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Analytic solution of the domain-wall nonequilibrium stationary state
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We consider the out-of-equilibrium dynamics generated by joining two domains with arbitrary opposite
magnetizations. We study the stationary state which emerges by the unitary evolution via the spin-1/2 XXZ

Hamiltonian, in the gapless regime, where the system develops a stationary spin current. Using the generalized
hydrodynamic approach, we present a simple formula for the space-time profile of the spin current and the
magnetization exact in the limit of long times. As a remarkable effect, we show that the stationary state has a
strongly discontinuous dependence on the strength of interaction as confirmed by the exact analytic expression
of the Drude weight that we compute. These features allow us to give a qualitative estimation for the transient
behavior of the current which is in good agreement with numerical simulations. Moreover, we analyze the behavior
around the edge of the magnetization profile, and we argue that, unlike the XX free-fermionic point, interactions
always prevent the emergence of a Tracy-Widom scaling.
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Introduction. Recent experimental developments with cold
atoms [1] have given a new perspective to the study of
nonequilibrium transport under coherent evolution. As an
example, the measurement of conductances well beyond the
regime of linear response has provided clear examples of the
thermoelectric effect [2,3]. The simplest protocol to induce
an out-of-equilibrium behavior is the one of the quantum
quenches in which the system is prepared in an equilibrium
state of the initial Hamiltonian H0, which is suddenly switched
to H , thus inducing a nontrivial time evolution [4–7]. Then,
in describing the long-time dynamics, a fundamental role is
played by the conserved quantities of H , i.e., the set of local
(or quasilocal [8]) operators { Qk} satisfying [ Qk,H] = 0. As
the system is isolated, the expectation value of these conserved
quantities remains constant during the evolution. For homoge-
neous systems, these conditions are sufficient to predict the
exact behavior of any local observable at long times: This
is based on assuming equilibration to the generalized Gibbs
ensemble (GGE), which results from the maximization of
entropy given the constraints imposed by conserved quantities
[9]. This principle suggests a dichotomy between generic
models for which a finite number of conserved quantities
exist (i.e., the Hamiltonian and a few others) and integrable
ones, which instead present an infinite number of them [10].
Nowadays, the GGE scheme has been validated by several
experiments [11–18] and theoretical works, employing free
theories [19–21], integrability [22–27] and numerical methods
[9,28–30].

However, the study of transport requires considering more
generic situations where, for instance, an initial spatial inhomo-
geneity is used to induce particle or energy flow. The simplest
examples are local quenches where H0 and H differ only
in a finite region of space due, for instance, to the presence
of a localized defect [31–37]. In particular, in the partitioned
protocol, the initial density matrix is factorized into two halves,
i.e., ρ0 = ρL ⊗ ρR , which are suddenly connected, inducing

an out-of-equilibrium dynamics around the junction [38,39].
This problem was well understood in noninteracting theories
[40–51] (with even mathematically rigorous treatments
[52,53]) and field theories [38,39,54–63] even in higher dimen-
sions [64–66]. However, for interacting models, only numeri-
cal approaches [67–75] and approximate results were available
[76–80]. Whereas at extremely long-times v0t � L (with L as
the system length and v0 as the maximal velocity [81–83]), one
expects the system to become homogeneous, the most interest-
ing regime is the one where a � v0t � L (with a as the typical
microscopic length). In this regime, conserved quantities are
dynamically exchanged between different portions of space,
and therefore the simple knowledge of their initial values is
not enough to characterize the local behavior of the steady
state. Nevertheless, conserved quantities must still satisfy a
continuity equation ∂t qk(x,t) + ∂t j k(x,t) = 0 with qk(x,t) as
the local density of Qk and j k(x,t) as the corresponding cur-
rent. This condition was recently employed [84,85] to derive a
generalized hydrodynamic description (GHD) applicable to a
large class of one-dimensional integrable models [86–96]. For
the partitioned protocol, this description becomes exact, and
at long times, a local quasistationary state (LQSS) emerges in
which local observables only depend on the scaling variable
ζ = x/t .

In this Rapid Communication, we consider the XXZ spin
1/2 in the gapless regime, prepared in the partitioned initial
state composed by two domains of arbitrary opposite magneti-
zations. We solve the hydrodynamic equations, obtaining sim-
ple analytic expressions for the magnetization and spin current
profiles. This represents an example of an out-of-equilibrium
steady state of an interacting quantum system, admitting an
explicit exact solution. Remarkably, the stationary spin current
exhibits a strongly discontinuous behavior as a function of
the anisotropy as a result of the peculiar structure of bound
states in the model. In Ref. [42], the same setting has been
considered for the XX model [10]: The density profile around
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the fastest particles shows a remarkable correspondence with
the distribution of the largest eigenvalue of a random Gaussian
matrix, the Tracy-Widom distribution [97]. It was an open
question whether this behavior was universal and could survive
in the presence of interactions. Here, we provide a definitive
and negative answer to this question. Note that, even though
the numerical solution of the GHD equation for this setting
was already possible [85], our conclusion is fully grounded on
the analytic expressions that we derive.

The model. We consider the XXZ Hamiltonian,

H =
(L/2)−1∑
i=−(L/2)

[
sx
i sx

i+1 + sy

i sy

i+1 + �

(
sz
i sz

i+1 − 1

4

)]
, (1)

where L is the length of the chain and sα
i ’s are spin-1/2

operators each acting on the local Hilbert space at site i.
We focus on the gapless phase, thus specializing � = cos(γ )
with γ = π Q/P , where Q and P are two coprime integers
with 1 � Q < P . The ratio Q/P admits a finite continued
fraction representation Q/P = [0; ν1,ν2, . . . ,νδ] with length
δ. For any finite L such a model is exactly solvable via the
Bethe-ansatz method [98–100]. In the thermodynamic limit
(i.e., when L → ∞ with fixed particle density), a generic
thermodynamic state can be fully characterized by a set of
functions {ρj (λ),ρh

j (λ)} with j ∈ {1, . . . ,�}, � = ∑δ
j=1 νj and

λ ∈ [−∞,∞]. These functions, also known as “root densities,”
describe different species of quasiparticles (different “strings”)
and are solutions of a system of coupled nonlinear integral
equations [98–100]. We can associate with each string j a
given parity υj ∈ {−1,1}, length nj ∈ {1, . . . ,P − 1}, and
sign σj ∈ {−1,1}. The filling factors are introduced as the
ratios ϑj (λ) ≡ ρj (λ)/[ρj (λ) + ρh

j (λ)]; we refer the reader to
the Supplemental Material [101] for further details.

The local quasistationary state redux. Starting from a
partitioned initial-state �0 = �L ⊗ �R and unitarily evolving
this state under the Hamiltonian (1), the general formal solution
of the LQSS reads [85]

ϑj,ζ (λ) = ϑL
j (λ)�[vj,ζ (λ) − ζ ] + ϑR

j (λ)�[ζ − vj,ζ (λ)],

(2)

in terms of the scaling variable ζ = x/t with �(z) being the
Heaviside step function.

The functions ϑ
L/R

j (λ) are the filling factors which describe
the homogeneous stationary state emerging on the very far
left/right part of the system. Equation (2) formally identifies,
for each type of quasiparticle the related stationary distribution
function. This solution admits a very simple geometrical
interpretation: for any value of j and λ, starting from ζ =
−∞, the left bulk stationary description extends up to ζ ∗

j (λ)
such that vj,ζ ∗ (λ) = ζ ∗, thereafter, ϑj,ζ (λ) suddenly jumps to
the right bulk stationary description. In practice this formal
solution explicitly depends on the dressed velocity vj,ζ (λ) =
e′
j,ζ (λ)/p′

j,ζ (λ) , where e′
j,ζ (λ) and p′

j,ζ (λ), respectively, are
the dressed energy and momentum derivative. For a generic
thermodynamic state described by a set of filling factors
{ϑj (λ)} and a generic conserved charge Q with single-particle
eigenvalues qj (λ), the dressing is obtained solving

q ′
j (λ) = q′

j (λ) −
∑

k

∫
dμTj,k(λ − μ)σkϑk(μ)q ′

k(μ), (3)

where we chose the convention to use calligraphic notation for
bare quantities qj (λ). Introducing the function,

a(υ)
n (λ) = υ

π

sin(γ n)

cosh(2λ) − υ cos(γ n)
, (4)

the kernel Tj,k(λ) assumes the form

Tj,k(λ) = (
1 − δnj ,nk

)
a

(υj υk)
|nj −nk |(λ) + 2a

(υj υk )
|nj −nk |+2(λ)

+ · · · + 2a
(υj υk )
nj +nk−2(λ) + a

(υj υk)
nj +nk

(λ), (5)

whereas the bare eigenvalues for the energy and the momentum
derivative are

ej (λ) = −π sin(γ )aj (λ), p′
j (λ) = 2πaj (λ), (6)

where we defined aj (λ) ≡ a
(υj )
nj

(λ). Note that, as the dressing
operation (3) is performed over the state ϑj (λ) = ϑj,ζ (λ), the
solution for the LQSS has to be found self-consistently in such
a way that it keeps the form in Eq. (2) with its own dressed
velocity vj,ζ (λ). Therefore, in general, the dressed velocity will
depend on the scaling variable ζ via the state ϑj,ζ (λ).

From the thermodynamic Bethe ansatz (TBA) description
of the LQSS, we can easily evaluate the expectation value of
a generic charge-density q = Q/L and its current,

〈q〉ζ =
∑

k

∫
dλ

2π
qk(λ)σkp

′
k,ζ (λ)ϑk,ζ (λ), (7)

〈 j q〉ζ =
∑

k

∫
dλ

2π
qk(λ)vk,ζ (λ)σkp

′
k,ζ (λ)ϑk,ζ (λ). (8)

Opposite magnetization domains. The system is initially
prepared into two halves with infinite temperatures and op-
posite values of magnetic-field h in the ẑ direction, namely,

�0 ≡ �L(h) ⊗ �R(−h) = e2hSz
L

ZL

⊗ e−2hSz
R

ZR

, (9)

where Sz
L/R = ∑

i∈L/R sz
i is the ẑ component of the total spin

in the left/right part of the system.
A generic thermodynamic state �L/R(h) is stationary under

the unitary evolution induced by its own XXZ Hamiltonian.
It admits a TBA description in terms of constant filling factors
ϑ

(h)
j (i.e., independent of the rapidity λ), which satisfy the

major properties (see Ref. [101] for the complete definition
of ϑ

(h)
j , ∀ j ∈ {1, . . . ,�}),
ϑ

(h)
j = ϑ

(−h)
j j < � − 1, ϑ

(h)
�−1 = 1 − ϑ

(−h)
� . (10)

In the limit h → ∞ the state �0 reduces to the domain-wall
(DW) |⇑〉 ⊗ |⇓〉 product state with ϑ

|⇑〉
j = 0 and ϑ

|⇓〉
j = δj,� +

δj,�−1 for j = 1, . . . ,�.
The full analytic solution. Now if we consider the pro-

tocol generated attaching two states with h (left) and −h

(right), the ζ → ±∞ boundary conditions in Eq. (2) read
ϑL

j (λ) = ϑ
(h)
j , ϑR

j (λ) = ϑ
(−h)
j . Thanks to the symmetries (10)

of the boundary filling factors, when constructing the LQSS,
only the filling factors ϑj,ζ (λ) corresponding to the last two
strings j = � − 1 and j = � may depend on ζ . In order to
fix them, we need to determine the dressed velocities. Using
that T�,k(λ) = −T�−1,k(λ) and a�(λ) = −a�−1(λ), we have
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p′
�,ζ (λ) = −p′

�−1,ζ (λ) implyingv�,ζ (λ) = v�−1,ζ (λ). As the last
two strings always have opposite signs, i.e., σ�−1 = −σ�, we
can reduce Eq. (3) for the dressed momentum derivative to

p′
j,ζ (λ) = p′

j (λ) −
∑

k��−2

σkϑ
(h)
k

∫
dμTj,k(λ − μ)p′

k,ζ (μ)

− σ�

∫
dμ[ϑ�,ζ (μ)−ϑ�−1,ζ (μ)]Tj,�(λ−μ)p′

�,ζ (μ),

which does not depend on the space-time scaling variable ζ

since ϑ�,ζ (μ) − ϑ�−1,ζ (μ) = ϑ
(h)
� − ϑ

(h)
�−1. From now on we

discard the subscript ζ whenever it will be superfluous. As
a consequence of the last result, we can calculate the dressed
momentum derivative solving

p′
j (λ) = p′

j (λ) −
∑

k

σkϑ
(h)
k

∫
dμTj,k(λ − μ)p′

k(μ), (11)

which correspond to evaluate the dressing on the left thermo-
dynamic state �L(h). Note that the dressing can be equivalently
evaluated in the right part of the system as it is even in sign
of the magnetic field. Equation (11) can be solved in a Fourier
transform, reducing to an algebraic system of linear equations.
For the last two strings the dressing operation reduces to a
simple rescaling of the bare quantities, i.e.,

p′
�(λ) = R(h)p′

�(λ), p′
�−1(λ) = R(h)p′

�−1(λ), (12)

with the following rescaling factor:

R(h) ≡ tanh(h)

2

sinh[(n� + n�−1)h]

sinh(n�h) sinh(n�−1h)
, (13)

where as expected R(−h) = R(h). As a consequence, the
quasiparticle velocity of the last two strings is not changed by
the dressing operation. It can therefore be expressed in terms
of the undressed momentum as follows:

v� = υ� sin(γ )

sin (n�γ )
sin(p�) = ζ0 sin(σ�p�), (14)

with ζ0 ≡ sin(γ )/ sin(π/P ) and σ�p�(λ) as a strictly increasing
function in [−π/P,π/P ]. Therefore, the velocity v�(λ) ∈
[− sin(γ ), sin(γ )]. The explicit form of the LQSS for the last
two strings thus reads (for j ∈ {� − 1,�})

ϑj,ζ (λ) = ϑ
(h)
j �(σjpj − p∗

ζ ) + ϑ
(−h)
j �(p∗

ζ − σjpj ), (15)

where p∗
ζ ≡ arcsin[ζ/ζ0]. From this, using Tr[sz�L(h)] =

tanh(h)/2 andR(h) = tanh(h)/(1 − ϑ
(h)
� − ϑ

(h)
�−1), we can eas-

ily evaluate the magnetization and spin current profile inside
the light-cone ζ ∈ [− sin(γ ), sin(γ )],

〈sz〉ζ = − tanh(h)

2π/P
arcsin

(
ζ

ζ0

)
, (16a)

〈 j sz〉ζ = tanh(h)

2π/P
ζ0

[√
1 − ζ 2

ζ 2
0

− cos
(π

P

)]
, (16b)

which are simply related to one another via the continuity
equation ζ ∂ζ 〈sz〉ζ = ∂ζ 〈 j sz〉ζ . Interestingly, the way in which
the magnetic-field h enters in the stationary solutions is almost
trivial: Indeed, Eqs. (16) coincide with the DW solutions
(h → ∞) simply rescaled by the factor of tanh(h). Moreover

FIG. 1. (Main) Spin current at the junction, i.e., 〈 j sz 〉ζ=0 for a
quench from the DW with γ = π/ϕ. The time-dependent density-
matrix renormalization-group (DMRG) data for the spin current
between lattice sites (0,1) and (1,2) (the thin black lines) and their
average (the thick black line) are compared with the stationary values
associated with the rational approximation of the golden ratio (the
horizontal dashed lines). The dotted vertical lines represent the typical
time scale at which the current passes from one rational approximation
to the next one. (The inset) The analytic stationary profile for the
golden ratio is compared with different rational approximations.

in this limit R(h) → 1, showing that for the DW initial state,
no dressing occurs.

The anisotropy dependence. It is interesting to investigate
how the interaction strength � affects the stationary state. Both
current and magnetization profiles have an explicit dependence
on the denominator P of γ /π : As one can pick two arbitrarily
close values of γ = πQ/P and γ̃ = πQ̃/P̃ with very different
values of P and P̃ , the magnetization and current profiles
exhibit jumps in correspondence of any rational γ /π , corre-
sponding to a dense subset of � ∈ [−1,1]. Nevertheless, the
continuation to irrational values is well defined taking P → ∞
with γ finite. In such a limit, the current profile reduces to (for
γ /π ∈ R/Q)

〈 j sz〉(R/Q)
ζ = tanh(h)

4

[
sin(γ ) − ζ 2

sin(γ )

]
, (17)

and the magnetization behaves linearly in ζ . For any irrational
numberγ /π , although the large time limit will be characterized
by the stationary values in (17), we expect the relaxation
dynamics to spend long times on the rational approximations of
such an irrational value, i.e., the truncated continued fractions
[0; ν1, . . . ,νn]. The ideal case to verify this hypothesis corre-
sponds to all νk = 1’s, i.e., γ = π/ϕ with ϕ ≡ (1 + √

5)/2, the
golden ratio. Its nth order rational approximation is given by
ϕ = limn→∞ ϕn with ϕn ≡ Fn+1/Fn and Fn as the Fibonacci
sequence. In Fig. 1, the numerical data for the spin current
exhibit plateaus corresponding to subsequent approximations
of ϕ. The time δt spent in each plateau can be estimated by
a simple dimensional argument, i.e., δt � (�n+1 − �n)−1 �
ϕ2n, with �n = cos π/ϕn.
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FIG. 2. Scaling of the particle density profile at the edge of the
light cone for different values of the interactions and DW initial
condition. As expected, in the free-fermion case the scaling of the
data is governed by the Airy kernel [97]. However, when interactions
are turned on, the behavior becomes purely diffusive preventing a
Tracy-Widom-like scaling.

Remarkably, our exact result definitively gives analytical
confirmation to the tightness of the bound in Ref. [102]
for the spin Drude weight Dsz , numerically corroborated in
Refs. [92,93]. In the linear-response regime, indeed, the spin
Drude weight gives the magnitude of the singular part of
the spin conductivity, therefore signaling ballistic transport
[103–108]. Integrating the current (16b) over ζ , for β → 0
we obtain [92,93]

(16/β)Dsz = ζ 2
0

[
1 − sin(2π/P )

2π/P

]
. (18)

This result exactly coincides with the lower bound obtained in
Ref. [102], proving that it is in fact saturated.

Absence of a Tracy-Widom distribution. The profiles in (16)
exhibit a smooth dependence on the scaling variable ζ apart
from the edges of the light cone, i.e., ζ = ±sin(γ ) where the
derivatives are nonanalytic. In particular, one has

∂ζ 〈 j sz〉ζ=sin(γ )

tanh(h)
= − tan (π/P )

2π/P
, (19)

which remains finite for any value of γ but π/2, i.e., the
free-fermion point, where it diverges indicating a square-root
singularity. The absence of such a singularity for |ζ | = sin(γ )
is a proof that the edges of the front cannot be described by
a Tracy-Widom scaling [42,97] as soon as � �= 0 and the
model is interacting. Indeed, if the magnetization near the edge
followed from an Airy process [109], then it necessarily would
have a square-root singularity for |ζ | = sin(γ ). We investigated
numerically the scaling of the magnetization profile at the
light-cone boundaries, analyzing 〈ρ〉ζ ≡ 1/2 + 〈sz〉ζ . Figure 2
indicates that tα〈ρ〉ζ converges to a nontrivial scaling function

of the variable X ≡ x±t sin(γ )
tα

with α = 1/3 only at � = 0 and
α = 1/2 otherwise in the whole gapless regime (see Ref. [101]
for additional checks).

Beyond generalized hydrodynamics and diffusion. An exact
analysis of the edge scaling goes beyond the limits of the GHD
[110]. However, due to the absence of dressing for the DW
initial conditions, we can construct a free-fermion model that
reproduces Eqs. (16), see Ref. [101]. We conjecture that this
free-fermion model is also able to capture the edge behavior.
For simplicity, we take Q = 1, yielding 0 < γ � π/2; then
the magnetization profile (16a) is obtained from the fermion
density of a model where particles have the dispersion relation
ε(p) = − cos(p). The initial state of the fermions is factorized
in real space. At t = 0, on the semi-infinite line x < 0 all
the single-particle energy levels with momenta |p| � π but
|p| �∈ [γ,π − γ ] are occupied, there are instead no particles
on the right half of the chain. The fermion density obtained
from such an initial state in the limit x → ∞ at fixed ζ = x/t

coincides with 1/2 + 〈sz〉ζ and the magnetization profile as
in (16a).

The peculiarity of the initial state is crucial because, if
γ �= π/2, no particles travel at the maximal velocity. In this
case, an asymptotic analysis of the fermionic model confirms
that α = 1/2 is the correct scaling exponent and gives a pre-
diction for the scaling function at the edge [101,111]. Finally,
we observe that, within this picture, in the isotropic limit
γ → 0, i.e., � → 1−, the magnetization profile is expected
to be a scaling function of the ratio x√

t
for all values of h

thus signaling a diffusive behavior [67,112–115]. A similar
diffusive scaling has been obtained in Ref. [116] with slow
corrections which might justify the anomalous scaling in
Ref. [114].

Conclusions. We considered the emblematic nonequilib-
rium protocol generated by joining two domains with opposite
magnetization. We were able to find a full analytic solution
for the LQSS, obtaining a closed expression for both the
magnetization and the spin current stationary profiles. In-
terestingly, our analytic results show a nowhere continuous
behavior as a function of the interaction �. Moreover, our
exact solution provides an example of a physical system where
interactions prevent the emergence of a Tracy-Widom scaling.
Such a conclusion has been supported by numerical DMRG
simulations, that indicate a diffusive edge scaling throughout
the critical regime, as long as � �= 0.

The simple stationary state, presented here, is a promising
starting point to derive a continuous field-theory description
of the LQSS, thus extending the results of Refs. [47,62,63]
in the presence of interactions. For instance, an inter-
esting outcome would be the study of the entanglement
dynamics [117].

Acknowledgments. We are extremely grateful to J. Dubail
and J.-M. Stéphan for many stimulating conversations. M.C.
acknowledges support by the Marie Skłodowska-Curie Grant
No. 701221 NET4IQ. This Rapid Communication was sup-
ported by EPSRC Quantum Matter in and out of Equilibrium
Ref. EP/N01930X/1 (A.D.L.).

All authors equally contributed to the developing and
interpretation of theory, results and numerical data, and to the
writing of the Rapid Communication.

081111-4



ANALYTIC SOLUTION OF THE DOMAIN-WALL … PHYSICAL REVIEW B 97, 081111(R) (2018)

[1] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80, 885
(2008).

[2] J.-P. Brantut et al. Science 337, 1069 (2012).
[3] J.-P. Brantut et al., Science 342, 713 (2013).
[4] P. Calabrese and J. Cardy, Phys. Rev. Lett. 96, 136801 (2006);

J. Stat. Mech. (2007) P06008.
[5] A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalattore,

Rev. Mod. Phys. 83, 863 (2011).
[6] M. A. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and M.

Rigol, Rev. Mod. Phys. 83, 1405 (2011).
[7] P. Calabrese, F. H. L. Essler, and G. Mussardo, J. Stat. Mech.

(2016) 64001.
[8] E. Ilievski, M. Medenjak, T. Prosen, and L. Zadnik, J. Stat.

Mech. (2016) 064008.
[9] L. Vidmar and M. Rigol, J. Stat. Mech. (2016) 064007.

[10] R. J. Baxter, Exactly Solvable Models in Statistical Mechanics
(Academic, San Diego, 1982); B. Sutherland, Beautiful Models
(World Scientific, Singapore, 2004).

[11] T. Kinoshita, T. Wenger, and D. S. Weiss, Nature (London) 440,
900 (2006).

[12] S. Hofferberth, I. Lesanovsky, B. Fischer, T. Schumm, and J.
Schmiedmayer, Nature (London) 449, 324 (2007).

[13] M. Gring, M. Kuhnert, T. Langen, T. Kitagawa, B. Rauer,
M. Schreitl, I. Mazets, D. A. Smith, E. Demler, and J.
Schmiedmayer, Science 337, 1318 (2012).

[14] T. Fukuhara, P. Schauß, M. Endres, S. Hild, M. Cheneau, I.
Bloch, and C. Gross, Nature (London) 502, 76 (2013).

[15] T. Langen, R. Geiger, M. Kuhnert, B. Rauer, and J. Schmied-
mayer, Nat. Phys. 9, 640 (2013).

[16] R. Geiger, T. Langen, I. E. Mazets, and J. Schmiedmayer,
New J. Phys. 16, 053034 (2014).

[17] T. Langen, S. Erne, R. Geiger, B. Rauer, T. Schweigler, M.
Kuhnert, W. Rohringer, I. E. Mazets, T. Gasenzer, and J.
Schmiedmayer, Science 348, 207 (2015).

[18] T. Langen, T. Gasenzer, and J. Schmiedmayer, J. Stat. Mech.
(2016) 64009.

[19] P. Calabrese, F. H. L. Essler, and M. Fagotti, Phys. Rev. Lett.
106, 227203 (2011).

[20] P. Calabrese, F. H. L. Essler, and M. Fagotti, J. Stat. Mech.
(2012) P07016; (2012) P07022.

[21] F. H. L. Essler and M. Fagotti, J. Stat. Mech. (2016) 064002.
[22] B. Pozsgay, M. Mestyán, M. A. Werner, M. Kormos, G. Zaránd,

and G. Takács, Phys. Rev. Lett. 113, 117203 (2014).
[23] E. Ilievski, J. De Nardis, B. Wouters, J.-S. Caux, F. H. L. Essler,

and T. Prosen, Phys. Rev. Lett. 115, 157201 (2015).
[24] E. Ilievski, E. Quinn, J. De Nardis, and M. Brockmann, J. Stat.

Mech. (2016) 063101.
[25] L. Piroli, E. Vernier, and P. Calabrese, Phys. Rev. B 94, 054313

(2016).
[26] A. De Luca and G. Mussardo, J. Stat. Mech. (2016) 064011.
[27] M. Mestyán, B. Bertini, L. Piroli, and P. Calabrese, J. Stat.

Mech. (2017) 083103.
[28] M. Rigol, V. Dunjko, V. Yurovsky, and M. Olshanii, Phys. Rev.

Lett. 98, 050405 (2007).
[29] G. P. Brandino, A. De Luca, R. M. Konik, and G. Mussardo,

Phys. Rev. B 85, 214435 (2012).
[30] L. Vidmar, D. Iyer, and M. Rigol, Phys. Rev. X 7, 021012

(2017).
[31] P. Calabrese and J. Cardy, J. Stat. Mech. (2007) P10004.
[32] J.-M. Stéphan and J. Dubail, J. Stat. Mech. (2011) P08019.

[33] A. De Luca, Phys. Rev. B 90, 081403 (2014).
[34] M. Fagotti, J. Phys. A: Math. Theor. 50, 034005 (2017).
[35] B. Bertini and M. Fagotti, Phys. Rev. Lett. 117, 130402 (2016).
[36] A. Bastianello and A. De Luca, Phys. Rev. Lett. 120, 060602

(2018).
[37] A. L. de Paula, Jr., H. Bragança, R. G. Pereira, R. C. Drumond,

and M. C. O. Aguiar, Phys. Rev. B 95, 045125 (2017).
[38] D. Bernard and B. Doyon, J. Phys. A: Math. Theor. 45, 362001

(2012).
[39] D. Bernard and B. Doyon, Ann. Henri Poincaré 16, 113 (2015).
[40] T. Antal, Z. Rácz, A. Rákos, and G. M. Schütz, Phys. Rev. E

59, 4912 (1999).
[41] T. Platini and D. Karevski, J. Phys. A: Math. Theor. 40, 1711

(2007).
[42] V. Eisler and Z. Rácz, Phys. Rev. Lett. 110, 060602 (2013).
[43] A. De Luca, J. Viti, D. Bernard, and B. Doyon, Phys. Rev. B

88, 134301 (2013).
[44] M. Collura and D. Karevski, Phys. Rev. B 89, 214308 (2014).
[45] V. Eisler and Z. Zimborás, New J. Phys. 16, 123020 (2014).
[46] A. De Luca, G. Martelloni, and J. Viti, Phys. Rev. A 91,

021603(R) (2015).
[47] J. Viti, J.-M. Stéphan, J. Dubail, and M. Haque, Europhys. Lett.

115, 40011 (2016).
[48] N. Allegra, J. Dubail, J.-M. Stéphan, and J. Viti, J. Stat. Mech.

(2016) 053108.
[49] M. Kormos and Z. Zimborás, J. Phys. A: Math. Theor. 50,

264005 (2017).
[50] M. Kormos, SciPost Phys. 3, 020 (2017).
[51] G. Perfetto and A. Gambassi, Phys. Rev. E 96, 012138

(2017).
[52] W. H. Aschbacher and C.-A. Pillet, J. Stat. Phys. 112, 1153

(2003).
[53] W. H. Aschbacher and J.-M. Barbaroux, Lett. Math. Phys. 77,

11 (2006).
[54] D. Bernard and B. Doyon, J. Stat. Mech. (2016) 033104.
[55] D. Bernard and B. Doyon, J. Stat. Mech. (2016) 064005.
[56] S. Sotiriadis and J. Cardy, J. Stat. Mech. (2008) P11003.
[57] P. Calabrese, C. Hagendorf, and P. L. Doussal, J. Stat. Mech.

(2008) P07013.
[58] M. Mintchev, J. Phys. A: Math. Theor. 44, 415201 (2011).
[59] M. Mintchev and P. Sorba, J. Phys. A: Math. Theor. 46, 95006

(2013).
[60] B. Doyon, M. Hoogeveen, and D. Bernard, J. Stat. Mech. (2014)

P03002.
[61] E. Langmann, J. L. Lebowitz, V. Mastropietro, and P. Moosavi,

Commun. Math. Phys. 349, 551 (2017).
[62] J.-M. Stéphan, J. Dubail, P. Calabrese, and J. Viti, SciPost Phys.

2, 2 (2017).
[63] J. Dubail, J.-M. Stéphan, and P. Calabrese, SciPost Phys. 3, 019

(2017).
[64] M. Collura and G. Martelloni, J. Stat. Mech. (2014) P08006.
[65] J. Bhaseen, B. Doyon, A. Lucas, and K. Schalm, Nat. Phys. 11,

509 (2015).
[66] B. Doyon, A. Lucas, K. Schalm, and M. J. Bhaseen, J. Phys.

A: Math. Theor. 48, 95002 (2015).
[67] D. Gobert, C. Kollath, U. Schollwöck, and G. Schütz, Phys.

Rev. E 71, 036102 (2005).
[68] J. Lancaster and A. Mitra, Phys. Rev. E 81, 061134 (2010).
[69] C. Karrasch, J. H. Bardarson, and J. E. Moore, Phys. Rev. Lett.

108, 227206 (2012).

081111-5

https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1126/science.1223175
https://doi.org/10.1126/science.1223175
https://doi.org/10.1126/science.1223175
https://doi.org/10.1126/science.1223175
https://doi.org/10.1126/science.1242308
https://doi.org/10.1126/science.1242308
https://doi.org/10.1126/science.1242308
https://doi.org/10.1126/science.1242308
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1088/1742-5468/2007/06/P06008
https://doi.org/10.1088/1742-5468/2007/06/P06008
https://doi.org/10.1088/1742-5468/2007/06/P06008
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/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
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/10.1088/1742-5468/2016/06/064008
https://doi.org/10.1088/1742-5468/2016/06/064008
https://doi.org/10.1088/1742-5468/2016/06/064008
https://doi.org/10.1088/1742-5468/2016/06/064007
https://doi.org/10.1088/1742-5468/2016/06/064007
https://doi.org/10.1088/1742-5468/2016/06/064007
https://doi.org/10.1038/nature04693
https://doi.org/10.1038/nature04693
https://doi.org/10.1038/nature04693
https://doi.org/10.1038/nature04693
https://doi.org/10.1038/nature06149
https://doi.org/10.1038/nature06149
https://doi.org/10.1038/nature06149
https://doi.org/10.1038/nature06149
https://doi.org/10.1126/science.1224953
https://doi.org/10.1126/science.1224953
https://doi.org/10.1126/science.1224953
https://doi.org/10.1126/science.1224953
https://doi.org/10.1038/nature12541
https://doi.org/10.1038/nature12541
https://doi.org/10.1038/nature12541
https://doi.org/10.1038/nature12541
https://doi.org/10.1038/nphys2739
https://doi.org/10.1038/nphys2739
https://doi.org/10.1038/nphys2739
https://doi.org/10.1038/nphys2739
https://doi.org/10.1088/1367-2630/16/5/053034
https://doi.org/10.1088/1367-2630/16/5/053034
https://doi.org/10.1088/1367-2630/16/5/053034
https://doi.org/10.1088/1367-2630/16/5/053034
https://doi.org/10.1126/science.1257026
https://doi.org/10.1126/science.1257026
https://doi.org/10.1126/science.1257026
https://doi.org/10.1126/science.1257026
https://doi.org/10.1088/1742-5468/2016/06/064009
https://doi.org/10.1088/1742-5468/2016/06/064009
https://doi.org/10.1088/1742-5468/2016/06/064009
https://doi.org/10.1103/PhysRevLett.106.227203
https://doi.org/10.1103/PhysRevLett.106.227203
https://doi.org/10.1103/PhysRevLett.106.227203
https://doi.org/10.1103/PhysRevLett.106.227203
https://doi.org/10.1088/1742-5468/2012/07/P07016
https://doi.org/10.1088/1742-5468/2012/07/P07016
https://doi.org/10.1088/1742-5468/2012/07/P07016
https://doi.org/10.1088/1742-5468/2012/07/P07022
https://doi.org/10.1088/1742-5468/2012/07/P07022
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/10.1103/PhysRevLett.113.117203
https://doi.org/10.1103/PhysRevLett.113.117203
https://doi.org/10.1103/PhysRevLett.113.117203
https://doi.org/10.1103/PhysRevLett.113.117203
https://doi.org/10.1103/PhysRevLett.115.157201
https://doi.org/10.1103/PhysRevLett.115.157201
https://doi.org/10.1103/PhysRevLett.115.157201
https://doi.org/10.1103/PhysRevLett.115.157201
https://doi.org/10.1088/1742-5468/2016/06/063101
https://doi.org/10.1088/1742-5468/2016/06/063101
https://doi.org/10.1088/1742-5468/2016/06/063101
https://doi.org/10.1103/PhysRevB.94.054313
https://doi.org/10.1103/PhysRevB.94.054313
https://doi.org/10.1103/PhysRevB.94.054313
https://doi.org/10.1103/PhysRevB.94.054313
https://doi.org/10.1088/1742-5468/2016/06/064011
https://doi.org/10.1088/1742-5468/2016/06/064011
https://doi.org/10.1088/1742-5468/2016/06/064011
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/10.1103/PhysRevLett.98.050405
https://doi.org/10.1103/PhysRevLett.98.050405
https://doi.org/10.1103/PhysRevLett.98.050405
https://doi.org/10.1103/PhysRevLett.98.050405
https://doi.org/10.1103/PhysRevB.85.214435
https://doi.org/10.1103/PhysRevB.85.214435
https://doi.org/10.1103/PhysRevB.85.214435
https://doi.org/10.1103/PhysRevB.85.214435
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/10.1088/1742-5468/2007/10/P10004
https://doi.org/10.1088/1742-5468/2007/10/P10004
https://doi.org/10.1088/1742-5468/2007/10/P10004
https://doi.org/10.1088/1742-5468/2011/08/P08019
https://doi.org/10.1088/1742-5468/2011/08/P08019
https://doi.org/10.1088/1742-5468/2011/08/P08019
https://doi.org/10.1103/PhysRevB.90.081403
https://doi.org/10.1103/PhysRevB.90.081403
https://doi.org/10.1103/PhysRevB.90.081403
https://doi.org/10.1103/PhysRevB.90.081403
https://doi.org/10.1088/1751-8121/50/3/034005
https://doi.org/10.1088/1751-8121/50/3/034005
https://doi.org/10.1088/1751-8121/50/3/034005
https://doi.org/10.1088/1751-8121/50/3/034005
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/PhysRevLett.120.060602
https://doi.org/10.1103/PhysRevLett.120.060602
https://doi.org/10.1103/PhysRevLett.120.060602
https://doi.org/10.1103/PhysRevLett.120.060602
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/10.1088/1751-8113/45/36/362001
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/10.1007/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/10.1103/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/10.1088/1751-8113/40/8/002
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/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/10.1103/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
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/10.1088/1742-5468/2016/05/053108
https://doi.org/10.1088/1742-5468/2016/05/053108
https://doi.org/10.1088/1742-5468/2016/05/053108
https://doi.org/10.1088/1751-8121/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/10.21468/SciPostPhys.3.3.020
https://doi.org/10.21468/SciPostPhys.3.3.020
https://doi.org/10.21468/SciPostPhys.3.3.020
https://doi.org/10.21468/SciPostPhys.3.3.020
https://doi.org/10.1103/PhysRevE.96.012138
https://doi.org/10.1103/PhysRevE.96.012138
https://doi.org/10.1103/PhysRevE.96.012138
https://doi.org/10.1103/PhysRevE.96.012138
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/10.1088/1742-5468/2016/03/033104
https://doi.org/10.1088/1742-5468/2016/03/033104
https://doi.org/10.1088/1742-5468/2016/03/033104
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/10.1088/1742-5468/2008/11/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/10.1088/1751-8113/44/41/415201
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/10.1088/1742-5468/2014/03/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/s00220-016-2631-x
https://doi.org/10.1007/s00220-016-2631-x
https://doi.org/10.1007/s00220-016-2631-x
https://doi.org/10.1007/s00220-016-2631-x
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/10.21468/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/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1088/1742-5468/2014/08/P08006
https://doi.org/10.1038/nphys3320
https://doi.org/10.1038/nphys3320
https://doi.org/10.1038/nphys3320
https://doi.org/10.1038/nphys3320
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/10.1103/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/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/10.1103/PhysRevLett.108.227206
https://doi.org/10.1103/PhysRevLett.108.227206
https://doi.org/10.1103/PhysRevLett.108.227206
https://doi.org/10.1103/PhysRevLett.108.227206


MARIO COLLURA, ANDREA DE LUCA, AND JACOPO VITI PHYSICAL REVIEW B 97, 081111(R) (2018)

[70] C. Karrasch, J. E. Moore, and F. Heidrich-Meisner, Phys. Rev.
B 89, 075139 (2014).

[71] T. Sabetta and G. Misguich, Phys. Rev. B 88, 245114 (2013).
[72] V. Alba and F. Heidrich-Meisner, Phys. Rev. B 90, 075144

(2014).
[73] A. Biella, A. De Luca, J. Viti, D. Rossini, L. Mazza, and R.

Fazio, Phys. Rev. B 93, 205121 (2016).
[74] R. Steinigeweg, J. Herbrych, X. Zotos, and W. Brenig, Phys.

Rev. Lett. 116, 017202 (2016).
[75] C. Karrasch, Phys. Rev. B 95, 115148 (2017).
[76] A. De Luca, J. Viti, L. Mazza, and D. Rossini, Phys. Rev. B 90,

161101 (2014).
[77] O. Castro-Alvaredo, Y. Chen, B. Doyon, and M. Hoogeveen,

J. Stat. Mech. (2014) P03011.
[78] B. Doyon, Nucl. Phys. B 892, 190 (2015).
[79] R. Vasseur, C. Karrasch, and J. E. Moore, Phys. Rev. Lett. 115,

267201 (2015).
[80] X. Zotos, J. Stat. Mech. (2017) 103101.
[81] E. H. Lieb and D. W. Robinson, Commun. Math. Phys. 28, 251

(1972).
[82] L. Bonnes, F. H. L. Essler, and A. M. Läuchli, Phys. Rev. Lett.

113, 187203 (2014).
[83] B. Bertini, Phys. Rev. B 95, 075153 (2017).
[84] O. A. Castro-Alvaredo, B. Doyon, and T. Yoshimura, Phys.

Rev. X 6, 041065 (2016).
[85] B. Bertini, M. Collura, J. De Nardis, and M. Fagotti, Phys. Rev.

Lett. 117, 207201 (2016).
[86] A. De Luca, M. Collura, and J. De Nardis, Phys. Rev. B 96,

020403 (2017).
[87] B. Doyon and T. Yoshimura, SciPost Phys. 2, 14 (2017).
[88] B. Doyon, H. Spohn, and T. Yoshimura, Nucl. Phys. B 926, 570

(2017).
[89] B. Doyon and H. Spohn, J. Stat. Mech. (2017) 073210.
[90] B. Doyon, T. Yoshimura, and J.-S. Caux, Phys. Rev. Lett. 120,

045301 (2018).
[91] B. Doyon, J. Dubail, R. Konik, and T. Yoshimura, Phys. Rev.

Lett. 119, 195301 (2017).
[92] V. B. Bulchandani, R. Vasseur, C. Karrasch, and J. E. Moore,

Phys. Rev. B 97, 045407 (2018); Phys. Rev. Lett. 119, 220604
(2017).

[93] E. Ilievski and J. De Nardis, Phys. Rev. Lett. 119, 020602
(2017).

[94] B. Doyon and H. Spohn, SciPost. Phys. 3, 039 (2017).
[95] L. Piroli, J. De Nardis, M. Collura, B. Bertini, and M. Fagotti,

Phys. Rev. B 96, 115124 (2017).

[96] E. Ilievski and J. De Nardis, Phys. Rev. B 96, 081118(R) (2017).
[97] C. A. Tracy and H. Widom, Commun. Math. Phys. 159, 151

(1994).
[98] M. Takahashi, Thermodynamics of One-Dimensional Solvable

Models (Cambridge University Press, Cambridge, U.K., 1999).
[99] M. Gaudin, La Fonction D’onde de Bethe (Masson, Issy-

les-Moulineaux, France, 1983); The Bethe Wave Function
(Cambridge University Press, Cambridge, U.K., 2014) (trans-
lated by J.-S. Caux).

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

[101] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.97.081111 containing further details about
the string properties, the filling factors in the initial state, and
the edge behavior.

[102] T. Prosen and E. Ilievski, Phys. Rev. Lett. 111, 057203
(2013).

[103] H. Castella, X. Zotos, and P. Prelovšek, Phys. Rev. Lett. 74,
972 (1995); X. Zotos, F. Naef, and P. Prelovšek, Phys. Rev. B
55, 11029 (1997).

[104] F. Heidrich-Meisner, A. Honecker, D. C. Cabra, and W. Brenig,
Phys. Rev. B 68, 134436 (2003).

[105] J. Sirker, R. G. Pereira, and I. Affleck, Phys. Rev. Lett. 103,
216602 (2009).

[106] T. Prosen, Phys. Rev. Lett. 106, 217206 (2011).
[107] S. Langer, M. Heyl, I. P. McCulloch, and F. Heidrich-Meisner,

Phys. Rev. B 84, 205115 (2011).
[108] M. Žnidarič, Phys. Rev. Lett. 106, 220601 (2011).
[109] M. Praehofer and H. Spohn, J. Stat. Phys. 108, 1071 (2002).
[110] M. Fagotti, Phys. Rev. B 96, 220302 (2017).
[111] R. Wong, Asymptotics Approximation of Integrals, SIAM

Classics in Applied Mathematics (SIAM, Philadelphia,
2001).

[112] K. Fabricius and B. M. McCoy, Phys. Rev. B 57, 8340
(1998).

[113] R. Steinigeweg and W. Brenig, Phys. Rev. Lett. 107, 250602
(2011).

[114] M. Ljubotina, M. Znidaric, and T. Prosen, Nat. Commun. 8,
16117 (2017); J. Phys. A: Math. Theor. 50, 475002 (2017).

[115] M. Medenjak, C. Karrasch, and T. Prosen, Phys. Rev. Lett. 119,
080602 (2017).

[116] J.-M. Stéphan, J. Stat. Mech. (2017) 103108.
[117] V. Alba and P. Calabrese, Proc. Natl. Acad. Sci. USA 114, 7947

(2017); V. Alba, arXiv:1706.00020.

081111-6

https://doi.org/10.1103/PhysRevB.89.075139
https://doi.org/10.1103/PhysRevB.89.075139
https://doi.org/10.1103/PhysRevB.89.075139
https://doi.org/10.1103/PhysRevB.89.075139
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/PhysRevLett.116.017202
https://doi.org/10.1103/PhysRevLett.116.017202
https://doi.org/10.1103/PhysRevLett.116.017202
https://doi.org/10.1103/PhysRevLett.116.017202
https://doi.org/10.1103/PhysRevB.95.115148
https://doi.org/10.1103/PhysRevB.95.115148
https://doi.org/10.1103/PhysRevB.95.115148
https://doi.org/10.1103/PhysRevB.95.115148
https://doi.org/10.1103/PhysRevB.90.161101
https://doi.org/10.1103/PhysRevB.90.161101
https://doi.org/10.1103/PhysRevB.90.161101
https://doi.org/10.1103/PhysRevB.90.161101
https://doi.org/10.1088/1742-5468/2014/03/P03011
https://doi.org/10.1088/1742-5468/2014/03/P03011
https://doi.org/10.1088/1742-5468/2014/03/P03011
https://doi.org/10.1016/j.nuclphysb.2015.01.007
https://doi.org/10.1016/j.nuclphysb.2015.01.007
https://doi.org/10.1016/j.nuclphysb.2015.01.007
https://doi.org/10.1016/j.nuclphysb.2015.01.007
https://doi.org/10.1103/PhysRevLett.115.267201
https://doi.org/10.1103/PhysRevLett.115.267201
https://doi.org/10.1103/PhysRevLett.115.267201
https://doi.org/10.1103/PhysRevLett.115.267201
https://doi.org/10.1088/1742-5468/aa8c13
https://doi.org/10.1088/1742-5468/aa8c13
https://doi.org/10.1088/1742-5468/aa8c13
https://doi.org/10.1007/BF01645779
https://doi.org/10.1007/BF01645779
https://doi.org/10.1007/BF01645779
https://doi.org/10.1007/BF01645779
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/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/10.1103/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.96.020403
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/10.21468/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/10.1016/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/10.1088/1742-5468/aa7abf
https://doi.org/10.1088/1742-5468/aa7abf
https://doi.org/10.1088/1742-5468/aa7abf
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/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/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.119.020602
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/10.21468/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/10.1103/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.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/10.1007/BF02100489
https://doi.org/10.1007/BF02100489
https://doi.org/10.1007/BF02100489
https://doi.org/10.1007/BF02100489
http://link.aps.org/supplemental/10.1103/PhysRevB.97.081111
https://doi.org/10.1103/PhysRevLett.111.057203
https://doi.org/10.1103/PhysRevLett.111.057203
https://doi.org/10.1103/PhysRevLett.111.057203
https://doi.org/10.1103/PhysRevLett.111.057203
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevB.55.11029
https://doi.org/10.1103/PhysRevB.55.11029
https://doi.org/10.1103/PhysRevB.55.11029
https://doi.org/10.1103/PhysRevB.55.11029
https://doi.org/10.1103/PhysRevB.68.134436
https://doi.org/10.1103/PhysRevB.68.134436
https://doi.org/10.1103/PhysRevB.68.134436
https://doi.org/10.1103/PhysRevB.68.134436
https://doi.org/10.1103/PhysRevLett.103.216602
https://doi.org/10.1103/PhysRevLett.103.216602
https://doi.org/10.1103/PhysRevLett.103.216602
https://doi.org/10.1103/PhysRevLett.103.216602
https://doi.org/10.1103/PhysRevLett.106.217206
https://doi.org/10.1103/PhysRevLett.106.217206
https://doi.org/10.1103/PhysRevLett.106.217206
https://doi.org/10.1103/PhysRevLett.106.217206
https://doi.org/10.1103/PhysRevB.84.205115
https://doi.org/10.1103/PhysRevB.84.205115
https://doi.org/10.1103/PhysRevB.84.205115
https://doi.org/10.1103/PhysRevB.84.205115
https://doi.org/10.1103/PhysRevLett.106.220601
https://doi.org/10.1103/PhysRevLett.106.220601
https://doi.org/10.1103/PhysRevLett.106.220601
https://doi.org/10.1103/PhysRevLett.106.220601
https://doi.org/10.1023/A:1019791415147
https://doi.org/10.1023/A:1019791415147
https://doi.org/10.1023/A:1019791415147
https://doi.org/10.1023/A:1019791415147
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/10.1103/PhysRevB.57.8340
https://doi.org/10.1103/PhysRevB.57.8340
https://doi.org/10.1103/PhysRevB.57.8340
https://doi.org/10.1103/PhysRevB.57.8340
https://doi.org/10.1103/PhysRevLett.107.250602
https://doi.org/10.1103/PhysRevLett.107.250602
https://doi.org/10.1103/PhysRevLett.107.250602
https://doi.org/10.1103/PhysRevLett.107.250602
https://doi.org/10.1038/ncomms16117
https://doi.org/10.1038/ncomms16117
https://doi.org/10.1038/ncomms16117
https://doi.org/10.1038/ncomms16117
https://doi.org/10.1088/1751-8121/aa8bdc
https://doi.org/10.1088/1751-8121/aa8bdc
https://doi.org/10.1088/1751-8121/aa8bdc
https://doi.org/10.1088/1751-8121/aa8bdc
https://doi.org/10.1103/PhysRevLett.119.080602
https://doi.org/10.1103/PhysRevLett.119.080602
https://doi.org/10.1103/PhysRevLett.119.080602
https://doi.org/10.1103/PhysRevLett.119.080602
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/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
https://doi.org/10.1073/pnas.1703516114
http://arxiv.org/abs/arXiv:1706.00020



