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Quasi-local charges and the Generalized Gibbs Ensemble in the Lieb-Liniger model

T. Palmai! and R. M. Konik!

! Condensed Matter Physics & Materials Science Division,
Brookhaven National Laboratory, Upton, NY 11973-5000, USA

We consider the construction of a generalized Gibbs ensemble composed of complete bases of
conserved charges in the repulsive Lieb-Liniger model. We will show that it is possible to construct
these bases with varying locality as well as demonstrating that such constructions are always possible
provided one has in hand at least one complete basis set of charges. This procedure enables the
construction of bases of charges that possess well defined, finite expectation values given an arbitrary
initial state. We demonstrate the use of these charges in the context of two different quantum
quenches: a quench where the strength of the interactions in a one-dimensional gas is switched
suddenly from zero to some finite value and the release of a one dimensional cold atomic gas from
a confining parabolic trap. While we focus on the Lieb-Liniger model in this paper, the principle
of the construction of these charges applies to all integrable models, both in continuum and lattice

form.

I. INTRODUCTION

It is widely accepted that if one pumps energy into a
closed quantum system that relaxation to a steady state
is governed by the presence of all of the conserved quan-
tities in the system, provided the system is in the ther-
modynamic limit [1, 2]. If the conserved quantities or
charges are labelled {Ql K |, where K may be either
finite or infinite, then the steady state reached by the
system should be governed by a density matrix, p

. 1 _sx 34,
pacE = e iz 9, (1)

Here B; are the (generalized) temperatures associated
with each charge Ql In this general way of describing
relaxation in a closed quantum system, two cases are usu-
ally separated out: i) one where there is only an intensive
number of conserved quantities, perhaps only the Hamil-
tonian of the system itself (see [3—6] for generic results,
[7-9] for finite, and [10, 11] for infinite 1D lattices); and
ii) one where there are an infinite set of conserved quan-
tities that govern relaxation in the long time limit (see
e.g. [12—28] for spin chains, [29-31] for bosons on lattices,
[32-42] for Bose gases, and [43-46] for field theories). In
the first case the system is said to relax to a standard
Gibbsian ensemble governed by a single effective tem-
perature while in the second case the system is said to
be integrable and relaxation is instead to a generalized
Gibbsian ensemble (GGE.)

In the past few years a complementary view of relax-
ation in a closed integrable quantum system has arisen
[28, 39, 47-56] in response to difficulties in defining pcar
in certain instances. Rather than thinking of the long
time behavior of the system being governed by a den-
sity matrix involving the system’s conserved quantities,
i.e. Eqn. 1, the notion of a ‘representative state’ is em-
ployed. Whereas the density matrix of Eqn. 1 is associ-
ated with a canonical ensemble, a representative state is
invoked by combining a (generalized) microcanonical en-
semble with the (generalized) eigenstate thermalization

hypothesis [3-6, 37, 57]. For a generalized microcanoni-
cal ensemble, the density matrix reads

Prc,{Qi} = >

ls),(s1Qils)€{Qi—e,Qi+e}

|5) (s (2)

Here the density matrix is a sum of projection operators
over all states |s) whose quantum numbers (s|Q;|s) fall in
a narrow range about the values ();. What the general-
ized eigenstate thermalization hypothesis (gETH) argues
is that the states |s) are all equally good for determin-
ing the long time properties of a system. Specifically, for
any reasonable observable O, the gETH states that for
any state |s) involved in the sum of states composing the
microcanonical ensemble we have

(5]01s) = Tt prnc,(Q.} (3)

Thus the gETH reduces the problem of finding the long-
time limit of an observable to computing a single expec-
tation value.

Even with this view, there remains the problem of de-
termining a representative state |s). However here we
have a number of options. Most generally, we have the
quench action [47, 48]. The quench action defines a gen-
eralized action whose saddle point defines the representa-
tive state |s). Finding the representative state using the
quench action has now been demonstrated in a number of
instances: i) quenches in the transverse field Ising model
[47], ii) quenches in the Lieb-Liniger model [49, 54],
iii) the Neel-to-XXZ [50, 51, 58] and Majumdar-Ghosh
(dimer)-to-XXZ [28, 52] quenches in the XXZ Heisen-
berg spin chain, iv) quenches in the Hubbard model [53],
v) quenches in spin-1 chains [55, 59], and vi) quenches in
relativistic field theories [56]. Separate from the quench
action for determining the representative state, we have,
in the particular case of the XXZ model (and similar in-
tegrable lattice models), the ability to relate the expec-
tation values of a certain class of charges to the densities
of excitations that characterize the representative state
[21, 60].



One virtue that the quench action has is that it leads
to physical results: the representative state, |s), that is
determined as the saddle point of the quench action has
well-defined expectation values on local observables. This
need not be the case for a generalized Gibbs density ma-
trix. In particular, it need not be the case that the states
|s) have a finite expectation on the conserved quantities
themselves, it may be that we have

(s1Qils) = oo, (4)

leading to difficulties in sensibly defining paci.

How this can happen is readily seen. Typically if a sys-
tem possesses an infinite set of conserved quantities be-
yond the Hamiltonian itself, these additional conserved
charges are often constructed by looking for, roughly
speaking, higher moments of the Hamiltonian or energy-
momentum tensor. And then, while the energy density,
E,, of a state |s) may be finite, higher moments of the
energy may diverge. For example if a state has degrees
of freedom each with energy E and distributed according
to ps(E), the energy of the state can be written as

&:/MMﬂn (5)

And while the above integral may be convergent, the in-
tegral

Br = [aBEp.(E) (6)

determining a higher (n-th) moment of the energy may
not be. In this sense the quench action and its attendant
representative states have a certain practical advantage
over the GGE density matrix — it does not require that
the conserved quantities have well defined expectation
values. It was this advantage that allowed the interaction
quench in the Lieb-Liniger model to be fully described
[49].

As we have said, the origin of this problem lies in the
nature of the typical construction of the infinite hierarchy
of conserved quantities in an integrable model — namely
as higher moments of the energy density. We show here
that in fact that one is never limited to this particu-
lar hierarchy and that in fact it is possible to construct
conserved quantities which have generically finite expec-
tation values. We show that if there exists one complete
basis of conserved charges (in a sense to be described),
we can construct arbitrary bases of charges. We can al-
ways design these bases so that they are quasi-local, i.e.
a quasi-local charge is a charge defined as an integral over
space,

Q:/M«m (7)

where ¢(x) is an operator whose support is found primar-
ily about the spatial position x. We thus show that it is
always possible to have a well-defined a GGE for a given
quench.

This builds on prior work on quasi-local charges in
the quantum Ising field theory. In Refs. [46, 61] it was
shown that one can construct explicit quasi-local charges
in the quantum Ising field theory. The construction of
the charges was possible because the underlying descrip-
tion of the model is that of free fermions. Here we show
that this construction can be generalized to arbitrary in-
teracting theories.

We will demonstrate this construction in the context
of the Lieb-Liniger model [62, 63]. This model offers sev-
eral advantages here. It is generically interacting and
so demonstrates the possibility of construction of alter-
native hierarchies of conserved quantities in interacting
theories. However it is also relatively simple, for example,
in its repulsive regime it does not possess string solutions
of its attendant Bethe Ansatz equations. Moreover it has
a limit where it maps onto free fermions — which we will
exploit at times.

The Lieb-Liniger model is also a worthy point of focus
as it can readily be realized in cold atomic gases [64-68].
In the paper we plan to study two types of quenches for
Lieb-Liniger: a quench where the gas is released from a
trapping potential and a quench where the interaction
strength of the gas is suddenly changed. Experimentally
both quenches can be realized. The release of the gas
from a confining parabolic trap is already part of the
standard experimental protocol involving these gases as
it is how the momentum distribution function of the gas
is accessed. Furthermore the interaction parameters of
the experimental realizations of the Lieb-Liniger model
are highly tunable [65, 66], thus offering the possibility
of realizing Lieb-Liniger interaction quenches.

While our focus here will be on quasi-local charges
in continuum theories, it would be remiss not to men-
tion that there has been considerable recent interest in
quasi-local charges in lattice models [21, 69-72]. Such
quasi-local charges, constructed in the framework of the
algebraic Bethe ansatz [69], have been shown to be a nec-
essary ingredient for GGEs describing the Néel quench in
the XXZ Heisenberg model [21].

The paper is organized as follows. In Section 2 we
provide an overview of the integrable structure of the
Lieb-Liniger model. In Section 3 we demonstrate how
construction of arbitrary bases of conserved quantities is
possible. In Section 4 we construct explicit operatorial
expressions for large but finite ¢ for the charges and show
under what conditions the charges are quasi-local. In
Section 5 we apply these ideas to the interaction quench
in the Lieb-Liniger model where the ultra-local charges
fail to provide a sensible GGE, while in Section 6 trap-
release quench is studied where GGEs based on both the
ultra-local and the quasi-local charges can be sensibly
defined. Finally in Section 7 we wrap up with a discussion
in the context of recent proposals for other alternatives
to using ultra-local charges.



II. LIEB-LINIGER MODEL

In this section we provide an overview of the integrable
structure of the Lieb-Liniger model. The Lieb-Liniger
model describes a system of N identical bosons on a one-
dimensional ring of circumference L, interacting through
a contact potential [62, 63],

N 82
=1 g

i<j

or in the second quantized form,

L
H:/O dz (=01 (2)02®(z) + @' ()07 (z)®(2)@()),
(9)

where we set A = 2m = 1 and c is the interaction
strength. We will work in the repulsive regime, ¢ > 0.

The exact eigenstates of (8) are described by the Bethe
Ansatz wave function [73],

5(1’1,...,%]\”[1,...,[]\7)2
icsgn(zj — k) \ | isS, wa
i 273‘: JI:[’C Afpj—APk

(10)
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permutation of the indices and the quasi-momenta, A,
are determined by the Bethe equations [62, 63] in terms
of a set of N distinct integers (half-odd integers) {I;} for
N odd (even),

2rl; 1 .
LJ—ZZQ(Aj—Ak), j=1,2...,N (11)
k

where Fyy =

A =

and where the scattering phase 6(\) equals

B(\) = 2tan—" (2) .

When the thermodynamic limit (TDL) is approached,
L,N — oo, and the particle density n = N/L remains
finite, the occupied quasimomenta or roots become con-
tinuous in A\ and it is useful to introduce a density func-
tion,

1
pp(N) = 12
In the TDL, the Bethe equations combine into
N 4o = o+ [ PRk Xp ). (13
ph p;D - 2’/T 2,”_ pp I

where we introduced the density of empty quasi momen-
tum modes pp and the kernel
2c

KMN=600) = Y

In the framework of the quench action, p, is a key
quantity. A given representative state, |s), is described
by specifying the distribution p, s(\) of particles in the
state.

In the TDL the expression above for the rapidity (Eqn.
11) can be rewritten as

onl; [
Aj = % +[ dN'F(N, \j)n(X). (14)

Here n()\) is a function bounded by 0 and 1 and is given in
terms of p,/5(A), the density of states for particles/holes
at A via

Pp()‘)
Pp(A) + pr(N)

The expression in the continuum limit for A; furthermore
involves the shift function F(A, \'):

FOLN) =0\ —\)

n(\) = (15)

+ /OO A"V ) K (A — X)) F(\",\),(16)

which measures how much the presence of a sea of parti-
cles alters the scattering phase between two excitations
with rapidities A and \'.

The occupation function n(A) defines an energy e(X)
via the relation

1 pr(A)
= )\ :1 .
Treme W=l 05

€(A) can be interpreted as a generalized energy contri-
bution measuring the cost of creating an excitation at A
around a particular state of the system. It can be shown
to satisfy the equation

ax’

™

n(A)

(17)

e(\) = eo(\) — KA —XN)log(1+e X)), (18)

€o(A), the source term of the above integral equation,
can be thought of as the “bare” energy of an excitation,
what the excitation energy would be if there were no
other excitations in the system. It is the key quantity
for determining how different possible sets of conserved

charges describe a particular quench as we discuss in the
next section.

III. BUILDING THE GGE WITH DIFFERENT
BASES OF CHARGES

As our starting point for this construction, we suppose
that the quench in which we are interested has a known
eo(N) as defined above. Knowing €p(\) is equivalent to
knowing p,(A) for the quench as we can use Eqns. 18
and 13 to go between these two quantities. p,(\) for a
quench can be determined in one of two ways. It can
be determined by using the quench action to arrive at a



representative state characterized by a given p,(A) or it
may be determined by employing the numerical method,
NRG+ABACUS, developed to study quantum quenches
[35, 74], to extract the p,(A) associated with a quantum
quench.

To see why €g(\) is the key quantity for describing the
GGE, let us consider the action of the ensemble (1) on a
Bethe state:

. 1

paGEelpy) = e Eilerl | py), (19)
where f[pp,] is the generalized free energy density. The
key point is that f[p,] is given in terms of €y(\):

j@ﬂ=/dka»%u» (20)

and at the same time is a linear functional of the root
density, pp(A).

A requirement that we will place on our charges, {Qn},
is that they involve the root density in the same, linear
way,

<@n¢pp>::1>/fdan<x)pp<xnpp>, (21)

where ¢, () is a function that describes the action of the
charge on the Bethe state. Comparing Eqn. 21 with
Eqn. 20, we see that finding a set {Q,} comes down to
expanding the coefficient function €y(A) on a set of basis
functions, {g,(\)}, i.e.

e0(N) = Bugn(N). (22)

The coefficients of expansion then become the set of gen-
eralized inverse temperatures of the GGE. The so-called
ultra-local charges, the charges that caused difficulties in
trying to construct a GGE for the interaction quench in
the Lieb-Liniger model [41, 47, 49], are given by

an(A) = A" (23)

Even though the ultra-local charges are not well-defined
for the interaction quench, their existence is important
for being able to define alternate GGEs. As the polyno-
mials provide a complete basis of functions, their exis-
tence tells us that we can construct other complete bases
of charges (or at least sets of charges whose associated
gn(A) are locally real analytic in A).

From this point of view, finding a set of charges and
the associated generalized temperatures is a problem in
the domain of approximation theory. All we need to do
is to settle on a linear space that includes €y(A) and use
a complete set of functions in this space to expand it. If
eo(\) is not a square integrable function (as is the case
for the interaction quench), i.e.

| xeon? = (24)

— 00

we might want to consider expansion bases that belong
to the weighted L? space, L?(R,w()\)d)), with an ap-
propriate weight function w(X). So, for example, if we
suppose our charges to be orthonormal, we would have

with the corresponding generalized temperatures being

5= [ dheo(Ngu (Y. (26)
We now discuss some possible choices of {g,}.

We first consider the following set of functions:

L oy =&

cos(2n arctan \),
(27)
They form an orthonormal set with the weight functions
w(A) = 1-&-% We will see that these functions are well
suited to describing a quench characterized by an eg()\)
with a slight, logarithmic divergence as in the interaction
quench. In particular for this quench, the expectations
values of the charges on the initial state are finite, i.e.

/d)\qn()\)pp()\) < 00, (28)

and they are even, smooth, and all their derivatives go

to zero as |A| = oo. As we will see, this means that they

correspond to quasi-local charges, at least for large c.
We also consider using the Chebyshev polynomials:

gn(N) = ¢, T, (2/marctan \), (29)

1 2
= — n = -, 30
€o ﬁ) Cn>0 \/; ( )

with the Chebyshev polynomials T),(x) defined on —1 <
x <1by

T, (z) = cos(n arccos x). (31)

function is  w(\) =
These charges have the

The associated weight
1

(14+X2)4/(r/2)2—(arctan A2’
same advantages as the ones defined by (27).

To demonstrate why we want to consider bases with
non-trivial weight functions, let us also consider a usual
set of orthonormal functions on —oo < A < oo, the Her-
mite functions, defined as

o) = —(m) e, (32)
dn

an(\) = (—1)”(Z"n!\/E)_l/Qemz/Qd—ne_rz, n>0. (33)
x

The attendant weight function is w(A) = 1. We will see

that these charges have well-defined expectation values

on the initial state for the interaction quench and that

they also correspond to quasi-local operators. However,

they have exponentially decaying tails and therefore are



unable easily to reproduce the A — oo behavior of ¢y for
the interaction quench. Since this divergence has to do
with the suppression of high energy modes in the repre-
sentative state, we expect these charges to be suboptimal
for this case.

IV. OPERATORIAL EXPRESSIONS AND
QUASI-LOCALITY OF THE CHARGES

In the previous section we articulated a method for
choosing different sets of conserved charges. However we
do not yet know the operatorial form of these charges. It
is the aim of this section to provide it.

On the basis of this construction, we will discuss the
quasi-locality of the charges. By quasi-locality we mean
that the charge @ can be expressed as integral over an
x-dependent operator Qqen(x) via

Q = /OO d:l? Qden(x)7 (34)

—0o0

where Qdcn(x) is a quasi-local operator, i.e. an opera-
tor composed of products of operators, also z-dependent,
whose support is primarily confined to the region about
x. We will follow Ref. [75] when we allow Q(z) to depend
on operators defined at points far from z provided that
this dependence is exponentially small.

The importance of discussing quasi-locality of the
charges lays in that it controls, in part, their ability to de-
scribe the long time equilibration of the system. Strictly
speaking, when one speaks of equilibration in a closed
quantum system, one is concerned about equilibration in
a small part of the system, which we can call A, with the
rest of the system, termed B. The system can be said to
come to equilibrium if after we trace out B, the resulting
reduced density matrix, pa, equals the GGE density ma-
trix for subsystem A. However to meaningfully be able
to talk about the GGE for subsystem A with the same
set of charges we associate to the system as a whole, we
need the charges forming the GGE to be integrals over
operators, Q(x), whose support is localized in space.

To this end, we will show in this section that the
Fourier transform of the charge’s action on a state, i.e.
q(A), is indicative of how localized its associated charge
is. In particular we will show that if G(x) has support that
is primarily about 0, we can conclude Q is quasi-local. As
per Ref. [75], we will permit the possibility that ¢(z) de-
cays exponentially as © — 0o, and not insist on the more
strict condition that its support around x = 0 is com-
pact. The condition that ¢(z) is exponentially decaying
is ensured by ¢(\) being even or odd, being smooth, and
that all the derivatives go to zero as A — oo (this can be
relaxed to ¢">N)(\ — o0) — 0 with some finite N by
allowing distributions), see e.g. [76].

A. c¢=o00 case

Let us begin with our demonstration that we can con-
struct charges that are quasi-local in the ¢ = oo limit. In
this limit the dynamics of the gas become considerably
simpler as the interaction kernel K(\) goes to zero, see
for example Eqns. 13 and 18. In this limit, the quasi-
momenta go to

2ml;
x =T, (35)
and the Bethe equation reduces to
A A)=—.
o)+ r(N) = o= (36)

The correspondence between the hard-core bosons and
free fermions can be made explicit on the level of opera-
tors by a Jordan-Wigner transformation

®(z) = exp { —im x\IIT(z)\II(z)dz T(x). (37)
{ }

0

Here the hard-core bosonic field ®(z) satisfies

[@(x)", @(y)] = 0,2 £ y,

and

while the free fermionic satisfies

{T(2)", 0(y)} = 8(z —y).
_ With these definitions in hand, we now explicitly write
Q in terms of the bosonic fields. In terms of the fermionic

fields, @ is given by

field, (),

Q=Y qN¥iw,, (38)
A

acting on a Bethe state as
QA1 An) =D q(A)|Ar ... An), (39)
i=1

that is,

N
\I/;\I//\‘)\l...AN>:Z(S,\,A,i|)\1~--)\N>a (40)
i=1

where in order to avoid unusual normalization factors
appearing throughout we choose to remain at finite but
large volume L. The momentum space operators are de-
fined by

— i t AT _ i —iAx
Uy = \/Z/O dze'U(z), ¥(x)= \/Zz)\:e U,.
(41)



Using Eqn. 37 we have

0= /OL da /OL dyd(x — y)@' ()
X exp {m /yw <I>T(z)cp(z)dz} d(y), (42)

where ¢(z) goes to the Fourier transform of g(A) when
L — oo,

~ dA —1/\30
ile) = [ e o), (43)
We can see that the decay in the magnitude of ¢(x) away
from O determines the operatorial spread of the charge
density (the integrand above). As we have discussed
above, if §(z) is exponentially decaying as z — oo, we
call Q a quasi-local operator.

For the system of charges defined by ¢n()\) =
cos(2m arctan(\)) this exponential decay is present. It
can be inferred from the pole structure of the functions
cos(2marctan A): they have two m-th order poles at
A = =£i. Actually, because of this simplicity, the Fourier
transform can be performed analytically, the first few be-
ing

Go(z) = 6(); (44)
Gi(z) = e "1 = §(x); (45)
G2(z) = (2lz] = 2)e” " 4 5(x); (46)
is(x) = (222 — 6|z| + 3)e 12l — §(x); (47)
Qu(z) = (4/3]x)® — 822 4+ 12|z| — 4)e 1"l + 6(2).  (48)

For a point of comparison, we consider the ultra-local
charges, ¢, (\) = A", and write down their expressions in
terms of bosonic fields. We have

Qu=i" [ dodys™ (a — ¥ (@)1 (0) (49)
(=) / ¥ (2)0m0 (z) (50)
i / dedys™ (z — y)d' (2)

X exp {m /yz @T(z)cp(z)dz} d(y)  (51)
" / o ()0 (z). (52)

All the other terms coming from derivatives of the ex-
ponential factor disappear because of the hardcore con-
straint at ¢ = oo, i.e. ®*(z) = 0. The remaining term
trivially agrees with the results of Refs. [77, 78].

B. Operator form of the quasi-local charges at 1/c

Having considered the operatorial form of the general-
ized charges and their quasi-locality at ¢ = 0o, we now

turn to the case of large but finite ¢. To construct such
a charge we begin by fixing a ¢(\) that defines a charge

Q via

QA1 An) =D a(A)|Ar . An). (53)

g

We then suppose that a 1/c¢ expansion exists for this Q
charge,

Q=Qo+ %Ql +0(1/c?), (54)

where QO is an operator that takes the form

= Z qo(N)
A

viw,, (55)

i.e. for ¢ = 00, Qo = Q is conserved and has action
Z qo(Ai)[A1 -

with [A1 ... AN)e=0o & ¢ = 00 Bethe state. Our goal then
in this section is determine ¢o(A) in terms of ¢(\) and to
write Ql in terms of fermionic operators. .

The basic strategy to do this is to insist that [H, Q] = 0
is satisfied. To this end we employ the fermionic repre-
sentation of the Lieb-Liniger Hamiltonian. This has the
form

QO|)\1 . >c:ooa (56)

P
Hiieb-Liniger = Ho[V] + EH1[‘I’], (57)
with Hy and Hy [79*81],
L
Hy = — / dz 0T (2)0%W (z), (58)
OL L
- / du / dys (@ — )W (@)W ()0 () V().
0 0

(59)

(for H;y this expression only holds to order 1/c [82, 83]).
In terms of the momentum space operators, the Hamil-
tonian reads

=Y Nulw,, (60)
A
1
Hy= o7 D> (= A2) (M + A2 — 2)) (61)
A1,A2,A3
5520 20 7V SV (62)

The equality [H, Q] = 0 then requires

[Ho, Q1] = [Qo, H). (63)

We immediately see here that 7 is indeterminate up to
an additive ¢ = co charge term, i.e. we can equally well
redefine Q)1 — Q1 +9Q provided [6Q1, Hy] = 0. For now



we will work with a minimal choice lein, where no such
charge is added and later we will discuss what happens
if such a term is added to Q1min. This minimal solution
must be in the form of a four-fermion operator like Hy,

1

lein = ﬁ Z C/\l/\2)\3\1111\I];2q/)\3\1])\1+)\27/\3,
A1,A2,A3

(64)
where we used that the total momentum, ), )\\I/:r\\ll,\, is
conserved at ¢ < oo as well (up to 1/c? corrections). By

straightforward calculation we find
(M — A2)(A1 4+ A2 — 2)3)
AT+ A3 = A3 = (M + A2 — Ag)?
% [qo(M) +q0(A2) — qo(A3) — qo(A1 + A2 — A3)], (65)

Crixons =

for distinct A1, A2, A3. For when some or all rapidities
coincide, Cy, x,,», is indeterminate since in the commu-

J

tator (63) the corresponding terms in @)1 are conserved
individually in the ¢ = oo theory,

[ZCM,\\I/L\I/T\\I/,\\I/H,HO =0. (66)
kl

We are now in a position to connect gg(A) to ¢(A). This
connection will depend on the particular choice of Ql, but
we will see that the final operatorial form is independent
of this choice. Let us look at the expectation value of the
charge using its 1/¢ expansion relative to some eigenstate
lpp) (whose associated distribution of rapidities is p,(\)).

We write this eigenstate in terms of a 1/c expansion:

1op) = lpog) + 1)+ -+ (67)

To first order in 1/c¢ we then have for the expectation
value of Q)

<pp‘Q|Pp> =

The state |p,,) can be characterized by assigning to it a
set quantum numbers {I;}. For ease we will assume that
the total momentum of |p;) is zero, i.e. » ; I; = 0. These
quantum numbers then determine the state’s rapidities

{)\]} via

o 27'('Ij 2 )‘j — )\k
Aj = 7 7 zk: arctan < c ) . (69)

The state pop’s rapidities are then found by taking the
¢ — oo limit of this:

- 27TIj

Aj 7

(70)
|

) = )

p1p2hiha,{(p1,p2)#(h1,h2)

Because QO is diagonal, the off-diagonal matrix elements
{pop|Qo|1) in Eqn. 68 vanish. At this point we are then

{pop|Qolpop) + 2((1]Qolpop) + (poplQol1) + (pop|Q1lpop))
<p0p|p0p> + %<<p0p|1> + <1|P0p>) .

(

Taking the continuum limit of these equations then leads
to a relationship between pg, and pp:

pop(A) = (1= 2n/¢)pp((1 = 2n/c)A). (71)

The first order correction to |p,) can be expressed as
a sum of two-particle-hole excitations,

Dpl ,p2,h1,ho 6171 +p2,h1+ha ‘I’:n \I/;L)g \Ilh1 \Ilhz ‘P0p> . (72)

(

left with (assuming |po,) has unit normalization):

A ~ 1 A

(@) = (pop|Qolpop) + E<p0p|Q1|p0p>- (73)
The minimal Q4 gives the following for the 1/¢ matrix
element,



<p0p|Q1min|p0p> - 927 Z Cxixarg <p0P‘\IJ;1 \I/T)\Z\I/A:;\II)\1+>\2—A3|p0;D> (74)
A1,A2,A3
1
=37 D Cainons (0[5, T8 W0, x, s 100p) (Gasns — Oa,n,) (75)
A1,A2,23
1
=1 Y O, =L / ddACapop () pop (), (76)
)\i,/\j

where we have used the antisymmetry of Cy,x,x, in its
first two arguments. Now the coefficients Cyx» appearing
in the above where the last two rapidities coincide are
not fixed in Eqn. 65. If we however require that the
charges act on the Bethe states as in Eqn. 53, we can fix
this ambiguity. Expressing Eqn. 73 in terms of the root
densities, p,(A) and po,(A), gives

/ dAg(N)pp(N) = / dAqo(A)pop(A)
e / dkdAConpop(K)pop (V) (T7)
— /quo((l +2n/c)A)pp(A)

+ % / drdXCronpp(K)pp(N) + O(1/2),
(78)

leading to

g(A) =qo((1+2n/c)\) + % /d,‘icn)\)\pp(li). (79)

We however do not want the form of ¢(\) to depend
|

_ gt L
Q= Z A1 quIfA+2L

with

(A1 = A2) (A1 + A2 = 2A3) [g(A1) + g(A2) — q(A3) — (A1 4 Ao — A3z)]

(

on the state to which Q is applied. This is not allowed
by the desired action on Bethe states (53), therefore the
previously arbitrary Cy» has to be chosen to be zero.

The above argument does not forbid adding a ¢ = oo
charge to Q1min of the two-fermion form,

Q1 = Qumin + Y_ WA WLV, (80)
A

This modifies the equation for go(A),

aO) = w((1+20/0N + Tu(), (1)

which upon inversion gives

W) =a((1 =20/~ Tw(h). ()

But this means that the w-charge added to lem will
cancel out from @ because the same term with the op-
posite sign has to be added to Qo as well. Therefore, we
arrive at the unique expression for the charge @:

Z CA1A2>\3\I})\1 \IIAQ\II/\3\I])\1+>\2 A T O(]./C ) (83)
A1,A2,A3

C =
ArA2ds A2+ A2 22—

(A 4+ A2 — A3)? ’

Cxixon, =0. (84)

1. Locality of 1/c terms

We now turn to the locality of the charge we have constructed in a 1/c¢ expansion. Rewriting the expression for the
1/c corrections of the charge in terms of real space operators (41) we arrive at (in the L — oo limit — see Appendix

A):

0= /dx/ dy(1+> (14 2y -

>>) ()0 (y)

+* d$1/ dZEQ/ dl‘g/ d$4F 131,ZEQ,$3,JL‘4)‘I/T($1)\I/T(:EQ)\II(,ZEg)\I’(LEz;) (85)

d)\l d)\g d)\g ; N e
F(x1, 22,23, 24) = / CA1>\2>\3 ihiTar gitataz pitamaa



= 1cj(:;cg + x4 — 11 — x2) | (SgnT23 — sgnzar) (8 (242) — 8 (213)) + (sgnago — sgnzy3) (6 (z41) — 6’ (223)) |, (86)
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with z;; = x;—x;. Using this expression it is easy to check that the integrand of F'(z1, 2, 3, x4) becomes exponentially
small when any of the z;’s diverges from any of the other x;’s. And while we have expressed the charges at 1/c in
terms of the fermions, they are similarly quasi-local in the bosonic description as the string operators are confined to

run between the z;.

V. INTERACTION QUENCH IN THE
LIEB-LINIGER MODEL

Now we will apply the ideas developed in the previous
section to the interaction quench in the LL model (8).
This protocol refers to taking the ground state of (8) at
interaction strength ¢y = 0 and studying the dynamics
under (8) at some finite repulsive interaction strength c.

For this quench an exact formula is available describing
eo(N) [49], the key quantity for our purposes as discussed

in Section III:
AN L1
c c 4

This coefficient function diverges only logarithmically in
A, which in turn corresponds to the density of particles
pp(\) having a polynomial tail in A, i.e. p,(A) ~ A7%,
A — oo [49], making the ultra-local charges ill-defined on
this state for n > 3, i.e. E">3 = 0o [41].

eo(A) = 2log(e/n) + log

Unlike the ultra-local charges, the three sets of charges
defined in Section 3 (Equs. 27, 29, and 32) have finite
expectations on the initial state of the interaction quench
and correspondingly provide a good basis for expanding
eo(N). In Fig. 1 we show expansions of €5(\) truncated to
a finite number of charges, €y(\) = Zf\;o Biqi(N), using
these three families of charges (27), (29) and (32). We
also show the corresponding generalized temperatures
(the coefficients of expansion) in the insets of this figure.
For the transformed cosine and Chebyshev charges, the
expansion converges rapidly. Including only 5 charges in
the expansion already provides a decent approximation
to €9(A). We also see for these two cases the generalized
inverse temperatures decay rapidly in size with increasing
charge index. In contrast the expansion of €y(A) with the
Hermite charges is not uniform for all A\. We also see that
the Hermite generalized temperatures are not obviously
tending towards zero. This is an indication that eg()\)
is not square integrable with the weight w(\) = 1. Ul-
timately however, the true measure of a truncated GGE
based upon a particular set of charges is the quality of
reproduction of physical quantities, i.e. some parts of €
will be more important for the physics than others. This
will be discussed in the next section.

1. Alternate Determination of Generalized Temperatures

In Sec. 3 we described a straightforward method of
finding the generalized temperatures in the GGE once
a system of charges is defined: we expanded the source
term, €p(A), of the generalized free energy on the func-
tions describing the charges in some well defined space of
square integrable functions. This process requires knowl-
edge of eg(\), which may not always be available. In
this subsection we will therefore consider an alternative
method of finding the generalized temperatures: com-
paring the expectation values of the charges in the initial
state and in a truncated GGE.

In this alternate procedure to determine the general-
ized temperatures, we suppose that we are given as in-
put the expectation values post-quench of the conserved
charges. To then find the generalized temperatures ;
in eg(A) = >, Bigi(\), we will solve the following set of
nonlinear equations:

. dA !
) _ i . ] = e N.
@) / 27 M7 ey
(88)

Note that solving such a system of nonlinear equations,
especially for a large number of generalized temperatures,
can be challenging. In fact, we found that the solution is
in general not unique and to get the right one we had to
use some information available through expanding ey()\)
on ¢;(A) to set the initial values of the iterative solution
scheme. An alternative, more stable method based on
exploiting fluctuation-dissipation relations to obtain the
generalized temperatures was proposed in Ref. [84, 85].
Assuming for now that we can find the right solution
for (88), then to get p,(A) we solve Egs. (18) and (13)
consecutively.

In Fig. 2 we compare reconstructions of the mode
occupation density 2mp,(A) in the BEC-to-TG protocol
obtained from the two different methods to determine
the generalized temperatures for the transformed cosine
charges. These two methods are i) truncated expan-
sions of €y(A\) (denoted by 'GGE&EX’) and ii) fitting
the parameters of the GGE to the expectation values
of charges via Eqn. 88 (termed GGE&EV). We see that
when we perform the reconstruction with a small number
(5) of charges, the two reconstructions agree (roughly)
equally well with the exact form of p,()). However when
we expand the number of charges to 20, we see that
the GGE&EV method for determining the temperatures
leads to almost perfect agreement between p,(\) and its
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FIG. 1. Approximations of eg(\) (red line) using the trans-
formed cosine (27) (top panel), Chebyshev (29) (middle panel)
and Hermite (32) (bottom panel) charges where we have trun-
cated the GGEs to 5 and 20 charges and assuming a finite c.
For the Chebyshev polynomials the vanishing odd charges are
not counted. In the insets of the three panels, the attendant
generalized temperatures are plotted.

reconstruction. However for the GGE&EX method, 20
charges still leads to noticeable deviations.

An important question here is how the temperatures
as determined in the GGE&EV method converge to their
GGE&EX counterparts as the number of charges in the
(truncated) GGE is increased (or whether they converge
at all). In Fig. 3 we show the dependence of the first four
generalized temperatures on the truncation N obtained
in the GGE&EYV scheme relative to their GGE&EX val-
ues: By = B2 =0, 81 =4, B3 = 4/3. The two schemes

10

Exact result

GGE&EV w/ 20 charges

081 GGE&EX w/ 20 charges
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FIG. 2. Here are given reconstructions of the mode occupa-
tion number density in the ¢ = oo limit using two different
means to determine the generalized temperatures. In the first,
labeled GGE&EV, we find the temperatures by performing a
fit using Eqn. 88 to the known expectation values of the
charges. In the second, labeled GGE&EX, we read off the
temperatures by expanding €y (\) in the basis of charges. Here
we compare both methods for two different truncated GGEs:
one where we keep the first 5 charges and one where we keep
20. We work with a density of the gas of n = 1/2 and so the
exact rapidity density is given by p,(\) = ﬁﬁ and only

Qo has a non-vanishing expectation value.

to determine the generalized temperatures give different
reconstructions using the same number of charges, how-
ever in the N — oo limit the GGE&EV should converge
to the GGE&EX values. We however see from Fig. 3
that after a certain IV the approach of the two values
cease. This happens because when we are solving the
nonlinear equations, we have truncated the integral to a
finite domain —50 < A < 50 and —100 < A < 100, re-
spectively. We verified that increasing this cutoff starts
to slowly decrease the N — oo differences between the
two methods.

2. Density-density correlation function from the truncated
GGE

As we have indicated, an important measure of how
efficient a truncated GGE is its efficacy in describing
physical quantities in the post-quench system. To this
end we consider the density-density correlation function,
both its time independent and time dependent variants.

We begin by looking at the time independent case in
the TG limit:

G(x) = (pp| ¥ (2)@(2) 2" (0)2(0)[p,)

_n?_ ( / d)\e”)‘pp()\)>2, (89)

and compare its reconstructions using different trunca-
tions of the charges (27). The above formula can easily
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FIG. 3. Differences between the GGE&EV values of the
first four generalized temperatures for the transformed co-
sine charges and their GGE&EX values as a function of the
truncation N. The cutoff in the integral (88) was set A = 50
(upper panel) and A = 100 (lower panel).

be proved using (40) [49, 86]. (The density-density cor-
relation function can also be obtained in the low energy
limit, see [87]). In Fig. 4 we show results for the re-
construction of G(z) using 5 and 20 charges whose tem-
peratures are determined in the GGE&EX scheme. In
addition to the well-behaving transformed cosine charges
(27), we also display results using the Hermite function
charges (32) in Fig. 5. Reconstructions in the latter case
are far inferior to the former one, as expected.

We now turn to the time dependent density-density
correlation function or dynamic structure factor (DSF),

S(q,w) = / ddte ™™= (p, |5(, 1)p(0,0)|p,),  (90)

as obtained from different reconstructions of the repre-
sentative state. A formula is available for the DSF in the
¢ > 1 limit (taking here n = 1) [88],

x n(h)(1—n(p)),

where n(A) is the filling function, n(A) = pp(X)/(pp(A) +
pn(N)) and the rapidities A = p and A = h describe the

(91)
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FIG. 4. Density-density correlation function in the TG limit
at n = 1/2 from the truncated GGE using 5 and 20 trans-
formed cosine charges.
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FIG. 5. Density-density correlation function in the TG limit
at n = 1/2 from the truncated GGE using 5 and 20 trans-
formed Hermite function charges. (The odd charges with van-
ishing temperatures are not counted.)

corresponding particle-hole excitation, ¢ = (1 +2/c¢)(p —
h) and w = p* — h? to first order in 1/c or

_ q w(l+2/c)

P 2/0) 29 (92)
_ q w(l+2/c)

h=- 2(1+2/c) 2 (93)

To exploit the DSF formula at ¢ large, we need to de-
termine the filling function n(\) that corresponds to a
truncated GGE. This can be done numerically by ex-
panding ep(\) in terms of the charges and then solving
(18) for € = log(pn/pp) — here €y(N) serves as a source
term. Solving this equation is done easily by iteration in
Fourier space. The principal value integral in the above
expression for S(q,w) can easily been evaluated after sub-
tracting the pole contribution at A = 0, which in any case
we found to be heavily suppressed for small ¢q. Results of
these calculations are shown in Fig. 6.
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FIG. 6. DSF to first order in 1/c at ¢ = w/10 (top panel) and
g = 7 (bottom panel) for the representative state after the in-
teraction quench ¢ = 0 to ¢ = 16 (red lines) and their approx-
imations using 5 (dotted lines) and 20 charges (black lines) of
the transformed cosine charges, ¢m(\) = cos(2m arctan()\)).

VI. TRAP RELEASE

While the ultra-local charges are ill-defined for the in-
teraction quench, there are, of course quench protocols
where they can be sensibly used. It is interesting in such
cases to compare the ultra-local charges with the quasi-
local ones to see which perform better. (This is a question
that animated Ref. [61].) We will consider this question
in the context of the release of the Lieb-Liniger gas from
a harmonic trap. The initial state is the ground state of
the Hamiltonian

P
— 2,2
H——_ w—FiZw a:j—|—2626(xi—xj) (94)
Jg=1 " J=1 i#j
and the dynamics is governed by the Lieb-Liniger Hamil-

tonian (8), i.e. the above with w = 0. For this quench we
will compare the performance of truncated GGEs based

12

on the ultra-local and quasi-local charges.

In [89, 90] the equilibration of the Tonk-Girardeau gas
released from a trap was studied. There the gas was
studied in the thermodynamic limit, i.e. N, L — oo, with
particle density n = N/L fixed, but with the condition
that v = wN was kept constant. They found that p,(X)
for this quench is given by

po(N) = 22

Uz

= (\/v)? (95)

The true tail of p,(A) is a Gaussian instead of the sharp
cutoff at A = v for finite but small n. It is clear that this
expression only makes sense for v > 23/2n (otherwise
the filling 2mp, () would be greater than 1 near A = 0).
This condition amounts to insisting the size of the gas
in its trapped initial state is smaller than the size of the
system so that there is an actual expansion of the gas
once released.

In order to test which set of charges form a better
truncated GGE using the same number of charges, we
used the GGE&EX method and solved Egs. (88) for
the transformed cosine, the Hermite, and the ultra-local
charges at different truncations. The recovery of the root
density is shown in Fig. 7. In this case it is the truncated
sets of ultra-local charges that best reproduce the exact

Pp-

VII. DISCUSSION

We have presented herein a discussion of how one can
construct arbitrary bases of conserved charges in inte-
grable models. These bases can be tailored so as to allow
them to describe in an efficient manner particular quan-
tum quenches (in the sense that one can write down a
GGE density matrix for the post-quench state of the sys-
tem). One example that we have focused on in this paper
is the interaction quench in the Lieb-Liniger model. As
we have already discussed, in this quench the standard
ultra-local charges fail to describe the quench [41, 49].
In this quench, excitations are created at arbitrarily high
momenta and so only the first three of the ultra-local
charges have a finite value after the quench. We how-
ever have shown how to construct quasi-local charges that
have finite expectation values for this particular quench.

In constructing these quasi-local charges, we do
not work directly with operatorial expressions for the
charges. Rather we work with the quantity ep(A), the
source term of the pseudo-energy equation in Eqn. 18
(and for the interaction quench given explicitly in Eqn.
25). For our purposes this quantity is primary as it de-
scribes the action of the GGE density matrix on a Bethe
state [{\;}) (where the \;’s are solutions to the Bethe
equations) via

ﬁGGE‘{)\Z}> —e > e0(Xi)

{Ah). (96)

Thus by expanding the function €y()) in terms of a com-
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FIG. 7. Reconstructions of p,()) for the trap release quench using the ultra-local (left panel), quasi-local Hermite (middle
panel) and cosine (right panel) charges using the GGE&EX method at truncations N = 3 and 7. The parameters of this quench

were taken as n = 0.2 and v = 1.

plete set of functions {¢;(\)}, i.e.

c0(N) =Y Biti(N), (97)
one can arrive at different sets of charges where the 3;’s
are the different inverse temperatures and the ¢;(\) de-

scribe the action of the charges Ql on the Bethe states:
Q;l{N}) = ZQJ DAL (98)

And as we showed in Sections IV, the quasi-locality of
the charges is directly correlated with the support of the
Fourier transform of ¢;(\).

The locality property of the sum of all the operators
defined in this way, i.e. that of the log of the GGE oper-
ator, is controlled however by the locality of €y’s Fourier
transform. Equivalently we could inquire about the lo-
cality of the charge defined by ¢q itself. In case of the in-
teraction quench, the Fourier transform of such a charge
has a 1/|z| tail, signaling non locality. So while the indi-
vidual charges that we utilize are always quasi-local, we
are actually trying to approximate a non-local operator
here. This has been discussed in the context of the dif-
ferent quench, for the XXZ spin-chain model already, in
[71, 72]. We note that the non-locality of ey might have
implications for the thermalization of local observables,
as we expect that local observables might only thermalize
via local GGEs.

One practical advantage of our construction of quasi-
local charges over the original ultra-local charges is that
we can employ bases of charges, {Q;} whose action on
the Bethe states {g;(\)} is bounded in value as the value
of A = oo. While of course this is necessary if one is
to construct a GGE for the interaction quench in Lieb-
Liniger, it makes one’s life numerically easier in study-
ing arbitrary quenches. As one example, in Ref. [91] a
quench of a 1D Bose gas prepared in a parabolic potential
and then released into a cosine potential was considered.
The aim here was to demonstrate that even though the
post-quench Hamiltonian broke integrability, a remnant
of the conserved charges survived (at finite particle num-
ber). Doing so however was made more difficult by the

use of the ultra-local charges. Because the construction
used ultra-local charges @,, whose action on a Bethe state
was

Qul{Ni}) = Z AP, (99)

one had to deal with charges that took large numerical
values. This construction would have been easier if a
quasi-local set of operators whose action on the Bethe
states was finite had been available at the time.

This work extends the notion of quasi-local charges
discussed in Refs. [46, 61, 92] in the context of the free
fermionic field theoretic representation of the quantum
Ising model. The discussion here took a different tack
than taken there. In [46, 61, 92], the operatorial expres-
sions of the charges, I(«), were written down first and
the corresponding action of the charges then determined.
These charges were parameterized by a single positive
real variable « controlling their locality (the range of the
associated charge density operator equals «). Equiva-
lents to these charges do exist in our case for ¢ = oo, the
analog being

Qeosal{Ni}) = Z A7 cos(ah;);
= Zsin(a/\i)

This is perhaps the most natural basis of expansion of
eo()), that of a Fourier integral. And these charges have
finite expectation values for the interaction quench. Per-
haps their only drawback is that this basis is not discrete
(a is a continuous variable) and one thus needs a strat-
egy to choose a finite number of them in implementing a
truncated GGE (but see [61] for such a procedure).

Our approach to forming different GGEs includes the
particular GGE presented in Ref. [71]. In this work the
authors advocate forming a GGE density matrix which
takes the form (in the context of the Lieb-Liniger model),

Qsinal {Ni}) (100)

pocel(n) = 2 exp | [ o]0, on)



exactly the starting point of this paper. Having written
pcar in this form, the differences between Ref. [71] and
our work begin to appear however. The authors consider
their conserved charges in the theory as coming from the
operator p,(A) which acts, in the thermodynamic limit,
on a Bethe state, [{)\;}), via

prMNHAL) = pp (M)A }),

i.e. this operator has as its eigenvalues the density of
excitations at A. This differs from our approach in two
ways. We instead treat ey = €y as an operator, or more
precisely a linear combination of quasi-local operators
whose coefficients of expansion are the generalized in-
verse temperatures. The underlying motivation is also
different. For Ref. [71], the introduction of p,()\) as a
continuum set of conserved charges is done in the con-
text of a specific model, the XX7 Heisenberg spin chain.
There it is known that one needs, in general, to employ
not just the ultra-local charges, but an infinite set of
families of charges {Xs(\)}, that can be found from a set
of generalized transfer matrices built using higher spins,
s, in the framework of the algebraic Bethe Ansatz. In
Ref. [71] it was shown that it was not possible generi-
cally to write down a GGE in terms of these charges and
so they proposed as an alternative the family of charges,
{pp(A)}, which while non-local (at least for the case of
the Lieb-Liniger — for the XXZ Heisenberg spin chain see
the discussion in [71, 72]), do enable one to write down a
GGE for the XXZ Heisenberg model. (We do note par-
enthetically that if one is willing to represent the GGE
as the limit of a set of truncated GGEs, the technical
difficulty identified by Ref.[71] is avoided, a fact estab-
lished in Ref. [72].) Our motivation is however different.
We are interested in finding bases of quasi-local charges
that are optimized for different quenches. This is where
the practical aspects of our work differs from what was
done in Ref. [72], where ¢y(A) was expanded on specific
orthogonal linear combinations of a truncated set of spe-
cific charges, including the ultra-local ones.

Despite these differences, the finding of Ref. [71] is
interesting — namely that there exists complete bases of
conserved charges where it is not possible to write down
a density matrix involving those charges for an arbitrary
quantum quench. It is thus worthwhile asking whether
this is the case for Lieb-Liniger model. Here the answer
would seem to be no. The problem identified by Ref.
[71] could then most likely be associated with a more
complicated particle content as the Lieb-Liniger model
admits a single particle species. Where such difficulties
might show up is any model with string solutions to the
Bethe equations (e.g. [39, 55, 93]), including quenches
that involve multi-component Lieb-Liniger systems such
as [94-97].

As we have discussed the findings of Ref. [71], it is
worthwhile also to consider a related construction of a
set of conserved charges. In the ¢ = oo limit, an oft
used set of charges are associated with the occupation
numbers [29]. The occupation number charges, 77, have

(102)
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expectation values between 0 and 1 and mark when there
is a particle with momentum,

where the quantum number 7 is a half-integer/integer
(see Eqn. 11). Using €g(A) and Eqn. 14 we can generalize
this notion away from ¢ = co. At ¢ = oo there is a simple
relationship between the momenta, Ay, and the quantum
numbers I. While at finite ¢, this relationship becomes
more complex, it is still possible to write it down as we
have done in Eqns. 14 and 15. If A(I) is the momentum
determined by the quantum number I as determined by
Eqn. 14, the expectation value of the occupation number
operator is

1

(i) = T e (103)

We can easily write the GGE associated with these
charges by writing the action of the density matrix on
a Bethe state

_Z oI ))}HA( "

1
= S exp /d

)
1

~ Leo [ [aranena >>}|{w>}>.
(104)

And so we see that Lagrange multiplier associated with
the occupation number operator 7y is €(A(1)).

While our view of the GGE differs from Ref. [71]
with its emphasis on p,(A) as the fundamental object,
it also differs from one where a microcanonical view-
point is adopted [85]. In the microcanonical viewpoint
one often invokes the generalized eigenstate thermaliza-
tion (¢gETH) hypothesis. This hypothesis argues that one
can employ a representative quantum state, |syep), in lieu
of performing a trace over a density matrix in computing
the expectation value of any reasonable observable O, i.e.

<Srep|olsrep> = TrpaceO. (105)

In this viewpoint what is important is simply finding a
representative state |syep). By the gETH, any state that
is characterized by an occupation number of excitations
given by

poaslAND}) = z e

Pp(A) o 1
PR ET Y (106)

14 e

is equally good. And so we see that in this picture it
is €(A) (and not eg(\)) that becomes the primary quan-
tity of interest. Putting aside specific instances where
the gETH is known to fail [27, 98], our interest in find-
ing quasi-local bases of charges for quenches mandates
that we follow an approach to quantum quenches using
a canonical density matrix.
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Appendix A

In this appendix we show how to arrive at Eqn. 85
demonstrating that the charges we are constructing are
quasi-local at 1/¢. The spatial dependence of the charges
is encoded in F(z1, 22, x3,x4), defined as:

F $1,$2,x3,$4)
d\ d\ d\ ; i
/ 1/ 2/ 30)\1)\2>\3 z)\1:1:4161)\2x4261)\3134' (Al)

To evaluate this, we first rewrite Cx, 2, as

. TAa-X A—X

MR T N = A3 A2 — Ag
x(q(A1) +a(A2) = q(As) — q(A1 + A2 — A3)).  (A2)
Performing a change of wvariables, {A1,X2,A3} —

{a7ﬁa’y}a with a = A1 - A?n ﬁ - AQ - /\3 and Y set
as the argument of ¢, we can easily evaluate this integral

15

term by term,

a5

The exponents X; in the new variables read

4

a>

i=1

Xi (Ot, Ba 7)
(A3)

X, = e—i(ax32+[3wz4+’v(x1+ﬂcz—ﬂca—u)); (A4)
Xy = e—i(a114+[3x31+'¥(z1+rz—r3—r4)); (A5)
X3 = _efi(ax14+ﬁxz4+w(ml+zz713714)); (A6)
X, = 767i(a0632+59331+’¥(1’1+22*23*14))_ (A?)
Using
d . : 1
[ 5 [oGeriore = 5 @emty).  (43)
we then obtain our final expression for F":
F(x1,72,73,74) = Z@(Jh +ry — 13 — 24)
X [(5'(@4)8%11(9632) — 0'(z32)sgn(w24))
+(8" (w31)sgn(w14) — & (w14)sgn(z31))
— (6" (w24)sg0(214) — &' (214)580(224))
—((5'(x31)sgn(x32) — 5'($32)sgn(x31)) . (AQ)
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