum system is expected to happen in a sequence of steps
connecting the initial nonequilibrium state with the asymptotic
state of the system [24,25,43]. We will review this typical
scenario briefly, adapted to the present system.

Straight after the initialization of the out-of-equilibrium
state, the time evolution of the system is dominated by the
fastest process captured by the Hamiltonian (2.8) with v = 0,
which is the formation of well-defined, weakly interacting

(a) relative basis

x10* x10%
=N 3.5
1 a/r,p,0
----- Nayr,plt = 2L) 30

(b) relative basis

quasiparticles. Typical for this first process is the dephasing
of anomalous correlations

(g, pap.—p) ~ """ (ay Lag _ )0, (4.10)

caused by the quadratic part of the Hamiltonian. The spa-
tiotemporal regime, which is influenced by the dephasing, is
spanned by a pair of counterpropagating quasiparticles, leading
to a light cone whose shape is set by the phonon velocity.
Outside this light cone, correlations are still determined by
the initial state at # = 0. We term this regime the “initial-state
regime.” Inside the light cone quasiparticles have formed and
observables are dominated by the time-dependent quasiparticle
densities 11,1112, p,1» Whereas the off-diagonal part m 1y, ;,
due to the dephasing, is effectively zero.

Aslong as both wires are described by the same microscopic
parameters, the densities 1111, ;,712, p,; are constants of motion
of the quadratic Luttinger Hamiltonian. Their time evolution is
solely set by energy redistributing collisions as described in the
nonlinear part of Hy ;. Since the quasiparticle interactions are
weak and display subleading scaling behavior in momentum
space, the typical timescale for long-wavelength collisions is
much larger than for the dephasing; i.e., for a momentum
mode ¢, feon = [V]g| (T, /v)217" 3> (Wlg]) ™" = taepn [25,28].
Consequently, there exists an extended spatiotemporal regime
for which dephasing has lead to the formation of quasiparticles,
which have, however, not experienced a substantial number of

(c) wire basis

= Anppt=2%)

Angypzplt= %\‘]5)

02 04 06 08 10

-0.5

0.2 0.8 1.0 0.2

0.4 0.6
p (units of A)

04 06
p (units of A)

p (units of A)

FIG. 3. Parameters as in Table I with x, = ﬁK : (a) The initial diagonal relative phonon density n, , (bright, bold) has a linear tail
(see Fig. 4) and energy stored at larger momenta. During the time evolution, n, ,, and n, ,, converge towards an identical final distribution,
which corresponds to a larger temperature. Energy is distributed from larger to small momenta. (b) The off-diagonal occupation decays to
zero exponentially in time. (c) Time evolution of the difference Any, ,(t) = ng, ,(t) — ny,,(0). The crossover momentum pf") separating fast,
thermal-like evolution at p > pﬁc) from a slow nonequilibrium relaxation at p < p,(C) leads to a bump in An, ,(t) as discussed in the main text.
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(a) relative basis (b) wire basis

— Napo — Nupo

Nrp,0

N12,p,0
mu,p,o

(c) relative basis (d) wire basis

0.8 1.0 ' 0.2 0.8 1.0

04 06 04 06
p (units of A) p (units of A)

3
7 — Napo
6f ! 5
| n
st r.p,0 . 4
4 \-\ = Mrpo < 3
30N 2
2 1
1
E 0.2 0.4 0.6 0.8 1.0
' 0.2 04 _ 06 08 1.0 -1 p (units of A)
p (units of A)

FIG. 4. For parameters as in Table I but y, set to zero x, = 0 by hand: (a) initial distribution in the absolute n, and relative n,,m, modes; (b)
initial distribution in the single-wire basis. We focus in this analysis on the low-energy dynamics of the system below a certain cutoff p < A.
Due to Eqs. (4.3) and (4.4), the initial distributions are almost thermal for all momenta. For parameters as in Table I but x, = —— K: (c) and

4 po

(d) the presence of /T, /(vx,) ~ 0.5A < oo distinguishes two momentum regimes: small momenta |p| < /7, /(vx,) with a thermal relative
density n, = T, /(v|p|) < n, and large momenta |p| > /T, /(vx,) with a linear increasing density n, = x,|p| > n,.

collisions. In this regime, the densities n1y,, ;,712, ,; are pinned
to their initial values and are not yet evolving in time. The
corresponding state is commonly termed prethermal.

For times t > .oy, typically only a few collisions (~3) are
necessary to redistribute energy and establish a local thermal
equilibrium. By local, we refer to a local region in momentum
space p € [qg — §,q + 48], which is very well described by ther-
mal quasiparticle densities 12, ; = 0,111, p,, = np(V|pl/ Tioc)
and a joint, local effective temperature Tj,.. This effective
thermalization timescale is of the order of few collision
timescales fiherm = O(fcon) and therefore, together with Tiqc,
momentum-dependent.

On asymptotic timescales, the locally thermalized regions
have to adjust their temperature and relax towards the global
thermal equilibrium. At this stage of the relaxation, con-
served quantities like energy and momentum have to be
transferred over large distances in momentum space. This
transport involves many subsequent collisions and belongs to
the regime of hydrodynamics, which is governed by the global
conservation laws of the system. This regime makes a clear
distinction between the interwire coherences 5 ,, ;, which are
not part of any conservation law and thus decay exponentially
towards their thermal value, and the intrawire density ni; , ;,
whose evolution is constrained by total energy and momentum
conservation. As a consequence, 11, , , will relax algebraically
slowly towards its thermal value in this asymptotic regime.

TABLE I. Left column: Microscopic parameters, which are used
throughout this work in order to perform the numerical simulations.
They represent a set of experimentally realizable conditions and can
be found, e.g., in Refs. [2,3,26,41,42]. my, is the mass of a 8’Rb
atom, which is used in the experiment, and u = 1.66 x 107?7 kg is
the atomic mass unit. For typical experiments, the relative and absolute
temperature vary between 10 nK < 7, < 100 nK and 5nK < 7, <
25 nK. Right column: Luttinger liquid parameters inferred from the
microscopic parameters.

Experimental parameters Luttinger liquid parameters

mgy, = 87u K =254
0o =30 x 10°m™! v=13x1072
T, = 30 nK v=>54x10710 2

u(0)~ 8.8 x107* Jm T, =21.5nK

A=25x10m!

In the following, the time evolution of the densities
N1, p,ts012,p,1,M11,p,; 18 determined on the basis of the kinetic
equations (3.15)—(3.17) and the emergence of the different
relaxation regimes is discussed on the basis of several observ-
ables.

1. Time evolution of the phonon densities

The kinetic equations (3.15)—(3.17) determine the relax-
ation of the densities nyy,,n12,,:, and myy p, towards a
thermal ensemble. The Hamiltonian (2.5) contains no inter-
actions between the two wires and between states of opposite
momentum, such that the off-diagonal terms are expected to
decay to zero n12,p.1—o0 = Mi1,p,1—o0c = 0 for a thermal state.
The different stages of relaxation are as follows.

For times # < fierm, the normal densities nyy p,n12,, are
nearly constant and the only relaxation is caused by the
dephasing of m; ,. This time regime is adequately described
and understood in terms of the quadratic Hamiltonian alone.
On the other hand, for times ¢ > fyem, the dephasing of the
anomalous modes has already eliminated all the influence of
myi,, on physical observables, although its absolute value
remains nonzero. As it turns out, the dynamics for # > fiperm
can be understood completely on the basis of the relaxation of
the normal occupations, and we will thus restrict the following
discussion to the time evolutionofn; , ;,n12, ;. The simulated
relaxation of my; ,; is, however, shown for completeness.

The diagonal density 71y ;-0 = ngp(€,/Tr) evolves to-
wards a Bose-Einstein distribution ng with asymptotic tem-
perature T¢. In the basis of relative and absolute modes, both
normal occupations approach each other during the evolu-
tion and converge towards an identical, thermal distribution
Ny, pi—soco = Na, pi—oo = NB(€,/Tt), as can be inferred from
Egs. (4.7)=(4.9). The anomalous occupation m, , ;o = 0
instead decays to zero.

The asymptotic value of the temperature of the diagonal,
normal phonon distribution nyy - = ng(v|pl/T;) can be
determined by the initial state due to energy conservation. The
quadratic part of the Hamiltonian, i.e., the kinetic energy den-
sity, commutes with the resonant collision terms in Eq. (2.8).
The kinetic energy density is thus an integral of motion and its
final and initial value must coincide €;—0 = €,—«c, 1.€.,

| 7T2Tf2
v|plnii,pi=0 = | viplni piz=ec = T
P p v

@.11)
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This determines the
V3ve—o/m.

For initial states of the form given in Eq. (4.3), one
can distinguish between two experimentally relevant limiting
cases, namely K <« pg & x, & 0, where x, A is negligibly
small, and x,A = T,/(vA), for which the linear tail ~x,p
cannot be neglected.

In the former case, the relative and absolute mode are both
described by an approximate high-temperature distribution
ng,p ~ Ty /(v| pl), where o = a,r. The time evolution then lets
both distributions approach each other slowly, merging at a
joint temperature Tt = (7, + 1,)/2. In the basis of nyy p,n12,,
such initial states lead to an almost time-independent diagonal
occupationnyy, ,; = ni,poandonlyny, ,,isdecaying to zero.
The results of a corresponding kinetic equation simulation are
shown in Fig. 2.

In the case of x, # 0 or generally for a relative distribution
n,,p,; deviating from a thermal one, not only n, ), decays in
time, but also n;y,, , will evolve in a nontrivial way. Since the
Hamiltonian conserves the energy within a single wire, nyy p
is not simply decaying but energy is redistributed within this
mode. For an initial distribution of the form (4.3) with yx, #
0, energy is initially stored at large momenta /7, /(vx,) <
g < A and will be transferred to lower momenta via phonon-
phonon collisions in order to reach a thermal state. In Fig. 3,
the phonon distributions for such a scenario are shown. One
can clearly observe the time evolution of the diagonal density
nii,p, and its effect on n,. , ;,n4 p;, which are both evolving
towards an increased temperature state with 7z > (7, + T,)/2.

Due to the structure of the interaction vertex V(p,q,p +
q) = v/|pg(p £ q)| the collision rate decreases with the
momentum of the contributing phonon modes. The modifi-
cation of n, ,, due to collisions sets in at large momenta
and approaches lower and lower momenta as time proceeds.
In Fig. 3(c), the deviation Ang ,; = ng p; — Na,po Of the
densities « = 11,12 from their initial values is shown for
different time steps. It has been observed previously [25,28]
that this deviation displays two characteristic momentum
regimes, a low-momentum regime p < p,(C) with linear de-
viation Ang p; ~ |p| and a large-momentum regime p > p,(”)
with a Rayleigh-Jeans type deviation An, ,, ~ 1/|p|. In this
large-momentum regime, the phonon modes have reached a
local, nearly thermal equilibrium and An, p,, evolves very
slowly in time. In the vicinity of the crossover momentum
p?c), however, the redistribution of energy is fast and An, ,,
undergoes a strong evolution. The time evolution of pt(c) ~
t~* is algebraic in time with 1/2 < o < 1 depending on the
initial state [25]. For a nearly thermal initial state o &~ 2/3,
which is consistent with the typical collision time z. =
[v|q|%(T, /v)%]’l. Tracking the evolution of the crossover
momentum pl(c) in the experiment can thus be used to detect
the thermal relaxation exponent o = 2/3 predicted for the
one-dimensional Bose gas [25,28,30,32].

asymptotic temperatures Ty =

2. Dynamics of the relative phase correlation function

The phase correlation function C(x,t) ~ exp(—A6, ,/2)
defined in Egs. (2.23), (2.24) is an experimentally accessible
measure to monitor the time evolution of the two quantum

wires [2,7,16,26]. It has been discussed extensively on the level
of the quadratic Luttinger model without phonon collisions,
which describes very well the dynamics of the initial and
the prethermal state. Below, we will discuss in which way
the phase correlation function is modified by phonon-phonon
collisions. We show that C is dominated by the thermal part
of the phonon distribution and that it is quite insensitive
towards a modification of n,,, of the form A, = x,|p|.
As a consequence, the thermalization dynamics of C for an
initial state of the form (4.3) does not display any pronounced
additional features compared to a collisionless evolution. The
latter signals the evolution of the system towards a GGE state
caused by the dephasing of m, ;. The only resolvable effect of
the collisions is an effective temperature in the relative mode
Teir > T, slightly larger than the initial state 7.

Dynamics without collisions. In the absence of collisions,
the time evolution of the relative phase is determined solely
by the dephasing of the anomalous modes m, ,. Eliminating
constant terms, which vanish upon normalization of C, the
time-dependent relative phase is

_lnl

e A
DO,y = / [1 — cos(px)I[2n;,p,0
» 2K|p| b

+1—2m, ,0cosQv|pl|t)]

{ Ly x < 2vt,
~

2Kv

4.12
2vt < x, ( )

where mr,p,O - ﬁ - Xr|p| and nr,p,O == % + Xr|p| - %
The approximation on the right of (4.12) is valid for x > a,
i.e., distances larger than the short-distance cutoff. It shows
two characteristic properties: First, there is no functional
dependence on y,, which modifies only the short-distance
modes at larger momenta p > /7, /(vx,). The linear tail
~Xr|p| appears only as a global shift of A6, , ,, which is not
resolved in experiments. Second, the light cone x = 2vr clearly
separates the initial-state regime x > 2vt from the prethermal
regime x < 2vt. This feature of the relative phase has been
exploited in order to experimentally measure the spreading of
prethermal correlations and the value the sound velocity in the
quantum wires [2,3,7]. It also determines the ratio 7, / K, which
depends both on the initial state via 7, and the Hamiltonian
via the Luttinger parameter K. In Fig. 5, the time evolution
of C,A#6, in the absence of collisions [orange (bright) lines]
is plotted for two distinct initial states with either x, = 0 or
xr # 0.

Dynamics in the presence of collisions. In the presence
of collisions energy is redistributed from the absolute to
the relative mode via the decay of the interwire coherence
ni2,p,r — 0. For nonzero initial x,, there will be an additional
transfer of energy from larger to lower momenta in order to
establish a thermal phonon distribution within each wire. This
process is monitored by a nonvanishing deviation An, ,, =
Rypi — Nrp,0, Which is building up in time. Following the
discussion of the time evolution of 7, ,; above, An, ,, can
be decomposed into two distinct regimes. For momenta lower
than the crossover momentum p < p', An, ,, ~ |p|, while

for larger momenta p > pi it is that An, ,, ~ 1/|p|.
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FIG. 5. Relative phase fluctuation A6, and phase correlation function C for a nearly thermal initial state with x, =~ 0 (left column,
corresponding to data as in Fig. 2) and for an initial state with non-negligible linear tail x, # O (right column, corresponding to data as
in Fig. 3). The evolution in the absence (orange (bright) lines; see Ref. [3]) and in the presence [blue (dark) lines] of phonon-phonon collisions

is compared for increasing times ¢ = (1,2,3,4)/(40vA2).

On distances x > 2vt, the anomalous contributions ~m,. , ;
have already dephased and the relative phase can be approxi-
mated as

—lnl

e A
ABy s = / [1 —cos(px)I[2n, 0+ 1+ 2An, ,,]
t ) 2Kp P pit

X (©)
~ {2Kqu’ forp x <L 413

27?1) [Tr + (Tf - Tr)Pgdx]v for pt(C)x > 1,

where Tt is again the final temperature in the relative mode,
determined via Eq. (4.11), and 7, depends on the initial con-
dition. The crossover distance in Eq. (4.13) can be estimated
withx'@ = 1/p ~ (T,v2/v)~1/312/3 Forx“ > alarger than
the short-distance cutoff, it spreads slower than the prethermal
distance xpe = 2v¢ and thus the decomposition of Fig. 6
applies.

Along the same lines, one can determine the relative phase
for distances x > 2v¢, which yields after some algebra

x>2vt Tt
Ab iy = X

The additional term in this equation compared to the colli-
sionless case in Eq. (4.12) grows in time ~(T; — T,)t2p =
(T; — Tt*3 for pi ~ 172/3; .., it is proportional to the
difference of initial and final temperature and grows faster than
linear in time, witnessing interaction effects.

As for the collisionless case, Eqs. (4.13), (4.14) do not
contain any explicit dependence on x,. A nonzero x, in the
initial state only enters the final temperature 7; since the
energy stored in the linear tail is redistributed over the whole
momentum range. In total, the phase correlation function C
can hardly distinguish between a thermal state x, = 0 where
the only increase in the relative temperature results from the
equilibration with the absolute mode or a nonthermal state
X > 0, for which in addition to the equilibration with the ab-
solute mode, energy is redistributed within the relative mode as
well. Only significantly large x, A > T, /(vA) would change
this observation, by drastically increasing Ty, which would,
however, as well prohibit working in the low-energy Luttinger
framework. Furthermore, the spatial structures of A6, ., in
the thermal (xp”’ < 1) and prethermal regime (xp' > 1) are
almost indistinguishable within a real-time evolution of A6,  ,
and C, as shown in Fig. 5.

From this analysis, we must conclude that the thermal-
ization dynamics of the two-wire system can hardly be in-
vestigated on the basis of initial states of the form (4.3)

[T, +2u(T} — T,)p\1]. (4.14)

and (4.4). One possible, minor witness for the presence or
absence of thermalization could be the additional, nonlinear
growth of A6, , , in time in the regime x > 2vt as expressed
in Eq. (4.14). Despite that Ty — 7, may be substantial in
experiments, however, the nonlinear dependence of the relative
phase would be hard to resolve in practice; cf. Fig. 5.

3. Time evolution of the coherence factor

The coherence factor W.(¢) = ppe 2" as defined in
Egs. (2.21), (2.22) measures the integrated coherence between
the two wires. It only depends on the absolute forward time
and is expected to decay as time evolves since the coherence
between the two uncoupled wires decays due to dephasing
and collisions. The decay of the coherence factor has been
investigated in previous works, which found different asymp-
totic behavior, depending on the relevant decay mechanism. In
Ref. [9], a linear time dependence g(¢) = got of the exponent
has been predicted by the analysis of the collisionless model,
while in Ref. [31], a stretched exponential g(t) ~ g;#*/> has
been found by assuming energy exchange via collisions of
the relative mode phonons from a thermal bath. Here, we will
consider the most general case, which combines dephasing

tp tth ta "
Initial State | Prethermal Thermal Asymptotic
Dephasing
Interaction Interaction
Conservation Laws

Hydrodynamic
mi; — 0 niy — ng ni1 — NB

effectively nia — 0 algebraically

FIG. 6. Illustration of the various stages of thermalization for
an arbitrary but fixed patch in momentum space centered around
momentum ¢. After an initial state dominated time interval 0 <
1 < lgeph = (vig)~!, the dephasing of the anomalous modes m; 4
becomes significant, introducing a prethermal regime. Collisions
between the phonon modes modify the normal densities ny; 4,n12,4
on timescales t = t.o; = [v|q|%(T,/v)%]‘1 and bring the system into
athermalizing regime fortimes ¢ > finerm = O (Zcon)- The thermalizing
regime is separated into an initial stage, governed by a fast evolution
of the normal densities due to few, local collisions and an asymptotic
stage, governed by energy and momentum transport over many
distinct momentum patches. This stage involves many collisions,
captured by slow, hydrodynamic modes.
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as well as phonon-phonon collisions as possible decoherence
mechanisms and whose results do not rely on a particular initial
state. We begin the discussion with a nearly thermal initial
state, x, = 0, and then extend the scenario to initial states with
Xr # 0.

Nearly thermal initial state. For initial states with x, = 0,

the diagonal phonon density n;;,,0 = Tz’v;mTT and the retarded

self-energy aqR in Eq. (3.19) can be solved analytically. The
self-energy takes the thermal form [29-32] and reads as

T+ Ty, 3 3
ok = 0.789v,/wlq|; = ylql?,
V

where we have absorbed all momentum-independent terms
in the prefactor y. The dynamics of the anomalous and
the interwire phonon mode my;4,,n124, 1S not con-
strained by any conservation laws and they decay in
this case as my 4, = exp(—y|q|**)my1 4.,—0 and nip 4, =
exp(—y |q|**t)n12,4,1—0. The diagonal phonon mode n1; 4, on
the other hand is thermally occupied and does not evolve in
time.

The exponent of the coherence factor in this case can be
computed analytically:

(4.15)

pl

o
g(t):/p8K—|p|[2n"”’" + 1 —=2cos2v|pltym;,p,]

et STEL
~ 4[(—2{Tf+e VIPUHT, — Ty — cos2v| p|t)T, 1}
p vp

——Lynis (4.16)
- 2Kv 14 ».T1/Ti+ .
The shape of the dimensionless function f, 7, /7; is determined
by the value of the dimensionless parameter y = tv3y 2. It
has the general asymptotic behavior

[F(%), fory <« 1,

»T —

. (4.17)
wyst, fory> 1.

Thus it is dominated by thermal collisions for small times ¢ <
’;—32 = 0.789?7 T; and dominated by dephasing for larger times
t > 0.789%n T; depending on T and therefore, via Eq. (4.11),
implicitly on the initial state. This behavior is counterintuitive
since one expects quantum effects to influence the short-
time rather than the long-time behavior. It can, however, be
explained by a proper decomposition of the integral into high-
and low-momentum modes and is supported by the numerical
evaluation of the coherence factor in Fig. 7. The latter starts
with a In . ~ t*/3 curvature for small times and becomes less
curved at large times in a logarithmic representation.

A nonlinear initial decay of the coherence factor could be
observed in experiments, as suggested in previous works [31],
where the absolute modes n,_, ; have been treated as a bath for
the relative modes, which does not relax at all. For short times,
where the distribution of n, ,, has not yet been modified by
collisions, this is a reasonable assumption and thus coincides
with our short-time prediction. Compared to the behavior of
g(t) in the noninteracting case g(t) = ”2—71;’ forallt >0isa
signature of collisions and goes beyond the quadratic Luttinger
model.

0.1 0.2 0.3 0.4 0.5 0.6 0.7

p (units of V1—,\2)

FIG. 7. Time evolution of the coherence factor W.(¢) from the
kinetic equations (bold line) compared to an exponential decay
~exp(—t/ty) (dashed line), as predicted from pure dephasing, and
a stretched exponential ~ exp[—(t/#y)*/*] (dash-dotted line), as pre-
dicted from phonon collisions; see Eqs. (4.16), (4.17). The colors
(bright and dark) represent two different initial states with y, =
0.5A7'and x, = 0.6A".

Nonthermal initial state. For initial states with y, # 0, the
major difference compared to the previous case of x, =0
is the redistribution of energy within the diagonal mode,
which leads to a nontrivial Anyy,,, = n11,p; — 211, p,i=0 7 0.
Since the exponential decay of the anomalous and interwire
modes is dominated by the Rayleigh-Jeans divergence in the
diagonal density, it is not expected to be crucially modified.
Performing the decomposition n1y,,; = 111 p=0 + Anqi p,
and inserting this into the definition of g(¢), Eq. (2.22), we
find g(¢) = go(t) + Ag(t) with

Lp|

Ag(t) f €A 3T
8t) = Nitpt N ———3
P AKIpl T T 4k 0p©

1
~ 3 Tf4v2 3 %
Tak \ A .

Due to energy redistribution within a single wire, the
coherence factor thus shows again a stretched exponential
decay with an exponent ~¢%/3 even at the largest times. This
stretched exponential decay of the coherence factor at the
shortest and the longest timescales represents a clear sign of
phonon-phonon collisions, either leading to a decay of the
interwire correlations ~ny, ,; or the redistribution of energy
in the intrawire density ny , ;. In Fig. 7, the time evolution
of the numerically simulated coherence factor is shown to
significantly deviate from a linear exponential decay at all
times. For short and intermediate times, it is faster than the
analytically predicted exp[—(¢/y)*/?] but it approaches this
behavior in the limit # — oo, as predicted from the simplified
analysis above.

(4.18)

V. SPLITTING TO A NONTHERMAL INITIAL STATE

In order to observe the thermalization dynamics in the two-
wire system much more clearly than in the previous section, it
is most promising to design the splitting protocol in such a way
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FIG. 8. Distribution for a nonthermal initial state with parameters as in Table I and an oscillation length & = 7.5/A: (a) The initial relative
and absolute occupations and (b) the intra- and interwire occupations. (c) and (d) Time evolution of the relative and absolute density occupations
in the presence of phonon-phonon collisions. The collisions lead to an adjustment of n,,, and n, ,, as time evolves, which is accompanied

with the temporal fade-out of the scale &.

that the initial state is no longer close to an effective thermal
state but rather shows a clear structure of an out-of-equilibrium
state in the normal, relative mode density n, 4 ,—o. Such a
state will then relax very differently depending on whether
phonon-phonon collisions are present or absent, making their
influence on the dynamics clearly observable. Here, we are
inspired by the latest experiments in Vienna, where the initial
state has been prepared in such a way that the occupations of
the quantized phonon modes with odd momentum index were
much smaller than the occupations of the even modes. The
latter could be described by an effective thermal distribution
[16]. Within the short-time evolution probed in the experiment,
the two-wire system entered the prethermal regime and relaxed
towards a nonthermal, generalized Gibbs ensemble (GGE)
[18,22,24,27]. Below, we explore the complete time evolution
of such an initial state in the presence of phonon-phonon col-
lisions and discuss in which way the thermalization dynamics
can be made experimentally accessible by tuning the initial
state of the system.

A. Initial state and relaxation of the phonon densities

The above-mentioned, experimentally observed initial state
was realized in a wire of length L for which the low-momentum
modes were approximately quantized to integer multiples of
7 /L. By modifying the splitting protocol, only the even modes
were considerably populated, while the odd-momentum modes
remained empty [16]. Here we generalize this state by going to
the continuum of momentum modes and introducing a flexible
length scale & for the oscillations of the phonon occupations.
The phonon occupation shall be maximal for momenta p =
2o /€ and minimal for p = 2o + 1) /&, where n is an
integer. Thus, for § = L /2 the experimentally observed state
is recovered. Motivated by this observation, we consider an
initial phonon distribution of the form (see Fig. 8)

T, 5 1
) = —— -, 5.1
My p1=0 oIp] cos“(pé&) 2 (5.1
Na,pt=0 = nB(V|p|/Ta)v (52)
T,
Mrpim0 = 5 cos*(pé). (5.3)

Here, 7, is the effective temperature of the envelope function
vIT;I’ as in the previous section. We will consider, however,
a more general oscillation length scale 0 < & < L/2, which

interpolates continuously between the GGE state in Ref. [16]

~

for & = L /2 and the previously discussed, nearly thermal state
[2,4,7,16,26], obtained for & = 0.

An initial relative density of the form (5.1) with & = L/2
has been inferred from the experimental data in Ref. [16] after
splitting one wire within a single, relatively fast splitting op-
eration. The corresponding initial anomalous phonon density
my. p; is much more difficult to detect in the experiment. It
must, however, be of the form (5.3) in order to guarantee a
vanishing initial relative phase difference A6, , , = 0 between
the two wires.

The nearly thermal relative density (4.3) with & = 0, on the
other hand, has been observed experimentally after performing
a two-staged splitting protocol, which consists of a slow initial
and a much faster final splitting operation [16]. It is therefore
reasonable to assume that a general £ between these two
limiting cases can be obtained by continuously modifying the
corresponding splitting procedure.

In the absence of phonon collisions, the dynamics is
governed by the dephasing of m, , ;, which drives the system
into the prethermal regime. The corresponding steady state
is described by a GGE, respecting the initial structure of
the normal relative density n, ,,, which in the absence of
collisions is an integral of motion. In the presence of phonon
collisions, on the other hand, the relative and the absolute
phonon density both relax towards a thermal distribution with
a uniform temperature 7;.

As in the previous section, the temperature 7t can be
determined from the initial state by exploiting the conservation
of the total kinetic energy. Analogously to Eq. (4.11) this yields
the final temperature

_T,+T, T.(EA)
T2 144EAN

f 54
It reduces to the previously discussed expression Ty = (7, +
T,)/2 in the limit of vanishing oscillation scale and to T; =
(T,/2 4+ T,)/2 in the limit £ = L > A. The time evolution
of n,p:.n4,p,; and the corresponding adjustment of both
distributions is shown in Fig. 8.

One way of experimentally tracing the thermalization dy-
namics is to detect the time evolution of the phonon densities.
The latter can be inferred from the experimental data in
the limit of m, ,, = 0, i.e., after the complete dephasing of
the anomalous densities, when prethermalization has been
reached. In this limit, the relative phase is determined by
the normal distribution alone. This has been demonstrated
successfully in Ref. [16]. For an initial state considered here,
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FIG. 9. Long-time relaxation of the phonon densities n, ,, for
momenta p = ’2—7; ~ 0.2IA for § =7.5/A and [ =1,2,...,5, as in
Fig. 8 (I = 2,4 correspond to even modes in the experiment [16]).
For better visualization, the phonon densities are normalized to their
asymptotic, thermal value 7,.,(p) = n,,, ,v|p|/ T;. The relaxation can
be described in terms of a two-stage process. In the first stage, the
relative modes try to approach one common temperature ~7, < T;
in order to remove the oscillating structure in n, ,,; i.e., energy is
redistributed within the relative modes. This can be achieved already
by local scattering processes with momenta ~£~!. In the second,
slower stage, the temperature between the relative and the absolute
mode are adjusted via energy transfer from the absolute to the relative
mode. The two stages are most prominently visible in the evolution
for the momenta p = 0.4,0.8 A, which first decrease below their
asymptotic value and then, together with the other modes, increase
again towards 7. The inset shows comparison of a bare exponential
decay (bold lines) corresponding to a single-stage relaxation process
with the numerical data (dotted lines) for p = 0.2A (lower graphs)
and p = 0.4A (upper graphs). For the latter, the deviation is very
pronounced.

the time evolution of n, ,; is most pronounced at the local
extrema of the initial phonon density at momenta p = 12—’;, with
integer /. The corresponding evolution is shown in Fig. 9 for
parameters as in Fig. 8. In the inset, we compare this evolution

with the analytical prediction

_ SR
Ny, pt = Ny, p,t=0 + (nr,p,t:oo - nr,p,t:O)e %! (55)

for a self-energy olf = 0.789%v./2n Tz /v [cf. Egs. (4.15), (5.4)]
which we approximate to be time-independent and uniform.

This comparison demonstrates that the thermalization of
the phonon modes for this particular initial state is a two-
stage process. This is pronouncedly visible in the maximally
occupied modes (p = 221—”), corresponding to the even modes in
the experiment [16]. In the first stage, the oscillatory behavior
of n,,, ; is smoothened via local collisions of momenta ~E~L
This corresponds to energy exchange between the relative
modes. In the second stage, global thermalization is achieved
by energy redistribution between the relative and the absolute
mode; see Fig. 9.

B. Relaxation of the phase correlation function

The oscillatory behavior of the phonon densities introduces
an additional length scale, the oscillation length &, which will
be visible in experimental observables that depend on n,, ;,

such as the phase correlation function C(x,#) discussed above.
The thermalization dynamics due to collisions will, however,
lead to a uniform, nonoscillating temperature and erase the
effect of £ in the asymptotic evolution. In the following, we
discuss in which way this behavior can be monitored in terms
of the phase correlation function.

Relaxation in the absence of phonon collisions. In the
absence of collisions, the dynamics of 6, ., is completely
governed by the dephasing of the anomalous contributions and
the relative phase is determined by the middle part of Eq. (4.12)
and the initial densities (5.1)—(5.3), leading to

_lnl
AOy s = / Zevpz [1 —cos(px)I[1 — cos(2v]| p|t)] cos*(p&).
4

(5.6)
This equation can be solved analytically but contains quite a
number of different temporal and spatial regimes. Since we are
generally interested in the thermalization dynamics at distances

x ~ &, we assume vt 3> £ in the following. In this limit, we
find

xT X, for x < 2¢,
Aby = T x 32x —2&, for2& <x <2vt, (5.7)
4Kv 4vt — 2&, for 2vt < x,

and recognize a change in the slope of A6, , at distances
x = 2&. For smaller distances x < 2§, the slope is only half as
steep as for larger distances x > 2&.

This leads to a clearly observable cusp in the spatial
dependence of A6, , , as wellasin C(x,?) atx = 2&, as one can
see from Fig. 10 [orange (bright) lines]. This cusp is observable
in the prethermal regime fuer > t > fprem, for which m,. ,;
is dephased but 7, , ; remains still pinned to its initial value
nr. p.1=0. One does, however, not expect such behavior in the
thermal regime for times 7 > fyerm and thus to serve as an
indicator of thermalization on distances x ~ 2&.

Relaxation in the presence of collisions. In the presence
of collisions, the normal relative density 7, ,, is no longer
prevented from relaxation and acquires the shape of a ther-
mal Rayleigh-Jeans distribution, 7, , ;-0 = Tt/(v|p|). The
thermalized momentum regime, i.e., the momentum regime
p > pfc), for which the relative density is well described by
this distribution, is established at larger momenta and spreads
to lower momenta as time evolves. As soon as the thermalized
regime reaches the inverse oscillation scale, 2 p,c) =&, the
effect of collisions becomes visible on the length scale of
the oscillations. Consequently, the relative phase on smaller
distances x < 2¢ is thermal A6, ,, = g?j . In Fig. 10(a), the
time-evolved relative phase A6, , , in the presence of phonon
collisions is compared to the A6, , ; in the absence of collisions
and the difference is clearly visible at x = 2& = 15A~".

In the limit of ¢+ — o0, one can evaluate the ratio of the
thermal coherence factor C"*™ over the coherence factor in
the absence of collisions C®™th):

C(therm)(2%-’ l)
T Cng

, nE 2Tr(EA)?
eits Tr=2T) — o ks (Giaeaz ~T0)

ce (5.8)
For the choice of a moderate oscillation length & ~ 7.5A~!
and the parameters from Table I, c; ~ 0.83, which is clearly

within the experimental resolution of the coherence factor.
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FIG. 10. Initial parameters as in Table I and an oscillation length & = 7.5A~!: (a) Comparison of the evolution of the relative phase A6, ;
in the presence [black (dark) lines] and absence [orange (bright) lines] of phonon collisions. (b) The same comparison for the coherence factor
C(x,t). The difference between a thermal and a nonthermalized state becomes quite significant at distances on the order of twice the oscillation

length, x = 2¢.

The typical timescale at which the coherence factor of
the thermalizing system starts to deviate from the prethermal
coherence factor at x = 2£ is given by the collision time at
momentum p = &, t.on = (v/ Trvz)mé%. For a set of initial
states with different oscillation lengths & this would also allow
the measurement of the exponent o« = 3/2 for the self-energy,
validating the picture of resonantly interacting phonons in one
dimension.

In Fig. 10(b), the evolution of the coherence factor for a
thermalizing system with an oscillating initial distribution is
compared to its evolution in the absence of collisions. For
the chosen evolution times ¢, the evolution at the distance
x = 2& has taken place and both graphs are static but well
separable. This demonstrates the clear difference between the
prethermal state of the system (corresponding to an evolution
in the absence of collisions) and the asymptotic thermal state
for this class of initial states and thus cg can serve as a
tool for the experimental observation of thermalization in the
two-wire system. In contrast to the evolution starting from a
nearly thermal state, where asymptotic thermalization is hardly
observable in the long-distance behavior of the coherence
factor (cf. Fig. 7), the evolution of an oscillating initial
density features a clear, short-distance (x = 2£) signature of
thermalization. Given the experimental realizability of such
out-of-equilibrium states, which is motivated here based on
previous experiments, they may serve as good candidates for
the observation of thermalization in atomic interferometers.

VI. CONCLUSION

In this article, we have investigated the relaxation of two
initially correlated quantum wires after an initial split in the
presence of intrawire phonon collisions. We put an emphasis
on comparing this dynamics to the previously studied col-
lisionless Luttinger liquid theory and on the analysis of the
experimental observability of the asymptotic thermalization in
the interacting model. While the effect of collisions is clearly
visible in terms of the temporal decay of interwire correlations

(a;x,,az,x,;) "22°0 and the redistribution of energy between

the intrawire modes, it is less pronounced in typical exper-
imental observables like the coherence factor W.(t) or the
relative phase correlation function C(x,t). This sheds light
on the experimental observation that, even for relatively large
times, a deviation of the dynamics from the quadratic Luttinger
theory prediction is hardly observable. The latter relies on
the fact that for the common splitting procedure the resulting
initial state is very close to a thermal state, which features a
discrepancy in the temperatures between the relative and the
absolute mode. We demonstrate, however, that indications for
thermalization can become more pronounced if the initial state
is prepared farther away from a thermal state, for instance
by modifying the splitting procedure. By tuning the initial
state such that it becomes clearly nonthermal, the effect of
collisions and the dynamics beyond single-particle dephasing
can be clearly observed in experiments. This lays out a potential
route for further experiments in order to reveal the asymptotic
thermalization dynamics of nearly integrable models.
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APPENDIX A: KINETIC EQUATION
FROM THE KELDYSH FORMALISM

We give a short overview on the central concepts and
formulas of the Keldysh field integral formalism that are
used in the main work. The first section is devoted to the
description of the Green’s function in Nambu basis for the
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coupled two-wire system. Then we go on and introduce the
Wigner transformation and finally discuss the derivation of the
kinetic equations.

1. Nambu space representation

In the presence of anomalous modes, the Green’s functions
and correlations are conveniently expressed in terms of Nambu
spinors of complex bosonic fields in Keldysh space [36]

Aa,p,t = (Acl,a,p,t’Aqqaquf)

a*

T
a da—pt)

*
= (acl,a,p,t’acl,a,fp,t’ q.,a,p,t» (Al)

where (cl,q) label classical and quantum fields and « is either
the wire index « = 1,2 or labels the relative and absolute
modes « = a,r. The total Nambu Green’s function in the wire
basis is defined as

, A
iGprr = <<Al'p’l>(A1 P’ A; s t’)> (A2)
2,p,t

It consists of 4 sectors «,8 whereas each sector consists
of advanced or retarded and Keldysh (correlation) Green’s
function

_ Ggﬂ p.t.t Ggﬂ,p,t,t’ (A3)
G::ﬁ p.t,t 0

where, again, o, are wire indexes. The retarded Green’s
function in operator representation reads ([,] the commutator)

lGaﬂp”,

_@(t_t)<<<[ )

[ ﬂp,uaa _[,t])
R
:l<d1§lﬁptt’

Oup,—p.t.t

(lag _pGa—pil)

([‘{a,p,rvaﬁ,fp,t’D )

i ) (Ad)
af,—p,t.t
Advanced and retarded propagators are Hermitian conjugate
to each other G, ,, , = [G%; ,, 1! Since the Hamiltonian
does not couple the two d1fferent wires, annihilation and
creation operators of different wires commute at all times, i.e.,
[aq. p,a;, p,] = 8u,88p,» and thus the retarded Green’s function
is diagonal in the wire index.

The Keldysh Green’s function in the wire basis has the
operator representation ({,} the anticommutator)

T
ok <<{aa,,,,,t,aﬁ,,,,,/}> <{aa,,,,t,a,?,,,,,,}>>

af,p.t,t’ —
al,ial, oY) (aw,pnah, b
dap, Op,
_ af,p.t.t’ af,p,t.t’
=il « o . (AS)
aﬁ,—p,t,f’ af,—p,tt

Itis anti-Hermitian Gwﬁ ot = [GK ot t,] , which allows us
to parametrize it in terms of the Hermltlan distribution function
F,; and the retarded or advanced Green’s function, as well
as the matrix X, = o, ® 1 via

Gl =(G"o%,0F —FoX.0G",. (A6)

The matrix X, thereby preserves the symplectic structure of
the bosonic Nambu space and o represents a convolution in
time and a product in momentum space.

2. Wigner approximation and Dyson equation

The two-point functions in this work are represented in
Wigner coordinates in time. It is a convenient representation
for non-time-translationally-invariant systems and for two
different times #;,1, introduces a forward (or absolute) time t =
(t1 + 1)/2 and a relative time §; = t; — t, [36]. The Wigner
transform WT is the Fourier transform with respect to the
relative time argument; we denote the corresponding Green’s
function as

Gpiow= WT{Gp,tl,tz} = / €7iw8’Gp’ TR (A7)

S

In order to determine the time evolution of the distribution
function F, which contains the phonon densities, one makes
use of the Dyson equation

G'=P_3, (A8)

where G is the full propagator and P is the inverse, bare
propagator, and X is the self-energy. It has the structure

0 sh
Lo pos = <2R E"f~’~ ’) (A9)

af,p,w,t af,p,w,t

As discussed in Sec. II, the resonant interactions couple only
phonons that travel in the same direction and thus no pairs
p, — p, which excludes anomalous retarded self-energies.
Furthermore, the Hamiltonian contains no interwire coupling,
such that the retarded self-energy must be also diagonal in the
wire basis (please note that both of these statements do not
hold for the Keldysh self-energy). It thus reads as

. ok 0
Eaﬂ pwt — _Z(Sa,ﬁ( aﬁ’é]m’t A )

O'aﬁ,fp,fw,t

(A10)

The anti-Hermitian Keldysh self-energy is

. .
PO —i2| , eppet o Cehpen) (All)
ohopet ((CI)fﬂ p.w t) O-a,g,p,a),z

kst ramn

/ _

{IJw} TBpw = = f—

(9

FIG. 11. One-loop diagram for the self-energy X. Each line has
momentum and frequency {k,w} and a direction 74y, = £1 for
outgoing, ingoing lines, which depends also on the wire index «.
Momentum conservation, energy conservation, and the resonance
condition have to be applied at each connecting element {1,2,3,4},
which requires that normal (anomalous) self-energies are generated
exclusively by normal (anomalous) Green’s functions.

{k Iz ' Tak, i

{6, @0}, "o

(LV} TB,q,v (IV} Tw,q,0
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FIG. 12. Left column: Illustration of the diagrammatic lines for the propagators in Keldysh space. Dashed lines correspond to quantum
fields and bold lines to classical fields. Arrows indicate the momentum and energy transfer direction, going from annihilation to creation
operators. Right column: Diagrammatic representation of the self-energy diagrams. (a) Anomalous intrawire Keldysh self-energy. (b) Retarded
self-energy. (c) Normal interwire Keldysh self-energy. (d) Normal intrawire Keldysh self-energy.

The kinetic equation (3.5) is now determined by substituting
Eq. (A8) into (A6) and rearranging it to
(PRoX, 0 F —FoX,0P",,, =1

po.t*

(A12)

The collision integral on the right side is defined as

coll
Ip w,t

=k

p.w,t

—(ZR 0%, 0 F—FoX, 02", ..
(A13)

The Wigner transform of a convolution A = B o C in time
is not simply the product of the Wigner transforms of B,C.
Instead one finds

A = WT{A} = WT{B o C} (Al4)

- WT{B}eé(srguﬁsmgx)wfr{c}

_ Bw.teg(a,amawa,)cw .

Partial derivatives pointing to the left act on B, while those
pointing on the right act on C. Thus approximating A, , =
B, C, by the product of Wigner transforms is satisfactory,
if the corrections to the zeroth-order term in the exponential in
Eq. (A14) are sufficiently small.

The expansion of the kinetic equation in zeroth order is

FpwiX — EZF,,,WE ws T K

N R
latFP,w,t%Ep.w p.w,t’

(A15)

where F,,, = £,F, .2, and Eq. (A15) contains only ma-
trix multiplications. This is the Wigner approximation for the
kinetic equation and it is valid in the case of negligible higher

J

order corrections, i.e.,

|8tFozﬂ,q,w,t||aw25ﬁ,q,w,t} < 1.

Al6
|Fwﬁqq.w,f||25ﬂ,q’wsl| ( )

This criterion is discussed in Eq. (3.8).

APPENDIX B: DIAGRAMMATIC ANALYSIS
OF THE SELF-ENERGIES

We give a brief summary of the diagrammatic approach for
the computation of the self-energies and refer to Ref. [29] for a
detailed analysis. We use the shorthand notation P = (p,w,t)
and —P = (—p, — w,t).

1. Selection rules for the diagrammatic representation
of the self-energies

The combination of resonant interactions, momentum con-
servation, and energy conservation restricts the contributions
to the self-energies to a certain subclass of diagrams [29]. A
general one-loop diagram is depicted in Fig. 11. We identify
each leg with a label for momentum, frequency, and subsystem
o, B € {1,2}. In addition, we explicitly label the direction of
momentum and energy transfer with r, /g € {£1} for outgoing
and incoming.

The resonance condition yields an additional constraint to
this class of diagrams, which, after some algebra, requires
Tgdp Taki ="8gw Tags = Tgpo Tape» 1N addition to
momentum and energy conservation at each vertex. This very
helpful condition implies that normal propagators contribute
exclusively to the normal self-energy, while anomalous prop-
agators contribute exclusively to the anomalous self-energy.

2. Self-energies

The self-energies are determined via the canonical Dyson-Schwinger approach [29]. The corresponding diagrams are
summarized in Fig. 12. The analytic expressions for the self-energies contain the diagonal Green’s functions d®4-X and

the off-diagonal Green’s functions 0¥

as defined in Egs. (A4), (A5), as well as the vertex V) 4 p+,. The Dyson-Schwinger

equations for the latter can be found in Ref. [29]. Using their bare value (which corresponds to the Born approximation) yields
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V(p,q,.p £ q) = /Ipg(p £ q)|. The Dyson-Schwinger equations for the self-energies are (all retarded and advanced functions
are diagonal in wire-index and Nambu space)
R 2 R 2 K A 2 R K
op = 472 // 2qu P=q dll,P*QdQ] +2Vp.q,p+q[d11,P+QdQ] +2Vp,q,p+q [dP+Qd11qQ])’ (BD)
_ 2 A 2 K K
U‘ - 47{2 _// p.q.r—q dP—QdQ] + Vp q,p— q[dP—QdQ] + Vp q.p— q[dll,P—an,Q]
2 R A 2 A IR 2 K K
+ 2‘/ P-q,p+q [dP+Qd ] + 2Vp,q,p+q [dP+QdQ] + 2Vp,q,p+q [dll,P+Qd11,Q])’ (B2)
K 2
Onp = Ty // PodP—q d12 P lez,Q] +2V, . p+q[d12 P+le2 Q]) (B3)
2
i = 4n? // par-alO1.p-0011.0] T 2V5 4 praloTi p100110])- (B4)

In the quasiparticle approximation, all the spectral weight is located on-shell. As a consequence, the spectral function Ap,
defined in Eq. (3.10), is sharply peaked at frequencies equal to the dispersion. Then the retarded, advanced, and Keldysh Green’s
function can be expressed via the spectral function and the phonon densities, as in Eqs (3.10), (3.11). This yields

// V2 ypal2001 pmgi + 211000 + 2 Ap_gAg + 2V, 1200000 — 2011 pigilApioAg).  (BS)

ofl. it // ,, gp—g A p—g M1 1g + 2001 pogr 201140 + 21 AP_0 Ag

+ 2V2 0 pq AN prg M1 g + 2000 prgr + znl,l,q,t]AP-&-QAQ)» (B6)
T3 s // V3 apgl4m12.p-gimi 29,0 AP0 A + 2V, , 1 [401 2 prguni 2400 AP0 Ag), (B7)
df Pt // p gp—g A p—gimi g AP0 Ag + 2V,iq,,,+q [4m 1, piq.imi gl AproAg). (B8)

This eliminates the frequency integrals from the expression and leads to Eqgs. (3.15)—(3.17).
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