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Abstract We study long-time dynamics of a bosonic system after suddenly switching on
repulsive delta-like interactions. As initial states, we consider two experimentally relevant
configurations: a rotating BEC and two counter-propagating BECs with opposite momentum,
both on a ring. In the first case, the rapidity distribution function for the stationary state is
derived analytically and it is given by the distribution obtained for the same quench starting
from a BEC, shifted by the momentum of each boson. In the second case, the rapidity
distribution function is obtained numerically for generic values of repulsive interaction and
initial momentum. The significant differences for the case of large versus small quenches are
discussed.

Keywords Quantum quenches - Lieb-Liniger model - Quantum Newton cradle - Rotating
BEC

1 Introduction

In the last ten years, out-of-equilibrium many-body quantum physics has become a very
active area of research, especially fuelled by the experimental realizations developed in
cold-atomic setups [1-4]. As opposed to usual solid state devices, with ultracold atoms it
is possible to experimentally realize quantum systems in which the effect of decoherence
and dissipation is negligible on long time scales [5—10]. Essentially unitary time evolution
of an initially isolated system can be studied, enough for allowing the observation of the
stationary configuration eventually reached [11-13], if any. This has led to the possibility of
addressing long standing theoretical questions concerning equilibration and thermalisation
in many body quantum systems, the role of integrability and universality and the study of the
time-dependence of correlation functions [14-18].
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One of the most studied out-of-equilibrium protocol is the sudden quantum quench [19-
26]. After having prepared a system in an initial configuration, eigenstate of a pre-quenched
Hamiltonian, from a certain instant of time on it is let evolved isolated from the rest according
to a different Hamiltonian (the post-quenched one). In this kind of settings, the main focus
is the investigation of the properties of the stationary state reached long after the quench. To
make the time evolution non trivial, the initial state should not be chosen as an eigenstate
of the post-quenched Hamiltonian. When considering a thermodynamically large system,
this initial state has a non vanishing overlap with a very large number of eigenstates of the
post-quenched Hamiltonian. If the thermodynamic limit is taken before the long time limit,
a dephazing mechanism takes place: as a consequence, any observable relative to a finite
subsystem will relax to time-independent values, even if the entire system is isolated [13].

While for non integrable systems the stationary distribution is generally given by the ther-
mal Gibbs one [27,28], it has been conjectured that integrable systems relax to a Generalized
Gibbs Ensemble (GGE) [29], obtained imposing the conservation of all local charges through-
out the unitary evolution. For free, or mappable-to-free systems, the conserved charges can
be identified with the momentum occupation numbers and thus the GGE can be explicitly
constructed [30-38], [39,40]. In the case of a truly interacting (yet integrable) model, i.e.
for those having a dressed two-body scattering matrix, the construction of the GGE is more
involved, due to the difficulty in writing the conserved charges in a closed operatorial form
[41-45]. As pointed out in [46], the GGE is hard to construct for the Lieb Liniger model
because the conserved charges are divergent. Moreover, it has been recently pointed out that
a GGE which takes into account only the local conserved charges is not able to capture the
stationary state in some cases [47-50] and one needs to include also the quasi local charges
[51-53].

It has been shown that there is another way of computing expectation values of local quan-
tities at any time after a quench in integrable models, the so-called quench action method
[54]. In particular, it is proved that the long time behaviour of local observables is given
by the expectation value with respect to a single representative state of the (post-quenched)
Hamiltonian. This representative state can be obtained as the result of a variational method,
exact in the thermodynamic limit, which requires the knowledge of the overlap of any eigen-
state of the post-quenched Hamiltonian with the initial state. As a consequence, this method
is potentially very useful for interacting integrable models [49,55-59] because it does not
require having the expression of the conserved charges, differently from the GGE approach.
Nonetheless, the expression for the overlaps is often highly non trivial [60,61] and always
initial state dependent.

In the present paper, by making use of the quench action method, we solve two quench
problems that have recently attracted the attention of both experimentalists and theoreticians
[5,62-71]. We obtain results for the steady-state reached by an initially free bosonic system
after switching on at = 0 repulsive contact interaction (Lieb—Liniger model [72-76]). As
initial states, we consider two experimentally relevant configurations, that are both eigenstates
of the Lieb-Liniger model at zero interaction strength. The first is a rotating BEC and the
second consists of many couples of counter propagating BECs with opposite momentum,
moving on a ring. In this latter case, our calculations represent a close theoretical description
of the cornerstone Quantum Newton’s Cradle [5]. The only differences are that we do not
take into account the presence of the trap [77] and that we actually perform a quench of the
interaction strength ¢, from ¢ = 0 atr = 0to ¢ > 0 at ¢t > 0, while in the actual experiment
the two counter-propagating wavepackets are prepared and let evolved at a fixed value of c.

We note that these also represent physical examples of a quench where the initial state
is an excited state of the pre-quenched Hamiltonian [39,40], depending on the value of the

@ Springer



Stationary State After a Quench... 623

momentum. This is different from the majority of quenches studied in literature, where the
initial state is the ground state of the pre-quenched Hamiltonian.

In the case of the initially rotating BEC, we have found that the global shape of the rapidity
root distribution in the asymptotic state is not affected by the rotation of the BEC and it is just
shifted uniformly with respect to the static BEC case by the momentum of each boson. For
the initially counter propagating BECs, instead, the entire structure of the root distribution is
modified and it is very different in the large and small quench limit.

The paper is organized as follows: in Sects. 2 and 3 we review the main features of
the Lieb-Liniger model and the quench action method while in the remaining sections we
present our original results. In Sect. 4 we present the results for the rapidity distribution
of the asymptotic state after a quench from the initial rotating BEC. In Sect. 5 we obtain
the stationary root distribution after a quench from the colliding BECs and we discuss the
approximate solutions in the case of a large and small quench. In Sect. 6 we draw conclusions.

2 The Model

In this section we review the basics of the Lieb—Liniger model [78,79] and set our conventions,

following [55]. We consider a single component bosonic quantum gas of N particles ina 1D

box of length L with periodic boundary conditions. From ¢ = 0 the system evolves unitarily
according to the Lieb—Liniger Hamiltonian [78] (setting & = 2m = 1)

N 82 N

Hip(e) == — +2c > 8(x —x)). )

izt 0% i<j

The parameter ¢ describes the strength of interaction and we will consider ¢ > 0 in the rest of

the paper, so as to depict repulsion between particles. This is a realistic model for interacting
bosons in quantum degenerate gases with s-wave scattering potential.

The model can be solved by means of the Bethe Ansatz [80]. The solution of (1) can be
found taking into account the symmetry of the bosonic wavefunction under two particles’
exchange and the fact that the N particles are free unless two of them occupy the same
position. Accordingly, we can consider all the possible N! domains defined by the ordered
non-coinciding particles’” positions @(P) : 0 < xp, < xp, < --- < xp, < L, where P is

the permutation of the number set {1, 2, ..., N}. The total wavefunction can be written as
the sum of the wavefunctions in each domain
Y(x) =D OP)Yp ), )
P
where ¥ (x) is the bosonic wavefunction written in first quantization. Due to the Bose statistics
the wavefunction is the same in all domains: {¥p = 1, where 1 = {1, 2, ..., N} indicates
the domain {0 < x; < x3 < --- < xy < L}. For the model (1), ¥1 can be written as a
superposition of N! plane waves
N
i@ = > Sy [, 3)
PeSy j=1
where Sy are all the possible permutations of the set of rapidities A = {A1, A2, ..., An}
among the particles at position x = {x1, x2, ..., xx}. The coefficients S(P) can be found

imposing the order of the particles in domain 1 in the Schro&dinger equation, i.e. (dy;,, —
Oy, — OV (X)|xes = 0, where 01 : xjy1 = xj + 0",Vj =1,...N — 1. A generic (not
normalized) eigenstate of (1) with a given set of rapidities A has the form [55]
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Y(x|A) = (x|A) = Fy Z AP(xM)H irp 2 @
PeSy
with
P = i1 O =) . Ap(xIh) = ﬁ (1 - ’”gn(xf_xk))
\/N! [T5% ket (€2 4 (= 2007 k=1 (kp; = Ap)
5

The norm of the wavefunction is given by the Gaudin determinant [81].
Imposing periodic boundary conditions, the rapidities get quantized and have to satisfy
the Bethe equations [80], a set of N coupled algebraic equations

N
ol 2 aj— A
="t -7 (’C") j=1...N, 6)
k=1

where I = {[}, I, ..., Iy} are the quantum numbers of the rapidities, which label an
eigenstate uniquely and are c-independent, differently from A. The full set of allowed quantum
numbers is the union of the occupied ones I and the unoccupied ones, defined as I,. If N is
odd, I are the integers and Ij, the semi-integers; if N is even the vice-versa.

The solution of the Bethe equations (6) provides an exhaustive knowledge of the spectrum
of the Lieb—Liniger model; for a given set of rapidities A, the total momenta and energy of
the system are obtained as

N N
P=>"%j. E=) )5 (7
j=1 j=1

Higher conserved charges Q,, n € N, are of the form[82,83]

N
Qn=D M. ®)
j=1

As already mentioned in Sect. 1, in our quench protocol we are interested in the thermody-
namic limit of this model (N — oo, L — oo, with N/L fixed). It is useful to introduce the
(particle) root density p(A), i.e. the density distribution function of the rapidities defined by
the particle numbers I in the interval (A, A + AX)

1
P = S0 Tan ©

Accordingly we can define a hole root density pj (1), i.e. a density distribution function of the
rapidities defined by Iy, which are the unoccupied quantum numbers of the allowed set, in the
interval (A, A + A)). Hence the Bethe equations (6) can be rewritten in the thermodynamic
limit as

1 ® du
P+ pn(h) =+ 5 K@ =), (10)
oo 27
where
KO = s (11)
PR
The momentum and energy of the system per unit length (7) thus become
P o E o0
— =/ dirp(h), — =/ dr 22 p (). (12)
L ) L | o
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3 Quench Action Method: Overview

In this section, following [54], we give an overview of the quench action method that we will
use to obtain the results for the steady states. This method provides a way of computing the
expectation value of a local observable at any time during the unitary evolution following
a quench, in a thermodynamically large system. We will show that the long-time behaviour
is given by the expectation value on a single eigenstate of the post-quenched Hamiltonian.
This representative state can be simply computed extremizing a particular functional of the
root density p(A), called quench action.
The aim is to compute the expectation value of a generic local observable O at time ¢

(Y (D101 (1)
(WO (@)

with | (¢)) being the time evolved state with the post-quenched Hamiltonian H from the
initial state [y (0))

(0() (13)

[y (1)) = e H1 1y (0)). (14)

Let us first focus on the numerator of (13); expanding it on the post-quenched eigenbasis
|1) we get
(OI101Y (1) = D e 575220 0|1'), (15)
LI
where S; = —In(I|y¥(0)) and H|I) = 2;|I) . The practical difficulty in evaluating such a
double sum can be overcome by going to the thermodynamic limit. Any sum over a discrete
set of quantum numbers can be transformed into a functional integral over all the microscopic
configurations sharing the same root density p(X), each of which weighted with the Yang-
Yang entropy Syy[p, pn] [84]

lim ;(' )= / Dip. pule® PP ). (16)
The Yang-Yang entropy Syy[p, pr] is defined [84] as
“+00
Syrlp, pnl = L/ dr([p W)+ pn (M) n[p(R)+ pr(X)]—p(A) In p(X) — pp (A) In o (R)),

a7
where the hole density pp (1) is related to the particle density p (1) by the Bethe equations
(10). To extract the leading behaviour of (15) in the thermodynamic limit, it is sufficient
to transform only one of the two sums in its continuum form with eq. (16). In fact, since
O is local, (I|O|I’) is non vanishing only provided that the states |I), |I’) have the same
(macroscopic) root density in the thermodynamic limit. After enforcing (16), (15) becomes

WOI0 1) = / DlpleST ey [e—nmp—ﬂni“ 1L =si=s:
1

; o|l x
4TIt tel 5 | >e_s’_sﬂ’:| , (18)

where the integration and functional dependence on pj, is kept implicit from now on. The
states | /) and | p) can only differ for a small number of microscopic particle-hole excitations.
This yields >, (I| = > (p +el, Qr =~ Q, + dw, and S} + S, >~ 2Re(S,) + 8. Notice
that dw, and §s, are the microscopic differences in energy and overlap between |p + ¢) and
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|p), while S, and 2, are respectively the extensive part of the overlap and energy, in the
thermodynamic limit. Eq. (18) can thus be rewritten as

('(lf([)|0|'l//(t)> — /D[p]eSyy[p]—2R8(Sﬂ) ; |:eit5a)g—6s;‘ <IO + 62|0|;0>

+

e_itéw(,—Bs(l (,0|07|;0 + e>] . (19)

2

This integral can be computed with a saddle point evaluation in the thermodynamic limit,
since Syy[p] and Re(S,) are extensive in the system’s size. The most significant contribution
is given by the saddle point distribution p; that makes the exponent in (19) stationary. Defining
the quench action as

S940p] =2Re(S,) — Syylpl, (20)
ps 18 identified by
55094
J =0. 2D
p

Ps
Let us now focus on the denominator of (13); its leading contribution is given by the same
root density pg of Eq. (21)

WO @) =D e 26D = / D[pleSrrieI-2RelSy], (22)
1

Putting everything together, the expectation value (13) becomes

; it5w,—ss* (0s +€lO0|ps) i (ps|O|ps + e)
lim (O(@)) = E itdwe 5%“7 itswe—dse \PsIY1Ps T €1 1
N—>l oo( @) [e 2 te 2

e

(23)

Eq. (23) means that in the thermodynamic limit (O (¢)) is fully determined by states whose
root density distribution differs only by few microscopic particle-hole excitations from the
saddle point one.

When ¢ — o0 a stationary phase approximation yields the additional condition
§(RQ — R
882 — &) _ 0, (24)
3p

so that (23) becomes
lim lim (O(2)) = {(ps|O|ps)- (25)

t—>00 N—o0

The conclusion is that only one state matters for the stationary behaviour: it is the one fixed
by the stationarity of the quench action (20).

4 Quench from a Rotating BEC to the Lieb-Liniger

In this section we present the first of our original contributions: the solution of the stationary
state reached after a quench from Hr (¢ = 0) to Hyr (¢ > 0) starting from a rotating BEC.
We represent the rotating BEC as a system of N bosons on a ring of circumference L,
each of which with a given value of the momentum k, depicted in Fig. 1.
The state is given by

N
— 1 ikx;
(x|07) = N2 He‘ kxi, (26)
i=1

@ Springer



Stationary State After a Quench... 627

Fig. 1 Schematic description of k
the rotating BEC. All bosons

have the same value of

momentum £ and lie on a ring

where x; is the position of the i-th boson. The rotating BEC is an excited eigenstate of
Hyp(c =0). Att = 0 we suddenly turn on the interaction to an arbitrary positive value and
then let the system evolve unitarily until a steady state is reached.

The first step for obtaining the saddle point root distribution in the stationary state is to
construct the quench action (20). It entails the computation of the overlap between a generic
Bethe state, eigenfunction of the post-quenched Lieb—Liniger Hamiltonian, and the initial
state (see Appendix 1 for the detailed computation). Due to momentum conservation, a
non-vanishing overlap arises only for the Bethe states with rapidities that are symmetrically
distributed around k. The saddle point evaluation (19), on which the quench action is based,
implies that only the extensive part of the overlap S, is relevant for identifying p, in the
thermodynamic limit. As explicitly computed in Appendix 1, it is given by

L [® Y OL Ln/ ¢
S=ew( =y [ aworim (5 —7(ln;+1) @)

Comparing it to the overlap between a Bethe state and a non-rotating BEC [55], i.e. (26) with
k =0, S, has the same expression, with the only difference that the root distribution p (1) is
shifted of k.

Let us now impose %ﬁ[p] ‘ = 0. Given (17), (20) and (27) the p-dependent part of the

Ps
quench action per unit length reads

S%40p] _
£ =

*© A2 (1 A2 i
/ di [p(x+k) In [—2 (7+—2)] - [(p()» + ) +p" O+ k) In(p(r + k)
0 cc\4 ¢

F "+ K) = pOo4K)In p(h+ k) — p" (O + k) In p" (0 +k)]] .

We have to impose the normalization condition fj;o dA p(A) = n; this can be done modi-
fying our functional measure by adding a Lagrange multiplier i [81] in the following way

/ Dlple= 5" 1P l,oo du / Diplexp [—SQA[p] - %“ (n - / T p(x))} :
—100 —0Q (28)
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Imposing that the variation of the quench action under an infinitesimal transformation of the
Bethe roots be vanishing we get

8S941p] p(A +k) A1 A2 K p(A +k)
0= L —p+In (7,0}’()» T k))—i-ln |:C—2 (Z + ?)}_ﬂ*ln (1 + Ok k)) .
(29)
This is an equation for the root density p = p(X, ¢, k, ). In particular, * denotes the
convolution product defined as f * g(k) = ffooo dk’ f (k — k")g(k") and the Bethe equations
have already been imposed at the level of the relation between (Sph (1) and 8p(X). Switching
to dimensionless variables x = % and defining T = ¢*/? and a(x, 7, @) as the ratio of the

particle to hole density

ph,c, k,T)
alx, 7,0) = ————, (30)
pn(k, ¢k, 7)
the saddle point condition (29) can be rewritten as (o = %, y=x4a)
2
In(a(x, u, @)) = In
x—a)? (3 + @ —a)?)
+ S=K(x —y)In(l +a(y, u, a)), (€20)
o0 2T
where IC(x) = ﬁ The connection between a(x, t, @) and the root density is obtained by
applying on the previous equation the operator D; = 59,
1 oo g B , T,
Lo ma, ) = — + - D o — gy 28T ) (32)
4 27 4w J_» 27 1+a(y, t,a)
and comparing it to the Bethe equation written in dimensionless variables
B . 1 oo dy |
px, T, a) + pp(x, T,0) = 5— + 5Py, T )K(x — y), (33)
2w oo 2

where p(x, 7,a) = p(A =cx —k, ¢, k, 7).
Eventually we get that the root density expressed in terms of the rescaled variables,
p(x, 7, &) has the form
Tdra(x, T,a)
dr(l+a(x, 1, )

plx, T, 0) = (34)
In conclusion, finding the saddle point distribution pg; amounts to solving the non-linear
integral equation (31) for the function a(x, t, «) and then plugging it into (34).
A perturbative study of the solution pg can be used as a guideline towards its full analytic
solution. Let us focus on Eq. (31) in the T — 0 limit. As t — 0, for any fixed x > =,
2
T
R
subdominant contribution. Hence the zero-th order for a is

is a negative, divergent quantity, so the convolution integral gives a

2

(x—a)2((x —a)2+1/4)
As it could be argued from the analogy between (27) and the expression of the overlap for

the initial BEC state, (35) coincides with the zero-th order term of the function a for the
initial BEC state [55], upon adding a constant shift of « to the dimensionless variables. We

a(o)(x, T,0) = (35)
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Fig. 2 Plot for the saddle point distribution pg (x, 7, o) represented as a function of x — « for t = 0.1 (blue
curve), T = 1 (violet curve), and t = 10 (brown curve)

have checked that this argument holds also for higher order terms in t, hence the full analytic
solution for a(x) is

2nt
L T,a) = : I 2itr—a) GO L2 (o) AVT). (36
a(x, 7, o) Py wr— o) (VD 1321 (x—a) (44/T) (36)
Eq. (36) is the main result of this section. After applying (34), the saddle point distribution
is derived, yielding

ps(x, T, 0) = pPFC(x —a, ). (37)

Being its exact expression mathematically involved, we prefer showing the plots in Fig. 2 for
the saddle point distribution as a function of x — «, for several values of 7. As we can see
from (36), o only acts as a reshift of the centre of the function a; the same happens for the
distribution py.

The parameter T can be related to the dimensionless interaction constant of the Lieb—
Liniger, namely y [85-88]. Defined as the ratio of the interaction strength ¢ and the particle
density n = N/L, y is the key-parameter of the Lieb—Liniger model, in terms of which all
the physical properties of the system can be described (at zero temperature). Thanks to (9),
it is related to the root distribution by

c 1
y(tva) = -

no f_oooo dxps(x, T, 0) (38)

Integrating numerically (38) for several fixed values of 7, we find that for the specific case
of the rotating BEC ypEc is independent of « and is related to t as follows

1
vBec(T) = pt 39

We would like to highlight that, in this quench protocol from ¢ = 0 to ¢ finite, y is also
directly a measure of the quench amplitude. We have a small quench for y <« 1 [89-91], an
intermediate quench for y >~ 1 and a large quench for y > 1 [86,92-94].

In conclusion we have found that the shape of the root distribution in the stationary state
does not change if the initial state, evolved with the Lieb—Liniger, is a non-rotating or rotating
BEC. The rotating BEC can be thought of as a state with a steady current, given by the bosons
all moving in the same direction with the same value of the momentum. The effect of this
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Fig. 3 Schematic representation —k k
of the initial state. Each of the N

bosons on the ring is in a

superposition of states of with

definite momentum £k

current is only that of shifting uniformly the whole distribution of the value k. We can a
posteriori understand it noticing that the problem still remains translationally invariant, for
any value of k, and the current does not introduce any additional effect since the interactions
between the particles are point-like. As we will see in the next section, the same conclusion
does not hold if the bosons have different values of the momentum.

5 Quench from a State with Oppositely Moving BECs to the Lieb-Liniger

In this section we will present the solution of the saddle point distribution for the same quench
of the interaction strength from Hyy (c = 0) to Hy (¢ > 0) on an initial state given by two
colliding BECs.

The initial configuration is a product state in which each of the N bosons is in a superpo-
sition of right and left moving plane wave states with a definite value of the momentum (see
Fig. 3), ie.

- 1 - H (eth, + e—thl)

x[07), = W(XIO_’), , (40)

i=1

with the k-dependent normalization factor f(k) = ./ % ensuring that (x|07), is
normalized to 1. Using periodic boundary conditions on the initial state, we have that k =
2mn/L, hence the normalization constant f (k) reduces to 1.

To obtain the saddle point root distribution, we follow the same path outlined in the
previous section. It can be shown (see Appendix 2) that, in the thermodynamic limit, the
leading contribution to the overlap between this initial state and a Bethe state is given by
parity invariant Bethe states. The extensive part of the overlap is (see Appendix 2 for the
detailed computation)

00 2 2
Sp=exp[—[2‘/0 dm(x)m[(k_azi) (;+;)}—L2"(1+1n;)]. (41)

We note that, irrespectively of the boundary conditions used, the normalization factor f (k)
of the initial state can be dropped in S, because it does not contribute to the saddle point
distribution, being p-independent.
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Fig. 4 Plots for ps(x, 7, o) as a function of x forae = 1 and 7 = 0.1 (a), t = 1 (b) and 7 = 100 (c). a is
the representative case for the large quench regime (y >> 1), b for the intermediate quench (y =~ 1) and ¢ for
the small quench regime (y < 1). Points represent the numerical solution, the continuous line represents the

approximate solution

Using (17), (20) and (41) to construct the quench action, extremizing it with respect to
o (1) and switching to dimensionless variables x = % yields the following non-linear integral

equation

72x2 ® dy
In(a(x, t,a)) =1In +/ EIC(X —y)In(1 +a(y, 7,)), 42)

(2 =22+ 7)) Jooo

with a(x, 7, @) and t defined as in Sect. 4.

Eq. (42) differs from (32), obtained for the initial rotating BEC, only in the contribution
of the overlap. Once it is solved for a(x, T, @), the root distribution can be derived using the
definition of a(x, 7, @) and the dimensionless Bethe root equation (33) written in terms of
p(x, T, ) = p(A = cx, ¢, k, 7). Since the analytic solution is highly non trivial for generic
values of 7 and o, we will discuss the solution obtained from the numerical integration of
Eq. (42), for various values of « and 7.

In Fig. 4 we show the numerical plots for the saddle point distribution for « = 1 as a
function of x, obtained for t = 0.1, 1, 100. Computing y from (38) for each of the saddle
point distributions, we see that these three plots correspond to the three possible quench
regimes: Fig. 4(a) represents a large quench (y > 1), Fig. 4(b) an intermediate quench
(y =~ 1) and Fig. 4(c) a small quench (y « 1). Differently from the rotating BEC, in this
case y depends on both « and t but there is still the correspondence between small(large)
values of t and large(small) values of y. As an example, we show in Fig. 5 the plot of y as
a function of 7 in the case ¢ = 1.

Computing y for several values of «, T and imposing it to be of order one, we see that
the separation between small/large quenches sits approximately at t ~ max{w, 1}. The
classification in terms of the parameter y turns out to be useful, in fact the saddle point
distributions obtained for different values of @ and t in a specific y regime show the same
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20 b

Fig. 5 Dependence of y on 7 for « = 1. Even for non vanishing values of «, the large(small) quench regime
corresponds to small(large) values of T

typical features summarized in the three plots of Fig 4. For this reason we will only show the
plots obtained for the value o« = 1.

Let us now focus on the analysis of the two opposite regime of large and small quenches,
where approximate solutions were found, and comment Fig. 4. For the large quench case,
we can use a perturbative expansion in the small parameter 7 since the large quench regime
y > 1 corresponds to T < 1; up to order 73, the solution is

AV (x. T, )
x272 [61’(1—|—x2+a2)—|—«/1—|—4oe2(l+(x—ot)2)(1+(x+ot)2)]
2 [VIFAZ (1 (=02 (14 (+a)?) (12224 (2 =222+ 1) +4x20 3 (1 a2 +a?) |
43)

It is represented by the continuous line in Fig. 4(a), which agrees extremely well with the
numerical plots and is derived in Appendix 3. The behaviour for large x, for T small but
finite, is given by

N N N
2w x4 8w x0 327 x6
+..., (44)

2 (18?4 ) 22 (1 8a? +480% 4 12040r)
+

ﬁs(l)(x, T,0)

whose leading order is x% the same as for the case of the initial BEC state. To appreciate the
difference between the root distribution of the state with oppositely moving BECs and the
rotating BEC in the large quench limit we can compare ﬁSB EC(x — a, 1) with ﬁs(l) (x, 7,@)
(see Fig. 6). The difference between the two plots increases with increasing «; it is clear that
the saddle point distribution for the oppositely moving BECs can not be obtained trivially
from reshifting the root density distribution of the BEC case.

Let us now focus on the small quench limit. In this regime, T > max{«, 1}, so « is
negligible with respect to t; this explains why the root distribution in Fig. 4(c), for a given
value of 7, is the same for any values of « ranging over three order of magnitudes, from 0.01
to 10. In Fig. 4(c), in addition to the root distribution in the small quench limit, we have also
plotted the Wigner-semicircular law (represented by the continuous line)
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0.7 0.8 0.9 1.0 1.1 1.2 1.3

0.00
9.85 9.90 9.95 10.00 10.05 10.10 10.15

X

Fig. 6 Plots for for ﬁs(l)(x, 7, o) (red curve) versus ﬁfEC(x —«a, 7) (blue curve) fort = 0.01 and @ = 0.1
(Up Left), « = 1 (Up Right) and o = 10 (Down). Only the region of x > 0 is shown

~ _ 1 _r
PW(X,V)—W 1 e (45)

Indeed in [55], for the initial BEC state, it was rigorously proved that the Wigner-semicircular
law describes the stationary root distribution in the case of a small quench (more precisely in
the limit ¢ — 0 with n fixed). Interestingly enough, (45) also represents the leading term of
the ground state root distribution of the Lieb—Liniger model in the low-y expansion [95], i.e.
of the ground state of the post-quenched Hamiltonian. Actually, as can be seen in Fig. 4(c),
we note that also starting from two counter propagating BECs the stationary root distribution
turns out to be very close to the Wigner law, apart from a tail for |x| > ﬁ, probably due
to initial excitations.

6 Conclusions

In this paper we have studied in detail the asymptotic state reached after a quench to arbitrary
values of the interaction strength of the Lieb—Liniger model, from two experimentally relevant
initial configurations. In the first case, when considering bosons forming a rotating BEC state,
the steady state root distribution was found to be the same as when the bosons are initially
in a BEC configuration, simply shifted by the momentum of each boson. In the second case,
when the initial state can be represented as two oppositely moving BECs, we showed that the
non vanishing momentum of the bosons radically modifies the stationary root distribution.
We were able to identify three regimes for the saddle point root distribution, characterized
by the parameter y (large, intermediate and small quench regime) and to find approximate
solutions in both the small and large quench limit that fit very well with the numerical data.

It would be very interesting to analyze the dependence on the quench amplitude y of the
local two and three point function of the stationary state. Such analysis could allow us to
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compare with the well known results for the correlation functions in highly excited thermal
states of the Lieb—Liniger [87,88,96].
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Appendix 1: Overlap Between a Bethe Eigenstate and the Rotating BEC

In this appendix we give the detailed derivation of formula (27), which is the extensive part
of the overlap between the rotating BEC and a generic eigenstate of Hrr(c > 0), in the
thermodynamic limit.

Overlap for Generic N, L

Due to momentum conservation, the overlap between a Bethe state and the rotating BEC is
non-vanishing if the sum of the rapidities of the Bethe state is equal to the total momentum
of the initial state, Nk. This class of states includes as a special case the Bethe states with
rapidities symmetrically distributed around k. Nevertheless we can safely consider only this
subset of states because the Bethe equations are not mutually consistent for Bethe states that
are not parity invariant (with respect to k).

To obtain the overlap, let us first explicitly write the generic normalized (subscript ,)
Bethe eigenstate. It is given by (4) divided by its norm, the Gaudin determinant [81]

)

My =Y (XA, = , 46
(x[A)n = Y (x]A) JVdetG (46)

where G is a N x N matrix with elements

2Ayy (A
ijzi”(). (47)
OA;jOAL

Ayy is the Yang-Yang action for the Lieb-Liniger model [84], defined as

N N
L
Ayy(h) = EZA§+ > ey — ) —2mjh;, (48)
j=I1 j<l=1

with ® (L) = fo’\ dx) 2arctan()‘?/). Since the Hessian of the Yang-Yang action depends only
on the difference between rapidities, which are symmetric with respect to k, the Gaudin
determinant is independent of k£ and has the same expression as for the initial (non-rotating)
BEC state, i.e.

N
detG = detyk:l |:8j1 (L + Z K — )\k)) - K(}\j - )»k)i| . (49)

=1
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The overlap can thus be written as

L L 1 & w17 (L)N!
0~ [A), = / dxy - / dx ok _ (50
O = 0 NLN/ZE J&lG  LN2JdetG

where we have defined
N
17 (L) E/deW(xM)He_ikx" (51)
1 i=1
and werecall that 1 = {0 < x; < x < --- < xy < L}. Tocompute /(L) let us explicitly
write the expression for the not-normalized eigenfunction

paEn =3 G 4 e"*szl(l—icW’_)”)) . (52)
PesN [ j>I=1 \/N!(()»j — )2 +c?) Ap; — Ap

J

N

hence we get

IMOESS

pesv Lisi=1 NUG = )2 + )

N

A=) o (1 3 icsgn(xj — xz)) L (53)

I /
Kp, =W,

where &; = A; — k. This is exactly of the same form as the one computed for the initial BEC
case [55], provided we substitute the rapidities A with the distance of the rapidities from the
centre k of the distribution A". By exploiting the properties of the Laplace transform of the
overlap [97,98], (53) can thus be rewritten generalizing to the present case the expression
for the BEC of [55]

R N ()\Ij—)»;) ic
mw=> 111 (l_)»’Pj—A’)

pesw Lizi=t /NNGS =22 + ) P
et N 1
ZRSSS e H T . <N B (54)
res s j=I1 s—1 Zl:j /Pl

where Res; indicates to take the residue with respect to the s-variable.

Extensive Part of the Overlap in the Thermodynamic Limit

Deriving the thermodynamic limit of the overlap is a non trivial task (see for example [99])
but, for the computation of the quench action (20), we just need the extensive part of it. In [55]
the full expression of the overlap in the thermodynamic limit was analytically computed for
the initial BEC state and its extensive part turned out to coincide with the leading contribution
of its zero-density limit. In the present case, we first compute the zero density limit of the
overlap and then we check that it coincides with the leading order in L of the overlap computed
in the finite density case N = 2, L finite. Based on the analogy with the exact calculation in
the BEC case, this gives us the sought expression for the extensive part of the overlap in the
thermodynamic limit.

To compute the zero-density limit of (54), we have to isolate the leading term in L when
the number of particles N is kept finite. In this case the computation is simplified with respect
to the thermodynamic limit because the rapidities are not quantized, hence we do not have to
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enforce any Bethe equations. Since, for any N, L, the overlap with the rotating BEC has the
same expression (in terms of A") as the overlap of the BEC, this holds also in the zero-density
limit; thus we can straightforwardly consider the expression obtained in [55] and adapt it to
our rotating case

(—=L/c)N/? 1
V' N! HN/2 rj—k %—i— (j—hk)?

j=1 "¢ 2

I7(L) =

+ O(1/L). (55)

Since the Gaudin determinant, to the leading order in L, is of the form
detG ~ LN + oLV, (56)
the zero-density limit of (50) becomes

V(cL)=NN!

(07 A)n = (1 + 0(/L)). (57)

N/2 2=k 0,k
Hj:l ¢ 4 +

The expansion in 1/L can be rewritten as an expansion in n, n being the density of particles
n = N /L, which reads

0~ |A), = L (™ pocriom] (2 4] Ln 1)) a+o
1 >n—exp(—§/0 p(r+ )n[;(c—ﬁz)] 5 (n7+ ))( +0(n)).
(58)

The only difference from the non rotating case is that here p is shifted of k.
Let us compute the overlap in a finite density case, i.e. N = 2 with L finite. Working out
calculations from (54) with the Bethe state |11, A2) = [k + B8, k — B) we get

2 2B —1i 2 2 L
ol = ——t— [e’w e } (59)
20482 +¢2) 28 28 B
Enforcing the Bethe equation
LB _ 2,3+lc oLk 60)

2,8—lc
the overlap reads
N2 [ 1(4 kL1 )}
07 I{k+ B,k — Bhn —\ - — — —sin(kL . (61
(0" Hk+8 Bhn = L5 1/4+(ﬁ/0)2 sin 2 ﬂsln( ) (61)

The k-dependent term in (61) is subleading in L. Given the non trivial form of the overlap
already for the finite size case with N = 2, we can extrapolate that any k-dependent term
will give subleading contributions for any finite size case. The extensive part of the overlap
in the thermodynamic limit is thus given by (58)

00 2 2
Sp =exp (—% [ damGriom [% (% + %)] B 1)) (62)

Appendix 2: Overlap Between a Bethe Eigenstate and a State with Oppo-
sitely Moving BECs

In this appendix we derive formula (41). We first compute the expression for the overlap
between a state with oppositely moving BECs and a generic Bethe state for generic N, L.
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Then we derive its zero-density limit which we identify with the extensive part of the overlap
in the thermodynamic limit similarly to what done in Appendix 1.

Overlap for Generic N, L

The overlap is !

N
07 ), = /ldeﬁ ll;[l (ef"kxi + eikxf) 7¢\(;%\”' (63)
Defining
I9(L) = /de w(me( —ikxi +eikxi), (64)
i=1
the expression for the overlap is
07 ), = )N (65)

(QL)N/2/detG

Let us compute  ~ (L). By inserting the expression for the Bethe wavefunction (52) in
(65) we get

150 = /dN Z Aj—Ap) (ei(xpl—k)x,+ei(xpl+k)x,)

pesv L=t ([ NAG = )2 + )
ic
l———]|, (66)
( Ap = Ap )}
which can be written in a more compact form as

IH(L) /dN Z ZAAP]( H )\-l) - (1_)\’ ic )
+c%)

pesy joi= l/N'((A — A2+ P A

In the previous equation we have defined Lp = {Ap,, Ap,, ..., Apy} as the set of rapidities
associated to the particles at positions x = {x1, x2, ..., xy} within the permutation P and
k = {k1, k2, ..., ky} as the set of momenta associated to the particles at positions x, with
ki = £k,i = 1...N;lastly we have defined

Axpk =explix - (Ap +k)}. (67)

Differently from the rotating case, a state with two oppositely moving BECs is not an
eigenstate of the momentum operator hence, in principle, it could have non vanishing over-
lap with non parity symmetric Bethe states. Nevertheless it is possible to show that in the
thermodynamic limit the leading contribution to the overlap is obtained just by considering
the parity symmetric Bethe states. First of all, let us stress again that, since the extensive part
of the overlap in the thermodynamic limit coincides with the extensive part of the overlap in
the zero density limit, it is enough to prove the previous statement in the zero density limit.
We have explicitly computed the overlap for a generic N = 2 Bethe state, which is an already
complicated expression. Considering opposite rapidities, which is only possible realization
of parity symmetric state for N = 2, we get

N

I The pedex , refers to the normalization of the Bethe state |A).
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I=(L)({A1, A2}
B 16ick? (—k? + A3 + 23 + Ahg) (—1 + e L12))
T A0 =Rk A0 — k) (k4 A2) (—2k + A1+ 22) Rk + A+ A2)

In the L — oo limit, considering that A; 4+ X, = 0 and enforcing the Bethe equations, ( 68)
is extensive in the system’s size

(63)

O R — (69)
L—=AM)) == >-
k2 — a2

We explicitly checked that the non parity invariant states give a subleading contribution
to the overlap, which can be neglected in the thermodynamic limit. Hence, we can safely
compute (67) only for parity invariant Bethe states.

Let us now go back to (67). If we consider a single term in the summation over k, (67)
represents the overlap between a Bethe state with rapidities A p and a state where the bosons
have momenta k. For N = 2, given a Bethe state {8, — S}, the only relevant combinations
are {8 + k, —B — k},{B — k, —B + k}. We will label Q as an element of the permutation
group acting on a parity symmetric k state and we will denote kg =Ap + k2. Exploiting
the properties of the Laplace transform [55,97,98], (67) can be rewritten as

N .
= (Aj —Ap) ic
I=(L) = 2 H J 1—
; WO — 32 4 o2 Ap; —Ap
70 Lisi=1 NUGS )2 + ) ;A
sk N 1
DRes | —[l—=—% (70)
res S j:ls_lZ;V:j )\1%

where Res; indicates to take the residue with respect to the s-variable.

Extensive Part of the Overlap in the Thermodynamic Limit

We will follow the same path outlined in Appendix 1, which consists in deriving first the zero
density limit of the overlap and then computing the leading contribution in L in the finite
density case.

To compute the zero density limit of the overlap, we have to isolate the leading term in L
keeping N finite. Let us first consider how this is done for the k = 0 case and then discuss
the general k # O case.

Setting k = 0 in (70), the highest order in L is carried by the pole in s = 0; it is of order
% + 1 if and only if the permutation acting on a reference configuration R gives as result a
target configuration 7', such that R and T are of this form

R: (A, =A1, .o hj, =AMk, =Mk, o ANy, —ANS2)
T: (A=A =Moo A=A, ANy, —ANg2}
OR
A=A, oo =AM Ay oo A, — A, AN 2, — AN 2)
Each of the possible target configurations can be identified with a set of % numbers that are

collected in a vector & whose j-th element indicates if the j-th pair (A, —A ;) in the target

configuration is reversed (—A;, A;) (o = 1) or not (o; = 0). Each o corresponds to (%)‘
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configurations of rapidities; instead of summing on P we can sum on ¢ and insert a factor
of (5)1.

Let us now consider the case with k % 0 given by (70). In order for the pole in s = 0 to be
of maximal order, i.e. % + 1, k should not only be parity invariant, but also parity invariant
within each pair (A ;, —A ;). Each of these configurations is thus indicated by a vector with %
elements, ¢, whose j-th element indicates if associated to the j-th pair of A (A;, —1;) one
should sum (—k, k) (¢; = 1) or (k, —k) (¢; = 0). Then we get

oL N
ZRes le:[]s—szVJ B
N 1
( )ZRes N/2+1Hs+i(<—1)“m,-+(—1)<fk>
NJ2
—LW;/H1 = l)mlﬂ 0 (1+0(%)). (1)

Taking into account that

ﬁ L ]]V_/[z (M—M)zﬂzw“’)sz( SN )
p, — Ap (hj — )2 (hj + 11)? 2

j>I=1 j>1=1

(72)
and putting everything together we find that (70), in the zero density limit, is given by
(=2L/c)N/2 1

1
1+O(f)), (73)
I T R N T G

where we recall that o = % According to (65) the overlap in its continuum form can be
written as

- Ln ey L [*® A e\ (1 P
(07 |A), = exp —7(14—111;)—5/0 dx p(A)In (;_a X) (Z"‘?z) _

(74)
Let us now compute the overlap for N, L finite (N = 2, 4). For N = 2 and a Bethe state
of the form |X1, —X1) = |B, —B), with B generic, (70) becomes

I7(L) =

- 2
1*<L)=7’3[( ﬂ)(s (B)+s(— ﬂ>)+(1——) (s(B)+5* (— ﬂ))}

V2(4B2+c2) 2B
(75)
where s(B8) = w. Enforcing the Bethe equations we get
- 23/2BcL 4sin ZE ( Lk, Lk
I1—(L) = 1+ sin — (B —|—k)—ckcos—) .
2 _ ﬂZ)\/m |: cL(B% —k?) 2 2
(76)
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As L — o0, it reduces to

V2L
(k2 = p)V1/4+ 2/

I=(L) = 1+01/L)), (77
which is (74) for N = 2.

For N = 4, with a state of the form [A1, —A1, A2, —X2) = |8, —B, v, —¥), the leading in
L term of the overlap turns out to be of the form

\/gyﬁLz

I7(L) =
(K2 — y2) (k2 — B/ (1/4 + y2[cD)(1/4 + B2 /c?)

(1+01/L)), (78)

which is (74) for N = 4. Since the leading term in L of the overlap, in the finite density
cases we have examined, coincides with its zero density limit, we can safely state that the
extensive part of the overlap in the thermodynamic limit is given by (74).

Appendix 3: Saddle Point Distribution for a State with Oppositely Moving
BECs in the Large Quench Limit

In this section we derive expression (43) for the saddle point solution ,551) (x) in the case of
oppositely moving BECs in the large quench limit.

Let us consider the non linear integral equation (42) as t — 0. For any fixed x, with
x > 7, the convolution integral gives a subdominant contribution. It is easy to check that the
lowest order in t for a(x, T, @) is

2x?

02— a2+ )’

(79

a(o)(x, T,a) =

in fact the convolution integral, computed with (79), gives subleading contributions, i.e

00 00 3 2 .
/ d—le(y—x)ln(l+a(o)(y,t,a)):/ dyln( [zt O + 1) ) 0,

oo 27 o021 \ P/ — a2yt a2 )
(30)
with the roots #;, at the zero-th order in 7, being
Vi =h =ia+ 0(), J/=1/2+0(). (81)

The solution to the next order in 7, namely aW(x, 7, @), can be derived inserting the zero-th
order term (79) in the convolution integral of (42) and solving accordingly for aMx, 1, ).
We get

In@V(x, 7, a)

= ln(a(o)(x, T,a)) +/ d—le(y —x)In(1 + a(o)(y, T,a))
o0 2T

dy [ |3_ 02 +1)
=In@"(x, 1,a)) —1—/ K(y x)]n((y2 1/4)(y 20 2 ) (82)

o0
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where #; have to be kept up to the first order in 7, i.e. /1] = ia + —— + 0(z?),

Vi+da?
Vi =ia— ﬁ + 0(1?), /13 = 1/2 + O(z?). By making use of the formula

/ ;%lc(y —0)InG?+n) =G>+ A+, 1 €C, Re[i] >0, (83)

(82) can be rewritten as

aVx,r,0) 2+ 1+ /)24 1+ V)

aOC,r,0)  (I+Gx-—a)?)+x+a)?) (89
Substituting (79), eventually we get
2,2 2 2
o _ X 1+ 47(1 4+ x° + a®) )
@) (2 —a?)2(x2+ 1) ( VI+422(1+ (x —a))(1 + (x +a)?)
(85)

and, after applying (34), we obtain sV (x, 1, 0)

AV (x, T @)
x272 [6r(l+x2+a2)+\/1+4ot2(1+(x—oe)2)(1+(x+oz)2)]

27 [VIFAZ (14 (6 = )2) (1 (4002 (2724 (2 =02)2 (24 1)) +4x203 (1422 +a2) |

which is our perturbative result for p(x, t, @) up to 73, valid for small T and any value of «.
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