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Abstract

We consider the problem of the development of steady states in one-dimensional Bose
gas tubes that are weakly coupled to one another through a density-density interac-
tion. We analyze this development through a Boltzmann collision integral approach. We
argue that when the leading order of the collision integral, where single particle-hole
excitations are created in individual gases, is dominant, the state of the gas evolves first
to a non-thermal fixed point, i.e. a prethermalization plateau. This order is dominant
when a pair of tubes are inequivalent with, say, different temperatures or different effec-
tive interaction parameters, y. When both tubes are in the strongly interacting regime
we additionally characterize this non-thermal prethermalization plateau by constructing
the quasi-conserved quantities that control the existence of this plateau as well as the
associated generalized Gibbs ensemble.
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1 Introduction

How to understand the dynamics of a quantum system after the injection of energy is a
paramount problem of modern many-body physics [1-3]. The injection of energy typically
leads a system to arrive at a new steady state that is thermal in nature. The process by which
this occurs in closed quantum systems is governed by the eigenstate thermalization hypothesis
(ETH) [4-8]. This hypothesis asserts that quantum eigenstates of similar energy behave sim-
ilarly with respect to all local observables, at least in the thermodynamic limit. However this
hypothesis is not inviolate and there are models where ETH does not hold. One such class of
ETH violating systems that has been extensively studied in the past few years support what are
known as quantum scar states [9-12]. Quantum scar states have expectation values relative
to some local observable that differs significantly from most other system eigenstates at the
same energy. When a system is then in a scar state, it will experience atypical time dynamics
relative to that observable and will not thermalize in the sense of ETH.

Another class of ETH violating systems are integrable models. Integrable models are char-
acterized by an infinite set of conservation laws. The presence of these conservation laws
means that their steady states are characterized by more complicated thermodynamic ensem-
bles than Gibbs that take into account the presence of conserved charges beyond energy [8,13]
Integrable models are ubiquitous in one-spatial dimension. Such models describe the dynamics
of cold atomic Bose gases via the Lieb-Liniger model [14,15], XXZ spin chains via the Heisen-
berg spin model [ 16], and itinerant interacting electron physics via the Hubbard model [17,18]
to name but a few.

Integrable models are to a certain degree platonic ideals. They only exist approximately
in nature. Experimental realizations of one-dimensional Bose gases modelled by a Lieb-Linger
(LL) model involve arrays of one-dimensional tubes of the gas which see both intra- and in-
tertube interactions beyond the interactions present in the LL Hamiltonian [19-21]. Simi-
larly, quantum material realizations of one-dimensional spin chains are always in fact one-
dimensional atomic chains embedded in a three dimensional matrix with interchain interac-
tions, perhaps small but nonetheless, present [22,23]. Finally, also material realizations of
low-dimensional Hubbard models typically require the reduction of complicated multi-orbital
physics down to effective one-band models [24-27].

The interactions that go beyond those present in integrable Hamiltonians will almost al-
ways break integrability. While an integrable model will not thermalize, a quasi-integrable
model will (apart from cases when quantum scars are present). However it then becomes a
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question of timescales. Rather than a non-thermal steady state persisting for all time, it in-
stead picks up a finite, but perhaps long, lifetime. This persistent non-thermal steady state is
known as a prethermalization plateau [28,29]. This prethermalization plateau can usually be
characterized by conserved quantities other than energy. However these conserved quantities
are not necessarily the same as in the parent, unperturbed, integrable model.

It is the aim of this paper to present a scenario relevant to experiments in one-dimensional
cold atomic Bose gases where long-live prethermalization plateaus occur. In typical realiza-
tions of one-dimensional Bose gases, the atoms in the gas are placed in an laser-induced ar-
ray of quasi-one-dimensional transversal confining potentials, i.e. the gas forms of matrix of
tubes [19-21]. The atoms in each tube are typically confined to the lowest transverse level of
the tube but are free to move laterally along the tube. However the gas in each tube is not
entirely independent of its neighbours in the array. Typically intertube density-density interac-
tions are present. Such interactions in gases with dipolar couplings are tunable and can even
be made to be of the same order as intratube interactions [19].

In Ref. [30] a framework for analyzing the thermalizing effects of intertube interactions
was developed in the form of a Boltzmann collision integral. In Ref. [30], the tubes of gas were
considered to be identical. A key feature of this work was then that the thermalizing inter-
actions involve processes of the simultaneous creation of three particle-hole pairs in any two
tubes: one pair in one tube and two pairs in a second tube, so-called (2,1) or (1,2) processes.
Processes involving the production of a single pair in two identical tubes, (1,1) processes, led to
no change in the state of the tubes, a simple consequence of energy-momentum conservation.

If however the two tubes are inequivalent, either by virtue of having a different density of
atoms or a different effective interaction parameter, (1,1) processes are dominant at shorter
time scales and do lead to an evolution in the state of the gas in the tube. However here the
end point of this evolution is athermal. Because we cannot ignore (1,2)/(2,1) processes, this
athermal state arrived at by the creation of single particle-hole pairs is temporary — it is in fact
a prethermalization plateau. Nonetheless it is long-lived if the intertube interactions, which
set the scale of the evolution, are weak. It is the aim of this paper to describe in detail the
non-equilibrium evolution coming from tube heterogeneity and the resulting athermal state.

While the focus of this analysis takes place in the context of cold atomic systems, the analy-
sis has elements of universality. A very similar set of considerations, for example, would apply
to thermalizing S,S, interchain interactions in spin chain materials. The universality arises
because in the thermodynamic limit the matrix elements governing the creation of particle
hole pairs (and their spin chain equivalents) have the same low energy form [31,32].

The paper is organized as follows. In Section 2 we outline the basics of the Lieb-Liniger
model including how to describe its thermodynamic states and its conserved quantities. In the
next section, Section 3, we present the Boltzmann collision framework by which we analyze the
dynamics of two tubes of gas due to intertube interactions. As part of this we present a general
analysis of what constitutes a steady state in this framework and what are its conservation laws.
We do this in complete generality considering all orders of particle-hole creation (i.e. (n,m))
processes. As part of this, we show that only energy, momentum, and particle number survive
as conserved quantities and the resulting steady state is thermal.

In section 4 we perform the same analysis but only consider (1,1) processes. Here we show
that with only (1,1) processes taken into account, there exist stationary states there are ather-
mal. We then demonstrate by numerically solving the problem that indeed the system does
not thermalize when only (1,1) processes are operative. In Section 5 we offer an explanation
for the athermality by showing that the (1, 1) dynamics has extra conserved charges beyond
the energy, momentum and particle number. The new conserved charges are combination of
the ultra-local charges of unperturbed Lieb-Liniger model from both tubes. We construct these
charges for systems with strong intra-tube interactions, dubbed deformed Tonks-Girardeau
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gas. We define it precisely in Section 5. We also formulate the Generalized Gibbs Ensemble
for the coupled system essentially extending its applicability to perturbed integrable models.
Finally, in Section 6, we provide a summary and concluding remarks.

More technical aspects of our work are relegated to the Appendices. Among them,
in Appendix E, we demonstrate that the construction of the charges from the deformed
Tonks-Girardeau gases does not extend to the full Lieb-Liniger model at arbitrary interaction
strengths. This leaves open a question about the precise characterisation of the mechanism by
which the system does not thermalize in the latter case.

2 Summary of the Lieb-Liniger model

We start with reviewing the relevant aspects of the Lieb-Liniger (LL) model [14, 15], which
corresponds to a single gas tube. The LL model describes N bosons on a ring with length L,
interacting with a repulsive contact potential. The Hamiltonian of the system reads

L
Hyp = f dx( =122 (x) + T P PP (), )
0

where ¢ > 0 is the coupling constant and 1)(x) is the canonical bosonic field operator. The
model is exactly solvable with the standard Bethe ansatz technique [33-35]. Eigenstates of
(1) are parametrized by N real numbers, called quasimomenta, which are determined from
the Bethe equations. In the thermodynamic limit N, L — oo with N/L = const, the system is
parametrized by the density of particles, p,(A), and the total density of states, p,(1), with A
the quasi-momentum or rapidity. These functions are related through the following integral
equation [36],

1
P =5+ J X' T( = 2)p,(X), @

with the kernel given by function, T(A):

1

c
T(A)=— . 3
) T2+ A2 )
In addition to p, and p,, we define the density of holes, py, as
Pr(A) = p(A)—p,(A). @

It is sometimes convenient to express thermodynamic quantities in terms of pj, rather than p,,.
The LL model is integrable and so is characterized by an infinite number of conserved
charges, I,,, that commute with the Hamiltonian (1) and have the property

[[,I.]=0, nm=0,1,2,... (5)

There are multiple bases of these charges, both ultra-local [37] and semi-local [38—40]. In this
work we will focus on the ultra-local representation despite their less than stellar behaviour in
the UV [41]. Expectation values of the ultra-local conserved charges on thermodynamic states
are functionals of the distribution, p,(A), and take the particularly simple form

(I)=L f dA p,(A)A". (6)
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The first operators in the sequence, [, correspond to particle number, total momentum and
total energy, n =0, 1, 2, respectively:

Nszdlpp(A), PZLJdAApp(A), E:LJdAAZpP(A). )

The presence of conserved charges n > 2 beyond these basic three means that the model can
support non-thermal states.

We now turn to characterizing the thermodynamics and elementary excitations of the LL
model. The entropy of a thermodynamic state of the gas is given by the Yang-Yang formula [36]

S=LJdl[(pp(k)+ph(7t))log(pp(/1)+ph(/l))—pp(k)logpp(k)—ph(k)logph(l)]. (8)

To describe the dynamics in the system we also need information about its elementary exci-
tations. The coupling between the tubes that we consider, conserves number of particles in
each tube. Therefore the relevant excitations takes form of particle-hole (ph) excitations in the
system [15,42]. The excitations are labelled by two quasimomenta p and h. The momentum
carried by an excitation is k = k(p) — k(h) and the corresponding energy is w = w(p) — w(h).
Here, the functions k(p) and w(p) are the so-called dressed momentum and energy. These are
state-dependent functions and read

k(A)=A— J dun(u)F(u|A), (9a)

w(A)=2>—2 f du un(u)F (ulA), (9b)

where n(1) = p,(1)/p¢(1) is the occupation function and F(u|A) is the backflow function [42]
satisfying the following integral equation,

Fo =271, f 42T (o= X F V), 10)
with 6(A) = 2arctan(A/c).

For later use, we introduce notation for two dressing operations, following the notation
of [43]. The first one, denoted Dr, is defined as

forQ)=f(A)— f dun(u)F (ul2)n(w)f’(w). (11)
Therefore k(1) = (1)p, and w(A) = (A2)p,. The second one, denoted dr, is defined as

far(A) =f(A) + f du T (u, A)n(p) fa, () - (12)
The two dressing operations are related however through

o) = ar - (13)

3 Coupled Lieb-Liniger gases

In this section, we present a framework to study the dynamics of two coupled LL gases. The
system is governed by the following Hamiltonian,

H=Hy+Hy 0+ J dxydxy A(xy — x3)01(x1)02(x2). (14)

5
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The Hamiltonians H, 1; describe LL gases with couplings ¢;. The two gases are coupled by a

long-range interaction potential A(x; — x5). By p;(x) = zﬁj'(x)mﬁi(x), we denote the density
operator in the i-th gas. The density-density interaction term §H breaks the integrability of the
system H = H,,, + 5H, where H,,, = H; L1+ H; L2 is integrable. To describe its consequences
on the gases’ dynamics, we turn to an effective theory of relaxation developed in [30, 44].
Specifically in [30] the problem of the thermalization of two equivalent gases initialized in a
non-thermal state was analyzed in quantitative detail. On the level of Fermi’s golden rule ap-
proximation, the dynamics may be formulated in terms of Boltzmann-like equations governing
the evolution of the rapidity distributions:

atpp,l()t) = T_IQ[pp,b pp,Z](A) 5

-1 (15)
3th,2(7L) =7 Q[pp,2> pp,l](l)>

where 7 is the characteristic time scale for the evolution and Q[p, 1;0p 2, 2] is the dressed
scattering integral defined through

QLpp,1:Pp2l1=F1- Qo [Pp,bpp,z] ) (16)
Q[pp,Z: pp,l] = IFZ : QO [pp,ZJ pp,l] 5

where Qo[ pp 1, Pp,2] is bare scattering integral defined below in Eq. (22) and F;(A, u) reads
Fi(A, 1) = 6(A — ) + 0, (n;(A)F;(Aw)), (17)

and implements the dressing operation, Dr, defined in Eqn. (11). We also define

(F-f)A) = JdMF(A, w)f (u). (18)

The first term in Eqn. (17) represents a direct scattering process while the second term gives
the so-called backflow, i.e., the effect, due to interactions, that the creation of a particle-hole
excitation has on the distribution of the remaining particles and holes in the gas.

The time scale, 7, appearing in (15) is determined by the parameters of the model [30]

2A%2m
s (19)

where m is mass of the particles and A sets the strength of the inter-tube interaction,

a(x/x,) de a(x/x,) _

X

Ax) =4, 1. (20)

r

Here x, is the characteristic range of the potential. We will mostly work in momentum space,
and so we define the Fourier transform of the normalized part:

k) = f dxeikx@ —atk/k), k)= J dxe**a(x), 21)

where k, = xr_1 is the characteristic momentum exchanged between the tubes as a result of
the coupling between them.!

For all the simulations in the paper, we use the Gaussian potential a(x) = 1/(+/7) exp(—x?) with x, = 11.
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3.1 (n,m) ph processes

The bare collision integral Qo[ 1; Pp 2] contains contributions from processes involving n
particle-holes (ph) excitations in the first tube and m ph excitations in the second tube:

QO[pp,l’ pp,2] = ZQE)n,m) [Pp,p Pp,z] . (22)
n,m

The (n, m) contribution takes the following form [30],

Q™ Lpp1.0p210) = J dp"dh" 52— p)A(ky (p, 1)) Iy (p, )
i=1

x (J?(p, B)ST(—k, (p, h), —0, (p, b)) — (h <> p)), 23)

where p = {p;}!", and h = {h;}'_ | denote rapidities of particles and holes, respectively. Here

we have introduced the notation

n n 1 . n -
aptan’ = e [ Japadne, 110 = Topathpn v, 24)
Moreover by F(p, h) we denote the density operator form factor [45-48]

F(p,h) = (p,|p(0)lpp; p,h), (25)

where the state |p,; p,h) corresponds to the thermodynamic state |p,) with ph excitations p
and h on top of it. Finally, S™(k, w) is the m-particle contribution to the dynamic structure
factor [46]. In Eqn. (23), we denote the total momentum and energy carried by excitations
h — p in the first tube by k;(p,h) and w;(p, h):

kb)) = (k) —ki(h)),  wi(ph) =) (w(p)—wi(h)).  (26)
i=1 i=1
For completeness, we also write down the bare collision integral for the second tube,

QU™Ipp0spp1l(A) = f dp"dh™ > 5(A — p,)A(ky(p, h)) |Fo(p, h) 2

i=1
x (J;(p, B)S™(—ky(p, h), —05(p, b)) — (h < p)), @7

which amounts to a permutation of tube indices.

The form of the collision integral presented in Eqn. (23) is not the most convenient for our
purposes. We thus derive now an alternative representation of it, expressing the dynamical
structure factor contributions in terms of quasi-particle densities. The m-particle contribution
to the dynamic structure factor reads

™k, w) = (2n)2j dp™dp™ [ | p,(h)pn(p)IF(p, W28 (k — k(p,))5(w — w(p,h)), (28)

i=1
with the understanding the integrals require, in general, regulation [48]. Plugging the above
representation into (23) leads to the desired formulation:

n
an’m)[Pp,h Pp,z](k) = (27T)2 J dl)rllClllrlldl3r2n(ﬂlg1 Z o(A —Pj,1)A2(k1 (1, hl)) |F1(p1, h1)|2

=1
X |Fa(pa, hy)l? 5(k1(l)1, h;)+ kz(Pz’hz)) 5(031(1)1’}11) + w4 (P2, hz))
x (J2(p1, 1) I3 (P2, hy) — (h > p)), (29)
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and similarly for the second tube,

n
an’m)[Pp,pr,l](A) = (27T)2J dethdedhg Z 5(A—Pj,2)A2(kz(P2;hz)) |F1(P1,h1)|2

=1
X |Fa(pa, hy)l? 5(k1(P1; h;)+ kz(Pz:hz)) 5(0)1(131,111) + wy (P, hz))
x (J(p1, 1) T3 (P2, hy) — (h — p)).. (30)

This representation is the most explicit. It is convenient for the numerical evaluation of the
collision integral and for analyzing its small momentum limit. From the particle-hole symmetry
of density operator form factors [46] and Eqn. (29), it is easy to find yet another representation,

le’m)[Pp,pr,z](A) = (Zﬂ)zj dp¥thdP§dh;nA2(k1(P1,h1)) |F1(P1,h1)|2 |F2(P2,h2)|2
X 5(k1(P1,h1) + kz(Pzahz)) 5(601(P1>h1) + w2(P2:h2))J{l(p1:hl)

xJ;”(pz,hz)(Zé(A—pi,l)—ch(A—hi,l)). (31)
i=1 i=1

Obviously, analogous formula for le’m)[ Pp,2, Pp,1](A) may be easily derived as well. This rep-
resentation is especially convenient for our discussion of the conservation laws in Section 3.3
below.

Crucially the (n,m) ph processes possess a hierarchy of importance. For the situations
considered here the most relevant contribution is due to (1,1) scattering. Processes involving
more ph pairs contribute much less significantly. In particular, let us note that in the extreme
limit of infinite interactions in both tubes ¢; , = 00 we have Q™™ =0 for m,n > 1 and only
the (1,1) dynamics contributes. This can be seen on the level of the higher ph density form
factors which go as 1/c¢"™2 and so are zero when more than one ph pair is considered [46]
in the infinite interaction limit. The hierarchy between different contributions is also clearly
visible in the small momentum expansion of scattering integrals, which is explained in detail
in the Appendix A. Assuming that the dynamics is driven mainly by the processes involving
small momentum transfer between the tubes, we show there that

Q™ kit x (140(k2)). 2

Noting that k, is a small parameter (the case of long-range interactions) we clearly see that the
lowest processes are the most important ones. Furthermore because the subleading corrections
involve kf, the hierarchy of the importance is as following:

1. The leading order (1,1) processes going as kf.
2. The leading (2,1) and (1,2) processes, of order kf.

3. The subleading (1,1) processes and the leading order of higher processes like (3,1) or
(2,2), all of order kf.

As we have observed in [30] the processes (2,1) and (1,2) thermalize the system. There
we considered the situation of identical states in both tubes, and in such a case, the scattering
integral for (1,1) processes vanishes. But in the general case, the physics at short timescales
is determined by the leading (1,1) processes. We analyze these in Section 4. In the remainder
of this section, we discuss the properties of the dynamics generated by (15) for arbitrary pro-
cesses. We address specifically the character of stationary states and the existence of conserved
charges.
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3.2 Stationary states

In this subsection we look for stationary states satisfying

Qlpp,1,Pp21(A) =Qlpy 2, 0p11(A) =0. (33)

First, we note that when analyzing the equation above, we may simplify the problem and focus
on the bare collision integral Q. This is because the invertible operation of dressing is linear
and the vanishing of Q, implies the vanishing of Q. Let us start with the time evolution of
the first tube. The bare scattering integral can vanish as a whole or because the integrand is
identically zero. The second condition is stronger and implies cancellation of each excitation
contributing to the scattering integral with its particle-hole exchanged counterpart. From the
representation in Eqn. (29), we observe that the dynamics on the (n, m) level is proportional
to the following factor

J™®™(py,hy, py,hy) = J1(p1,hy) 1 (P2, hy) —J7 (hy, py) 5 (hy, py) . (34)

The remaining factors under the integral are strictly positive, thus the state in the first tube is
stationary if

j(n,m)(p])h]JPZJhZ) = O, (35)
holds for all rapidities p;, h;, ps, h, satisfying the momentum-energy conservation laws

n m

> (k(pi) = ka(hy)) + D (ka(pj ) — ko 2)) = 0, (36)
i=1 j=1
D (w1(pi) = w1(hi 1)) + D (@5(p; ) — ws(h;5)) = 0. 37)
i=1 j=1

For stationarity, Eqn. (35) needs to be fulfilled on all (n, m) levels. The same factors, 7™
are present in the collision integral for the second tube and so stationarity in tube 1 implies
stationarity in tube 2.

To understand the relevant structure in Eqn. (35), it is useful to reparametrize the system
introducing the pseudo energy €(A) defined as [36,49]

o€ — Pr(A)

. 38
PXEY ©8)

We may then rewrite 7™ (p;,h;,p,, h,) as

JmM(py,hy, py,hy) = J7(hy, 1) 5 (hy, pa) (exple;(py, hy) + €5(pa, hy)]— 1), (39)

and the condition in Eqn. (35) translates to

D (e —erlhi)) + D (ea(ps2) — exlh; ) = 0. (40)
i=1

j=1

Importantly, the state of the system with two tubes in thermal states [36] with the same in-
verse temperature f3 is stationary. This is because in such a case, the pseudo energies, here
generalized to boosted thermal states, read [36,42]

€1(A) = —Pur + k(D) + few1(A), (1) =—Puy + k(M) +Lwy(A),  (41)

where u; , are the chemical potentials. For €; 5 as in Eqn. (41), Eqn. (40) follows directly
from the conservation of energy (37) and momentum (36). For all the numerical examples
considered later, we set k = 0.
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The dynamics restricted to (1,1) processes are special and feature stationary states that
are not necessarily thermal. This may happen when we consider two identical tubes (this case
was analyzed before in [30]), in the Tonks-Girardeau limit in both tubes (c1,2 = 00), o, finally
in the small momentum limit of the collision integral. This last scenario provides the setting
of our observed prethermalization plateaus is the central result of this work. We discuss that
case in Section 4 in detail.

In Appendix B we provide evidence that the three types of athermal stationary states of the
(1,1) processes are the only ones. However we cannot assert that these are definitively the
only possibilities. Moreover for higher order (n, m) processes the condition for the stationarity
would seem to exclude any possibility of athermal states. We conjecture once all processes are
taken into account that the only stationary states are then in fact thermal.

3.3 Conservation laws

The evolution in Eqn. (15) is controlled by a presence of conservation laws. In particular the
particle number in each tube, the total momentum, and the total energy do not change in time.
In order to see this, let us consider the change in the particle number with respect to time

N, /L= f da atpp,i(x) = f dAQ[pp,l: pp,2](7(')
(42)

= J dAQolpp,1,Pp2](A) + f duda 51(”(A)F(7L|H))Q0[Pp,1,Pp,z](.u) =0.
In the last step, we have used the explicit form of (23) together with ph symmetry of the form
factor to observe that the first integral vanishes. The second integral vanishes upon integration
by parts with the boundary terms vanishing as for physical states the filling function decays
to zero at large rapidities. Of course, similar arguments lead to J,N, = 0. Note that this

conservation law holds at all levels (n, m).
Now, let us consider the total energy

Eior =E1+Ey=1 J dA AZ(Pp,l(A) + pp,Z(A')) > (43)

and show that it is conserved in time. We consider its derivative with respect to time

atEtot/L = f da Az(Q[pp,lz Pp,z](l) + Q[pp,2: pp,l](l))
(44)

:fdldHAZ(IFl(A,M)Qo[Pp,pPp,z](.u)+]FZ(A,M)QO[Pp,szp,l](M))-

We may shift the dressing operation from the collision integral Q to A2. Integration over A
then gives

f dAA%F; (A, 1) = w;(u). (45)

We thus get

OEo /L = J dH(w1(H)Q0[Pp,1,Pp,z](.U) + wz(M)Qo[Pp,z,Pp,1](M)) . (46)

We observe now that the following relation holds for arbitrary (n, m)
d ( ( (n,m) (m,n) -0
pl 1(u)Qy " LPp,1s Pp2l() + wo(u)Qy ™ LPp2, Pp,11() ) = 0. (47)
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One can establish this by employing the representation in Eqn. (31) into the equation above.
From the integration over u, we find terms that exactly correspond to w;(p;,h;) + w,(py, hy)
which is enforced to be zero by the Dirac delta inside an,m). Finally, summing this relation
above over n and m gives J,E,,; = 0. Similar arguments lead to the conclusion that the total
momentum

Pyt =P+ Py, (48)

is conserved as well.
In the remaining part of this section, we propose the following ansatz for additional con-
served quantities:

7= LJ A (ppr (WA + pp (WD), (49)

where we allowed f;(A)’s, the single particle eigenvalues of the supposed charges, to be dif-
ferent in both tubes. We ask whether there exist functions f;(A) and f,(A) such that 3,Z = 0.
Explicitly, we write

0I/L= f dA . pp 1 (M) f1(A) + J dA 3,0, 2(A)f2(A)
= J da (fl(A)Q[Pp,l, Pp,z](k) + fZ(A)Q[pp,z, pp,l](x)) (50)

= f da (fl,Dr()L) QO[pp,la Pp,z](l) + f2,Dr(A) QO[pp,Z’ pp,l ](A)) >

where we have shifted the dressing operation from Q to f; and used the Dressing operation
from Eqn. (11). Similarly to the condition for the stationarity, d,Z = 0 either because the
expression vanishes as a whole or because the integrand is zero. In the latter case this leads
to a condition on functions f;(A), similar to Eqn. (40) which we will now derive.
Analogously to the case of conserved energy, in order to have J,Z = 0, we require that

f A2 (f1,0r QT Lp 1 £p2 I + o, 0, (MQT ™[y pp1 )W) =0, (5D
should hold for all (n, m). To write the result in a compact form we parametrise an,n) as

Q)= f dpjdhjdp;'dhy G(p1, by, P, hy)

x &(ky +kp) 6( w1 + wz)(z5(A—Pi,1)—z5(l—hi,1)), (52)
i=1 i=1

where G(p;,hy,ps, hy) can be read off from Eqn. (31) but we do not need its explicit form.
We only need to know that it is strictly positive. The result is

3,1 = f dpdh”dp2'dh} G(p;,hy, g, hy) 6(ky +ky) 6wy + wy)

n m

X (Zfl,pr([’i,l) — fior(hin) + ZfZ,Dr(pj,Z) _f2,Dr(hj,2)) =0. (53)
i=1 j=1

From this expression we can read off a necessary condition for an existence of a conserved

charge characterized locally in the rapidities. This translates to demanding that

Z (fl,Dr(Pi,l) _fl,Dr(hi,l)) + (fZ,Dr(pj,Z) —fz,Dr(hj,z)) =0, (54)
i=1 =1

J
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is fulfilled for all p;,h;,ps, h, satisfying the energy-momentum conservation laws (37) and
(36). We observe a similar structure as in Eqn. (40) for the stationary state.> Therefore, by
exactly the same arguments, we find no conserved charges of the form (49) apart from total
momentum and energy. However, just as in the case of stationary state analysis, the situation
will be different for (1, 1) processes which we discuss in details in the next two sections.

4 (1,1) dynamics in the small momentum limit

We have argued that due to the scaling with the characteristic momentum k,, the processes
involving small number of ph excitations are the most relevant. In this section, we study
in detail the dynamics generated by (1,1) processes solely. As we will show, in the small
momentum limit of collision integral, such restricted dynamics are qualitatively different. In
particular, the restricted dynamics feature non-thermal stationary states.

4.1 Stationary states
We start by reassessing the condition for the stationary state. In the small momentum limit it
is convenient to introduce a center-of-mass coordinates for the rapidities,

1
A’izi(pi-i_hi)s ai:pi_hi) i:1,2: (55)

with a; being small for small k = k;(p;) —k;(h;). We analyze now the condition (40) together
with the momentum-energy conservation laws (36) and (37) taking (n,m) = (1,1). After
expanding in a, the energy-momentum conservation laws give

m(A)=v(Ay),  v(A) =’ (W/K(A), (56)
ay =—kj(A1)/ky(Ax)ay . (57)

On the other hand, expansion of (40) in small a; together with (56) and (57) yield the fol-
lowing condition for the stationary state:

6/1(7%) _ 6/2(12)
Ki(A) k5 (A)°

V1 (A’l) = Vz(lz) . (58)

Eqn. (58) sets the relation between pseudo energies in both tubes in the stationary state. The
relation between velocities allows us to express A, in terms of A,.> Therefore, the equation
involving the pseudo energies has only one variable appearing and for any state €,(A) it can be
used to determine €;(A) (up to a constant value). One may readily check that a state in which
both tubes are in equally boosted thermal states with the same temperature, see eq. (41),
fulfills (58) and therefore is a stationary state in terms of the small momentum limit of the
(1, 1) dynamics. Note however, that in principle there might be other configurations, for which
(58) is satisfied. In the remaining part of the paper, we will show that this is the case and the
(1,1) dynamics in the small momentum limit typically drive the system to such stationary
but non-thermal states. This feature is particular to (1,1) dynamics. The small momentum
expansion of processes involving more ph excitations does not lead to the appearance of non-
thermal stationary states.

2There is however a crucial difference between the two equations - the equation for the conserved charges
has to be fulfilled dynamically at each time t. We will see the consequences of this in the simplest case of (1,1)
processes in Section 5.

3We are assuming here that the effective velocity is a monotonic function in A.
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It is difficult to write down a solution to Eqn. (58) for arbitrary interaction parameters as
this requires, for a given €;(A), solving a non-linear equation for €,(A,). The non-linearity
appears because the functions, k(A,) and v,(2,), depend themselves on €(A,) through the
occupation function, ny(A,). Therefore, instead of constructing the solution, we will verify
that the system, when evolved according to (1,1) dynamics in the small momentum limit, is
described by the pseudo-energies €;(A;) obeying (58). We will also explicitly see that the state
is non-thermal. These results are presented in Section 4.2. But to gain some insight, we will
now study Eqn. (58) in two special cases where the analysis simplifies:

Tonks-Girardeau limit in both tubes

The Tonks-Girardeau limit is particularly simple as the dressings are then absent. From Eqn.
(58) we then find
el(A) =€), (59)

where we used that k’(1) = 1 and v(1) = 24 in the Tonks-Girardeau gas. This implies that
pseudo-energies of both tubes in the stationary states are equal up to the chemical potentials:
€5(A) = €7(A)+const. Such solution obviously allows for a much wider class of configurations
than (41).

Interestingly, this solution is valid also beyond the small momentum limit. This is a pe-
culiarity of the Tonks-Girardeau gas where the conservations laws (36) and (37) at arbitrary
momenta can be solved explicitly and yield p, = h; and h, = p;. The condition (40) for the
stationary state simplifies then to

€1(p) — e2(p) = €1(h) —e5(h), (60)

and has the same solution as in the small momentum limit.

Deformed Tonks-Girardeau gas

Assuming the presence in the two tubes large couplings c¢; and c,, we may analyze (58) by
expanding in 1/c;. Details here are shifted to Appendix D. Summarizing this calculation, we
find that the allowed set of pseudo-energies implying stationarity extends beyond that corre-
sponding to boosted thermal states. Indeed, a stationary state is given by any pair of functions

(€11), €2(2)) satisfying,
2Tll‘

& @M =EEEN < (1+0(1/)), &=1+—, (61)

1

which is a simple modification of the stationarity condition (59) in the Tonks-Girardeau gas.
Here n; is the density of particles in the i-th tube.

4.2 Numerical results

We now numerically solve the Boltzmann equation to demonstrate the main findings of our
work. We study relaxation under dynamics restricted to (1,1) processes. We neglect the pro-
cesses involving more ph pairs effectively considering Eqns. (15) with Q, = le’l). Moreover,
we consider potentials narrow in the momentum space such that le’l) is very well approx-
imated by its low-momentum limit. With this, we may expect both non-thermal stationary
states (58) as the final states of the evolution.

To display the athermal character of the stationary states we will compare them with the
predictions of the standard Gibbs ensemble (GE). The bare pseudoenergies are then

€0,i(A) = Bio + B2A%, (62)
with f3; o, B2 and B, fixed by the initial densities in both tubes and their total energy.
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Figure 1: Rate of change of quasi-momentum distributions as a function of time, with
Bragg-split states as initial states for the dynamics. Panel (a): intermediate regime,
panel (b): strongly interacting regime. In both cases the systems reach the stationary
state, with a different timescale for each tube. Insets: the same plots, but for longer
times and in logarithmic scale.

Table 1: Parameters of the initial states used for the two cases of Bragg-split states
explored in this paper.

case 1 (intermediate interactions) case 2 (strong interactions)

1 Ca Bi | Ba | b1 | w2 | Ao 1 C2 Bi | B2 [ Uo Ao
1.0/40(07]0.7|16|26|20|32.0|128.0|1.7|1.7]|3.22|5.27 | 2.9

4.2.1 Bragg-split states

As initial states, we consider the experimentally relevant Bragg-split thermal distributions [19].
To probe both the intermediate and strong interaction regimes, we perform two computations:
one with ¢; = 1 and ¢, = 4, and one with ¢; = 32, ¢, = 128. Concretely, we consider initial
states of the following form:

iy 1 . .
ini _ - Gibbsy _ Gibbs
i) =3 (PE (A= 20) + PEEr(A+ Ao)) (63)
with the parameters used summarized in Table 1. As the first probe of the relaxation, we
investigate the rate of change of the quasiparticle distributions as a function of time defined
in the following way

J d213.p, (25 0)
[dap,(2;1)
The results are shown at Fig. 1. We observe that the dynamics becomes gradually slower with
time and the system reaches a stationary state. The timescales of these processes are different

in each tube. This is expected, since couplings and densities differ between the tubes.

The final, stationary state reached in the course of (1, 1) dynamics is presented in Fig. 2. We
compare in this figure the final quasiparticle densities p, ;,i = 1,2 to the initial distributions
as well as to the predictions of the GE ensemble. We observe that the final, stationary state still
resembles a Bragg-split distribution and is very far from the thermal GE state that one would
expect from unconstrained dynamics. This is further confirmed as one inspects the Yang-Yang
entropy as a function of time as shown in Fig. 3. The system relaxes to a state with a much
lower entropy in comparison to the prediction computed on the thermal GE state.

Finally, we verify explicitly that the final state fulfills the stationarity condition (58). To do
so, we define a function

ROC(t) = (64)

k(A
H(A) = pp,l(ll)ph,l(A'l)pp,Z(AZ)ph,l()Q) (6/1(11) - %6/2(12)) > (65)
2\ /42
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Figure 2: Initial, final and GE states for the dynamics with Bragg-split states as initial
states. Panels (a) and (b) present distributions for the simulation in the intermediate
regime, whereas in panels (c) and (d) we show the data for the strongly interacting
regime. The final states are far from their respective GE states expected to appear as
the final, thermal states in a full dynamics involving higher processes.

Table 2: Parameters used for the two cases of initial thermal states.

case 1 (intermediate interactions) case 2 (strong interactions)

1 Co Bi | Ba | g U2 C1 Co Bi | Ba | M1 | o
2014010407127 42 |320]128.0[(04|0.7(9.0] 9.6

where A, is given by a solution to v;(A;) = v5(A,) and plot it for several instances of time.
If our stationary state is indeed a solution to the Eqn. (58), we should see function H(A,)
approaching zero at all A for late times. We find that this is the case, see Fig. 4.

4.2.2 Two different thermal states

In the second scenario, to probe dynamics closer to an equilibrium state, we consider initial
configurations corresponding to thermal states in both tubes. Specifically, the tubes are taken
to have the same density n, ; = 1 but different temperatures. The densities of the initial states

read

Ppi(A) = pgo(2), (66)

with the parameters used summarized in Table 2.

Despite the thermal starting point, the evolution for these states leads to final, non-thermal
states that are nonetheless close to thermal states. This is illustrated in Fig. 5 where we com-
pare the distributions p,(A) in the initial and final states and in putative thermal equilibrium
states consistent with the initial states. The lack of thermalization can be also witnessed in the
evolution of the entropy, see Fig. 6. Here we see that the entropy draws close to the equilibrium
thermal entropy but does not quite reach it.

The two kinds of initial states that we have considered show certain universal features of
the dynamics generated by the (1,1) processes for long range interactions. We observe that
these processes are not very efficient in redistributing the particles in the tubes. On a practical
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Figure 3: Yang-Yang entropy as a function of time for the dynamics of Bragg-split
states. Panel (a): simulation in the intermediate regime, panel (b) dynamics in the
strongly interacting regime. The entropy is normalized by the GE prediction for the
final state. It reaches a value significantly smaller than 1, indicating that the dynamics
is strongly constrained.
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Figure 4: Function H(A;) presented as a function of time. Panel (a): intermediate
interactions, panel (b) strong interactions. We see that the function approaches zero
for late times signalling that the state of the system in this limit fulfills (58).

level it results in small changes to the particles distributions with the stationary states very
similar to the initial states. This is true for both Bragg-split and the thermal initial states. On
the other hand, this raises a question on a mechanism behind this restricted dynamics. In the
next section we show that in the case of strong intra-tube interactions this is caused by the
existence of higher conserved charges.

5 Strongly interacting limit

In this section we consider the deformed Tonks-Girardeau gas. This is the strongly interacting
limit of large c; in which we keep corrections up to and including terms of order 1/ ciz. We
will show that in such system there is an infinite family of conserved charges. These charges
follow from solutions of eq. (54) and are linear combination of ultra-local charges (6) present
in uncoupled tubes. Whereas the uncoupled system possesses two infinite families of charges,
coupling the two tubes leads to halving the number of them. This leads to restricted (1,1)
dynamics observed in the previous section.
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Figure 5: Initial, final and GE states for the dynamics with thermal states as initial
states. Panels (a) and (b) present distributions for the simulation in the intermediate
regime, whereas in panels (c) and (d) we show the data for strongly interacting
regime. Final distributions are very close to the predictions of the GE, indicating
that the system has almost thermalized. The small but real differences between the
final and putative thermal distributions are clearly seen in the insets, where we have
plotted the behavior of the distributions near A = 0.

5.1 Conserved charges

We start by analyzing the sufficient condition (54) for an existence of a conserved charge. For
the (1, 1) processes and in the small momentum limit it takes the form

ara®) — Fara(a) _
w((A1) wy(As) ’

where we have used the equality in Eqn. (13) between the two dressing procedures. We see
that Eqn. (67) has exactly the same structure as Eqn. (58). Therefore, all solutions in the
previous section for €, , may be adapted for the case considered here. However there is a
small caveat here that has far reaching consequences.

To illustrate the nature of the problem let us assume that we choose some function f;(A)
and solve for f,(A). Because of the dressing procedures it is reasonable to expect that the re-
sulting function depends on the distributions p,,;(1). However, those evolve in time, whereas
f2(A) should be time-independent. Therefore, one possibility is that f,(A1) depends on the par-
ticles distributions through invariants of the evolution in each tube and the only such invariants
are the total densities n; of the particles.

This scenario is realized for the deformed Tonks-Girardeau gas. As we show in the Ap-
pendix D, Eq. (67) has a time independent solution only up to and including order 1/ cl.z. The
solution takes the form

(67)

v1(A1) =v2(Ay),

ESNf(EA) = ETHFI(ELA). (68)

Beyond that order it is impossible to find a pair of functions (f;(A), fo(A)) such that they are

time independent and fulfil (67). Note that this solution has exactly the same structure as
Eq. (61) for the stationary state of the deformed Tonks-Girardeau gas.
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Figure 6: Yang-Yang entropy as a function of time, for the dynamics with initial ther-
mal states. Panel (a): simulation in the intermediate regime, panel (b) dynamics in
the strongly interacting regime. The entropy is normalized by the prediction of the
GE ensemble for the final state. The final, stationary state is close to a thermal one,
which is reflected in value of normalized entropy that is very close to 1.

From the solution in (68) we can construct a whole family of conserved charges based on
the ultra-local conserved charges (6) present in a single Lieb-Liniger model. This results in the
following conserved charges

Li=lhj+h;, IL;=L fdxfi,j(x)pp,i(x), fii)=7W. (69)

We see that, due to the n; dependent coefficients, the resulting expressions are in principle
non-linear functions of densities p,,;. However, since we are working at fixed density they
are in fact linear. Even quantum mechanically, in a Hilbert space of fixed number of particles,
the corresponding conserved charges would be linear operators. Interestingly, the rescaling of
rapidities is the one found also in the 1/c¢ expansion of ultra-local conserved charges [38].

The special feature of the dynamics of strongly interacting systems can be directly seen in
the collision integral. In Appendix C we show that the collision integral with Tonks-Girardeau
gas in both tubes obeys a symmetry relation

Q5" [Pp1, Pp2 )R = Q6 52, £ I(A). 70

This relation immediately implies that any functional of the form (49) with f; = f, is a con-
served charge. In the deformed case this relation generalizes to

£3Q0 P pp1, 0p21(E12) = —E3Q V02, pp1 1(E22) + O (1/¢3), 71)

and leads to conserved charges of the form (69) as shown in Appendix D.

The integral of motion shown in (69) is conserved only up to 1/c?, see Fig. 7. Furthermore,
as we show in Appendix E, equation (67) has no solutions that would allow us straightfor-
wardly to construct analytically conserved charges beyond that limit. However, the athermal
stationary states do exist for arbitrary values of interaction parameters. This leaves open the
question about the mechanism behind the lack of thermalization beyond the strongly interact-
ing limit.

5.2 Generalized Gibbs ensemble

In the previous section we have observed that (1,1) dynamics in the small momentum limit
and for the deformed Tonks-Girardeau gases is characterized by additional conserved charges
Z;. We address now the problem of the final state reached by the system initialized in some
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Figure 7: We display the first additional conserved charge Z, present for the de-
formed Tonks-Girardeau gas. It is conserved as well as the energies. Evaluating the
same functional but in the system with intermediate interactions reveals that it is not
anymore a conserved quantity. However the amplitude of its change is small, reflect-
ing again the restricted dynamics of the (1, 1) processes. The results shown here are
for the Bragg-split states.

non-equilibrium configuration. One would expect relaxation to a Generalized Gibbs Ensemble
(GGE) consistent with the presence of non-trivial conservation laws. In this section, we con-
struct a GGE for our system and compare it with the properties of stationary state in Eqn. (58)
found from the analysis of the collision integral. The whole construction is a generalization of
Ref. [49,50], where a single LL tube was analyzed.

The partition function of our system can be written as a functional integral over the inverse
occupation [42],

Z= const.JD(p f’l(’l))p(p f’zm)5(Lpp,1(x)—Nl)a(Lpp,Z(A)— Ny)e el (72)

Ppa1(A) Pp,2(A)
where
j>2
= LJ da‘l:/jZAZ(pp,l()L) + Pp,z(l)) + Z ﬁj(fl,j(MPp,l(M + fz,j(A)Pp,z(A))]
j>2
5 fdx[pt,i(x)ln(pt,i(x))—pp,i(A)ln(pp,i(A))—ph,i(x) ln(ph,i(x))]. (73)
i=1,2

In the partition function we have introduced 6-functions that enforce that we are working at
constant particle number in each of the tubes. Here we also see the influence that the system’s
conserved quantities, the energy E and the additional charges, Z;, j = 3,4, - - -, preserved under
the (1,1) dynamics, have on the partition function. The form of f;/, ; is not arbitrary but
assumed to satisfy Eqn. (68). B, is the temperature for the combined system’s energy while
B> are the generalized chemical potentials for the higher order charges. Note that the energy
and 7;., are charges defined involving degrees of freedom for both tubes and so f8;, with
j=2,--+ do not differentiate between the tubes.

To evaluate the partition function in the thermodynamic limit we use the method of steep-
est descents [42]. The conserved charges are nonlinear functionals of p,; and their variation

with respect to p,; has two contributions

5fi,j(H)
6pp,i(A)

Ii,]'
Lic;

51,
L =5l (fi,j(l) +Ai,j) A= J- du ppi(u) =2(2—j) (74)

5pp,k(}')
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Figure 8: The pseudo-energies for the initial, final and GE states for the Bragg-split
dynamics with ¢; =1, ¢, = 4.

In writing this expression we have used eq. (69) for [; ; for which f; ;(1) = & iz—] M.

We introduce now chemical potentials f3; ; as Lagrange multipliers fixing the total densities
of particles in both tubes. Introducing €;(A) = log(py;(1)/p, (1)), the extremum condition
for the generalized free energy is

ei(A) = €;0(1) — J dA'Ty(A—2)log[1+e7™)], (75)
€0(A) = Bio+ D BiAL; +BaA2 + D Bifi (M), (76)
j>2 j
f dApy;=n;, (77)
which should be supplemented with the equation for p ;(1),
pei(A) = % + J dA'T(A—A)ny(A)p, (1), (78)

which connects €;(4) with p,, ;(A). We observe that while formulas (75) and (76) bear struc-
tural similarity to the standard TBA equations, there exists a significant distinction. In a stan-
dard formulation, the TBA equations are explicit, meaning that given a set of the chemical
potentials, they directly yield e(A) from which expectation values of the conserved charges
can be computed. Here, the relation is implicit, because €(A) depends itself on the value of
the conserved charges through A; ;. Nevertheless, the dependence on A; ; enters with a factor
1/c; which allows for a consistent perturbative treatment. For instance, the 1/c; correction to
€(A) comes from the Tonks-Girardeau values of the conserved charges.

The implicit nature of the found GGE is also visible in the expectation values of the charges.
The formulas for the particle number and energy are standard and given by: [49]

L 1 ael(}') L 1 361(70
- E = — dA
o J‘ 1+ efi(l) 3[31-’0 > ( tOt)GGE o igz 1+ eei(l) 3[52 5 (79)

(Ni)goe =

whereas for the other charges,

<Ij>GGE = Z [EJ dk1+eei(l) 3ﬁj

i=1,2

+A; (Ni>GGE] . (80)

The values of generalized chemical potentials in the final state are in principle determined
from the equations (-);,; = (-) g Written for all conserved charges, where by (-);,; we denoted
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Figure 9: Time evolution of the generalized chemical potentials for the Bragg initial
state with ¢; = 32,c, = 128. We plot the ratio f3; j/f3, ; of the potentials in the two
tubes. The system equilibrates to f3; ; = 5 ; j = 2 in agreement with the prediction
of the GGE.

the expectation value in the initial state [ 13]. Unfortunately, solving these non-linear equations
is a very difficult task. However, we can show that GGE states of the form (76) are stationary
states in our dynamics. The proof of this statement is as follows. We note that

eg = (Eg,i)dr,i- (81)

Dressing is a linear operation and therefore we can express €; through the dressed single-
particle eigenvalues, namely

€ = B2(2MW)ari + 0 Bi(f Dani- (82)
J

In the stationary state the pseudo-energies obey relation (58)

() () _ Sp, Ui arn(Aa) U dara(R2))
KA) k() S k() ky(22) ’

(83)

where in the last step we have used the conservation of the j-th conserved charged expressed
in Eqn. (67). The athermal character of the pseudo-energies of the stationary states is shown
in Fig. 8.

Finally, let us make the following observation. For a single tube Lieb-Liniger model there
is a one-to-one relation between the state of the system and chemical potentials (generalized
temperatures). We can now promote this relation to the two-tube case. The state of the system
is then described by pseudo-energies €;(1) characterized by the generalized temperatures f3; ;
which are potentially different for the two tubes, f; ; # B; ;. When the system evolves accord-
ing to the Boltzmann equation this leads to a time dependence of the chemical potentials. The
stationary state can be then understood as equalization of temperatures and higher chemical
potentials, namely lim,_, o, (ﬁl,j(t) — s, j(t)) =0 for j > 2. We demonstrate it in Fig. 9.

6 Summary and conclusion
In this work we have studied the problem of the development of stationary states in a weakly
perturbed integrable model. Our approach relies on a microscopic scattering integral in the

framework of a Boltzmann equation. We applied this approach to the case of two weakly cou-
pled Lieb-Liniger models, with the coupling taking the form of the density-density interactions,
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a scenario relevant for the experiments with ultra-cold atomic gases. We found that for the
long-range intertube interactions the leading processes described by the scattering integral do
not thermalize the system, instead they lead to an athermal stationary state. To further un-
derstand the resulting time evolution we have solved numerically the Boltzmann equation for
two very different initial states: i) the highly non-equilibrium Bragg split states and i) tubes
characterized by thermal states at different temperatures. In both cases we have observed that
time evolution is greatly restricted. The final stationary states resemble the initial states and
do not evolve into thermal states. We also witnessed this arrested dynamics through studying
the entropy production. There we saw that the system’s entropy would evolve to a value lower
than that of a thermal ensemble.

For the deformed Tonks-Girardeau gas we have shown that the restricted dynamics is
caused by extra conserved charges beyond the particle number, momentum and energy. We
have also shown that the athermal stationary state can be then characterized by the general-
ized Gibbs Ensemble. Interestingly, our construction of the conserved charges does not extend
to the full Lieb-Liniger model.

In this work we have focused on revealing the structure of the athermal stationary states.
An interesting question would be to combine the leading (1, 1) with higher processes that do
thermalize the system. This would provide an access to the full time evolution from the initial
state, through the prethermalization plateau, all the way to the final thermal state. Numerical
implementation of this problem requires a substantial effort that we delegate to future work.

Our work leads also to a more fundamental question whether the extra conserved charges
exist at the quantum level, beyond the Boltzmann equation. Whereas their exact conservation
is unlikely, they might correspond to ’slow variables’ and therefore they remain important for
the dynamics at intermediate timescales. This scenario is realized in the spin ladder systems
as revealed recently [51].

Finally, the results for the case where the two tubes are initialized in thermal states at
different temperatures shows that the evolution occurs entirely in the vicinity of thermal states.
In such a situation it might be possible to develop an effective description of the dynamics
which instead of looking at the full distribution of the rapidities would involve only examining
the evolution of the temperatures and perhaps several of the higher chemical potentials. This
would then allow the development of a sort of Newton’s law of cooling for weakly perturbed
integrable systems.
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A Scaling of the collision integral in the small momentum limit

In this appendix we show that an’") ~ k™" with k, the characteristic momentum of the
intertube potential. From the symmetry of Eqn. (29), we can replace sum of delta functions
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by a single one, multiplied by n

Qg"’m)[pp,l,pp,z](l)=(271')2nfdp'fdh'fdpgdh? 52— p1,1) A% (ki (p1, )

x |F1(p1, h1)|2|F2(P2» h2)|2j(n’m)(P1> hy,py,hy)
X 5(’(1(1)1, h;) + ko (pa, hz)) 5(0)1(P1, h))+ wz(Pz,hz)) )

where we recall the definition of 7™

J™M(py,hy, py,hy) = J1(p1,h1) IS (P2, hy) —J7 (hy, pp)J] (hy, po). (A.1)

We express the collision integrals in the center of mass variables, namely,

1
A’i,j = 5(1)1’] +hi,j)) ai’j =pi,j _hi,j . (A2)

We make now the following observations. The form-factors of the density operator, due to
their ph symmetry are even function of a; ; and their leading order is a; ; independent, i.e.,

Fl(Plyhl)=F1(31,11)+O(a?)- (A.3)

The difference of the density factors appearing through the J functions, see (24), is an odd

function upon changing the sign of all a; ;. At the same time, the product of the density

functions evaluated for a particle-hole excitation gives
pp(A—a/2)pp(A+a/2) = py(M)pn(A) (1 + €' (R)a/2+O(a?)) . (A.4)
Therefore we get

J™™(py,hy, pa,hy) = l_[ Pp.1(Ai1)Pn1(A41) l_[ Pp2(Aj2)pn2(A)2)
i=1 j=1

n m
X (Z e’l(ALi)aLi +Z€/2(7tz,i)az,i + O(“ij)) :

i=1 i=1

m

The scattering integral, up to the first two leading orders in @; ;, takes then the following form,

NE
Q™ pp 1, 0p2) (W) = (27)°n f dATdATG(A, A)H(A1, As), (A.5)

where

G(A1,45) = |F1(l1,11)|2|F2(12,12)|2 l_[Pp,1(Ai,1)Ph,1(7Li,1)l_[Pp,z(Aj,z)Ph,z(Aj,z), (A.6)

i=1 j=1

H(A1,2,) = f da?dagﬁz(kl(Pl,h1))5(u - )Ll,l - a1’1/2)5(k1 (p1,hy) + ko (o, hz))

n

X 5(601(P1, h;) + wz(Pz,hz)) (Z 6/1(11,1')0‘1,1' + Z 6/2(12,1‘)0‘2,1') . (A.7)
i=1

i=1
Consider first the simplest case of (1,1) processes. Then we have to perform the following
integral
H(Aq1,Ap) = f daldazAz(kl(Alz a1))6(u—2A; — 0‘1/2)5(’(1(11; aq) + ka(Ag, az))
X 5((1)1(7(,1, al) + 0)2(},2, az) (Ea(kl)al + 6/2(12)(12) . (A8)
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For the momentum energy constraints we find

k(A a) = ak’/(A) + O(a®), w(d, a) =aw' (1) +0(a®). (A.9)
Thus we have
8(ki (A1, a1) + ka(Az, @) = 5(a1k} (A1) + a2ks(25)), (A.10)
and similarly for the energy 6-function. Then we can write

5(’(1(11, aq) +ka(Ag, az)) 5(091(11: aq) + wy(Ay, ‘12)
_ 5(ay + ayki(A1)/k5(A2))
loty k7 (A1)k5(A5)]

6(v1(A1) —v2(A2)), (A.11)
where v(1) = w’(1)/k’(1). We can perform now the integral over a,. The result is

H(Aq,Ap) = J da, Sgn(al)Az(kl(Al’ 1))0(u—A; —a;/2)

N 0(v1(A1) —va(A3)) (6/1(11) _ 6/2()»2))
[k (Ao Ki(A)  ky(A) )

The remaining integral over a; can be now also performed. The result is

5 (vi(A1) —va(A2)) (6/1(11) 6/2(12))
|k (A2)] k(A1) ky(Ro) )
(A.13)
The remaining §-function fixes uniquely A, as a function of A;. Therefore the scattering in-
tegral involves only one integral. The range of the integration over A, is constrained by the
function A(k; (A1, 2(u — A1) which is peaked around A; = u. The structure of the expression
is then

(A.12)

H(Aq,A5) = sgn(u— A4 )Az(kl(kla 2(u—21)))

QS Plpp1.pp2l() = f dAsgn(u— AA2(2(n — A)K (A1) (A1), (A.14)

where in f(A;) we have gathered all the remaining factors. Now we will take advantage of
properties of the interaction potential and use representation (21). We get

2(p— Ak (A1)
k

QU Loy 10 0p21(1) ~ f dA, sgn(u — 24,)@ ( )f(xl). (A15)

r

We assume now that function d(k/k,) is centered around O and symmetric. In the leading
order in k, we can approximate this expression by replacing k’(1;) by k’(u). We then change
the variables to x = 2(u — A,)k’(u)/k,. The result is

k,
2k'(

) K,
Qf)l’l)[Pp,l,Pp,z](.u)N m J dx sgn(x)az(x)f( ) (A.16)

ST
Expanding now in powers of x we find

k,f (1) k2f'(uw)
2k (1) (2k' (1))

The first integral vanishes and the leading contribution comes from the second term which
is proportional to the characteristic momentum k,. The answer involves the derivative of

dx sgn(x)a?(x) +

QLo 1. pp2 1) ~ dx [x|a(x)+ O (k) . (A.17)
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f(u). This function involves all the density factors and form-factors. Its derivative is thus
quite complicated and not very practical for numerical computations. We also note that the
subleading corrections are of order kf and not kf which is important for the hierarchy of
processes contributing to the Boltzmann equation as discussed in the main text.

We generalize now the analysis to the (n, m) case. We start by considering H(4;, A,) and
use the energy-momentum constraints to solve for a,, , and A, , and the third 6-function to
fix A1 1 = u—a; 1/2. To this end we introduce the following notation

n m—1
k=D ki (A) + D aiaky(Ai,), (A.18)
i=1 i=1
n m—1
w = Z ai’l(«l)/l(li,l) + Z ai,z(«l)/z(li,z), (A19)
i=1 i=1
n m—1
F=> a6 () + D aia€h(Ais), (A.20)
i=1 i=1

and 7 = &/k. Then

5(am,2 - dm,2)5(V2(Am,2) - 17)
k' (Am,2) k|

5(k1(131’h1) + ko (P2 hz))5(0)1(P1s h;) + w,(pa, hz)) =

B

- (A.21)
with @, » = k/kj(A,,2). This gives

6(vo(A12)— V) (f_ B €5(A12)
k'(A12) k  ky(Aq2)

We now introduce new variables x; ; k (A;;)/k, for all i, j except for i = j = 1 where we
write instead x; ; = aq 1k'(1))/k,. We now find for H(A, 4,),

ntm— 6(vo(A12)— V) ™ é  €5(Am2)
it 2= HRES xS (S ) (£ 252

(A.23)

H(Aq,Ay) = f daidal 'A% (ky(py, hy)) )sgn(ic). (A.22)

In writing the argument of @ we have neglected contributions of order x% , as they do not
contribute to the integral in the first two leading orders. The ratio é/k is the following

le] ](Al])/kl(kl])-i_xl 161(M Ay, 1/2)/](/(,“1))
DX+ xp 1k (u—aq1/2)/k; () ’

with a; ; = k,x7 1/kj(u). Thus, at the leading order in k, it is k, independent and invariant
under simultaneous change of sign of all the x; ;. As a result, the integral over all the x; ;’s
vanishes. The leading contribution comes then from including the correction due to a ;.
Therefore, the whole contribution to the scattering integral is of the order k’*™ as stated in
the main text.

(A.24)

W"I [oY]

B Absence of non-thermal stationary states beyond the small mo-
mentum limit

In the main body of the text we demonstrated that if the dynamics of the two tubes of gas
are controlled by (1, 1) processes in the small momentum limit, a prethermalization plateau
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is arrived at that is characterized by a set of non-trivial conservation laws. In this appendix,
we argue that this is in general a special case, that if we consider (1, 1) processes outside a
small momentum approximation, thermalization occurs. We note up front that there are two
exceptions to this general rule:

* The Tonks-Girardeau (TG) limit. The thermalization that occurs due to the higher mo-
mentum (1, 1) processes happens because of non-linearities in the dispersion relation
induced by interactions. But at ¢ = oo these interactions are absent and the argument
for a non-trivial prethermalization plateau continues to hold even if higher momentum
processes are accounted for. Moreover we can conclude that TG gases do not thermalize
at all as higher-order ph processes are absent. Though we have broken the integrabil-
ity at the level of a single tube, new exact integrals of motion have appeared for the
two-tube case.

* The two gases are identical. In this case the (1, 1) processes induces no dynamics what-
soever and the gas does not evolve. Thermalization however will still happen on account
of higher order (n, m) processes.

We will comment on these two special cases further.
So let us turn to (1, 1) processes at arbitrary momentum. The condition for the stationary

state, le’l) = 0, translates to demanding that

€1(p1) — €1(hy) + €2(p2) —€3(hy) =0, (B.1)

for all pq, hy, pa, hy fulfilling the momentum-energy constraints

ki(p1) —k1(hq) + ky(pa) —ko(hy) =0,

w1(p1) — wi(h) + wa(p2) — wy(hy) =0. (B-2)

Here functions k;(A) and w;(A) are determined from the €;(A) through the TBA equations.
We start by analyzing the structure of Eqns. (B.1) and (B.2).

The constraints (B.2) can be solved for p; and h;. We assume that the solution is unique
and takes the form p; = f(py,hy) and h; = g(p,y,h,) for two functions f and g. Because
of the symmetry of the constraints upon replacing particles with holes the two functions are
not independent and we have g(p,,hy) = f(hy,p,). Therefore, a generic solution to the
constraints can be written as

p1=f(pa,hy), hy=f(hy,ps). (B.3)
We define now a function F(p,, h,),
F(pa,hy) = €1(f (pa, hy)) — €1(f (ha, p2)).- (B.4)
The condition (B.1) for the stationary state in these terms is simply
F(p2,hy) = €5(p2) — €2(hy). (B.5)

To obtain a general solution here we assume that f(p,, h,) is independent of one of its vari-
ables, which we choose to be p,. This simplifies the structure of F to

F(pa,hy) = €1(f (hy)) —e1(f (p2)). (B.6)

The equation for the stationary states separates now in two parts depending only on p, and
h, respectively. This leads to two independent equations of the same form which fixes the
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relation between €; and €, up to an additive constant which is just a difference of chemical
potentials. The result is

€1(f(A) = ea(A) + g — gy (B.7)

The function f(A) by construction satisfies
k1(f (p2)) — k1 (f (hy)) + ka(py) — ko(hy) =0, (B.8)
w1(f (p2)) — w1 (f (hy)) + wa(pa) — wy(hy) = 0. (B.9)

Assuming the monotonicity of the dressed momenta k;, it is straightforward to solve the first
equation for f. The result is f = kl_1 o k,. The second equation provides now a constraint
between the functions k; and w; themselves. It reads

wyoky' = w0k, (B.10)
Putting it all together we find the following set of equations

€10k M (p)— g = €2(p) o ky () — iz, A1)
w1 0kT(p) = wy 0k (p). '

This is a sought after rewriting of equations (B.1) and (B.2). For a given function €,, the TBA
equations determine k, and w,. Thus the right hand sides of the above two equations are
known. The equations then have to be solved for €; such that TBA integral equations defining
k, and w; in terms of €, are self-consistent.

We show now three special cases where we can solve the above:

* Thermal states: For a thermal state in the second tube, €,(A) = Uy + fw4(A), we have a
chain of following transformations

€10k M (p)—u = €30k, (p)— iy (B.12)
=Bwyok, (p) (B.13)
=Pw;o kl_l(p). (B.14)

Therefore the solution is €;(A) = u; + B w;(A) and we know that this choice is consistent
with the TBA integrals defining w; and k.

* Identical gases in identical states: If the two tubes of gas are identical in all respects,
then any choice of €; = €, (both thermal and athermal) satisfies the above conditions.
Because k; = k, and w; = w,, any scattering process must have p; = h, and p, = h;.
By symmetry under exchange of particles and holes, Q! vanishes identically and at this
order, the gas does not evolve from its initial state.

* Tonks-Girardeau gas: When both tubes are in the strongly interacting limit, ¢c; = oo, then
there is no dressing and the second equality in (B.11) is trivially fulfilled. At the same
time the first equations simplifies to €;(A) — u; = €5(A) — uy. Therefore the stationary
state is given by the pseudo-energies equal up to the chemical potentials which can be
different in both tubes.

We cannot prove that other solutions are impossible, but we were unable to find additional
possibilities. Therefore we expect that in general the higher momentum contributions to the
(1,1) processes lead to the thermalization of the system.
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Further support of this contention is provided by considering an expansion of the stationary
state condition in the momentum transferred between the states. To this end we expand
egs. (B.1) and (B.2) in a; = p; —h;. At leading order we obtain the following constraint:

vi(Aq) = Vz(lz)

/ ) (B.15)
€M) = (Al) €)(A3),

where A; = %(pi + h;). We already know that these constraints admit solutions that are ather-
mal. This was our main result in the main body of the text. At next order in «;, (’)(a?), we
obtain additional constraints that need to be satisfied for stationarity:

) = ( ko k;"(xz))‘l ( () KW w’”(xz))
k(P kG ) k() k(e K'Ga) ) .16
)= (k;”ml)_k;umk,,,w) e Y
AT AV T A AP

It seems unlikely that both constraints (B.15) and (B.16) can be satisfied simultaneously,
beyond the specialized circumstances discussed above. A similar line of reasoning may be
straightforwardly extended to processes involving more ph pairs.

C Tonks-Girardeau gas

In this Appendix we study in details the Boltzmann equation for the Tonks-Girardeau gas,
¢ — oo. In this limit the (1,1) processes are the only processes because the form-factors
with larger number of particle-hole pairs vanish. Also in this limit the dressings are absent
what significantly reduces the complexity of the problem and allows us to write the scattering
integral in a simple form.

We start with (29) adopted to (1,1) processes. Using that in the Tonks-Girardeau (TG) gas
the form-factors of single particle-hole excitations are identically 1 we obtain

Q(l’l)[lz](l) = (2”)2f dpidhydp,dh, 5(1_P1)A2(k1(P1:h1))

X 5(k1(P1:h1) + kz(Pz,hz)) 5(0)1(1’17 hy) + ‘Uz(Pz,hz))
x (J1(p1,h1)J2(p2, hy) —J1(hy, p1)J2(hy, o)), (C.1

In this and next Appendix we shorten the notation from Q-1)[ Pp,1,Pp2] tO Q®-D[12]. The mo-
mentum and energy in TG gas are given by k(1) = A and w(A) = A° respectively. This allows
us to solve the kinematic constraint k(p;,h;)+k(pa, hy) = 0 and w(p;,hy)+ w(ps, hy) =0. In
terms of the center-of-mass rapidities A; = (p; + h;)/2 and a; = p; —h; we find

o(ay +ay)6(A1 —A,) _

8(k(p1,h1) +k(pa, h2))6(w(py, h1) + w(pa, hy)) = oo

(C.2)

The Jacobian of transformation from (p;,h;) to (1;,a;) is 1 and the collision integral, after
evaluating integrals over A, and a, with the help of the Dirac §-functions, becomes

A(a,)

2lay| (J1(p1, M1 )2(p2, ho)—J1(hy, p1)Jo(hy, P2)) -
ay

(C.3)

Q\"Pr121(n) = (2m)? f dA da; 5(A—py)——>
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Evaluating now the integral over A, and dropping the index of a; gives

A(a)
2|al
(C4
This is the final expression for the collision integral in the TG gas. It shows that the dynamics
is driven by the difference in particles distributions with the rate controlled by the coupling
potential.
The collision integral Q(bV[21](A) for the second tube comes from exchanging the indices
1 and 2 and QV[21](1) = —Q-D[12](A). This implies that the following combination

QV[12](1) = (27)? f da(J;(A, A —a)Jo(A—a, A) —J; (A + a, A)J5 (A, A + @)

J da (Pp,1(7t) + Pp,z(l))f(k) , (C.5)

is a conserved charge for any f(A) such that the integral exists.
We can also find the stationary state. From Eqn. (C.3) the condition is

Jl(l,l— a)Jz(A— a, )L) —Jl(l— a, A)Jz(k,k_ a) = 0, (C6)

which gives €1(A) = e5(A) + const in agreement with Eqn. (59) from the main text.

In the limit of small momentum transfer between the tubes, the collision integral can be
further evaluated by expanding the integrand in a. The density factors have the following
small a expansion

T+ a,A) = p, :(Mpni(A) (1 + p’/“'ma + 1Ph (M) az) (C.7)
' ’ ! ! Pri(A) 2 ppi(A) ’

T A+a) = p,  (Mpni(A) (1 + p;”i(l)a 1£pi(M) az) : (C.8)
o P! ! pp,i(k) 2 pp,i(k)

After substituting these expansions, we find that the leading term vanishes identically under
the integral while the term linear in a vanishes after integrating over a (A(a) is an even
function). Therefore, the leading contribution comes from order a? and is given by

AZ
Qi [12)(1) = (2 ( [ pp,iu)ph,i(x)) Gra(0) J W) e
i=1,2
with
. m_p;il(l)_p;’,l(x)_p;’,z(x)+p,’;2(x) , PP, (D) P (W (M)
PTG IR o) ppa) T pra®) T\ ppapna(A)  priMppa) )

(C.10)

We can now extract the k, dependence of the collision integral. We write A(a) = d(a/k,)
according to Eqn. (21) and change the integration variable to find that le’l)[12](l) ~ kf in

agreement with the general result presented in Appendix A.

D Deformed Tonks-Girardeau gas

In this Appendix we consider the deformed Tonks-Girardeau, the ¢ — oo limit in which we
keep terms 1/c up to and including order 1/c2. In practice, we will keep also terms of higher

orders. This will be useful for Appendix E to illustrate a qualitative difference between the
deformed Tonks-Girardeau gas and systems with weaker interactions.

29


https://scipost.org
https://scipost.org/SciPostPhys.17.1.007

SCIl SciPost Phys. 17, 007 (2024)

TBA for the deformed Tonks-Girardeau gas

We start with the relation between the filling function n(6) and the particles’ density p,(4).
First, we use the defining relation (2) between p,(4) and p(1),

pe(A) = 2i + J duT(A—w)pp(u). (D.1)
T

The kernel T(A — u), defined in Eqn. (3), in the large ¢ limit expands to

T(A—u) = %(1—(%)2+(ﬂﬂ)4)+0(1/c7). (D.2)

Substituting this expansion in Eqn. (D.1) and integrating term by term gives
1 2n 2 2
p)=5- (1 t—-5 (A*n+e)+ = (A*n+6A%+q,)+0 (1/c7)) , (D.3)
where we defined
4= J dup'pp(u), (D.4)

with n = gy and e = q,. The filling function then follows

_pp(A)
B p:(A) B

Consider now the back-flow function. It obeys the following equation (we reproduce here
Eqn. (10))

2 2. 5 4.3
() 2n 4L+2(n7t +e 4n)+0(1/c4)).

anp(k)(l—?+ 2 = (D.5)

F(Alp) = 9(’12—;“) + f AV T(A—A)n(A)FV ), (D.6)

and in the large c expansion can be solved iteratively. This procedure yields

_ _ 3
e AT Pl L Gt ) fcwn(/v)(H%fdk’n(x’))+o(1/c4). D.7)

IC 3mcd (7c)?

The integrals over the filling function can be evaluated. We will need only the first two leading
corrections

9 2
JdAn(A)zZnn(l—TH—k%)+(’)(1/c3) . (D.8)
With this expression the back-flow function simplifies to

A—p  2np  (A-p)’
TC mc2 3mcs

F(Au) = +0(1/c*). (D.9)

With the knowledge of the back-flow function we can now compute the Dressed momen-
tum and energy. We recall the formulas (9a) and (9b) from which we obtain

2
k(A):A(H2—“)—%(@+e)+0(1/c4), (D.10)
c c 3
w(A) = A2 (1+g)+con5t+(’)(1/c4) . (D.11)
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The final ingredient of the TBA that we need is the dressing operation. This is defined in
Eqgn. (12). Expanding again the kernel produces

_ 2 _ 4
fa) = F) + = f du(l—(u) +(7‘—“) +...)n(mfdr(u), (0.12)
TTC C C

which is solved by

B 1 [dun(f(w) 1 ) ;
fdr(k)_f(m_'_El—%fd,un(,u)_mjd'u(k_'u) n(uw)f(w)+0(1/c*). (D.13)

Expressing now the filling function n(1) by p,(A) using Eqn (D.5), we find the final formula

fa)=fF) + % J dup,(w)f (1) — C% J du(A —p)p,(w)f (W) +0(1/c*) . (D.14)

This result implies the following expansions for k' = (1)4, and w’ = (21)4;,

K'(A) = 1+2C—n—C%(7LG+e)+(9(1/c4), (D.15)
w’(x)zzx(1+4—§+o(1/c4)), (D.16)
C

which are in agreement with (D.10) and (D.11). The effective velocity then follows

w’'(A) 2n  4n%?  2nA% 4 6e—8nd 4
v(A) = (A —21(1—74-6—24- 3 +O(1/C ) . (D.17)

Here, we summarize the formulas for the deformed Tonks-Girardeau gas which will be
important in the computation of the collision integral. For the deformed Tonks-Girardeau gas
(neglecting contributions of order 1/c® and higher) we find

k(A) = Ekrg(A), (D.18)
w(A) = wrg(A) + const, (D.19)
where we defined
2n
F=14+2", (D.20)
c
We also note that the back-flow function of the deformed Tonks-Girardeau gas has a simple
form N
F(Alw) = ;_f“ +0(1/c%). (D.21)

Collision integral

We compute now the collision integral for (1, 1) processes in the deformed Tonks-Girardeau

gas. This means including the corrections of order 1/ cl.z. However, the computations simplify

and their structure is more apparent if we include also contributions of higher orders. Specif-

ically, we will often write <§i_1 and not expand it. This results in expressions that formally

contain contributions of higher orders but are correct only up to and including orders 1/ ciz.
We define the rescaled center-of-mass coordinates

pi =&iA +a;/(28;), hi =&iA;—a;/(2&;). (D.22)
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The Jacobian of transformation from (p;,h;) to (;, ;) is 1. We express now the kinematic
constraint appearing in the collision integral in terms of these new coordinates. To this end,
we use (D.18) and (D.19) to find

o(a; +ay)6(A—Ay)
2|a| .

5(k1 (p1,h1) + ky(pa, hz)) 5(0)1(P1: hy) + w4 (P2, hz)) = (D.23)

We will use this expression in the formula for le’l)[12]()\) which for the convenience we
repeat here

QI[12](A) = (27)? J dpidhydpydhy (A —Pl)AZ(kﬂPl,h1))|F(P1sh1)|2|F(Pz,h2)|2

X 5(k1(P1, hy) + ky(po, hz)) 5(0)1(P1, h1) + wy(pa, hz))
x (J1(p1,h1)J2(p2, hy) —J1(hy, p1)J2(hs, p2)) . (D.24)

Changing the integration variables from (p;, h;) to (4;, ;) and performing the integrals over
A5 and a,, with the help of the §-functions from the kinematic constraints, sets A, = A; and
a, = —a;. The result is

A1)
Q%l’l)[12](7t) = (2n)? f dAda;6(A —Pl)mW(Pb h1)I|F (py, hy)I?
1
X (J1(p1,h1)2(p2s hy) — J1(hy, p1)J2(hy, p2)) + O (1/C?) , (D.25)
with
p1=&1 M+ /(281), hi =84 —a;/(28y),
P2=8A1—a1/(283),  hy=8&A1 +a;/(28,).
The analysis simplifies if we evaluate the collision integral at £;A instead of A. We resolve
then the remaining Dirac &-function with the result

2(a)

QY V1215, 1) = (2m)E; f do— P @y BOPIF (o2, o)l

X (J1(p1,h1)2(p2s hy) — J1(hy, p1)J2(hy, p2)) + O (1/C?) )

(D.26)

(D.27)
where
p1=2¢&14, hy =& A—a/éy,
e[S, %) @ _ S1_%2) @ (D.28)
p2=2E&24 (€2+§1)2§1, h, 521+(€2 51)251,

This is the final formula for the collision integral in the deformed Tonks-Girardeau gas valid
at any momentum transfer between the tubes.

We can compute now the approximated collision integral valid at small momenta trans-
fer between the tubes by expanding the integrand in small a. The computations are sim-
ilar to the ones in the Tonks-Girardeau gas. The extra ingredient is the form factor which
we first approximate in the small momentum limit by F(p,h) = k’(1) + O(a?) and then use
K(ADN)=&+0 (1 / c3). Thus, the only effect of the form-factor is in rescaling of le’l)[lz](k)
by factor & %E % The final answer is

(11) _ 212 |alA?(a) 3
QS 11215, = @2 82 | [ | ppiEiMpni(Eid) |Gra(814) | da———+0(1/c}),

i=1,2 4
(D.29)
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with

PoaE1h)  Pii(E1A)  ppal&ad)  piy(Eah)
Pp,l(glk) Pn1(&11) pp,Z(‘EZA') Pr2(E2)
N ( 8,86 ) (p;,l(m)pz,z(izx) pg,l(alx)p;,z(ézx)>

G1,2(§17L) =

£ &1\ pp1(Ei)Pra(EaA)  pra(E1A)ppa(E0R)

£ 5\ (PGNP ,(ER)  p (&1 0P ,(E50)
- — = — . D.30
¥ (52 2 ) (pp,l(glx)pp,z(szz) P E AP a(Ea) (b-30)
We observe the symmetry G, 5(£;4) = —G51(E,A), which implies that
£3QI 12185, = —£3Q8"V[211(E,0) + O (1/¢P) - (D.31)

In the deformed Tonks-Girardeau gas to compute the collision integral we need to include
the effect of the Dressing. The Dressing of the collision integral is given by the action of the
operator, see Eqn. (17),

Fi(A, 1) = 6(A —u) + 0, (n;(A)F; (A ). (D.32)
In the deformed Tonks-Girardeau gas it becomes
B0 = 60— ) + —5,0n )~ L3, +0(1/).  033)
The dressed scattering integral is then
QP[12](1) = (F - Qo)(W) = @GV [12](M) + Q" [121(W) + 0 (1/¢Y) , (D.34)

with

Q{112](2) = =&,y (1) f duQE}’”[lz](u)—alpp,l(x)f f dupQyV[12](1).

(D.35)
The first integral is O which reflects the conservation of the total particle number, see Eqn. (42).

Conserved charges

Consider now a candidate for an integral of motion,

I= f dA (FLMPp (M) + £,(M)p, (1)) (D.36)

with f;(1) an even function, otherwise the integral is identically zero. The time evolution of
7 has two contributions. The contribution from the bare collision integral Q is

idirect=Jdl(f1(l)Qo[12](7t)+fz(7L)Qo[21](l))- (D.37)

We change the integration variable to A = £;A in the contribution from the first tube and to
A = &, A in the contribution from the second tube. We obtain

Ldirect = f da (glfl(gli)QO[lz](gli) + ngz(gzi)Qo[zl](gzi)) . (D.38)
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Using the symmetry (D.31) of the collision integral we find the following condition for J, = 0,

ELP1(E12) = E5%f2(E2A). (D.39)

This implies that for arbitrary n > 2

fiy)y=g7m2n, (D.40)

gives a quantity that does not evolve under the bare collision integral.
The second contribution to Q comes from the indirect collision integral Q,[12],

Trndiveat = J da (f{(x)pp,m% J du pQo[12)(n) +f2’(x)pp,2(x)é J du qu[Zl](u)) .

(D.41)
This contribution vanishes because p,;(1) are even function whereas f/(A) is odd.

Stationary state

We consider now the equation for the stationary state. It takes the universal form, valid for
any value of the interaction parameters,

6/1(31) _ 6/2(12) _
60/1()\1) 60/2()\2)

0 B Vi (Al) = Vz(ﬂ.z) . (D42)

We start by solving v;(A;) = v5(A,).
We use the large ¢ expansion of the effective velocity given in (D.17). This results in the
following equation

=82, (D.43)
We can now solve for €5(2,). The result is
wh(As)
el(A)=¢€ ) —2=L —rTlE e 1A,), D.44
5(A2) = €1(&1&, 2)60/1(5155112) &1 &261(81857 ) ( )

where in the second step we used that w’(1) = 22 in the deformed Tonks-Girardeau gas. The
resulting equation can be presented in a more symmetric way as

S ACTYIESSRAIVIN (D.45)

E Stationary states and the possibility of conserved charges be-
yond the deformed Tonks-Girardeau gas

In this Appendix we construct solutions to the stationary state equation in the 1/c expansion
that go beyond the deformed Tonks-Girardeau limit by including corrections of order O (1 / cg).

We, similarly, attempt the construction of the conserved charges to order (9(1 /cg). Here,
however, we show that it is not possible in our framework to find solutions to this order.

Stationary state

We start with the stationary state equation. We use the large ¢ expansion of the effective
velocity given in (D.17). This results in the following equation

ETAM(1+3A1 +BiA2) = &5, (14 34, + ByA2) (E.1)
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where
2e; 2n;
AF%, B; = Z (E.2)
c; ;
Its perturbative solution is
A= %AZ (143 —A)+A4(B,—B))+0(1/c}). (E.3)
2
We can now solve for 6'2(12). The result is
w/(kz)
€h(Ay) = € (A (Ap))———— . (E.4)
2T IR 0l (4 (M)
The ratio of the energies, using Eqn. (D.16), becomes
/
wy(A2) P 2
—=——— =22(1+A; —A,+(B;—By)A3) . (E.5)
@} (A1(22)) g, (1A=t (B =B)h)
We find
€ (51 ) (61 € (nl nz)
e(Ag) = 22/ | 22y |42 = — =+ = ——= |22 |(€/(Ay) — Ape” (A
2( 2) 51 1 52 2 C% Cg C% C:23 2 ( 1( 2) 2 1( 2))
—4(E_2 )0
3 3 261( 2)5 (E6)
G &

where we kept the ratio &;/&, to simplify the formula. This expression for €5(A,) has to
be complemented with expressions for n, and e,. Together with a chemical potential of the
second tube (which is a free parameter) they form a closed system that has to be solved.

Conserved charges

We turn now our attention to conserved charges. As discussed in the main text, the relevant
equation is

(fll)dr,l(kl) (le)dr,z(kz)_ B
o) o) v1(A1) = v2(A2). (E.7)

This equation has the same structure as the stationary state equation. Therefore, we can
immediately write down the solution

FDars(a) = Z2(F ar (éaz) +2 (e—; ~2, (”—; - %)Aé) (F/(A2) = Aaf! ()

&1 &2 1 G 1 G

—4(%—%) Aof]' () +0O(1/cH). (E.8)
Note that in writing the terms of order 1/ cf we have neglected the dressing as its effect for
those terms is of order 1/ cf. Unlike for the stationary state, this equation has to be fulfilled
at every time. However while the state of the system evolves so do the densities p,,;(4) and
hence the dressings change. Therefore, it is not clear whether we can find time-independent
functions f;(A) such that this equation holds. To verify this as a first step we rewrite it in terms
of the bare quantities. To simplify the considerations we assume that f;(A) is an even function.
Then, according to Eqn. (D.14),

4712
¢t

(fDarn) = fF{A) +

+0(1/c3), (f>i=Jdupp,i(u)uf(u). (E.9)
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We note that the inverse operation is simply

4((f1/)ir,1>1)\ L0

1

[ = (a1 (W) — 1/c3). (E.10)

We can now express (f, )4, » in terms of bare f;. The result is

425 (f]
Sa)+ Yalhh —4(%—%)Azf{’(xz)

1 G G
eo( 8- 2 (M-8 () - 1Al ). E1D)

G G 1 2

, »
Do) = g—jfl(

We observe that (f,)q, o is an odd function of A,. Finally we need to undress it to find bare f,.
To achieve this we use the inverse operation (E.10)

fl) = g—jf{ (%AZ) 142, (U;% _Y 13>2) —4(% - j—j)xzf{’uz)

1 Gy 1 2

+2(e—;—e—§+(”—;—“—§) A%)(fl’(kz)—}tzfl”(kz)). (E.12)
G & 1 G

We can check whether this formula works for the total energy, which is always a conserved
charge. Choosing f;(1) = A? we observe that the second line vanishes. In the same time
(f{)1 = 2e; and (f]), = 2e,. This makes the second and the third term of the first line cancel
out. We correctly find f,(1,) = 22,.

For this equation to determine a conserved charge, the right hand side must be independent
of time when p,,; evolves according to the Boltzmann equation. The densities n; are conserved
and therefore the time dependence enters only at order 1/ cf through e; and (f;);. The time
dependent part is

42, ( <f13>1 - <f13>2) +2 (% B %) (f{(A2) = 32,£' () - (E.13)

1 ) 1 2

It is a function of A, and t. The time dependence enters through the averages (-); and through
the e; which are not conserved individually (only the total energy e; + e, is conserved). For
this combination to vanish there are two options. First, f;(1) are constant functions - this
corresponds to the total density which indeed is conserved. Second, f](1,)—32,f;"(A,) must
be a linear function of A,. This leads us again to the total energy. There are no other solutions
and we conclude that beyond order 1/ c¢? it is not possible to find solutions to (E.7).
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