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We study the transport properties of a one-dimensional spinful Fermi gas, after a junction of two semi-infinite
subsystems held at different temperatures. The ensuing dynamics is studied by analyzing the space-time profiles
of local observables emerging at large distances x and times ¢, as a function of { = x/t. At equilibrium, the
system displays two distinct species of quasiparticles, naturally associated with different physical degrees of
freedom. By employing the generalized hydrodynamic approach, we show that when the temperatures are finite
no notion of separation can be attributed to the quasiparticles. In this case, the profiles can not be qualitatively
distinguished by those associated to quasiparticles of a single species that can form bound states. On the contrary,
signatures of separation emerge in the low-temperature regime, where two distinct characteristic velocities

appear. In this regime, we analytically show that the profiles display a piecewise constant form and can be

understood in terms of two decoupled Luttinger liquids.
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I. INTRODUCTION

Hydrodynamic approaches provide the skeleton of our un-
derstanding of many-body quantum physics. This is especially
true in generic situations, when a full microscopic description
is out of reach. In particular, quantum hydrodynamics has
proved to be extremely powerful in one dimension, where
seminal works by Haldane [1] have set the basis for the de-
velopment of the well-established theory of Luttinger liquids
[2,3]. This approach consists in describing the excitations over
the ground state of the system as a gas of noninteracting
particles with linear dispersion. Quantitative predictions can
be obtained for large-distance correlations [4], which are fully
determined by the low-momentum and low-energy modes.
Further progress was made by also taking into account effects
of nonlinearity [5], resulting, for instance, in the predictions of
universal properties beyond the linear approximation [6-9].

Even though information on the microscopic, short-scale
structure of the system is lost, the Luttinger theory has proven
to be an excellent tool to quantitatively describe many gen-
uinely quantum effects [2]. A prominent example is given
by the well-known phenomenon of spin-charge separation
[2,3,10-21]. In a one-dimensional system of interacting quan-
tum particles with spin, the spin and charge of its constituents
might effectively split and propagate separately with different
velocities. The explanation of this effect lies in the collective
nature of the elementary excitations, which can not be under-
stood uniquely in terms of the physical degrees of freedom.

Recently, a different hydrodynamic approach has been
introduced in the context of quantum integrable systems
[22,23]. Within this framework, often called generalizd hy-
drodynamics, one is still interested in a large-scale description
of the system, but its scope is not restricted to the low-
energy sector. This approach provides exact predictions in
the limit of infinite distance and timescales [22-24], but it
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also gives extremely good approximations for large but finite
scales [25-29], and it has successfully been employed to study
spreading of entanglement and correlations [30-37]. The
crucial ingredient of this approach is the existence of stable
quasiparticles: this makes it possible to adopt a description
in terms of space- and time-dependent local quasistationary
states [38], which are fully determined by their quasimomenta
distribution functions. The evolution of such distributions is
obtained by following the motion of the quasiparticles and
results in a set of differential (or continuity) equations. As
shown in Ref. [27], the description of large-scale properties
given by GHD supersedes that of conventional (quantum)
hydrodynamics [39—46]; this is also confirmed by the recent
cold atomic experiment [47].

Analogously to the conventional hydrodynamics, the gen-
eralized hydrodynamics of integrable systems is able to dure
several hallmarks of collective quantum phenomena. To ana-
lyze them, it is often convenient to consider minimal settings
where a detailed study can be carried out. The most popu-
lar consists of taking two semi-infinite subsystems initially
held at different temperatures and suddenly joined together
[48,49], which corresponds to the so-called bipartition pro-
tocol. Note that before the introduction of generalized hy-
drodynamics, this setting could be studied only numerically
[50-55], while analytical understanding was restricted to free
systems [56—72] and conformal field theories [48,73-81]. In
the bipartition protocol, at large distances x from the origin
and times ¢, a different local quasistationary state emerges for
each “ray” ¢ = x/t. Accordingly, each physical quantity is
associated with a nontrivial profile function of ¢.

Systematic inspection of the profiles provides nontrivial
information on the system and in particular on its quasi-
particle content; in the XXZ Heisenberg chain, for instance,
different bound states of spin excitations are associated to
distinct points of nonanalyticity in the profile functions of
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local observables [24]. It is natural to wonder whether gen-
eralized hydrodynamics can be employed to study effects
of separation in systems with nontrivial internal degrees of
freedom. In general, however, signatures of this underlying
structure are difficult to obtain. A simple example is provided
by the recent study [82], where spreading of entanglement
and mutual information after a global quench was analyzed
in an SU(3)-invariant spin chain by means of the techniques
introduced in Ref. [83]. Such spin chain is characterized
by two species of quasiparticle excitations carrying different
physical information and exhibits spin-charge separation at
zero temperature. This structure, however, can not be observed
in the spreading of information after the quench. While traces
of different quasiparticles can be observed in the time evolu-
tion, the resulting picture can not be distinguished by the one
where there is a single species of quasiparticles forming bound
states. In other words, all quasiparticles are observed to carry
the same physical information. This scenario is also expected
for the spreading of local correlations and is ultimately due
to the general belief that separation effects vanish at finite
energy density: they can not be observed beyond the regime
of validity of the Luttinger theory [10].

In this work, we investigate these questions by studying
the transport properties of an interacting spinful Fermi gas in
one dimension. Specifically, we consider the repulsive Yang-
Gaudin model: a prominent example of nested-Bethe-ansatz-
integrable system [84—-86] where spin and charge degrees of
freedom are associated to distinct species of quasiparticles.
Using the generalized hydrodynamics theory we show that for
generic temperatures there is no trace of spin-charge separa-
tion in the profiles of local observables while a spin-charge-
separated structure can be identified in the low-temperature
regime. We develop an analytical low-temperature expansion
of the profiles of local observables, pinpointing qualitative
features that could not be observed in models with a single
quasiparticle species.

The paper is organized as follows. In Sec. II, we introduce
the Yang-Gaudin model of spinful fermions and its thermody-
namic Bethe ansatz description. In Sec. III, we describe the
setting considered and review the generalized hydrodynam-
ics treatment. In Sec. IV, we consider the profiles of local
observables at generic temperatures and show that no sign
of separation can be discerned. In Sec. V, we consider low
temperatures and identify the signatures of spin-charge sepa-
ration in the profiles of local observables. Section VI contains
our conclusions while a number of technical details of the
low-temperature expansion are reported in the appendices.

II. THE YANG-GAUDIN MODEL

The Yang-Gaudin model describes a system of spin-1/2
fermions interacting via a repulsive delta-function potential.
The Hamiltonian for the system in a finite volume L reads as
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Here, k is an external magnetic field, A is a chemical potential,
and c is the interaction strength. The fermionic fields W(I (x)
and v, (x), respectively, create and destroy a fermion with
spin @ = 1, | at position x and fulfill the canonical anticom-
mutation relations

Wi, Y0} = 8ap8(x — ¥). )

In this paper, we consider repulsive interactions, namely, we
take ¢ > 0.

Considering the sector of N fermions, M of which have
spin down, the Hamiltonian can be written in the following
first-quantized form:
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The model is integrable and can be solved by nested Bethe
ansatz [87,88]. In this framework, one writes the exact many-
body wave function Vg 5 (xq, ..., xy) of every eigenstate of
Hy m. The eigenfunctions are labeled by a set of physi-
cal wave numbers k = {k;, ..., ky}, corresponding to the
physical particles, and a set of rapidities A = {Aq, ..., Ay},
corresponding to spin waves. Imposing periodic boundary
conditions forces wave numbers and rapidities to fulfill the
following algebraic equations:

M .
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known as nested Bethe equations. These equations contain all
the necessary information to study the thermodynamics of the
system.

For large L, the solutions to (4) and (5) follow the well-
known string hypothesis [85], according to which the wave
numbers k; are real, while the rapidities A, form patterns in
the complex plane called strings. An n string consists of n
rapidities distributed symmetrically around the real axis, with
the jth rapidity in the string being

M= A+ 1= 2))c ()

The real number A}, is known as the string center and satisfies
a set of algebraic equations following from (4) and (5).
In the thermodynamic limit,
L — oo, N/L =const.,, M/L = const., (7)
the wave numbers k; and the string centers A}, characterizing

a generic eigenstate become infinite in number and densely
distributed. In this case, instead of using these quantities, it is
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useful to parametrize eigenstates using their “root densities”:

(k) ~ Zkl—k’ (®)
Jj+l
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In general, a large number of eigenstates correspond to the
same set of densities. This fact is usually referred to by saying
that the root densities specify a macrostate of the system,
while the eigenstates of the Hamiltonian correspond to its
microstates. Quantitatively, in a large finite volume L there
are ~exp (Lsyy[p]) eigenstates approximately described by
the same set of densities p = { ,ofl), ,onz)}. Here, we introduced
the Yang-Yang entropy density [85]

>3 sl (10)

r=1,2 n=1

syy[p] =

where s; = 1, s = 00, and
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The hole densities p}lﬁ, Pz(zzr)n appearing in these equations

describe the densities of unoccupied momenta, and can be
written in terms of p!", p(® as follows:

PR = P + Zam xp\P0), (12)
m=1
PG = anx V) =3 U + Aun) % pP 0. (13)
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Here, f x g denotes the convolution

frg)= / dif O — g (), (14)
while
(=L (15)
@it = (nc)? 4 4x?’
Lo (X) = 8, 8(x), (16)
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Equations (12) and (13) are known as Bethe-Gaudin-
Takahashi equations and follow from (4) and (5).

Even if an exponential number of eigenstates correspond
to the same densities p!", p it is generally accepted that the
latter fully specify the thermodynamic limit of the expectation
value of any physical observable in any of those eigen-
states. For example, the expectation values of particle density,

magnetization density, and Hamiltonian density in an eigen-
state characterized by p are given by

nlpl = dVlp] =/ o), (18)
mlp] = d<1>[,,]/;i d?lpl, (19)
etol = [ " dk oKy etk) — 2miplh,  (20)
where we introduced the bare energy e(A) = A2 — A and
d®1p] = i / " arp0on. @
~ |

Note that the particle density depends only on the density of
particle 1 and n[p]/2 — m[p] depends only on the densities
of particle 2. Explicit formulas for the expectation values of
the currents associated to these quantities can be obtained
by generalising to the nested case the expressions found in
Refs. [22,23] and read as

Julpl = / T i), 22)
pl/2 — Z f dr @ )pPyn,  (23)

jelpl = [ dk vV () (k) (K> — A) + 2hjulp].  (24)

Here, the velocities of excitations v = {vil), flz)} on the state

characterized by p are computed in terms of the root densities.
In particular, they can be obtained by solving the system of
linear integral equations [89]

WPp0() = +.j£:ch1*tﬁ” PP, (25)

2 1 1
SD0200 = 4y e o010 = Y- A+ DD,

m=1

(26)
where we introduced the total root densities
Pyl () = o) + P (R 27)

Expressions similar to (18)—(24) hold for the expectation val-
ues of density and current of each one of the local conserved
charges related to the integrability of the model. For a generic
charge Q, we have

o= 3 / dk oK) g ®),  (28)

r=1,2 n=1

el= 3% / AP R, (29)

r=1,2 n=1

where {q(’)(k)} are some known functions (which depend

on Q).
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A. Homogeneous thermal state
Let us consider the system in a homogeneous thermal state
o= (30)
Pth = tr[ePH] s
where H is the Hamiltonian (1) and 8~! = T is the tempera-
ture of the state. In this case, in the thermodynamic limit, one
can adopt a microcanonical description and replace (30) with a
single eigenstate of the Hamiltonian in the expectation values
of local observables. The root densities p, corresponding to
this particular eigenstate, are determined by minimizing the
free energy functional [85]

T syylp]. 31

“thermodynamic Bethe

Jranlpl =elp] —

This yields the following set of
ansatz” (TBA) equations:

sgl;(k) =e(\)—h-T Zan *In (1+ e_ef;/T)()‘)’ (32)

n=1
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+ 3 Ay xIn (170 TYR), (33)

m=1

where we introduced the thermal dressed energies

e? () =Tn(piy r(W)/pYr(0). We can  write the
Veloc1tles of the excitations on the thermal state in terms
of these dressed energies:

(r)y A
o)) = % (34)
ntT()")

where the prime denotes the derivative with respect to A
and ,o,irt) r(A) are the total root densities [cf. Eq. (27)] of the
thermal state. Equation (34) follows from the definition of the
group velocity

(r)
88n r(A) (35)

(r)
o) =—2
()

where p(r) (1) is the dressed momentum of the nth bound state
of the rth species, and the observation

pUr() =270 (M), (36)

see, e.g., Ref. [24]. Note that it is straightforward to see
that (34) is equivalent to the implicit definition given by the
solution to (25) and (26).

III. BIPARTITE SETTING AND GENERALIZD
HYDRODYNAMIC TREATMENT

The goal of this paper is to analyze the time evolution of a
bipartite state of the form
A & —BL(AL—A N —h My) —Br(Ar—ArNr—hgMg)
po=—e Xe . (3D
where N and M are, respectively, the operators corresponding
to the number of particles and the magnetization. Here op-
erators with the subscript L and R are defined by restricting

At

FIG. 1. Pictorial representation of the quench protocol. After
the sudden junction of the two halves in two thermal states at
temperatures 7; and Tk a nontrivial light-cone region emerges from
the junction.

the integrals of their density, respectively, tox < 0 and x > O,
while Z is an appropriate normalization constant.

Using the same dephasing arguments [90] adopted in the
case of homogeneous quantum quenches [91], it is natural to
conjecture that at large enough times the time-evolving state

ﬁ(t) — e_thﬁoeiH’, (38)

can be replaced by a quasistationary state in the expectation
values of local observables [38]. Namely,

r[p(@)O ()] ~ tr[ps(x, HO0)], (39)

where x is the distance between the position of the local ob-
servable and the junction. Differently from the translationally
invariant case, in the bipartite setting under examination the
state Os(x, t) retains some “weak” dependence on x and ¢.

In systems with a maximal velocity for the propagation of
information vy, one can rigorously prove that observables
at distance >?vmax(<—7vmax) from the junction are always
described by the right (left) thermal state [38]. This means
that the regions where the state locally looks thermal remain
macroscopically large for every ¢ > 0 and play the role of
effective thermal baths, while a third region emerges around
the junction. This region is where nontrivial transport phe-
nomena can be observed [48,49] (see Fig. 1). This picture does
not strictly hold for nonrelativistic field theories as the Yang-
Gaudin model because there is no bound in the propagation of
signals. In this case, however, an effective maximal velocity is
set by the state (37) as the fastest modes have an exponentially
small occupation (a similar mechanism has been discussed in
Refs. [22,72]). This light cone becomes sharp in the zero-
temperature limit where the role of light-cone velocity is
played by the maximal Fermi velocity.

This picture is generic and is believed to describe the
dynamics from bipartite states in both integrable and nonin-
tegrable systems: the main difference between the two classes
arises when one looks at how the nontrivial region around
the junction scales with time. While for nonintegrable models
one expects a subballistic scaling, for integrable systems, the
scaling is ballistic and the nontrivial region occupies a proper
light cone emanating from the junction [22,23,38].

The ballistic scaling in integrable models is due to the
presence of stable quasiparticle excitations that propagate in-
formation throughout the system with different velocities [89].
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At the leading order in x and ¢, these quasiparticles can be
assumed to move as free classical particles: the effects of the
interactions are taken into account by letting their velocity
depend on the state. The x and ¢ dependence of expectation
values of local observables can be explained by noting that
varying x and ¢, the observables “measure” different amounts
of quasiparticles from the two sides. This immediately ex-
plains the ballistic spreading of the light cone: the expectation
value of a local observable moving away from the junction
at fixed velocity v starts to deviate from the thermal value
as soon as it starts to receive quasiparticles coming from the
opposite side. This picture leads to a simple scaling form of
the quasistationary state ps(x,t) = ps(x/¢t). In other words,
everything depends only on the scaling variable ¢ = x/¢,
which is usually called ray.

At any fixed ray ¢, the state ps(¢) can be characterized
microcanonically in terms of a single set of root densities p,,
which can be thought of as the rapidity distributions of the
quasiparticles in the state. The main result of Refs. [22,23]
was to determine the differential equation fulfilled by these
root densities, which in our case reads as

By (0) + B (vy ) )Py L (M) =0 (40)

Here, v, = {v(l) v(zz} are the velocities of the quasiparticle
excitations over the state p, . Equation (40) is in full agreement
with the quasiparticle picture given above: the rapidity dis-
tributions change because the quasiparticles are moving with
state-dependent velocities v,.

Introducing the so-called filling functions

(r)
5 (0) = p(’;f( ) 1)
;(k)
we can rewrite Eq. (40) as follows:
(¢ — vy ())a v (h) =0. (42)
This equation is implicitly solved by
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Y 54
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where ®p (x) is the step function such that ® g (x) is nonzero
and equal to one only if x > 0, while 19(rT are the filling
functions of a thermal state at temperature 7': they are written
in terms of the thermal dressed energies 8,&}()») [cf. Eqgs. (32)
and (33)] as follows:

1

(r)
0, (A _
T( ) 1+er(1r)7‘()”)/T

(44)

The solution (43) is implicit because the velocities v, depend
on ¥, = {191(1) 19(2 ¢}, and to determine the filling functions
one normally needs to resort on a numerical solution by
iteration: one starts with an initial guess for the velocities
v, finds #, using (43) and then uses Eqgs. (12), (13), (25),
and (26) to find the new velocities. As we will see in the
following, an exception is represented by the low-temperature
case, where an explicit analytic solution can be achieved.

Once the filling functions #, are known, one can determine
the root densities by solving (12) and (13) and use them
to compute the profiles of conserved charges densities and
currents. In particular, in this paper, we will always con-
sider the profiles of the densities (18)—(20) and the currents
(22)-(24).

IV. PROFILES AT GENERIC TEMPERATURES

Let us start by studying the profiles of the densities and
currents at generic temperatures by numerical evaluation of
the implicit solution (43). Our results are reported in Figs. 2
and 3, where two representative examples are considered.

As it was observed in [24], nonanalyticities in the profiles
are expected at the rays ¢* corresponding to the maximal
(minimal) velocity of the n-spin bound states, which are
identified as the solution to the equations

¢, = min[v, .- (V)] (45)

¢, = max[v, .+ (V)] (46)

These rays are reported in Figs. 2 and 3 as vertical lines. We
see that these mathematical nonanalyticities are difficult to
observe from our numerical solution. We verified that this
is due to the fact that for the thermal quenches we have

1.4

1.2

~ 08

1 I

0.6

0.4 ~

L N

—-10 ) 0 ) 10

FIG. 2. Profiles of energy density (left) and current (right) as a function of the ray { = x /¢ at infinite times after a quench from the bipartite
state (37). These plots are obtained by a numerical solution of Eq. (43). The parameters of the Hamiltonian (3) are chosen as ¢ = 1, h = 0.1,
A =5, while the parameters of the initial state (37) are i, = 0.5, Ay, = =2, h; =0.1,and Br =5, Ag =0, hg = 0.3.
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FIG. 3. Profiles of the density of particles of the first (left) and second species (right), as a function of the ray ¢ = x /¢ at infinite times
after a quench from the bipartite state (37). The parameters of the Hamiltonian (3) are chosen as ¢ = 1, h = 0.1, A = 5, while the parameters
of the initial state (37) are B = 0.5, Ay = —2,h; =0.1and Br =5, Ax =0, hg = 0.3.

considered, the occupation numbers of the second species
are small in correspondence of the modes with the maximal
(minimal) velocity.

Note, instead, that the quasiparticles associated to the
physical rapidities do not have a maximal velocity: as we
already mentioned, it is effectively set by the occupation
numbers of the initial state, which are exponentially vanishing
for large quasimomenta. From Figs. 2 and 3, one can identify
the effective maximum (minimum) velocity of the first species
of quasiparticles in correspondence of the point where the
profiles start to deviate from a constant value.

In general, the profiles are determined by both species
of quasiparticles. This is true for any observable, including,
for instance, the density of the second species displayed in
Fig 3. Indeed, even if the expectation value of the latter only
involves the spin rapidity distribution function, cf. (21), the
Bethe equations (12) and (13) couple the two species, so that
variations of the charge root density bring about a variation of
the spin one. More physically, this means that whenever there
is a finite density of particles of the two species, the way in
which the velocity of one of the species is dressed depends
also on the density of the other species. As a consequence
of this coupling, the profiles of all charges and currents
display the same qualitative structure of those observed in the
XXZ spin-1/2 chain [24], and in fact cannot be distinguished
from those of a model with a single species of quasiparticles
forming bound states. We conclude that no sign of the nested
structure of the system emerges in this setting.

V. PROFILES AT LOW TEMPERATURES

Let us now move our attention to the case where the tem-
peratures 71, and Tg are very small and show that in this case
some signatures of spin-charge separation can be observed.
We develop a low temperature expansion of the profiles by
generalizing to the multiple species case the treatment put
forward in Ref. [92] for the XXZ spin-1/2 chain.

To warm up, let us consider the low temperature expansion
of the (constant) profiles in the homogeneous case, namely
when Tg = 71, = T. This helps developing some concepts

and strategies that are directly applied to the inhomogeneous
case. The calculations in the low-temperature regimes, will
always be performed for initial states (37) with Ay = h; =
Ag = hg = 0 [while the parameters A and & of the driving
Hamiltonian (1) are left arbitrary].

A. Low-temperature expansion in the homogeneous system

We start by summarizing Takahashi’s procedure to obtain
the leading order in the low temperature description of the
model [93], obtaining the ground-state expectation values in
Egs. (18)—(24). The ground-state root densities and velocities
are found by taking the zero-temperature limit of (12), (13),
(32), (33), (25), and (26). The limit is taken by starting from
the equations (32) and (33), which determine the thermal
dressed energies. Noting that the dressed energies of the
bound states sgz_o(k) are always positive (see Appendix A 1),
we can write the zero-temperature limit as follows [93]:

o) =2 —h — A+ayxe)(M)],. A7)
() = 2h +ay x &) (W], — az % 7)), (48)
where we introduced the notation
B
Frel= [ dufG-wet. @)

In writing (47) and (48), we used that EY())()») are monotonic
functions of A? (see Fig. 4 for an illustration and Appendix
of Ref. [93] for a proof). The intervals [—B™, B™] are the
intervals in which sff())(k) are negative. In other words, the
rapidities B are the “Fermi rapidities” bounding the Fermi
sea at zero temperature.

These equations can be used to determine the ground state
phase diagram of the system, which we report in Fig. 5. The
main features of the diagram are as follows. At zero magnetic
field B® = oo and the magnetization is zero. Increasing the
magnetic field B® becomes finite and the magnetization
increases. There is a critical magnetic field A (A) above
which B® = 0 and the ground state becomes fully polarized.
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FIG. 4. Ground-state pseudoenergies (47)—(48) atc=1,h=0.5,
and A = 2. The values B and B®, corresponding to the Fermi
rapidities, are highlighted with vertical dotted lines. The pseudoen-
ergies are monotonous in A2,

Since 8(2) o(A) has its global minimum in zero, this critical field

is found by imposing 8 (0) 0, which yields

1
0 = et + 5 [2c¢A + herit — (4A + 2 + dhesy)

2V A+ et >i| (50)

X arctan
c

The critical line A (A) implicitly defined here is shown in
the phase diagram of Fig. 5.

Let us now take the zero-temperature limit of (12), (13),
(25), and (26), which determine the root densities and the

fully polarized phase

zero magnetization, h = 0

partially polarized phase

0 2 4 6 8 10
A/c?

FIG. 5. Ground-state phase diagram of the repulsive Yang-
Gaudin model. The critical line between the partially and fully
polarized phase is given by (50).

velocities of excitations. The zero-temperature limit of (12)
and (13) reads as

Proo(h) =

D

P12 o(M) = ar * p| t0(x)|1 —a % pﬁ{o(x)b. (52)

To obtain the system (51) and (52), we used

py(,rt) r(A)

_ 53
Lt et 9

() =
This implies that in the zero-temperature limit only the root
densities for n = 1 are not vanishing. In particular they are
nonzero only in the intervals [— B®_ B™], where p(r)(k) =

pfr[) 0()\). Proceeding analogously, we find the following ex-

pression for the zero-temperature limit of (25) and (26):

(2) (2)

A
1 1
provo() = =

(54)

2 1 1 2 2
PV () = ai * py! Bovf D), — @ x p i),

(55)

Note that the above equations imply ,01 t0( A) = pfrtﬁo(k)
while v{)(—=1) = —v{) ().

The ground-state expectation values are found plugging
the solutions of (51)—(55) into (18)—(24). In particular, one
immediately finds that the expectation values of the currents
(22)—(24) are zero because the integrand is odd in A. This can
be immediately understood using reflection symmetry: even
charges have odd currents and their thermal expectation value
is always zero because the Hamiltonian is even. Since we are
taking the limit 7 — O after the thermodynamic limit this
property continues to hold in the limit.

Let us now determine the first finite-7" correction to those
values. We start by introducing the short-hand notation

8f() = f(A) = fo(b), (56)

to denote the difference between a quantity and its ground
state value. At small but finite temperature, the modes with

(") o(A) > 0 are still exponentially suppressed. Therefore we
can describe the state using the thermal dressed energies
EY)T()»)Z the bound states of the particles of the second species
can be neglected from the integral equations. Following
Refs. [92,94], we find the leading finite-7" corrections by
writing a linear system of integral equations for 88(") (X). The
derivation is reported in Appendix A, while the result reads as

22
seir(h) = W uboy+ oY, (57)
272
(2) _ T ) 4
881,T()‘) - 6852())/(3(2))1] ()‘)+ O(T )v (58)

where the functions U (1) satisfy

uPn)=d

(59)

UP0) =dP ) +a * UL, —az «UP1)|,. (60)
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MESTYAN, BERTINI, PIROLI, AND CALABRESE

PHYSICAL REVIEW B 99, 014305 (2019)

The driving functions appearing here can be written in the
following convenient form:

dY 0 =ar x5 (61)
AP () = ayx 25’ V)|, — az % 2§ (62)

where we introduced
2 () = Z 20, (M), (63)

and finally
20 W) =27y, Dy v

=) 80— aBD7)+ D) 8 —aBV7). (64)
Here, 8(x) and §&'(x) are, respectively, the Dirac delta
and its first derivative, B®)~ = B™e=¢ for infinitesimal
€ > 0, and the constants are given by C;,z)g = -1, Cg)a =
(2)’(3(2))/ (U’(B(l)) and D(V) =0.

Let us now sketch how to ﬁnd the correction to the total
root densities, while we refer to Appendix A for the full
derivation. Neglecting the contribution of bound states, we can

rewrite (12) and(13) on a thermal state as follows:

1
Pur() = o— +arx 9701 7 (A, (65)

) ) (1)

PlorA) =ar*x 0y 70 7 (A) —az * 191(27)'p1(2t)T()‘)‘ (66)

These equations feature many Sommerfeld-like integrals of
the form

/ T D F () (67)

with appropriate functions f(X). The expansion of such in-
tegrals is carried out in Appendix A of Ref. [92] [there the
expansion is carried out in the gapless phase of the XXZ spin-
1/2 chain but it applies to all TBA-solvable models where

EY(), (1) has two symmetric zeros] and reads as

B™ 272
T
1 = / dr|1+
Y _B® 6

where z(r)(k) is of the form (63) and (64) with the coefficients

z(,’)(?»)}f(k) +0(T*), (68)

Df) = % (69)
(81,0(3(”))
C(Z()r 8(2)”(B(2))
5= | +UPBD) |, (70)
D; €1,0 (B®)

1 1
Cra [si,é”(B“))

= 1
85,3/(13(1))

o + U“)(B“)):|, (71)
D1,+

where we introduced
(1)’(B(l))

U(l)(B(l))_ (l)(B(l))W (72)

Using this expression we can turn (65) and (66) into a set of
linear integral equations for the corrections to the total root
densities. At the leading order in 7', we find

M T 4
Sp1r(A) = ——R V(M) + O(T7), (73)

@ 7’ T? o) 4

Spi (M) = ——R7(A) + O(T), (74)

where R () fulfill the system (59) and (60) with drivings

d<'.)()\) The drivings are given by (61) and (62), where
( ) y (A) is replaced by Z(r) (1) of the form (63) and (64) and

coefﬁ01ents

(r) r)
B
Dx)a = —0 —P(lr;,o( ) (75)
( (B(r)))

@y p@) @ p(2)
B & (B
Pl e U@)(B(”)] (76)

2)

CR,(T _ _
2 - 2

DY | p0(B®)

gf(;’( B®)
Cio [ pia (B)
DS’), - pflﬂo(B(U) -
Similarly, we obtain the following expression for the correc-
tions to the velocities:

LD
1
ggqg)’(B(l))

_ 0(1)(3(1)):| . (D

T2
8o\ ol () = — WD) + 0T, (78)

T2
o) = — WP+ o). (79
The functions W) (1) fulfill the system (59) and (60) with
drivings d(” (1) again given by (61) and (62). This time the
function ZU)()») is replaced by z(r) (A) of the form (63) and
(64) and coefficients

pn 1 (80)
W.o ey (BM)
2)
Vo = oUP(B? 81
e (B*), 8D
w,—
(1)
D?ll)” U(l)(B(Z)) (82)
w,—

We see that the driving functions d%)(k) are odd, implying
that also the functions W(1) are odd.

Using these expressions we can finally write the first non-
trivial corrections to the densities (18)—(20) at finite temper-
ature. In particular, let us consider the first finite-temperature
correction to the energy density

5e=/ [ (l)(k)e(k)+2h28p(2) (,\)n]

= f d1 [8p)'7 (M) e(X) + 2h8p( 1 (V)] (83)

where in the second step we neglected exponentially small
corrections in 1/7. Using the expansion (68) and the

014305-8



SPIN-CHARGE SEPARATION EFFECTS IN THE LOW- ...

PHYSICAL REVIEW B 99, 014305 (2019)

expressions (73) and (74) we have

272
7T
86:

f dr (RV(M) + 255, (M) - e(n)

72T?
+

[ w0+ 200) -2

2 2
T
= 2 2 ACKL i@ B) — D e (0B

r=1,20=%

_ n’T? ,Ofrt)o(B(r)) aT? "
T3 E: <”’Bo> 6 z: “>Bv> ®4)
r=1,2 ( ) r=1,2 ( )
Here in in the second step, we used the identity
Z / dx R(r)()\)—{—z(r) (A))q(’)(k)
r=1,2
=Y > ACL (@B = DY £ (0 BT,
r=120=%
(85)
where the functions f\"” (%) fulfill
P =q (86)

[P0 =q"0 +a x £, —arx [P0, @7

The identity (85) is proven by inverting the integral system for
R™ (1), see Appendix A for the detailed proof. In the third
step of (84), we noted that, for ¢!V(1) = e(X) and ¢® (1) =
h, Egs. (86) and (87) coincide with (47) and (48), namely,
fq(’)()») sgr())()\). In the last step, we used the definition (34)
of the velocities.

The finite temperature correction (84) agrees with that of
two independent conformal field theories (CFTs) [95,96] with
central charge equal to one and velocity of light respectively
equal to v{')(B™M) and v{’)(B®): the “Fermi velocities™ of the
two components. This is in accordance with the well-known
fact that the low energy description of (1) is in terms of two
decoupled CFTs.

Before concluding our analysis of the homogeneous case
we note that one can repeat this calculation for the other
densities (18) and (19) finding an analogous result: finite
temperature corrections proportional to T2 and written as a
sum of the spin and charge component. We also note that the
corrections to the currents are all zero, because W) (1) and
d&r,)()\) are both odd. This is again in accordance with the fact
that the expectation values of the currents vanish in a thermal
state.

B. Low-temperature expansion in the inhomogeneous system

Let us now move to consider the inhomogeneous case.
More precisely, we take 7, = T, Tr = T and expand for
small 7 (with Agx = hg =0, A, = h; = 0). At the lowest
order, we again find that all the relevant quantities attain
their ground-state value. To find the first finite temperature
corrections, we use the form of the implicit solution (43). Both
terms in (43) are multiplied by a filling function ﬁl(r% of a
homogeneous thermal state. We can then use the reésoning

above and conclude that all bound states of the spin rapidities
can be neglected, as they give exponentially small corrections
in T. We are then left to consider reduced systems of integral
equations as (65) and (66) for p}’[) ¢ (the same system, with a

different driving, is found for v{} p{'; ). In order to find the

leading low-temperature contribution to this system, we need
to expand integrals of the form

I} = / dr 900 f O ), (88)

for some appropriate functions f”(A). The expansion of (88)
up to O(T?) is thoroughly carried out in Appendix A of
Ref. [92]; below we discuss the main features. As a function
of ¢, two different regions appear where the integral behaves
very differently. For rays O(T?) far from the lightcones of
both particle species, i.e., when

lim |¢ —v{o(B")| # 0, (89)
the expansion reads as

B™
I _/ dx f(’)(k)[l +—

— B

(”(x)] (90)
where we neglected O(7*) and introduced
210 =2 WO [y (B”) - ¢]
+ (P2 00 + 27 ) O [v (BT — [¢1]
+72 (0O [¢ — v (BM)). o1

The functions z(r) and z(r) are, respectively, of the form
(63) and (64) and are spe01ﬁed by the coefficients (69)—(71).
In other words, far away from the light cones, the O(T?)
correction to the integral is piecewise constant, consisting of

three plateaux. In the region
¢ £ viy(BY) ~ O(), (92)

we instead have
B® 2 )
T
Iy = / i f”m[l NS NRY g)} 93)
— B 6
where we neglected O (T?) and introduced the function

¢ —ov)(BD)
(r) _ Z (r) 1,0
aro = 2, 2ie P [vﬁfg(m))ﬂ O | ©d

o=%

In this equation we introduced the effective mass
32¢ (r)’()\) (r)’(B(r))v(’)(B(r))
Py ()2 o) (B)

(r) —

*

.99

A=B") N
where p(r) (A) is the dressed momentum (36), and the function

6In(l +¢%)  6rin(l + €/%)
w2(1 —1?) w2(1 —1?)
This function is positive and peaked around z = 0, in particu-
lar, we have

D:lz] = (96)

1
Jim —Dilz/T]=5(). 97)
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Finally, we also introduced the functions Z(Irl),a (A), which are of the form (64) with coefficients C ;’1)0 =0 sgn(v?/ (B™)y/ €] (B™)

and Dy} = 0.

We see that in the region (92) the first correction to the integral (88) is O(T'). As a function of ¢ it has a peaked form described

by the function D,[z].

Using the expansions (90) and (93) it is possible to write linear equations for the first-order corrections to p

(r)

(r)

1..c and

Pic r; (1) as we did in the previous section for the homogeneous case. Proceeding as in (84), these expressions can be used to
find the first correction to the profiles of local observables. Since the procedure is very similar to the one outlined in the previous
section, we omit it here (it is reported for completeness in Appendix B). In the region (89) the result up to O(T?) reads as

8q(r, )= "—— {va(t ;)Z [Chl (0B — DX,Lf,;”’(oB“))]}, (98)
8jg (v, 0) = {Zw(r)(t ) Z C‘(,‘r,)af(r)(GB(r)) D(r) f(r)/(aB(r))]} (99)
r=1 o=%

where v (t, ¢) and " (x, ¢ ) are piecewise constant functions,

2

%) - v
vW(, o) =1+

") 1-v ") (g
(v, 8) = N ®H[01,0(B ) — |§|]’

[On[¢ +ioB] + Onle — 5B,

(100)

(101)

and fq(”(A) is defined via the integral equations (86) and (87). The coefficients C;’{,, Dﬁ{{,, Cg?g, Dg,?a are defined in (75)—(77)
and (80)—(82). Note that the charge density expression (98) is similar to the homogeneous case (84)—(85), the only difference

being the appearance of the profile function v (x, ¢).
In the region (92), instead, the profiles up to O(T) read as

nngn(v(’)'(B(’)))

2
gt 5)=) Y o

r=1 o=%

ju(0) = Z Z JTngn v

r=1 o=%

1207 (B®)

(r)/(B(r)))

where D.[z] is defined in (96). These results hold for the pro-
file of any reflection symmetric charge density and the relative
current, namely, for conserved charges Q characterized by
bare charges ¢{” (1) [cf. Egs. (28) and (29)], which are even
functions of A.

The form of the profiles (98), (99) and (102), (103) can be
reproduced by considering two decoupled nonlinear Luttinger
liquids in the spirit of Ref. [97]. In particular, in the region
(89), the structure is that given by two decoupled linear
Luttinger liquids, namely, two decoupled CFTs. The profiles
are piecewise constant functions of ¢, and change value every
time that the absolute value of the ray equals one of the
two Fermi velocities v{')(B®). This generically results in a
five step form, as it can be seen from Figs. 6 and 7. In the
following, we discuss our results displayed in these figures.

Let us first focus on the important profiles of the energy
density and current. In this case, we have f” (%) = 8(”()0 SO
that £ (B")) = (’)(B(’)) = 0. Plugging this in (98), (99),
(102), and (103), we see that the leading contribution to the
profiles comes only from the region (89) and reads as

TT? S v(t, ¢)

e(¢,v)=eo+ . ;
6 = v% )(B(’))

(104)

¢ —avy(B)
2 (r)
e )Dt[ V(BT Im ! e
¢ —ovlj(BT)
1 - f,(B")D, 103
) xT? & .
Jol&,0) = =~ ;aﬁ )(t, 0). (105)

This result is compared with the numerical solution of the
generalized hydrodynamic equations in the left panels of
Figs. 6 and 7. It is of interest to write down explicitly these
functions for ¢ = 0, which corresponds to the celebrated
nonequilibrium steady state (NESS)

7 (T2 +13) 22: 1

0,0) — ey =
¢0.0 e 12 (B’

(106)

r=1

7 (17 - T§)

.e 0, =
Je(0,v) G

(107)
We note that the dependence on the temperatures of the two
halves is the one expected from the CFT analysis of the
bipartition protocol [48,75]: the results correspond to the sum
of two CFTs with central charge equal to 1. This is, of course,
consistent with the description in terms of two decoupled
Luttinger liquids.

Next, we compare these profiles with those of other generic
observables, focusing in particular on the quasiparticle density
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A
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Y

—0.9676
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¢

0.722 A
L

0.721 [i) [

n(¢)

0.72
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FIG. 6. Profiles of energy (left) and particle (right) densities as a function of the ray ¢ = x/¢ at infinite times after a quench from the
bipartite state (37). Full lines are obtained as a numerical solution of Eq. (43) while dashed lines are the result of the analytical low-temperature
expansion (104) and (105). The parameters of the Hamiltonian are set to ¢ = 1, h = 0.5, and A = 2, while those of the initial state (37) are

B =25 and Br = 50 (With Ag = hg =0, A, = h; = 0).

and current. These are displayed in the right panels of Figs. 6
and 7, and immediately show visible qualitative differences.
Indeed, in the transition region between two plateaux, the
nonlinearity of the dispersion relations (quantified by 1/m )
becomes relevant [97]: the profiles have a peaked form deter-
mined by the function D.[z]. Note that the width of the peak
around ¢ = v{")(B®) depends on the species r. This form of
the profiles was first described in [97] for a single Luttinger
liquid, where it was shown to be a remarkable example of
universality beyond the linear Luttinger approximation [7].
The calculations presented in this work give a nontrivial test of
the validity of this prediction in the case of interacting nested
systems.

The peculiar structure of the profiles described above, five-
steps with peaks in correspondence of the transitions, gives
an indication of a spin-charge separation. Indeed, observing
profiles with this structure one can argue that they are pro-
duced by two decoupled nonlinear Luttinger liquids. Note,
however, that the local observables couple the two theories:
it is impossible to find an observable sensitive to a single
Luttinger liquid only. This means that one cannot determine

0.0006
9 0.0004
~ :
0.0002 \
. :
—4 0 1 2 3

the physical content of the two separated degrees of freedom
and distinguish them by looking at the profiles: the signature
of spin-charge separation that one can obtain from the profiles
is only an indirect one. Still these are qualitatively different
from the profiles that one would obtain in the low-temperature
regime of non-nested systems, such as the XXZ Heisenberg
chain [92,97], and highlight that the model has two species of
quasiparticles.

VI. CONCLUSIONS

We have considered the transport properties of a one-
dimensional spinful Fermi gas, after junction of two semi-
infinite subsystems held at different temperatures. We have
analyzed quantitatively the space-time profiles of local ob-
servables emerging at large distances x from the junction
and times ¢, as a function of ¢ = x/t. By employing the
generalized hydrodynamic approach, we have shown how an
indirect signature of spin-charge separation emerges in the
transport properties of the model at low temperatures. In this
regime, profiles are qualitatively different from those that can

0.002
<
0.001
- —|
-4 -3 -2 -1 0 1 2 3 4

¢

FIG. 7. Profiles of energy (left) and particle (right) currents as a function of the ray ¢ = x/¢ at infinite times after a quench from the
bipartite state (37). Full lines are obtained as a numerical solution of Eq. (43) while dashed lines are the result of the analytical low-temperature
expansion (104) and (105). The parameters of the Hamiltonian are set to ¢ = 1, # = 0.5, and A = 2, while those of the initial state (37) are

ﬂL =253HdﬁR =50(WlthAR =hR =07AL =hL =0)
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be obtained in non-nested systems, and a description in terms
of two decoupled Luttinger liquids can be employed, yielding
exact results in the limit 7 — 0. Among other results, we have
seen how the universal predictions of Ref. [97] are recovered
analytically from the generalized hydrodynamic equations.
The calculations presented in this work generalized to nested
systems those of Ref. [92], and together provide a compre-
hensive analysis of low-temperature transport properties in
nonrelativistic integrable systems.
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APPENDIX A: LOW-TEMPERATURE EXPANSION
OF THE HOMOGENEOUS TBA

In this Appendix, we derive of the formulas of the homo-
geneous low-temperature expansion appearing in Sec. V A.

1. The absence of bound states

In the low-temperature limit, the bound states of the sec-
ond species are absent. These states have a strictly positive
pseudoenergy ¢'? (1), and therefore their occupation numbers

1

—— (n=2
o 2P

00 = (A1)
are exponentially suppressed.
@

The positivity of the pseudoenergies en,)T()L) is seen from
the decoupled version [85] (Chap. 12) of the TBA equations

J

(32) and (33):

ey =2 = A) = T[rwn (1 +e /T

—sln(1+e01/7)], (A2)
2)
1 er/T
@ — T sam )], (A3)
' 1 +e /T
5;22)2] = T[s *In ((1 + eergz—)l_T/T)(l + efﬁl.r/T))]’ (Ad)
el 2m
lim — = —, (AS)
n—o0o N T
where
1 TX
s(x) = 2—sech(—), r(x) =a; *s(x). (A6)
c c

Equation (A4) shows that the pseudoenergies of the
bound states are always positive. Indeed, both s(x) and

2) . .. .
In(1 4 e%.7/Ty are strictly positive functions.

2. Expansion of the pseudoenergy

In the following, we present the derivation of the expan-
sions (57) and (58) of the pseudoenergies. We start from the
TBA equations (32) and (33):

o0
00 =) —h =T ayxIn(1+e /7)),

m=1

eC)(0) = 2nh — Ta, wIn (1 + ¢/ ()

o0
+T Y A xIn (14 e/ 7)),

m=1

(AT)

Since the pseudoenergy of the bound states is always positive
[see (A4)], the n > 2 terms of the sums are exponentially sup-
pressed at small temperatures. After subtracting the ground-
state equations (47) and (48), we have

B(Z)
860 (1) = =T ay xIn (1 +¢~1/T) () — [ dpar(h = wey(w) + 0T, (A8)
—B®?)
(2) —er B 1) —e®T
SEI’T()L) = —Ta;xIn (1 +e 17 )(A) — o duar(h — ey o(n) + T ax xIn (1 + e f1r )()»)
B®
+ f dpar (. — ey () + 0(e=*/7), (A9)
_B®
with some o) > 0. Now we plug in the relation
In(14 e /™) = —f~(1) + In(1 + ¢ V™), (A10)
where
FEO) = (FO) £ 1FD/2, (A1)
obtaining
B® _B® B
Sei (1) = — / dpay(n — p)del’) (1) — / dpay (o — pep(n) — / dpai(h — ey ()
—B® —B®@r B®
* —1e (wI/T —A/T
+ Tf dpai(h —p)In (14 e FirVTy 4 ge=M/T), (A12)
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B _gW B
38?%@) = —/ dua(h — u)ée(l) (1) —/ N duai(h — M)E(l) (1) — /m duai(s —M)eﬁf)r(u)
—BM — By B
> —1e /T B ) B ()
+T/ dpay(h—p)In (14 e lorrt )+/ ] duaz(k—u)Ssl,T(uH/ dpas(.— w7 ()
00 _B® —BOy
By s 00 @
+ f | draGo— ey () =T / dpay(h — pwyIn (1 4 7190r0NT) 4 04/, (A13)
B¢ —00
where B is defined by
e} (BT = 0. (A14)

Here we assume that SY)T (1) remain even and have two zeros, similarly to SY())()L) (see Fig. 4). However, the locations of the
zeros are shifted from the Fermi rapidities £B" to £B"".

Let us now analyze the terms in the RHS of (A12). The first term does not explicitly depend on 7. The second and third terms
will be shown later to be O(T*). Hence (A12) is dominated by the fourth term, which can be expanded as

o.¢] Y T o0
_ @I/ Ty — _ @y —x 2
/_Oodual(k w)1n (1+e " ) = |8/(B(2)/)|02a1(x oB )/(; dxIn(l14+e™*)+ O(T")
T 2
z Y a(n—oB®) 4+ 0(T). (A15)

~ 6le(B?)| &~

In this expansion, we used that | B> — B®”| changes smoothly in the vicinity of T = 0. After plugging (A15) into (A12), we
obtain

T2 B®@
seD ()= — - B<2>—/ dpay (. — 11)8e) 72), Al6
ey (M) S ] Z (0 —oB?) = | duai(— mbei(w) +o(T?) (A16)
where o(T?) is such that
TZ
lim O(Tz ) _o. (A17)
By repeating the above procedure for 851 7» We obtain
@ nT? ) o )
e 7 (M) = ———— aj(hA—oB")— duay(h — pn)de
T 6|a§};(3<1>)|§ X ) /4 parG = wse (1)
7TT2 B® )
e > 2(’\—03(2))+f dpay(h — pse) () + o(T?), (A18)

where we used that the second, third, sixth, and seventh terms on the RHS of (A13) are O(T*). The equations (A16)—(A18) are
identical to the system (57)—(64) of the main text.

Let us now prove that the second and third terms in the right-hand side (r.h.s.) of (A12) and the second, third, sixth, and
seventh terms on the RHS of (A13) are O(T*). By expanding these terms for B"” ~ B") and using sﬁf())(B(’)) = 0, we have

B® B®r
_/ L draiGo— e () - / L drai0.— () = 0B — BOY), (A19)
—_BQ@y B
B B
- f L dman (o= el (o) - / L draGo— ey = 0(BY = B, (A20)
—_ By B
—_B® B
f , duax - werr(w) + / L dia(o— e () = 0(B® = BY)). (A21)
—B@y BZ
‘We now assume that
B" — B = o(T*) «, > 0. (A22)
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Let us prove that o, > 0 by reductio ad absurdum. Suppose that 0 < o, < 1. Then, using (A12), we have
56l (0) = T2 FO () + 0(T?), (A23)
for some F1 (1) independent of T. If we then take 58(13;(3(1)/) and expand around A = B, we get
sei'r(BY) = —e{) (BB — BV) + 0((BY — BW)Y?) = T2 FD (1) + O(T?). (A24)
So we conclude o) = 2. Using now (A13), we have
Seiy(0) = T* FA () + 0(T*). (A25)
Expanding 38(2) (B@") for B around A = B®, we then get

8671 (BY) = —e 7 (BP)BY — B?) + 0((B? — B?)?) = T** FO () + O(T**). (A26)

This is, however, not compatible with the hypothesis because it would require 5%&’(3(2)) = 0. So we must have a; > 1, implying

that Eq. (A16) holds. This in turn implies that o; > 1, indeed by expanding 58(1?;(3(1),) for BV around A = B, we have
8ei')(BY) = —e{ ) (B)(BY — BD) + 0((BY — BM)?) = 0(T?). (A27)

Since &, > 1 for r = 1, 2 we have that Egs. (A16) hold (A18) hold. Expanding then e{").(B“”) for B*” around A = B"), we
have

JT2T2

By _pgr)— "~
6615 (B")

UD(BDY 4+ o(T?), (A28)
where the functions U (x) are defined in the main text [cf. Egs. (59) and (60)]. This proves that (A19)—(A21) are o(T™.

3. Expansion of the particle density and velocity
Now we show how the low-temperature corrections (73), (74), (78), and (79) are derived for the particle density ,0(') (A) and
the particle velocity v(r) (X). This derivation is based the expansion (67) and (68) of the integral

17 = / dr 9700 f (), (A29)

which is reported in Ref. [92]. In explicit notation, the expansion reads as

(r) B T (r) (r) (’)”( (r)) (r) (r) (r)
r — ! r _ ! _ r _ r r _ r A
I / Bmdxf<x>+6(8%(3(2)))2[f<3 )~ f'(=B") <(,),(B(,))+U<B ))(f(B )+ f(~B ))}, (A30)

where we neglected subleading contributions.

(r) (r)

Now, considering (65) and (66) and separating the ground-state root densities p;’( , from the corrections 3p; , we have
PLLo () + 891 () = o+ arx 917701 Lo () + an % 978017 (1), (A31)
PiLo) + 801700 = ar + ﬂ{l}pi?om +ar % 0{78p1 () — az % D17 o1 o () — a2 x 9 13p17 (1), (A32)
Applying now (A30) to the convolutions and retaining corrections up to O(T?), we have
a, *» 97801} (0) = a, % 5p" (W), (A33)
¢) ® ® T o
ar * 91101 oA = ar % p'y oW + ar * 2, (x) rs=1,2, (A34)

where we used the definition (49) for the ground-state convolution and the function z(x)(k) is of the form (63) with the coefficients
(75)—(77). Plugging into (A31) and (A32) the expressions (A34) for the convolutions and subtracting the ground state equations
(51) and (52), we finally obtain (73) and (74).
The low-temperature expansion for the excitation velocities is obtained in a similar manner. One has to remove the
exponentially suppressed bound state terms from the system (25) and (26), obtaining
ool = S8 o B o o0, (A33)
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2 2 1 1 1 2 2 2
VoL () = ar* 9 00f o) 1 () — @y % 90 o1 1 (). (A36)

Then by applying (A30) to the convolutions we find (78) and (79).

4. The first correction to the energy

In this Appendix, we derive the identity (85)—(87), which is necessary to derive the low temperature correction to the energy
density, 8e (84). First, it is necessary to introduce a vectorial notation for the sake of compactness. To a function w (1), we
associate the vector w, whose components are

(W] = w" (). (A37)
Operators K acting on these vectors are defined as
2 B®
(K wls =) f Ak — mw® (). (A38)
s=1 —-B¢

In this notation, the low-temperature BGT equations (65) and (66) read

po=d, — Abp, (A39)
where
(€8] 1)
101”1"()") a % ()V_/'L) 0
= [ o | m1= o 80— ), (A40)
pl,t,T()‘) 0 191 A —p)
1 . 0 —ai1(h —
d, = [2} [A]=[ at “)}. (A41)
0 —ai(A—pn)  ax(h—p)
In the same notation, the first correction to the densities (73) and (74) reads
72T? .
Sper = R, R =dr— AR, (A42)
where
(1)
8ot () R Zp (1)
Sp1 = |: i’zt)’r , dr=—Azpi, 2RI = @ . (A43)
8oy () Zp (M)
The functions z%’)l (1) are given by the coefficients (75)—(77).
To prove the identity (85)—(87), we start from the left-hand side of (85),
2 (o]
> f dr(RV) + 25, (0))g " (). (Ad4)
r=1Y7%
Using the vector notation and (A42) and (A43), this correction can be written as the scalar product
g - (—A+ A" Azg i +zr)=q-A+A) "2, (A45)
where the scalar product is defined as
2 B®
a-b= dra” ()b (). Ad6
> [ aananne (A46)

Since A is symmetric, we can write (A45) as
A+ A7) zri=fyzras fa=a—Afy (A47)

Writing this result in the standard TBA notation yields exactly the identity (85)—(87).
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APPENDIX B: LOW-TEMPERATURE EXPANSION OF THE DENSITY AND CURRENT PROFILES

In this Appendix, we show the derivation of the low temperature expansions (98), (99), and (102), and (103) of the charge
and current density profiles after a bipartite quench. In other words, we will evaluate

g0 =Y / o) P00, B1)
r=1,2
jeo=3 f o) G900V, (B2)
r=1,2

at low temperatures. In (B1) and (B2), we have already used the fact that bound states are exponentially suppressed at small
enough temperatures.
The basis of the evaluation of (B1)—(B2) is the expansion (89)—(93), carried out in detail in Ref. [92]. This expansion has two

cases according to whether the ray ¢ is close to one of the light cones :I:UY())(B(’)) or not. We treat these two cases separately.
Our computations below are valid up to O(T?).

1. The case limy_ |£ — vif(),(B(')N #0

Far away from the light cones, one can use the low temperature expansion (90). First we compute the correction to the charge
density

B™
Sq(t,0) =Y / dapy’) )P Mg V00 = Y / drpy) (g (). (B3)
r=1,2 r=12

The vectorial form of the O (T?) expansion (90) is

. nwT?
Ley=1f-] +Tf'Z1,g, (B4)

1(1) ) (r)
_ | fer _|f . |1 “re |
o | { I R e
¢,

Using expansion (B4) on the BGT equations (65) and (66) yields

where

2T2

Spie = R, R, =dr;— AR, (B6)
where
(1) (1)
1 ()L) N ZR I ()\.)
Spe = |: (zt)g j| dr¢ = —AZr1cs IR I = |: @ N B7)
l t, g()‘) R I 4—()\)
and the symbol § denotes difference from the ground state value, i.e.,
801, = Plic — P1,1,0- (B3)

The function 2§y, (1) is

) = 2 00O u[—v]o(B) = £ ] + (P2~ (1) + 21 . (1) Ou[vi (BT = [¢1] + P2 s ()Ou[¢ — v/a(B)],

(B9)
with z(') (A) and zg,),, 1 (A) given by the coefficients (75)—(77).
Plugglng (B6) in (B3) and using the expansion (B4), we get
7T2T2 . A a 2T2 . A
dq(r,¢) = q-(—(1+A)"Azp1¢+2r10) = q-((1+A)" zr 1) (B10)
Since A is symmetric, we can write (B10) as
7T? " 72T? ~
8q(v,¢) = (A+A)7"g) zr1e = fo 2rae  fo=q9—Afg (BI1)

6

This is exactly (98) in vectorial notation, which is valid up to O(T?). We note that the above expansion is analogous to the
homogeneous case shown in Appendix A 4. The only difference is the dependence of the vector zz ;,, on ¢.
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In the case of the charge current density §j (¢, ¢), the logic of the derivation is the same. We have

o0 o0
8jw o)=Y / drpy ) 9 v L 0g () = Y f dpy (V) (Mg (). (B12)
r=1,29 7% r=1,2Y7"%
In vectorial notation, Egs. (A35) and (A36) for the velocities become
we =d, — Ad w, (B13)
with
pLl o) () 3/ (2m)
we=| o | = . (B14)
P2 V() 0
Using the expansion (B4) on (B13) yields
nT? "
where
(1)
A Iw.1, *)
dw,g = AZW,],g, iw,1,c = |: @) ¢ . (B16)
ZW,I,{()‘)

The functions zg,) 1. (A) are given by

2wre 8 = 2 O [—vo(BT) = ] + (2, (1) + 231 . (1) O v 5(B) = [¢1] + 2y, 1O u[¢ = vila(B].

B17)

with zj;), (1) and 2}y, , (%) given by the coefficients (80)—(82).

Plugging (B15) into (B12) and using the expansion (B4), we get
) 2T2 R A ga 7T2T2 R A
§j(t,8) = q-(—(1+A) " Azw e +z2wie) = q-((T+A) zwre). (B13)
Since A is symmetric, we can write (B10) as
, aT? . . 72T? .

8j(r,¢) = T((l +A)q) zwie = qu Zwire,  fo=q—Afy. (B19)

This is exactly (99) in vectorial notation, which is valid up to O( T2).

2. The case ¢ £ v:f‘)) B") ~ O(T)

Close to the light cones, we use the expansion (93) instead of (90) but otherwise the procedure is the same as in the far-from-
lightcone case of Appendix B 1. We can get the final results by replacing zg ;, and zw ;, with z;7, in Egs. (B11) and (B19).
The final result is

T - . . -1 72T (1 —1?) A

dq (v, ¢) = T((l +A) q) -z = qu g Jo=a—Afy (B20)
TA =% . . 2T(1 -+ .

8j(r,¢) = %((1 +A)7'q) 2 = %fq e, fa=49—Afq (B21)

These are exactly (102) and (103) in vectorial notation, valid up to O(T).

[1] F. D. M. Haldane, Phys. Rev. Lett. 47, 1840 (1981); J. Phys. C [51 A. G. Abanov, in Applications of Random Matrices in Physics,

14, 2585 (1981). NATO Science Series II: Mathematics, Physics and Chemistry
[2] T. Giamarchi, Quantum Physics in One Dimension (Oxford Vol. 221 (Springer, 2006); A. G. Abanov and P. B. Wiegmann,

University Press, New York, 2004). Phys. Rev. Lett. 95, 076402 (2005); E. Bettelheim, A. G.
[3] A. Gogolin, A. Nersesyan, and A. Tsvelik, Bosonization and Abanov, and P. B. Wiegmann, J. Phys. A: Math. Theor. 41,

Strongly Correlated Systems (Cambridge University Press, 392003 (2008); 42, 135201 (2009).

Cambridge, England, 1998). [6] A.Imambekov and L. I. Glazman, Phys. Rev. Lett. 102, 126405
[4] M. A. Cazalilla, J. Phys. B 37, S1 (2004). (2009).

014305-17


https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/0953-4075/37/7/051
https://doi.org/10.1088/0953-4075/37/7/051
https://doi.org/10.1088/0953-4075/37/7/051
https://doi.org/10.1088/0953-4075/37/7/051
https://doi.org/10.1103/PhysRevLett.95.076402
https://doi.org/10.1103/PhysRevLett.95.076402
https://doi.org/10.1103/PhysRevLett.95.076402
https://doi.org/10.1103/PhysRevLett.95.076402
https://doi.org/10.1088/1751-8113/41/39/392003
https://doi.org/10.1088/1751-8113/41/39/392003
https://doi.org/10.1088/1751-8113/41/39/392003
https://doi.org/10.1088/1751-8113/41/39/392003
https://doi.org/10.1088/1751-8113/42/13/135201
https://doi.org/10.1088/1751-8113/42/13/135201
https://doi.org/10.1088/1751-8113/42/13/135201
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405

MESTYAN, BERTINI, PIROLI, AND CALABRESE

PHYSICAL REVIEW B 99, 014305 (2019)

[7] A. Imambekov and L. I. Glazman, Science 323, 228 (2009).

[8] A. Imambekov, T. L. Schmidt, and L. I. Glazman, Rev. Mod.
Phys. 84, 1253 (2012).

[9] C. Karrasch, R. G. Pereira, and J. Sirker, New J. Phys. 17,
103003 (2015).

[10] F. H. L. Essler, H. Frahm, F. Gohmann, A. Kliimper, and V. E.
Korepin, The One-Dimensional Hubbard Model (Cambridge
University Press, Cambridge, 2005).

[11] C. Kim, A. Y. Matsuura, Z.-X. Shen, N. Motoyama, H. Eisaki,
S. Uchida, T. Tohyama, and S. Maekawa, Phys. Rev. Lett. 77,
4054 (1996).

[12] P. Segovia, D. Purdie, M. Hengsberger, and Y. Baer,
Nature (London) 402, 504 (1999).

[13] O. M. Auslaender, H. Steinberg, A. Yacoby, Y. Tserkovnyak,
B. I. Halperin, K. W. Baldwin, L. N. Pfeiffer, and K. W. West,
Science 308, 88 (2005).

[14] Y. Jompol, C. J. B. Ford, J. P. Griffiths, I. Farrer, G. A. C. Jones,
D. Anderson, D. A. Ritchie, T. W. Silk, and A. J. Schofield,
Science 325, 597 (2009).

[15] A. Recati, P. O. Fedichev, W. Zwerger, and P. Zoller, Phys. Rev.
Lett. 90, 020401 (2003).

[16] C. Kollath, U. Schollwock, and W. Zwerger, Phys. Rev. Lett.
95, 176401 (2005).

[17] M. Polini and G. Vignale, Phys. Rev. Lett. 98, 266403
(2007).

[18] A. Kleine, C. Kollath, I. P. McCulloch, T. Giamarchi, and U.
Schollwdck, Phys. Rev. A 77, 013607 (2008).

[19] T. L. Schmidt, A. Imambekov, and L. I. Glazman, Phys. Rev.
Lett. 104, 116403 (2010).

[20] T. L. Schmidt, A. Imambekov, and L. I. Glazman, Phys. Rev. B
82, 245104 (2010).

[21] J. Y. Lee, X. W. Guan, K. Sakai, and M. T. Batchelor, Phys. Rev.
B 85, 085414 (2012).

[22] O. A. Castro-Alvaredo, B. Doyon, and T. Yoshimura, Phys. Rev.
X 6, 041065 (2016).

[23] B. Bertini, M. Collura, J. De Nardis, and M. Fagotti, Phys. Rev.
Lett. 117, 207201 (2016).

[24] L. Piroli, J. De Nardis, M. Collura, B. Bertini, and M. Fagotti,
Phys. Rev. B 96, 115124 (2017).

[25] V. B. Bulchandani, R. Vasseur, C. Karrasch, and J. E. Moore,
Phys. Rev. B 97, 045407 (2018).

[26] V. B. Bulchandani, R. Vasseur, C. Karrasch, and J. E. Moore,
Phys. Rev. Lett. 119, 220604 (2017).

[27] B. Doyon, J. Dubail, R. Konik, and T. Yoshimura, Phys. Rev.
Lett. 119, 195301 (2017).

[28] B. Doyon, T. Yoshimura, and J.-S. Caux, Phys. Rev. Lett. 120,
045301 (2018).

[29] M. Fagotti, Phys. Rev. B 96, 220302(R) (2017).

[30] B. Doyon and T. Yoshimura, SciPost Phys. 2, 014 (2017); B.
Doyon and H. Spohn, J. Stat. Mech. (2017) 073210; B. Doyon,
H. Spohn, and T. Yoshimura, Nucl. Phys. B 926, 570 (2017); B.
Doyon, SciPost Phys. 5, 054 (2018); B. Doyon and H. Spohn,
ibid. 3, 039 (2017); A. Bastianello, B. Doyon, G. Watts, and T.
Yoshimura, ibid. 4, 045 (2018).

[31] E. Ilievski and J. De Nardis, Phys. Rev. Lett. 119, 020602
(2017); Phys. Rev. B 96, 081118(R) (2017).

[32] A. De Luca, M. Collura, and J. De Nardis, Phys. Rev. B 96,
020403(R) (2017); M. Collura, A. De Luca, and J. Viti, ibid.
97,081111 (2018).

[33] V. Alba, Phys. Rev. B 97, 245135 (2018).

[34] L. Mazza, J. Viti, M. Carrega, D. Rossini, and A. De Luca,
Phys. Rev. B 98, 075421 (2018).

[35] B. Bertini, M. Fagotti, L. Piroli, and P. Calabrese, J. Phys. A:
Math. Theor. 51, 39LTO1 (2018).

[36] E. Ilievski, J. De Nardis, M. Medenjak, and T. Prosen,
Phys. Rev. Lett. 121, 230602 (2018).

[37] V. Alba, arXiv:1807.01800.

[38] B. Bertini and M. Fagotti, Phys. Rev. Lett. 117, 130402
(2016).

[39] S. Stringari, Phys. Rev. A 58, 2385 (1998).

[40] C. Menotti and S. Stringari, Phys. Rev. A 66, 043610 (2002).

[41] S. Peotta and M. Di Ventra, Phys. Rev. A 89, 013621 (2014).

[42] 1. Bouchoule, S. S. Szigeti, M. J. Davis, and K. V. Kheruntsyan,
Phys. Rev. A 94, 051602(R) (2016).

[43] G. De Rosi and S. Stringari, Phys. Rev. A 94, 063605 (2016).

[44] Y. Y. Atas, D. M. Gangardt, I. Bouchoule, and K. V.
Kheruntsyan, Phys. Rev. A 95, 043622 (2017).

[45] V. N. Popov, Theor. Math. Phys. 11, 565 (1972).

[46] Z. Ristivojevic and K. A. Matveev, Phys. Rev. B 94, 024506
(2016).

[47] M. Schemmer, 1. Bouchoule, B. Doyon, and J. Dubail,
arXiv:1810.07170.

[48] D. Bernard and B. Doyon, J. Stat. Mech. (2016) 064005.

[49] R. Vasseur and J. E. Moore, J. Stat. Mech. (2016) 064010.

[50] D. Gobert, C. Kollath, U. Schollwock, and G. Schiitz, Phys.
Rev. E 71, 036102 (2005).

[51] T. Sabetta and G. Misguich, Phys. Rev. B 88, 245114 (2013).

[52] V. Alba and F. Heidrich-Meisner, Phys. Rev. B 90, 075144
(2014).

[53] A. Biella, A. De Luca, J. Viti, D. Rossini, L. Mazza, and R.
Fazio, Phys. Rev. B 93, 205121 (2016).

[54] L. Vidmar, D. Iyer, and M. Rigol, Phys. Rev. X 7, 021012
(2017); L. Vidmar, J. P. Ronzheimer, M. Schreiber, S. Braun,
S. S. Hodgman, S. Langer, F. Heidrich-Meisner, 1. Bloch, and
U. Schneider, Phys. Rev. Lett. 115, 175301 (2015); L. Vidmar,
W. Xu, and M. Rigol, Phys. Rev. A 96, 013608 (2017); R.
Modak, L. Vidmar, and M. Rigol, Phys. Rev. E 96, 042155
2017).

[55] A. L. de Paula, H. Braganca, R. G. Pereira, R. C. Drumond, and
M. C. O. Aguiar, Phys. Rev. B 95, 045125 (2017).

[56] T. Antal, Z. R4cz, A. Rdkos, and G. M. Schiitz, Phys. Rev. E 59,
4912 (1999).

[57] W. H. Aschbacher and C.-A. Pillet, J. Stat. Phys. 112, 1153
(2003).

[58] W. H. Aschbacher and J.-M. Barbaroux, Lett. Math. Phys. 77,
11 (2006).

[59] T. Platini and D. Karevski, J. Phys. A: Math. Theor. 40, 1711
(2007).

[60] J. Lancaster and A. Mitra, Phys. Rev. E 81, 061134 (2010).

[61] M. Mintchev, J. Phys. A: Math. Theor. 44, 415201 (2011).

[62] M. Mintchev and P. Sorba, J. Phys. A: Math. Theor. 46, 95006
(2013).

[63] V. Eisler and Z. R4cz, Phys. Rev. Lett. 110, 060602 (2013).

[64] A. De Luca, J. Viti, D. Bernard, and B. Doyon, Phys. Rev. B 88,
134301 (2013).

[65] M. Collura and D. Karevski, Phys. Rev. B 89, 214308 (2014).

[66] V. Eisler and Z. Zimboras, New J. Phys. 16, 123020 (2014).

[67] M. Collura and G. Martelloni, J. Stat. Mech. (2014) PO8006.

[68] A. De Luca, G. Martelloni, and J. Viti, Phys. Rev. A 91, 021603
(2015).

014305-18


https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1103/PhysRevLett.77.4054
https://doi.org/10.1103/PhysRevLett.77.4054
https://doi.org/10.1103/PhysRevLett.77.4054
https://doi.org/10.1103/PhysRevLett.77.4054
https://doi.org/10.1038/990052
https://doi.org/10.1038/990052
https://doi.org/10.1038/990052
https://doi.org/10.1038/990052
https://doi.org/10.1126/science.1107821
https://doi.org/10.1126/science.1107821
https://doi.org/10.1126/science.1107821
https://doi.org/10.1126/science.1107821
https://doi.org/10.1126/science.1171769
https://doi.org/10.1126/science.1171769
https://doi.org/10.1126/science.1171769
https://doi.org/10.1126/science.1171769
https://doi.org/10.1103/PhysRevLett.90.020401
https://doi.org/10.1103/PhysRevLett.90.020401
https://doi.org/10.1103/PhysRevLett.90.020401
https://doi.org/10.1103/PhysRevLett.90.020401
https://doi.org/10.1103/PhysRevLett.95.176401
https://doi.org/10.1103/PhysRevLett.95.176401
https://doi.org/10.1103/PhysRevLett.95.176401
https://doi.org/10.1103/PhysRevLett.95.176401
https://doi.org/10.1103/PhysRevLett.98.266403
https://doi.org/10.1103/PhysRevLett.98.266403
https://doi.org/10.1103/PhysRevLett.98.266403
https://doi.org/10.1103/PhysRevLett.98.266403
https://doi.org/10.1103/PhysRevA.77.013607
https://doi.org/10.1103/PhysRevA.77.013607
https://doi.org/10.1103/PhysRevA.77.013607
https://doi.org/10.1103/PhysRevA.77.013607
https://doi.org/10.1103/PhysRevLett.104.116403
https://doi.org/10.1103/PhysRevLett.104.116403
https://doi.org/10.1103/PhysRevLett.104.116403
https://doi.org/10.1103/PhysRevLett.104.116403
https://doi.org/10.1103/PhysRevB.82.245104
https://doi.org/10.1103/PhysRevB.82.245104
https://doi.org/10.1103/PhysRevB.82.245104
https://doi.org/10.1103/PhysRevB.82.245104
https://doi.org/10.1103/PhysRevB.85.085414
https://doi.org/10.1103/PhysRevB.85.085414
https://doi.org/10.1103/PhysRevB.85.085414
https://doi.org/10.1103/PhysRevB.85.085414
https://doi.org/10.1103/PhysRevX.6.041065
https://doi.org/10.1103/PhysRevX.6.041065
https://doi.org/10.1103/PhysRevX.6.041065
https://doi.org/10.1103/PhysRevX.6.041065
https://doi.org/10.1103/PhysRevLett.117.207201
https://doi.org/10.1103/PhysRevLett.117.207201
https://doi.org/10.1103/PhysRevLett.117.207201
https://doi.org/10.1103/PhysRevLett.117.207201
https://doi.org/10.1103/PhysRevB.96.115124
https://doi.org/10.1103/PhysRevB.96.115124
https://doi.org/10.1103/PhysRevB.96.115124
https://doi.org/10.1103/PhysRevB.96.115124
https://doi.org/10.1103/PhysRevB.97.045407
https://doi.org/10.1103/PhysRevB.97.045407
https://doi.org/10.1103/PhysRevB.97.045407
https://doi.org/10.1103/PhysRevB.97.045407
https://doi.org/10.1103/PhysRevLett.119.220604
https://doi.org/10.1103/PhysRevLett.119.220604
https://doi.org/10.1103/PhysRevLett.119.220604
https://doi.org/10.1103/PhysRevLett.119.220604
https://doi.org/10.1103/PhysRevLett.119.195301
https://doi.org/10.1103/PhysRevLett.119.195301
https://doi.org/10.1103/PhysRevLett.119.195301
https://doi.org/10.1103/PhysRevLett.119.195301
https://doi.org/10.1103/PhysRevLett.120.045301
https://doi.org/10.1103/PhysRevLett.120.045301
https://doi.org/10.1103/PhysRevLett.120.045301
https://doi.org/10.1103/PhysRevLett.120.045301
https://doi.org/10.1103/PhysRevB.96.220302
https://doi.org/10.1103/PhysRevB.96.220302
https://doi.org/10.1103/PhysRevB.96.220302
https://doi.org/10.1103/PhysRevB.96.220302
https://doi.org/10.21468/SciPostPhys.2.2.014
https://doi.org/10.21468/SciPostPhys.2.2.014
https://doi.org/10.21468/SciPostPhys.2.2.014
https://doi.org/10.21468/SciPostPhys.2.2.014
https://doi.org/10.1088/1742-5468/aa7abf
https://doi.org/10.1088/1742-5468/aa7abf
https://doi.org/10.1088/1742-5468/aa7abf
https://doi.org/10.1016/j.nuclphysb.2017.12.002
https://doi.org/10.1016/j.nuclphysb.2017.12.002
https://doi.org/10.1016/j.nuclphysb.2017.12.002
https://doi.org/10.1016/j.nuclphysb.2017.12.002
https://doi.org/10.21468/SciPostPhys.5.5.054
https://doi.org/10.21468/SciPostPhys.5.5.054
https://doi.org/10.21468/SciPostPhys.5.5.054
https://doi.org/10.21468/SciPostPhys.5.5.054
https://doi.org/10.21468/SciPostPhys.3.6.039
https://doi.org/10.21468/SciPostPhys.3.6.039
https://doi.org/10.21468/SciPostPhys.3.6.039
https://doi.org/10.21468/SciPostPhys.3.6.039
https://doi.org/10.21468/SciPostPhys.4.6.045
https://doi.org/10.21468/SciPostPhys.4.6.045
https://doi.org/10.21468/SciPostPhys.4.6.045
https://doi.org/10.21468/SciPostPhys.4.6.045
https://doi.org/10.1103/PhysRevLett.119.020602
https://doi.org/10.1103/PhysRevLett.119.020602
https://doi.org/10.1103/PhysRevLett.119.020602
https://doi.org/10.1103/PhysRevLett.119.020602
https://doi.org/10.1103/PhysRevB.96.081118
https://doi.org/10.1103/PhysRevB.96.081118
https://doi.org/10.1103/PhysRevB.96.081118
https://doi.org/10.1103/PhysRevB.96.081118
https://doi.org/10.1103/PhysRevB.96.020403
https://doi.org/10.1103/PhysRevB.96.020403
https://doi.org/10.1103/PhysRevB.96.020403
https://doi.org/10.1103/PhysRevB.96.020403
https://doi.org/10.1103/PhysRevB.97.081111
https://doi.org/10.1103/PhysRevB.97.081111
https://doi.org/10.1103/PhysRevB.97.081111
https://doi.org/10.1103/PhysRevB.97.081111
https://doi.org/10.1103/PhysRevB.97.245135
https://doi.org/10.1103/PhysRevB.97.245135
https://doi.org/10.1103/PhysRevB.97.245135
https://doi.org/10.1103/PhysRevB.97.245135
https://doi.org/10.1103/PhysRevB.98.075421
https://doi.org/10.1103/PhysRevB.98.075421
https://doi.org/10.1103/PhysRevB.98.075421
https://doi.org/10.1103/PhysRevB.98.075421
https://doi.org/10.1088/1751-8121/aad82e
https://doi.org/10.1088/1751-8121/aad82e
https://doi.org/10.1088/1751-8121/aad82e
https://doi.org/10.1088/1751-8121/aad82e
https://doi.org/10.1103/PhysRevLett.121.230602
https://doi.org/10.1103/PhysRevLett.121.230602
https://doi.org/10.1103/PhysRevLett.121.230602
https://doi.org/10.1103/PhysRevLett.121.230602
http://arxiv.org/abs/arXiv:1807.01800
https://doi.org/10.1103/PhysRevLett.117.130402
https://doi.org/10.1103/PhysRevLett.117.130402
https://doi.org/10.1103/PhysRevLett.117.130402
https://doi.org/10.1103/PhysRevLett.117.130402
https://doi.org/10.1103/PhysRevA.58.2385
https://doi.org/10.1103/PhysRevA.58.2385
https://doi.org/10.1103/PhysRevA.58.2385
https://doi.org/10.1103/PhysRevA.58.2385
https://doi.org/10.1103/PhysRevA.66.043610
https://doi.org/10.1103/PhysRevA.66.043610
https://doi.org/10.1103/PhysRevA.66.043610
https://doi.org/10.1103/PhysRevA.66.043610
https://doi.org/10.1103/PhysRevA.89.013621
https://doi.org/10.1103/PhysRevA.89.013621
https://doi.org/10.1103/PhysRevA.89.013621
https://doi.org/10.1103/PhysRevA.89.013621
https://doi.org/10.1103/PhysRevA.94.051602
https://doi.org/10.1103/PhysRevA.94.051602
https://doi.org/10.1103/PhysRevA.94.051602
https://doi.org/10.1103/PhysRevA.94.051602
https://doi.org/10.1103/PhysRevA.94.063605
https://doi.org/10.1103/PhysRevA.94.063605
https://doi.org/10.1103/PhysRevA.94.063605
https://doi.org/10.1103/PhysRevA.94.063605
https://doi.org/10.1103/PhysRevA.95.043622
https://doi.org/10.1103/PhysRevA.95.043622
https://doi.org/10.1103/PhysRevA.95.043622
https://doi.org/10.1103/PhysRevA.95.043622
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
http://arxiv.org/abs/arXiv:1810.07170
https://doi.org/10.1088/1742-5468/2016/06/064005
https://doi.org/10.1088/1742-5468/2016/06/064005
https://doi.org/10.1088/1742-5468/2016/06/064005
https://doi.org/10.1088/1742-5468/2016/06/064010
https://doi.org/10.1088/1742-5468/2016/06/064010
https://doi.org/10.1088/1742-5468/2016/06/064010
https://doi.org/10.1103/PhysRevE.71.036102
https://doi.org/10.1103/PhysRevE.71.036102
https://doi.org/10.1103/PhysRevE.71.036102
https://doi.org/10.1103/PhysRevE.71.036102
https://doi.org/10.1103/PhysRevB.88.245114
https://doi.org/10.1103/PhysRevB.88.245114
https://doi.org/10.1103/PhysRevB.88.245114
https://doi.org/10.1103/PhysRevB.88.245114
https://doi.org/10.1103/PhysRevB.90.075144
https://doi.org/10.1103/PhysRevB.90.075144
https://doi.org/10.1103/PhysRevB.90.075144
https://doi.org/10.1103/PhysRevB.90.075144
https://doi.org/10.1103/PhysRevB.93.205121
https://doi.org/10.1103/PhysRevB.93.205121
https://doi.org/10.1103/PhysRevB.93.205121
https://doi.org/10.1103/PhysRevB.93.205121
https://doi.org/10.1103/PhysRevX.7.021012
https://doi.org/10.1103/PhysRevX.7.021012
https://doi.org/10.1103/PhysRevX.7.021012
https://doi.org/10.1103/PhysRevX.7.021012
https://doi.org/10.1103/PhysRevLett.115.175301
https://doi.org/10.1103/PhysRevLett.115.175301
https://doi.org/10.1103/PhysRevLett.115.175301
https://doi.org/10.1103/PhysRevLett.115.175301
https://doi.org/10.1103/PhysRevA.96.013608
https://doi.org/10.1103/PhysRevA.96.013608
https://doi.org/10.1103/PhysRevA.96.013608
https://doi.org/10.1103/PhysRevA.96.013608
https://doi.org/10.1103/PhysRevE.96.042155
https://doi.org/10.1103/PhysRevE.96.042155
https://doi.org/10.1103/PhysRevE.96.042155
https://doi.org/10.1103/PhysRevE.96.042155
https://doi.org/10.1103/PhysRevB.95.045125
https://doi.org/10.1103/PhysRevB.95.045125
https://doi.org/10.1103/PhysRevB.95.045125
https://doi.org/10.1103/PhysRevB.95.045125
https://doi.org/10.1103/PhysRevE.59.4912
https://doi.org/10.1103/PhysRevE.59.4912
https://doi.org/10.1103/PhysRevE.59.4912
https://doi.org/10.1103/PhysRevE.59.4912
https://doi.org/10.1023/A:1024619726273
https://doi.org/10.1023/A:1024619726273
https://doi.org/10.1023/A:1024619726273
https://doi.org/10.1023/A:1024619726273
https://doi.org/10.1007/s11005-006-0049-7
https://doi.org/10.1007/s11005-006-0049-7
https://doi.org/10.1007/s11005-006-0049-7
https://doi.org/10.1007/s11005-006-0049-7
https://doi.org/10.1088/1751-8113/40/8/002
https://doi.org/10.1088/1751-8113/40/8/002
https://doi.org/10.1088/1751-8113/40/8/002
https://doi.org/10.1088/1751-8113/40/8/002
https://doi.org/10.1103/PhysRevE.81.061134
https://doi.org/10.1103/PhysRevE.81.061134
https://doi.org/10.1103/PhysRevE.81.061134
https://doi.org/10.1103/PhysRevE.81.061134
https://doi.org/10.1088/1751-8113/44/41/415201
https://doi.org/10.1088/1751-8113/44/41/415201
https://doi.org/10.1088/1751-8113/44/41/415201
https://doi.org/10.1088/1751-8113/44/41/415201
https://doi.org/10.1088/1751-8113/46/9/095006
https://doi.org/10.1088/1751-8113/46/9/095006
https://doi.org/10.1088/1751-8113/46/9/095006
https://doi.org/10.1088/1751-8113/46/9/095006
https://doi.org/10.1103/PhysRevLett.110.060602
https://doi.org/10.1103/PhysRevLett.110.060602
https://doi.org/10.1103/PhysRevLett.110.060602
https://doi.org/10.1103/PhysRevLett.110.060602
https://doi.org/10.1103/PhysRevB.88.134301
https://doi.org/10.1103/PhysRevB.88.134301
https://doi.org/10.1103/PhysRevB.88.134301
https://doi.org/10.1103/PhysRevB.88.134301
https://doi.org/10.1103/PhysRevB.89.214308
https://doi.org/10.1103/PhysRevB.89.214308
https://doi.org/10.1103/PhysRevB.89.214308
https://doi.org/10.1103/PhysRevB.89.214308
https://doi.org/10.1088/1367-2630/16/12/123020
https://doi.org/10.1088/1367-2630/16/12/123020
https://doi.org/10.1088/1367-2630/16/12/123020
https://doi.org/10.1088/1367-2630/16/12/123020
https://doi.org/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1103/PhysRevA.91.021603
https://doi.org/10.1103/PhysRevA.91.021603
https://doi.org/10.1103/PhysRevA.91.021603
https://doi.org/10.1103/PhysRevA.91.021603

SPIN-CHARGE SEPARATION EFFECTS IN THE LOW- ...

PHYSICAL REVIEW B 99, 014305 (2019)

[69] B. Doyon, A. Lucas, K. Schalm, and M. J. Bhaseen, J. Phys. A:
Math. Theor. 48, 95002 (2015).

[70] J. Viti, J.-M. Stéphan, J. Dubail, and M. Haque, Europhys. Lett.
115, 40011 (2016).

[71] M. Kormos and Z. Zimboras, J. Phys. A: Math. Theor. 50,
264005 (2017).

[72] B. Bertini, Phys. Rev. B 95, 075153 (2017).

[73] S. Sotiriadis and J. Cardy, J. Stat. Mech. (2008) P11003.

[74] P. Calabrese, C. Hagendorf, and P. L. Doussal, J. Stat. Mech.
(2008) PO7013.

[75] D. Bernard and B. Doyon, J. Phys. A: Math. Theor. 45, 362001
(2012).

[76] B. Doyon, M. Hoogeveen, and D. Bernard, J. Stat. Mech. (2014)
P03002.

[77] D. Bernard and B. Doyon, Ann. Henri Poincaré 16, 113 (2015).

[78] N. Allegra, J. Dubail, J.-M. Stéphan, and J. Viti, J. Stat. Mech.
(2016) 53108.

[79] J.-M. Stéphan, J. Dubail, P. Calabrese, and J. Viti, SciPost Phys.
2,002 (2017).

[80] V. Eisler and D. Bauernfeind, Phys. Rev. B 96, 174301
(2017).

[81] J. Dubail, J.-M. Stéphan, and P. Calabrese, SciPost Phys. 3, 019
(2017); J.-M. Stéphan, J. Stat. Mech. (2017) 103108.

[82] M. Mestyan, B. Bertini, L. Piroli, and P. Calabrese, J. Stat.
Mech. (2017) 083103.

[83] V. Alba and P. Calabrese, Proc. Natl. Acad. Sci. USA 114, 7947
(2017); SciPost Phys. 4, 017 (2018).

[84] V. E. Korepin, N. M. Bogoliubov, and A. G. Izergin, Quan-
tum Inverse Scattering Method and Correlation Functions
(Cambridge University Press, Cambridge, 1993).

[85] M. Takahashi, Thermodynamics of One-Dimensional Solvable
Models (Cambridge University Press, Cambridge, 1999).

[86] X.-W. Guan, M. T. Batchelor, and C. Lee, Rev. Mod. Phys. 85,
1633 (2013).

[87] C. N. Yang, Phys. Rev. Lett. 19, 1312 (1967).

[88] M. Gaudin, Phys. Lett. A 24, 55 (1967).

[89] L. Bonnes, F. H. L. Essler, and A. M. Laiichli, Phys. Rev. Lett.
113, 187203 (2014).

[90] T. Barthel and U. Schollwock, Phys. Rev. Lett. 100, 100601
(2008); S. Sotiriadis and P. Calabrese, J. Stat. Mech. (2014)
P07024.

[91] A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalattore,
Rev. Mod. Phys. 83, 863 (2011); FE. H. L. Essler and M. Fagotti,
J. Stat. Mech. (2016) 064002; C. Gogolin and J. Eisert, Rep.
Prog. Phys. 79, 056001 (2016); P. Calabrese, F. H. L. Essler,
and G. Mussardo, J. Stat. Mech. (2016) P064001.

[92] B. Bertini and L. Piroli, J. Stat. Mech. (2018) 033104.

[93] M. Takahashi, Prog. Theor. Phys. 46, 1388 (1971).

[94] M. Takahashi, Prog. Theor. Phys. 50, 1519 (1973).

[95] 1. Affleck, Phys. Rev. Lett. 56, 746 (1986).

[96] H. W. J. Bléte, J. L. Cardy, and M. P. Nightingale, Phys. Rev.
Lett. 56, 742 (1986).

[97] B. Bertini, L. Piroli, and P. Calabrese, Phys. Rev. Lett. 120,
176801 (2018).

014305-19


https://doi.org/10.1088/1751-8113/48/9/095002
https://doi.org/10.1088/1751-8113/48/9/095002
https://doi.org/10.1088/1751-8113/48/9/095002
https://doi.org/10.1088/1751-8113/48/9/095002
https://doi.org/10.1209/0295-5075/115/40011
https://doi.org/10.1209/0295-5075/115/40011
https://doi.org/10.1209/0295-5075/115/40011
https://doi.org/10.1209/0295-5075/115/40011
https://doi.org/10.1088/1751-8121/aa70f6
https://doi.org/10.1088/1751-8121/aa70f6
https://doi.org/10.1088/1751-8121/aa70f6
https://doi.org/10.1088/1751-8121/aa70f6
https://doi.org/10.1103/PhysRevB.95.075153
https://doi.org/10.1103/PhysRevB.95.075153
https://doi.org/10.1103/PhysRevB.95.075153
https://doi.org/10.1103/PhysRevB.95.075153
https://doi.org/10.1088/1742-5468/2008/11/P11003
https://doi.org/10.1088/1742-5468/2008/11/P11003
https://doi.org/10.1088/1742-5468/2008/11/P11003
https://doi.org/10.1088/1742-5468/2008/07/P07013
https://doi.org/10.1088/1742-5468/2008/07/P07013
https://doi.org/10.1088/1742-5468/2008/07/P07013
https://doi.org/10.1088/1751-8113/45/36/362001
https://doi.org/10.1088/1751-8113/45/36/362001
https://doi.org/10.1088/1751-8113/45/36/362001
https://doi.org/10.1088/1751-8113/45/36/362001
https://doi.org/10.1088/1742-5468/2014/03/P03002
https://doi.org/10.1088/1742-5468/2014/03/P03002
https://doi.org/10.1088/1742-5468/2014/03/P03002
https://doi.org/10.1007/s00023-014-0314-8
https://doi.org/10.1007/s00023-014-0314-8
https://doi.org/10.1007/s00023-014-0314-8
https://doi.org/10.1007/s00023-014-0314-8
https://doi.org/10.1088/1742-5468/2016/05/053108
https://doi.org/10.1088/1742-5468/2016/05/053108
https://doi.org/10.1088/1742-5468/2016/05/053108
https://doi.org/10.21468/SciPostPhys.2.1.002
https://doi.org/10.21468/SciPostPhys.2.1.002
https://doi.org/10.21468/SciPostPhys.2.1.002
https://doi.org/10.21468/SciPostPhys.2.1.002
https://doi.org/10.1103/PhysRevB.96.174301
https://doi.org/10.1103/PhysRevB.96.174301
https://doi.org/10.1103/PhysRevB.96.174301
https://doi.org/10.1103/PhysRevB.96.174301
https://doi.org/10.21468/SciPostPhys.3.3.019
https://doi.org/10.21468/SciPostPhys.3.3.019
https://doi.org/10.21468/SciPostPhys.3.3.019
https://doi.org/10.21468/SciPostPhys.3.3.019
https://doi.org/10.1088/1742-5468/aa8c19
https://doi.org/10.1088/1742-5468/aa8c19
https://doi.org/10.1088/1742-5468/aa8c19
https://doi.org/10.1088/1742-5468/aa7df0
https://doi.org/10.1088/1742-5468/aa7df0
https://doi.org/10.1088/1742-5468/aa7df0
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.21468/SciPostPhys.4.3.017
https://doi.org/10.21468/SciPostPhys.4.3.017
https://doi.org/10.21468/SciPostPhys.4.3.017
https://doi.org/10.21468/SciPostPhys.4.3.017
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1103/PhysRevLett.113.187203
https://doi.org/10.1103/PhysRevLett.113.187203
https://doi.org/10.1103/PhysRevLett.113.187203
https://doi.org/10.1103/PhysRevLett.113.187203
https://doi.org/10.1103/PhysRevLett.100.100601
https://doi.org/10.1103/PhysRevLett.100.100601
https://doi.org/10.1103/PhysRevLett.100.100601
https://doi.org/10.1103/PhysRevLett.100.100601
https://doi.org/10.1088/1742-5468/2014/07/P07024
https://doi.org/10.1088/1742-5468/2014/07/P07024
https://doi.org/10.1088/1742-5468/2014/07/P07024
https://doi.org/10.1103/RevModPhys.83.863
https://doi.org/10.1103/RevModPhys.83.863
https://doi.org/10.1103/RevModPhys.83.863
https://doi.org/10.1103/RevModPhys.83.863
https://doi.org/10.1088/1742-5468/2016/06/064002
https://doi.org/10.1088/1742-5468/2016/06/064002
https://doi.org/10.1088/1742-5468/2016/06/064002
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/1742-5468/2016/06/064001
https://doi.org/10.1088/1742-5468/2016/06/064001
https://doi.org/10.1088/1742-5468/2016/06/064001
https://doi.org/10.1088/1742-5468/aab04b
https://doi.org/10.1088/1742-5468/aab04b
https://doi.org/10.1088/1742-5468/aab04b
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.50.1519
https://doi.org/10.1143/PTP.50.1519
https://doi.org/10.1143/PTP.50.1519
https://doi.org/10.1143/PTP.50.1519
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1103/PhysRevLett.56.742
https://doi.org/10.1103/PhysRevLett.56.742
https://doi.org/10.1103/PhysRevLett.56.742
https://doi.org/10.1103/PhysRevLett.56.742
https://doi.org/10.1103/PhysRevLett.120.176801
https://doi.org/10.1103/PhysRevLett.120.176801
https://doi.org/10.1103/PhysRevLett.120.176801
https://doi.org/10.1103/PhysRevLett.120.176801

