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Abstract

We consider the time evolution of local observables after an interaction quench
in the repulsive Lieb-Liniger model. The system is initialized in the ground
state for vanishing interaction and then time-evolved with the Lieb-Liniger
Hamiltonian for large, finite interacting strength c. We employ the Quench
Action approach to express the full time evolution of local observables in terms
of sums over energy eigenstates and then derive the leading terms of a 1/c
expansion for several one and two-point functions as a function of time ¢t > 0
after the quantum quench. We observe delicate cancellations of contributions
to the spectral sums that depend on the details of the choice of representative
state in the Quench Action approach and our final results are independent
of this choice. Our results provide a highly non-trivial confirmation of the
typicality assumptions underlying the Quench Action approach.
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1 Introduction

The non-equilibrium dynamics in isolated many-particle quantum systems has attracted
a great deal of attention over the last decade . These developments were driven
by the ability to realize almost isolated many-particle quantum systems using trapped,
ultra-cold atoms and investigate their time evolution when driven out of equilibrium in
exquisite detail, see e.g. Refs . It was realized early on that conservation laws play
a crucial role in the late time relaxational behaviour of isolated systems [8[18]. This
implies in particular that in the thermodynamic limit integrable systems with extensive
numbers of conservation laws will typically relax to non-thermal stationary states [19-39].
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The full time evolution of local observables in integrable models is equally interesting,
but significantly harder to determine. Early work focused on rational conformal field
theories [5,40,41] and non-interacting models [19,{42{44]. The low density regime after
weak quantum quenches has be analyzed by means of linked-cluster expansions [42}45-48]
and semiclassical methods [49-51]. Arguably the method of choice for studying the time
evolution of local operators in interacting integrable models is the so-called Quench-Action
approach [23,52]. To date it mostly has been applied to determine and characterize the
stationary state [26-29}32,34-37]. Exceptions are Refs [46], [53] and [54], which address
respectively the asymptotic late-time regimes after quenches to the sine-Gordon, Lieb-
Liniger and transverse field Ising models respectively. According to the Quench-Action
approach the expectation values of local operators after a quantum quench from an initial
state |¥) are given by

. o ((YO@)][®s) | (2s]0 ()] P)
Llﬂ"?.‘o<0(t)>_£5’;< 20Dy | 2(@, ) ) (1)

Here L denotes the system size, the so-called representative state |®) is a simultaneous
cigenstate of the Hamiltonian and of the (quasi)local [33] conservation laws 1™ of the
theory under consideration, such that it correctly reproduces the extensive parts of the
expectation values of the I(™ in the initial state

LRI D, 1M)|P
m ) (@) @)
L—oo L L—o0 L
The structure of is similar to that of response functions in equilibrium and provides a
spectral representation in terms of (normalized) energy eigenstates |n) by writing

(WO (1) @) = Y _(T[n){(n]O(0)] @) e (FnFe) . (3)

n

In practice the Quench Action approach faces two challenges:

e It requires knowledge of the overlaps (¥|n) between the initial state and energy
eigenstates. This is known as the “initial state problem”. To date such overlaps
are known for a number of specific examples only [55-62], but many of these are
physically interesting.

e Determining the time evolution requires carrying out spectral sums like . Given
that these generally involve an exponentially (in system size) large number of terms
this is a formidable challenge.

In this work we focus on the second of these problems, namely how to extract the time
dependence of local observables after a quantum quench from the spectral representa-
tion. We consider the case of a quantum quench to the repulsive Lieb-Liniger model, and
bring to bear strong-coupling expansion methods we recently developed in the context of
equilibrium response functions [63].

1.1 Lieb-Liniger model
We consider the Lieb-Liniger model [64-66]

H= [ i) - gt o) + et o )] ()

2m dx?
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where 1 (x) is a canonical Bose field satisfying equal-time commutation relations

[W(2), 9" (y)] = 6(z —y). ()

In the following we set A = 2m = 1, impose periodic boundary conditions and restrict
ourselves to the repulsive case ¢ > 0. For later convenience we define the local operators
of interest, namely the density operator at position x and the interaction potential

o(z) = ¢l (2)y(z)
2 2
o2(z) = (¥1(2))" (¥ (2))". (6)
The Lieb-Liniger model is solvable by the Bethe ansatz [6466]. Its eigenfunctions can be

parametrized by N rapidity variables A1, ..., Ay that on a ring of radius L satisfy a set of
quantization conditions known as “Bethe equations”

N
A Iy 1 L Ak — Aj
Ik _ I8 ~arctan ———2 k=1,...,N.
5 =T Lj:“Tarc an — —, yeens (7)

Here I are integer if N is odd and half-odd integer if N is even. The corresponding
eigenstate |A) can be written as

[A) = B(A1)-.B(An)[0) (8)

where B(\) is a creation operator acting on a particular reference state |0). The eigenvalues
of the Hamiltonian and other conserved quantities are expressed in terms of the rapidities
as well. For example the energy F(A) and momentum P(\) read

N

N
EN =YX, PXN=) M. (9)
i=1 i=1
For ¢ > 0 all the solutions A; to the Bethe equations are real [66].

1.2 Quench protocol and observables of interest

Following [28] we consider the following quantum quench protocol. We assume that the
system is prepared in the Bose-Einstein condensate (BEC) ground state for N particles in
the absence of interactions

1 L L
|WpEc) = \/W/o dxl.../o dzntpT(z1)... 01 (21)]0) . (10)

At t = 0 we then suddenly turn on the interactions, so that for £ > 0 the time evolution
of the system |¥(¢)) is governed by the Hamiltonian

[W(t)) = e " |Wppe) . (11)

Our aim is to determine the full time evolution of a number of different observables after
the quench in the framework of the systematic 1/c-expansion developed in [63]. We have
considered the following one and two-point functions:

e One-point function of the interaction potential

(U(t)|o2(0)1¥(t))

(72000 = @)

Il
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—

N
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e Density-density correlation function

(o(z)o(0)); = ) (13)

e Steady-state expectation value of the two-point function of the interaction potential

(Ol )2 0,0)9(0)
el )00 = B T )

iHT

(14)
Here we have defined oa(7,7) = ¢17o9(2)e 7. We note that we use a different
notation for the time difference 7 to avoid confusion with the time ¢ according to
which the system evolves after the quench. The analogous two-point function for
the density operator was derived in [63] up to order 1/c?.

2 Summary of results

As the derivations of our results are quite technical we start by presenting our final an-
swers and discuss their physical implications. All correlators are expressed in terms of
distribution functions of particles p(A) and holes pj(A) defined as follows [2§]

T da(N/c)
dr(1+a(Nc) dr 7

p(A) = a(A/c)pn(N) = (15)

where 7 = % and

2
x smh(27r3:)

a(x) = Il 21&:(4\/»)11-&-211(4[) (16)

with I the modified Bessel function. The particle density D is related to p(\) by

D— /OO p(z)dz. (17)

2.1 Relaxation of the one-point function (o5(0)),

Our final result for the time evolution of the interaction potential o2(0) after the quench,
valid at all finite times ¢t > 0 and expanded in 1/c up to and including order O(c™%) is

(02(0)): — <U2(0
lim 2 9 2 —ep?
li 557 / |0 = ) cos2e32 = o) (1)
+0(c™).
The steady-state value (02(0)) o has been previously calculated in [28]. From the late-

time asymptotics can be straightforwardly extracted with a saddle point approximation

1 T

(020~ (020 = 1571 377 [POAO) ~ 3O (0) -

+ Ot +0(c).

8(0)pn(0)
¢ (19)

Here p”(0) denotes the second derivative of p()\) evaluated at A = 0. The asymptotic ¢~3
dependence is in agreement with a previous conjecture [53]. However, our results show
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that this regime is reached only at rather late times when the expectation value is already
negligibly small. This is shown in Figure [l where we plot

(02(0))
D2

92(t) = (20)

Our 1/c-expansion provides us with the first few terms of an expression of the form

I
0.8 I8
206 H
é\% L L
:L« 0.4 12
8
0.2 :
4 5

Figure 1: Left: go(t) — g2(00) as a function of ¢ (blue thick line), for ¢ = 3 and D = 0.16.
The dotted red line is the result for the leading asymptotics o< t~3. The inset shows the
same quantities on a logarithmic scale.

g2(t) = D029 v "an(t), where ¥ = £ and the functions ay (t) incorporate non-perturbative
summations of certain terms at all orders in 1/c . In order to assess the parameter range
in which the series may be convergent we consider the ratios

_1
n—2

. n=34. (21)

7‘3,4(t)

Figure 2: 73 (resp. r4) as a function of ¢, in light (resp. dark) green. These ratios give an
estimate of the smallest value of v for which the series is convergent.

ratios grow at short times, indicating that the series is not likely to be uniformly convergent
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near ¢t = 0. Moreover, it follows from the fact that g2(0) = 1 while g2(t) = O(c2) for
all t > 0 that a resummation of the series is required to capture limit ¢ — 0. For
t £ 1 the results for r34(t) suggest that the series could be convergent for v Z 4. As a

comparison, we recall that the series in v for the ground state energy density is convergent
for v > 4.527 [67].

2.2 Relaxation of the two-point function (o(z)c(0)),

We find that the leading contributions in the 1/c-expansion of the density-density corre-
lation function can be cast in the form

(o(2)o(0); = {o(2)o(0))ne
a2/ [ ) / duph<u>; cos(a! (1 — \)) cos(2t(\? — )
L) [~ anwf duph(u)/\(/\u_m sin(e/ (A — 1)) cos(26(\? — 1))

c —00

% / ) dAP(A)][ duph(m][ dvp(v) Fy(\ i, v;2') cos(2t(02 — pi2))

—00

v [ o0 f o) f i) Bl vy eosUO? )+ 07,

R (22)

where oD
x/:x(lJrC) , (23)

and
Ay — A v—A v(v — v —
Ey(\ p,v;x) = [VEM — 1/; + pn N] cos(xz(v — \)) + [ME)\ _53 + 3 +Z cos(z(v — p)) ,
A=A AG-w
R i) = [ A=A M cosa(u— 1) (24)
Here { denotes a principal value integral defined as
f) oy )

][M_)\d/\zlg% /l/\—u|>e/i_/\d)\' (25)

The limit ¢ — oo of was previously computed in [28]. The density-density corre-
lator is shown in Figs [3| and

We see that for the chosen parameters D = 1 and ¢ = 10 the effects of the O(c™!) term
are clearly visible and significantly modify the ¢ = oo result. In particular the oscillatory
behaviour as a function of distance for short times becomes more pronounced for smaller
values of c¢. Perhaps the most striking feature of Fig. [3|is the apparent absence of any light
cone effect [41]. This can be understood by noting that (i) our initial state has an infinite
correlation length and any light cone like feature would therefore be weak; (ii) the local
Hilbert space is infinite dimensional and the dispersion relation of elementary excitations
unbounded. Hence the Lieb-Robinson bound [68] does not apply and “superluminal”
effects |69] are allowed.

An alternative representation of more suitable for numerical evaluations and an
analysis of the x — 0 and ¢ — 0 limits are presented in Appendix
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Figure 3: Density plot of (o(x)c(0)); as a function of z,¢ for D =1, ¢ = oo (left) and
¢ =10 (right). The color coding is the same for both plots.

1.5}

." ¥ A‘A/—\A/\
A

T 10

1 2 3 4 1 2 3 4 1 2 3 4
x

Figure 4: Two-point function (o(z)c(0)); as a function of z, for D =1, ¢ =
(red) and ¢ = 10 (blue), for different values of ¢ = 0.025,0.05,0.1,0.2,0.3, 00 (in reading

direction).

The large z and ¢ asymptotics of at fixed ratio a = J; can be determined by a
stationary phase approximation, which results in

o) pn(a) +o(t™Y), (26)

{o(2)o(0))r = (1 + %)2m
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2.3 Connected two-point function (o9(z,7)02(0,0))s. in the stationary
state

We discussed how to determine the non-equal time density-density correlation function in
an arbitrary energy eigenstate described by a root density p(A) in our previous work [63].
The results in this Section are thus valid for a generic root density p, the steady state
one being a particular case. Applying the same method to the connected dynamical
two-point function of oo(x) gives the following result

(o2 (z,7)02(0,0)), = hH(l) 4/ / G\ ) e i (N —p®) tim(p— ) —ep? dAdp
e—0 C

im0 / / /- / p()pr(®) (A — w21 — v)?

T(A2—p2)+iz(u—N)+ir(u2—v?)+iz(v—u)— 6ﬂ2_6”2d)\d,ududv
+ 0(0_5) ) @)

where we have defined

G\ ) = [5 + DA% — 24P + (u— A)(DA — P)r :

P = / h AoV, €= / h N p(A)dA. (28)

The result for the connected two-point function in the stationary state reached at late
times after the quench is obtained by substituting the particle and hole densities into
and . The leading asymptotic behaviour for large z and 7 with a = 5 kept fixed
can be obtained by a stationary phase approximation

(0 (z, 7)2(0,0)),, = Clﬂjﬁ (@)pn(a)(Da? —2Pa+ €2+ O(r ) + O(c™).  (29)

These results can be compared with predictions of Generalized Hydrodynamics |70]. Ac-
cording to these the leading large time and distance asymptotics of connected correlations
between two local observables O and O, is

(O1()0:0.0) = [~ (n)) AN

O Oz o(t7!
- 2O + pn (V) MV2(N)dA+o(r71), (30)

where VO()) is the so-called hydrodynamic projection of the operator O, and v°f(\) the
effective velocity associated with the macro-state defined by the particle and hole densities
p(A) and pp(A). The hydrodynamic projection V72(\) of o2 has been determined in [70]

oo dr A
vy = 2 [T S o) G () 31

Here h,(A) = A", g,(\) = %, and the dressing operation h9" is defined by

dr _ i > 2¢ P(H) dr
0 =00+ 5 | (52)

We find that the asymptotics agrees with this GHD prediction at leading order in
1/ec.
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The dynamical two-point function of o(x) is related to the Drude weight D and the
Onsager coefficient £ by

;/_oo 2? [{(o2(7,7)02(0,0)) + (02(z, —7)02(0,0))] dz = D7* + £|7| + o(7) . (33)

In contrast to the density-density correlator the two-point function of oo (z) is expected
to exhibit diffusive behaviour, i.e. have a non-vanishing Onsager coefficient £ # 0. Our
expression for the two point function translates into the following results for D and £

128 /°° A2p(\)pn(V[E + DA% — 2APJ2dA + O(¢7?)
£ = (9(075) ) 3

This shows that higher orders in the 1/c-expansion are required to determine the Onsager
coefficient. We note that this specific result holds only for root densities p that decay
sufficiently fast at infinity. In the case of the steady state root density , because of
the slow decay of the density, the next terms in the 1/¢ expansion should be re-summed
to yield a convergent integral.

3 Quench Action approach and 1/c¢ expansion

In this Section we discuss the implementation of a 1/c expansion of the Quench Action
approach [23], which we will then apply to several observables of interest in the remainder
of the paper.

3.1 The Quench Action approach

The time evolution of the expectation value of any operator O can always be expressed as
a double sum over a basis of energy eigenstates

_ N (TBeECV) A[Ol) (IVBEC) (B3~ B(u)
O = 2 N el o )

Here we have assumed that (Upgc|¥pgrc) = 1. The Quench Action approach [23] posits
that one of the two sums in is completely dominated by states around a saddle point
characterized by a certain root distribution ps that is fixed by the overlaps. This allows
one to rewrite (35) in the form

. . 1 (UBeC|H)AOIB) awEn -k ]
lim (O); = lim —— Re e’ M|, 36
Lﬁ\oo< >t L—oo |6L‘ )\EZGL I:Z <\I/BEC|}\> (;U'|:u'> ( )

i.e. a generalized micro-canonical average [23,/71] over a set &, of microstates correspond-
ing to the root density ps. Employing typicality ideas the micro-canonical average is then
replaced by the expectation value with respect to a single “representative state” |A) [23]

. L (UBEC|L) AOB) (B0 -EW)
= e 3 S ) e

We note that this last step implies that in the thermodynamic limit depends on the
representative state |A) only through its root density p(\).

10
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3.2 “Initial data” for the quench protocol of interest

To be of practical use the representation requires closed-form expressions for the
overlaps (Upgc|A). For our quench protocol an efficient representation for the overlaps
was derived in [27,28]. Importantly, the overlaps are non-zero only for “pair” states, i.e.
states whose rapidities are of the form —Apy/2, ..., —=A1, A1, oy Ayyo with 0 < A; Vj. We will
denote a set of positive \; by A > 0. We will use the notation A = (—X) U X for such sets
of rapidities. The overlaps are then given by

<\1’BECP\ 1)N2 [N [det G+(X) (38)
VXY LN det G=(A) N/z 2
c2 + 4

where G () are (N/2) x (N/2) matrices of the form

N/2

1 2c 2c
+
~(A) =0;; | 1 + =
@) J( +L;c2+(>\i—/\k)2+c2+(/\i+>\k)2>
1 2c 1 2c
— | = + — . 39
<L02+(/\i—/\j)2 LCQ—F()\Z‘—F)\]‘)Q) ( )

For our quench protocol the saddle point root distribution was determined in Ref. [28] and

is given in .

3.3 The 1/¢ expansion

Our objective is to combine the Quench Action approach to non-equilibrium dynamics
(36) with a strong coupling expansion around ¢ = co. A detailed exposition of the 1/¢
expansion technique for dynamical correlation functions in equilibrium has been given
in [63]. In the following we recall the key steps of the method and then extend it to the
out-of-equilibrium case.

In order to facilitate the 1/c-expansion of the form factors and Bethe equations we
first fix an arbitrary, large A > 0 that will be sent to co at the end of the calculation.
We then select an arbitrary averaging state A by fixing its Bethe numbers I, impose the
constraint that Vi, |[\;| < A, and define the following overlap-weighted spectral sum

UEC|p)MOB) iwmm)-
o [A],AERG[ (UBEC GH(EN—E@) | 40
o 2 (pnclN) e w
Vi, g <A

The overlap-weighted form factor can then be expanded in powers of 1/c at fixed L, I

(Upgc|p)(AOlp) = Fu(I,J)
Wonc ) 2= @ (a1)

where J denotes the Bethe numbers of u. We also expand the argument of the phase

B - B = 3 FolD) = Eald)

n=0

, (42)

cn
but do not expand the phase et EX—EM) jtgelf in powers of 1 /c. The truncation of the

resulting series at a given order O(¢™™) defines the m-th term of our expansion. Once
this truncation has been done, the thermodynamic limit and (if necessary) the average in

11
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can be performed. By construction, the result depends only on the root density p of
the fixed averaging state .
Finally one would like to take the limit A — oco. As we will see, the thermodynamic

limit of the quantity <(9>£)‘]’A at finite A > 0 involves integrals of the form

A
I,(Alt, x) :/ pte it iy (43)
“A

The limit A — oo of these integrals for n > 0 only exists in a distribution sense, i.e. their
integral with any smooth function of z,¢ has a well-defined limit when A — oo. The
resulting limits are denoted by I, (¢, x) and have been worked out in [63] for n =0, 1,2

Li(t,x) = % o(x t)

( >—70(9€ t),

/ —ztu -qudu (44)

An equivalent representation is

oo
I,(t,x) = lim et +w“_€“2d,u. (45)
e—0 — 0
The process described above provides closed-form expressions at order O(¢™"™) for the
quantities

(@) P} — lim lim —— P‘]A 46
(0)" = A—00 L—00 |6L‘)\EZG (46)

Finally, in order to obtain the out-of-equilibrium time evolution this result needs to
be evaluated for the saddle point root density p describing the quench protocol of interest.

4 Calculation of the one-point function (05(0)),

In this Section we apply the Quench Action approach combined with a 1/¢ expansion to
compute the one-point function (o2(0));.

4.1 The form factors

In order to evaluate the expression , one requires a closed-form expression for the form
factors of o9 between energy eigenstates. In the case of interest, because of the structure
of the non-vanishing overlaps with the initial state |¥pgc), the states entering have
a pair structure and will be denoteed |A) and |@). Hence they have same (vanishing)
momentum. In this situation the normalized form factors have been calculated previously
and read [78]

oz O _ (N CNE (B~ B pis

- + oy
O i) 2LV At G detGla) N At T
AN = s g — b R o
v H1<] ’ 1 J‘ Hz<] ’M /'Lj‘ H )\Z )\j + Z'C det 5@] i UZ] .
Hi,j()‘i — Mj) i i — by + ¢ i,j=1,....N
(47)

12
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Here 1 < p < N is an arbitrary integer and

V:I:_N Mk_)\ij:ic
i )\k—)\iiic’
k=1
Uy’ L (m = Aj) ( 2c B 2¢ )
TV =V Ty O = M) N2+ (A = Ak)? @ 4 (A — i)
) 2c
Riya -2 2
V;, _Vj 2+ (A — )
N
1 2c 1 2c
Nij=06i; [ 1+ = _— | . 4
G J( +L;c2+(&-w> L+ (=) o

4.2 1/c expansion and particle-hole excitations

Employing a saddle-point argument in shows that in the limit ¢ — co we have

o . Ao
(O)oc = fim fim (O = lim ReZgse™ (49)
We use this and the pair structure of the states entering to rewrite as
lim (O); = (O)ao + lim Re Y (WBEC\MZQI_O_W G2HEN—E(w) (50)
L—oo Lo = (Uprc|A) ([R)
BN

We now analyze this expression in terms of a 1/c-expansion [63].
In the ¢ — oo limit G* become the identity matrix and the ratio of overlaps takes a
simple form

oeclt) [0 2N
(UpeclN) @m—ﬂw+mcy (51)

Next we turn to the 1/c-expansion of the form factor. It is convenient to introduce some
shorthand notations

SE=E@) —EX),  0Qn,=Qn@) —Q.(N\), (52)
where
_ N
Qu(X) =D AF. (53)
k=1

The rapidities {\;} and {p;} are solutions to the Bethe equations ([7)) with Bethe numbers
I; and J; respectively. The 1/c-expansion of the rapidity differences p; — A; is given by

A= {zﬁ‘ﬁ e, phd (54
i+ 0(c), otherwise
The 1/c-expansion of Vji is computed by writing
+ al Pk — Aj M — Aj
V" =exp [; log(1 4+ T) — log(1 + T) , (55)

13
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and then Taylor expanding the exponential and the logarithms. For a pair state this gives

_ 2

+ - A
VitV =

Combining and we obtain that the large ¢ limit of the matrix U is given by

02

\OE

OF +

Uj = +0(). (57)

To evaluate the determinant appearing in the form factor we use that for an invertible
matrix A and two vectors u,v we have

det(A +uwv') = (1 + v A7 u) det A, (58)
which implies that
det(8;5 + Uij) = O(?). (59)
17-]
Let us now introduce
v = N = [{L} {3}, (60)

i.e. the number of Bethe numbers associated with the rapidities A that are distinct from
the Bethe numbers corresponding to the rapidities fi. Using we find

Hi<j()‘i —Aj) Hz‘<j(ﬂi — )

= 0Ny, (61)
Hz‘,jO‘i — )
Putting everything together it follows that
Uggc|i)(Ao?(0)|@
WorclDAP OB _ gy oo o2

(Upec|A) (BlE)
This establishes that the 1/c-expansion of the spectral sum corresponds to an ex-
pansion in the number of particle-hole excitations. Since v has to be even because of the
pair structure of the states, the leading order term for i # X is obtained for v = 2, i.e.
two particle-hole excitations and is of order O(c~2). The next terms involve four particle-
hole excitations and contribute only at order O(c™8). Since our goal is to compute the
relaxation dynamics up to order ¢~%, we can restrict our analysis to two particle-hole
excitations.

4.3 Two particle-hole excitations

We now fix the rapidities A > 0 of the representative state and denote its Bethe numbers
by {I;}. We then consider g > 0 such that the corresponding Bethe numbers J; are equal
to I except for
Jo=1I,+n. (63)

The usual exclusion principles in the Bethe ansatz impose that n # 0, J, > 0 and
Vi =1,..,N, J, # I;. The Bethe state |z) constructed in this way is a pair state that
corresponds to a two particle-hole excitation over the representative state |5\) Taking
into account only such states in the spectral sum provides a 1/c-expansion up to and
including O(c™?).

Taking the difference between Bethe equations for the roots p; and A; and using the
pair structure we obtain the following expansion for the positive Bethe roots with ¢ # a

A= {5@3519 — 24 (5Q4 + 20E) + O(c™%),  ifia

Zmn 4 2 [N(ud — A3) + 3X\0E + 2 E(R)] + O(c™®),  ifi=a.
(64)

14
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Here we have introduced the convenient notation

2D
L’:L<1+C> . (65)
We next turn to the 1/c-expansion of the matrix U. We choose A\, = —)\4, so that the
first term in Uy, is O(c™!) except for j = a. This gives
8 2c 2c
Ujk =0jart — |2 2 2 2
Vo = Va c +(>‘a_>‘k) c +(>‘a+)‘k)
2ic
+ +0(c! 66
V@ 1 0a a0 o
where 5 SE
27 ™\ _ _3
B="7 <1+/\aL,> oo o). (67)
We then employ the following identity obtained from
(}?kt(@'k + mpdjo + ujvg) = 14+ mg + Zujvj + Z uj (VMg — Mjvg) , (68)
J Jj#a
to obtain
i 2 2¢ ) B 2¢
det(I +U) =1 - — —Aa Aa
B e [c c2+4A2] T+ = e )
g2 -1
——f(=2a) + O . 69
= () + 0 (69)
Here we have defined
1 2c
fl2) =3 : (70)

+ — 2 —)\.)2
—~ V-V @4 (=)

Using that V,} =V~ = —(Vj+ — V) if Ay = —A; we have

. 3 ) 5 23
R R e D I RG] D IR = )

3 5 ¥ = + =
C C = V. A
7 Vi 7Y Vi Y

Using we then obtain the following result for the 1/c-expansion of f(z)

2N 55— — 27 -3
f(z)_Z(SE 1+ 2 +0(c™?). (72)
Noting that
% = %E +2X2+0(c™Y), (73)

we finally arrive at the following expression for the determinant appearing in the form
factor
Nc?

det(I +U) = ———

+0(cY). (74)
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The expansion of the remaining terms in the form factor is more straightforward. We find

Hi<j’/\i_/\j‘ni<j |pi — w5 _ N/2’/\ (Aa

QWH)‘

4(—1 +0(c? 75
i— A+ NOE _
szl— 52 +0(c?) (76)
g T +1c 2c
NV ipas o). ita—a ()
SV ) 5.2 c?), 1 #a,—a
2mn 2mn _3
0F = 7 (2)\a + 7 > +0(c™)
2D\ V! "
det GAA) =detG(p) = [ 1+ —~ +0(c™). (78)
Putting everything together we obtain
Alo®(0)E) _ 16[Aa(Xa + 27| [ 2 omny2 4 2 ] s
— = 1— < () + T2 e +2)0) | +O(c77). 79

The expansion of the ratio of the normalized overlaps is similarly straightforward

(Waeln) [GR) _ G_icmf_%%g+mcw (%0)

(Uprc\) | (BIE) Ao+ 222 r L'
Our final result for the 1/c-expansion of the summand in is then
3 _ ) 2
(Usrc|E)(Alo?(0)R) _ 167 4N+ 31
(UBEc|A) (BlR) 2L2(1+2D/c) c?

This is a regular function of A\, and n and in the thermodynamic limit the sums over A,
and n can therefore be turned into integrals

+0(®).  (81)

(02(0))1 =(72(0) (2)
+g%ﬂ£$@4 AZ(1 = M) cos (26022 — 1)) p(\pn (e *" dAdp
+0(c7). (83)

We refer the reader to Section for the e — 0 limit. Importantly depends on the
representative state only via the particle and hole densities. This shows that the typicality
assumption underlying indeed holds, at least to the order of the 1/c-expansion we are
working in.

5 Calculation of the two-point function (o(z)c(0));

5.1 Spectral representation

The expression for the time evolution obtained within the Quench Action framework
is expected to hold for any “weak” operator [52] O, which includes o(z)o(0). Inserting a
resolution of the identity between the two density operators then gives

(o(2)a(0)): =

Yy (Upgc|E) (Alo(0)|v) (v]o(0 NB) 2it(BX)-E)+iaPw)

|6L| [ (Upgpc|A) (BR) (v|v)

A€, u>0 v
(84)
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We note that the intermediate state v does not have to be a pair state. We now proceed
as in the case of the one-point by considering a given representative state A and defining

(Upgc|f) (Ao
Z Z (Urc|A)(

p>0 v

_)|’j> Wl (OIR) ;) -B@w)+iaPw) (85)
Ala) (viv)

The usual typicality arguments suggest that in the thermodynamic this quantity will
depend on the representative state only via its particle and hole densities. If this holds
true then the generalized micro-canonical average in can be dropped and

lim ((w)o(0)); = lim Cx(a,1). (86)

L—oo

We will see below that this is indeed the case due to rather delicate cancellations of
contributions that depend on details of the representative state.
The form factors entering are given by [72-77]

(ulo (0)[X) N (=1)NND2(P) — P(u) Tis 1N = Ml T bt = i

AN (ulw) LN \/det G(X) det G(u) IL (5 = )
)\i — A +ic -
< (= O =V det Jos+ UG (87)
i Mz_Mg"FZCj#p i,j=
where
/ i — Aj 2c _ 2c B — Aj Aj
jk — ZVj—i- V |:()\ _)\k) 4 2 (A - /\k) +CQ:| H /\ (88)

5.2 Structure of the contributing “excited states”

In order to determine the order O(c™!) in our 1/c-expansion of we need to know
which “excitations” v and iz will contribute to the spectral sums. Let us first remark that
the limiting value taken by (o(2)c(0)); when ¢ — oo is obtained when i = A in (85)), as
written in (49). In order to investigate the relaxation dynamics we will thus assume from
now on fi # .

We recall from [63] that the density form-factor for a one particle-hole excitation with
rapidities u above a state with rapidities A takes the following form at order O(c™!)

(plo (0)|A) 1+22 o o
A ) (el ) L(1+ 1;[ gn (A — pa) sgn (Ai — Ag)

2(Ha — Aa) 1 L —2
1 S - .
8 < T <\~ ja )\i—/\a>+0(0 ) (89)

The product of signs in this formula arises because we chose an Algebraic Bethe Ansatz
description of the eigenstates that is symmetric in the rapidities A1, ..., Ay, in contrast
to the Coordinate Bethe Ansatz description which is antisymmetric. In normalized form
and for zero-momentum states, the two are related by a factor [[,_. sgn (A; — A;) times a
phase independent of \;’s [78§].

1<j

17



SciPost Physics

For a two particle-hole excitation where the Bethe numbers of p are the same as the
ones of A except for I, I, we have [63]

o (0) A
o O _ T sen (0 — jra) sz (h — Aa) s O — o) szn (A — )
AN Wl o
X sgn (Ag — Np) sgn (pg — o)
2 —da— )2 Na = A —
cL? (pta — Aa) (b — M) (Ha — M) (115 — Aa)

Form factors with a higher number of particle-hole excitations are suppressed by at least
a factor ¢=2 and we will ignore them in the following. We are now in a position to identify

the dominant “excitations” contributing to the spectral representation at large c.

(i) “Type I” configurations contributing at O(c’) and higher

Because of the pair structure of both X and i the leading order of the 1/c-expansion
is obtained with states corresponding to a two particle-hole excitation @i above A
such that the Bethe numbers I,, —I, of X are replaced by J,, —J, in fi. We will
assume this structure to be satisfied in the following.

Then the intermediate state v that provides the leading O(c) contribution is ob-
tained by imposing that it is a one particle-hole excitation above both X and f.
This implies that the Bethe numbers of v have to be the same as those of X with
the exception of I, or —I,, which is replaced by either J, or —J,. These contribu-
tions give the full result in the ¢ — oo limit, which correspond to a quench directly
from the BEC to the Tonks-Girardeau gas [44]. However, they also incorporate ¢t
corrections due to subleading terms in the form factors.

(i) “Type II” configurations contributing at O(c™1t)

At order O(c1) contribution arise from other terms in the spectral sum as well. One
class of terms corresponds to the case where v is equal to A () and corresponds to a
two particle-hole excitations above fi (). In this case one of the two form factors in
reduces to the expectation value of o which equals the density D, while other
form factor is of order O(c™!) since it involves states related by two particle-hole

excitations. Closer inspection of reveals that these contributions cancel
D{(o(0)); — D* + D(o(x)); —D* = 0. (91)
Here we have used that since o is a conserved quantity we have

(0(0))r = (2(0))o =D (92)

This leaves one remaining source for O(c~1) contributions, namely when the v corre-
spond to a one particle-hole excitation above A (&) and a two particle-hole excitation

above i (A). As we will see below these terms give non-vanishing contributions to
the spectral sum.

5.3 Contributions arising from type I configurations

We now consider case (i) above, in which XA # p and v corresponds to a one particle-hole

excitation above both A and fi. We denote the corresponding contribution to by
Sl"l(ac,t). These contributions are sketched in Figure || The four possible choices for v

can be accounted for by replacing the rapidity A, by p, in v, but allowing both A\, and
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|A) —1I, - I,
’V> *Ja : Ia
’ﬁ> *Ja : ]a

Figure 5: An example of a type I excitation. Dots indicate Bethe numbers that are the
same. We see that v differs from X by the replacement —I, — —J,, while g differs from
v by replacing I, — J,.

pa to take values between —oo and co. At order O(c™!) the form factors entering the
spectral sum are given by , and the overlaps are
(TpeclE) [AX) | A

I
Toso) \| @R~ || TOCT) (93)

Here the absolute values arise because in the A\; denote by definition the positive
rapidities in X only, whereas \q, 114 can be either positive or negative. The signs appearing
in the form factor have to be treated carefully and give rise to a factor sgn (Aypq) in
the summand in . The 1/c-expansion of this summand reads

(Wppcl@) Ao (0)») Wlo(0)E)  (1+2D/0) A,

(‘I’BEc!X><’\ﬁ> W)  L2(1+2/(cL)? pa
<1+ — EZ: A—ua iiAaJr““C_L)‘“ [Ala_ulaDJrO(c_z)' (94)
PYSA

This allows us to cast the corresponding contribution to in the form

3
Col(@,t) = (1+2D/c)* Y Ba(a' 1) (95)
a=0
where
1 a 2 2 1T —
E 72 Zlu 2t)\ —p2)+iz! (pa )\a)’ (96)
Aa€A Ha T
Ha®A
1 (Aavua)
ne=p Y Y Y et o
€A Ha aen  Hali ™ Ma
1a %A N #Xa—Aa
9(Nas fa)
I ZZ > PIESwE (98)
oEN Ha MEA
Ha @A )\;éz\a,—)\
1 1 1 N2 2N
Z R - QZt(>\¢z_I“L(JL)—"—Zm (MG_ACL) .
= 73 > Z [Aa ua]e (99)
Ac€EA H%

Here we introduced a set A = {\;[i =1,..., N/2} U{=X\;|i = 1,..., N/2} and defined

g(A ) = AN(p — A) 2N O FiE (=) (100)
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We recall that 2’ was defined in (23). It appears here since at order O(c™!) one has
E) = E(p) = A, — pg + O(c™?) and P(v) = 2'(pta — Aa) + O(c™?).

The contribution ¥y(x,t) can be straightforwardly turned into a principal part in-
tegral in the thermodynamic limit, while the remaining sums can be carried out in the
thermodynamic limit using the following Lemmas.

Lemma 1. Let f(\ p,v) be a regular function that grows sufficiently slowly at infinity.
Then in the thermodynamic limit we obtain

3 Z Z Z I )\/\ )\_/\)‘ _/_°° d)\p()\)][ dl/p(y)][ dlup(u)M

Aa€A XN EA NjEA v(p—v)
Aj 7é>\

71'2

. p(0)22— M) /OO F00,00p(A)dA + O(L™) . (101)

Here we have defined ) )
Q) = Lliﬂiomé;\v . (102)

We stress that (\) is a quantity that in the thermodynamic limit depends on the choice
of representative state not only through the root density p(A). A proof of Lemma 1 is
given in Appendix

Lemma 2. Let f(\, u,v) be a reqular function that grows sufficiently slowly at infinity.
Then in the thermodynamic limit

)\a’ )\ 27rn /\
Z Z Z 2%2— 27rn / d)‘p ][ dVP ][ d,u

Xa€A n;é())\ eA

u

/f/\OO N — Q(,\)/ PN F(A,0,0)dA+ O(L )

(103)
A proof of Lemma 1 is given in Appendix [C|
5.3.1 First sum ¥ (z,t)
Writing out the various constraints in the summations explicitly we have
90, A + 2 9 \y)
O DD IO ey m - PIDIDIEL i A_A
(Ni + i(
AaEA NFEO N EA Aa€EA N ;EA N EA
i#j
_ Z Z 9 aalua L Z Z anua (104)
AaEA ua Ha) AaEA  Ha )‘ - Ma)
pad #aéA

We note that since the states have a pair structure, IV is even and the Bethe numbers are
half-odd integers, and so neither p, or A\; + 2”" can vanish in the denominators.

The last two sums are two-dimensional sums with a prefactor 1/L3 but only simple
poles and hence vanish in the thermodynamic limit. The remaining two sums in can
be carried out using Lemma 2 and Lemma 1 respectively. This gives

> A ~ i - iz’ (u—
Zia ) = =4 [ Ao i) = W)

—0o0

+ [29(,\) - 4@(0)(% - p(;))} /_ : AZp(N) 2t =iz Ay | (105)
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where p(\) denotes the Hilbert transform of p(\) defined by

5(\) :][ A”(w dv. (106)

— VvV

5.3.2 Second sum Y (z’,t)

Writing out the constraints on the various summations explicitly we have

27r(n+1/2)) 90w (Mas Aj)
2(a,1) LsZZZ%(nH/Z — ZZZ THEEw
M€EA N NEA Aa€A XjEA N EA A4
NiFAa i#a
2 3 Z Z g amua . (107)
AaEA  Ha
HaEA

The third sum is a two-dimensional sum with a prefactor 1/L? and no double poles and
hence vanishes in the thermodynamic limit. The first two sums can be turned into principal
value integrals, which gives

> A ~ (A — iz’ (u—
Za(al, ) = =4 [ A dipn )2 = NI BN 10g)

—00

5.3.3 Third sum X3(2/,t)

The third sum is a two-dimensional sum with a prefactor 1/L3, so can contribute in the
thermodynamic limit only if there is a double pole. It follows that

a 7 2 1T a a
N Z 3 e ritampa i (a=de) 4 O(L7) (109)

Aa€A pagA Ha
By writing out the constraint exphcltly we have
2m(n+1/2) ., 2m(n+1/2)
21t()\37( )2) iz ( —Xa)
(a',1) L3 Z Z (2l n+1/2 L o
Aa€EA N
Z Z a e2it (A2=X2)+iz' (A Aa) (110)

Aa€A N; EA

We see that the sum over A\, can be turned into an integral, while the remaining sums can
be respectively carried out explicitly and expressed in terms of () (102). This gives

S(a',t) = [411 - Q(M] /_OO A2p(A)eN AN + O(L7Y). (111)

5.3.4 Result

Putting everything together, we obtain the following result for the contribution of two one
particle-hole excitations to the spectral sum

Cl(,t) =
(142200 [~ anof dimn) (1= 2= N(30) = ) ) 210740
+ % [i —2mp(0) + 27%p(0)* + Q(,\)] /_ Z A2p(A) 2N TGy | (112)

We stress that C;’l(:v, t) depends on the representative state A not only through the root
density p, but via the quantity Q2(X) (102) as well.
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5.4 Contributions arising from type II configurations

Let us denote by C;Q"l(a:, t) the sum of contributions of type-II configurations to , ie.

configurations where v corresponds to a one particle-hole excitation above A () and a two
particle-hole excitation above i (A) respectively . There are altogether four cases:

(i) The Bethe numbers of v are those of A except for the replacement of I, or —1I,
by K,. Denoting the corresponding root by 1, we have the following restrictions:

Vi, pia # Ai; Vi, Vo # Nis Va # flay —Ha-

(ii) The Bethe numbers of v are those of g with only J, or —J, replaced by a K,.
Denoting v, the corresponding root, we have the restrictions Vi, g # A; and Vi, v, #
Ai and Vg # fiq, —fta. Cases (i) and (ii) are sketched in Figure [f]

|,‘\> N Y
v) e A
) T S

Figure 6: Cases (i) and (ii) of type II excitations.

(iii) The Bethe numbers of v are those of A with only I, or —I (b # a) replaced by .J, or
—Jo. The restrictions on the rapidities are \p # Aq, —Aa; Vi, fta # Ai-

(iv) The Bethe numbers of v are those of i with only I, or —1; (b # a) replaced by I,
or —I,. The restrictions on the rapidities are \p # A\g, —Aa; Vi, pg # Ai. Cases (iii)
and (iv) are sketched in Figure[7]

| )‘> e N A
’,,> T Y A
‘ ﬁ> R Y A A

Figure 7: Cases (iii) and (iv) of type II excitations.

Case (i) can be accounted for by always changing A\, for v,, but allowing A, to range
between —oco and co. One can also allow p, to range between —oo and oo by introducing
a combinatorial factor % In case (ii) the same holds true with A\, and p, interchanged.
Case (iii) can be accounted for by always changing A\, for u,, but allowing both A\, and
la to range between —oo and oco. One can also allow A, to range between —oo and oo
by introducing a combinatorial factor 1. In case (iv) the same holds true with A, and pq
interchanged.

In cases (i) and (ii) the product of all the signs appearing in and give a factor

—sgn (Aglta)- In cases (iii) and (iv) they give a factor sgn (Agfiq). It follows that in these
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four cases we have

<‘I’BEc\ﬁ></_\|f(0)|V><V|U( NB) 2it(BX)-B(w)+ia' Pw)
<‘I’BEC|A><ﬂ|'><V\V>

2 (a=2a)?2a(VatAa) 20t (N2 —pi2 Va—Aa .
e e ) )
SRTERATR: (T (NP S0
L I (12— jaa € a case (iii)
% (A?Aile)lgz)?;g(x_bé;a) p2it(A2—pi2) giz’ (Aa—Ap) case (iv)

In order to proceed it is convenient to decompose the rational functions in ((113)) using

(Va — Aa) 2220 (Ve + Ao)  Va—Aa | Aa—Va n Aa(Va — Aa) n Aa(Ag — Va)

(Vc% - //’?z)()‘?z - N?L) B )‘a + Ua Ma — >\a ’/a(,ua - Va) (Va + Na) ’
(Va — 11a)*2\3(Va + fta) _ Va—Ma | [a — Va N Va(Va — f1a) N Va(fa — Va)
(vg = A (g — Aha flatAa Aa—fla Ha(Pa—Va)  Ha(Aa+Va)
(N = 1a)*2X5 (1o +20) _ Ha =D o= pta . Mo(No = pta) Aot = M)
N =22 = Mtta Aa—ta Aat+ia Halda— ) pa(Aa+Np)
()\b - )\a)22)\a()‘b + )\a) _ Aa — )\b )\b — Aa )\a()\b - )\a) )\a()‘a - )\b) (114)
(Af = 12) (N2 — pi2) fa—=Xa Aot fta No(fa — Ap) )\b(>\b + pa)

Using (113]) and (114) we can express the sum of all type-II contributions to in the

form

2
o5 @, t) = = [ = T, 1) = (! 1) + B!, 1) + (!, 1) (115)
where
(Vg — A Aa(Va — Aa) ] 2_ -
E/ a a 4 a\Va a 27,t()\ ) iz’ (vq )\a)7
LS )\ZeA %{; Z _)\a-i-,uza Va(ﬂa_ya)_
“ paEA V‘l(zA
VaFHa,— Ha
(Vo — o Va(Va — ta) ] p2it (NG —p7) piz’ (v )
E/ + €$ a—MHa ,
S ,\ze:/\ %; Z LHa + Ao Ha(Aa = Va)
Ha A VagA
VaF Pa,—
g — N | AN = fa) | 200022 ia (jra—
(e i 20t(A; —p7) iz’ (a =)
LS Z Z Z )\a—ﬂa_}_//ua()\a_)\b) ‘ ‘ 7
Aa€A Ha  NeA b i
Ba¥A Ny#£Xa,—Aa
Ao =X Ao =) | 2002 12) ia/(ram
> (x + eitha—na) giw’a=Xo) (116

pa @A Abﬁa,—xa

In all four contributions E;- (2',t) the respective first term only involves simple poles and
therefore can be straightforwardly expressed in terms of principal value integrals in the
thermodynamic limit. The other terms involve two simple poles and require a more elab-
orate treatment.

5.4.1 First term X (2/,¢)

The contribution to X/ (2/,¢) involving two simple poles is of the form

L L3Z Z Z f( a,,ua,Va)’ (117)

Xa€A pa@h  vadA a(ta = va)
VaFEfla
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where

F u,v) =AMy — )\)62“(/\2_“2)”9”,(”_)‘) . (118)

Resolving all the constraints, we have at leading order in 1/c¢

)\au>\ +27rm )\ + 7r(n+m))
sifl= 5 Y Y

21
e R Mx—%")

)\a,/\ + ”m i) F(Aa, Aj, A 4 2 )
73 Z Z Z s 27rm Z Z Z +2]7Lrn> 27£n)

Aa €A N EA m#A0 v Aa€EA N EA n;éo

F(Aay Ajs i)

+7ZZZ i — )
Aa€A N EA NjEA
sy

(n+1 /2)  2m(n+1/2) )

! : wa,i
TZZ 2”"721/2)) - LEiZZ )-(119)

A €A n£0 Aa€A N EA

The first two contributions can be computed by first summing over m, and then summing
over n and A; respectively, which involves one-dimensional sums with only a single simple
pole. In the thermodynamic limit they can be readily turned into principal value integrals.
The fifth and sixth terms are double sums with a factor L™3 and hence are completely
dominated by their respective double poles. They yield

27r(n+1/2) 27r(n+1/2))

f )‘ay)\z; %
5 2 2 ey g X 2 T

Aa€EA n;éO Aa€EA XN EA

= [ — } / F(A,0,0)p(A\)dX + O(L™Y) (120)

The third term is of a very similar structure to Lemma 2 ({103)) and can be treated analo-
gously. We write

FOar Aj A+ )\a,/\,)\ + 2In)
Z ZZ +2j7£n 275’;1 _L3 Z Z Z ’ 27rn

Aa€A N eAn;zéO Aa€A N EA J n L

FQas Ay Ay + 270 VY
Ay yiy! P zzfﬂﬂwm

Aa€A N jEA Aj n£0 Aa€A N jEA

In the thermodynamlc limit this becomes

BT TSI I [

Aa€A X EA n£0 L

_/OodAp(A)][dup(:) dyf(A“’ - /ono A)dA (122)

oo 2n(v —

The two principal values can be brought under a single principal value as in (163)), cf.
Appendix Finally the fourth term in (119 can be calculated using Lemma 1 (101]).
Putting everything together we then obtain

¥ (a',1) :/ d)‘ﬂ(/\)][dﬂﬂh(ﬂ)][dyﬂh( ) = A 20t (A2 pu2) i (=)

oo A p
= AW = A) ait(02—p2)pia! (v—x
+ dA /\][du u][d T 2N ) (v=A)
| axf avpn)f auonn 3=
1 > A2 —ix’
- 5(Trp(()) —2p(0)% — 5) / AZp(N) 2N A gy (123)
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5.4.2 Second term X} (2/,t)

The contribution to X4(2/,t) involving two simple poles is of the form

EY Y Y e L5 vy M

27r(m+1/2) g+ 2

27T m+1/2 )27|'n

A€M pa@A  va@A Aa€A M nA0
VaFEa
AQ,AZ,A + 2g1) Ao T )
PP IDIE e e D B B B e
Aa €A N EA nF#0 L Xa€EA M XEA ( - J)
A #Aa
)\ )\ )\ as May Ha )\av a) — Ma
Zzzf/\_/\ Zz[f /\M_M))+f( (/\M+ M))}’
Xa€ANEA NEA Aa€A pa A Ha Hala T Ha
A £
(124)
where o
FO, ) = vy — p)e? N it (125)

The first terms on the right-hand side can all be computed by performing successive
one-dimensional sums with only a single simple pole, which allows them to be turned
into principal value integrals in the thermodynamic limit. The last term involves a two-
dimensional sum with a factor L™3 and a summand featuring only simple poles. Hence it
vanishes in the thermodynamic limit. We conclude that

So(a’,t) = / dAp(A / dpon (e ][ dvpn(v “ 2it(\—p?)tia! (v—p)
v anno f v )M OS2 1) 4 O,

(126)

5.4.3 Third term X5(2/,t)

This contribution is straightforward to deal with. After writing the sum over u, as the
difference of a sum over vacancies and holes the sums over \,; can be factorized and will
involve only single simple poles. It then follows that

h h —V 2 - ix! (u—v
Eg(xlvt):/ d)\p()\)/ duph(u)][dyp(y)/;ueht(/\z p2)+iz! (p—v)

—00 —00

" / ) dApu)]l duphw][ dvpl) AL ) gzit s ia =) 1 o(11) . (127)

—00

5.4.4 Fourth term X (a2’ )

The contribution to X/ (2/,t) involving two simple poles is of the form

f as cn)\ )‘0«7)‘ +%J7A)
EDIDID I EEEDIPIP I e

-
XaCA pagh e A b(Ha = Ab) A €A 20 ApEA

(Aas Aiy Ap)
- DIDIDIE s e (Y

Ma€A MEA NEA
AN

25



SciPost Physics

where

F u,v) =AMy — )\)62“(/\2_“2)”9”,()‘_”) . (129)

The first sum can be straightforwardly turned into a principal value integral and the second
sum can be carried out using Lemma 1 (101]). This gives

> o A=V o — ix' (A\—v
S t) = [ an) [ dupnl)f dvplo) e 0 )

o0 AW = A) oin(r2—p?)ia’ (A—
+ dA A][d ][dV v) oL 2N ) Fial (A-v)
/oo p(A) 1 dppn(p) p( ),,(M_y)
2 2 _ 00 . .
" e p(O) 5 Q(A) / )\QP(A)tet)\2+lm AdA . (130)

5.4.5 Result for all contributions arising from type II configurations

The combined contribution of all 3/ (z/,¢) can be brought into a simpler form by using
that (i) the root distribution is even; (ii) at leading order in 1/c we can write

PO + pn(N) = 5=+ O, (131)

and (iii) for z # 0 we have in a distribution sense

oo o) ) 00 eimy
/ edr =0, / ve™dv =0, / dv = imsgn (x). (132)
—o0 —o0 -0 V

This allows us to combine the contributions of the terms in X/ (2/,¢) involving only a
single simple pole into the following expression

2 / N dAp(A)][ duph(u)][ dvp(v) K J_r 2 cos(z' (v — \))e2itN’=1?)

— 00

£2 [ axg 0 f apmnto) f avp) ¥ oy - et

—00

—sen(o) [~ ] duph<u>w sin(a/(A— )2 (133)

—00

Our final result for the thermodynamic limit of all contributions to (85)) arising from type
IT configurations is then

ety =5 [ o) f o) f dppn () Fa(n i) cos (2002 = 1)

=25 T g0 f a0 X2 st e
+ % (411 — 2p(0) + 272p(0)? — Q(A)) / T AZp()edtR TGy (134)

where Fy(A, p, v;2') is the function defined in (24]).
We stress that C;’l(w,t) depends on the representative state A not only through the
root density p, but via the quantity Q(X) (102) as well.
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5.5 Cancellation of the representative state dependence

Once both contributions and to the spectral sum are summed up, we observe
that the dependence on the representative state through the quantity Q(X\) exactly van-
ishes! This non-trivial cancellation suggests that the typicality assumption underlying
is indeed correct, even though the partial contributions do carry an additional dependence
on the chosen representative state.

To arrive at the expression written in the introduction, we sum up and
and use that at leading order in 1/¢

p(0) = = + 0. (135)

:271'

6 Calculation of the two-point function (os(x,7)02(0,0))s in
the steady state

We saw in that the expectation value of an observable (O); after the quench converges
when ¢t — 00 to (O)s given in . This limit value is thus expressed as an equilibrium
expectation value of O in a representative state corresponding to the steady-state root
density p that is fixed by the quench protocol. An interesting question is then how to
characterize the physical properties of this steady state through its response functions.
The dynamical correlation function of an observable O in an energy eigenstate |A) has
a spectral representation in a basis of (unnormalized) energy eigenstates |p) of the form

e OO (50— () tin(P ) —PO)
(O(2,1)0(0,0)) = S OO w)+ia(Pw)=P(N) (136)
z#: A A (el )

We have previously considered the case where O(z) = o(z) in [63]. This case is quite
special as o(x) is the density of a conserved charge. In the following we consider the case
O(x) = o2(x). An expression for the form factors of this operator between two states of
equal momenta was presented previously in . To determine the dynamical two-point
function we require form factors between states with different momenta as well, which can
be expressed in the form [78]

plo2 () _ i Jp) (plo(0)|A) (137)

VO w6 (PO - PW)? AN

where the density form factor given in and

T 1) = (PX) = P())* = 4(P(X) = P()(Q3(A) — Qs(w)) + 3(EQ) = E(w)*. (138)

6.1 1/c expansion and particle-hole excitations

Let us again follow the same reasoning as in the previous sections, and investigate the

leading behaviour of the form factor when ¢ — oo, for generic A, u satisfying the Bethe

equations. The simple relation allows us to directly use the results of [63] for the

density correlations. Denoting v the number of Bethe numbers of g that do not appear
among those of A\, we have

2

‘ AULYE " (139)

VAN (el )
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Hence the 1/c expansion is also an expansion in the number of particle-hole excitations.
By restricting our analysis to O(c™*), we can focus only on one and two-particle-hole
excitations.

6.2 One particle-hole excitations

We now consider a one-particle-hole excitation above A, namely a state g such that all its
Bethe numbers are those of A except for I, which is replaced by I, + n. This results in
constraints on the Bethe numbers

n#0, Vi#a, I, +n#1;. (140)

We then can use the results of [63] because of the simple relation (137]), which always holds

since the momenta between the two states involved are necessarily different. We obtain

[Alo2(0) ) _ 16
N {ulps) L2

Interestingly, the a priori leading order O(c~2) contribution vanishes. As a result the one
and two particle-hole excitations contribute at the same order in 1/c. Since does not
have poles the corresponding contribution to the spectral sum is straightforward to
compute and gives the first line of .

2
—& — DN +2)\,P + 2%"(73 —DN)| +0(c7?). (141)

6.3 Two particle-hole excitations

The other class of intermediate states contributing at order O(c™*) are two particle-hole
excitations, i.e. states with rapidities g such that the corresponding Bethe numbers are
those of A with the exception of I, and I, which are replaced by I, +n and I} respectively.
The Bethe numbers are subject to the following constraints

n,m=0,
Vi#ab, Io+n#L, Li+m#I,
Io+n#L+m,
Io+n#1,
L+m#1,. (142)

Assuming that the momenta of the two states are different, i.e. that n # —m, one can
again use (137)) and [63] to obtain

(Al ) * _ 16
A (ulp) LA

This expression has no singularities and the corresponding contribution to the spectral
sum is straightforwardly expressed as an integral in the thermodynamic limit. This gives
the second line of .

When n = —m, i.e. when the momenta of the two states are identical, we obtain from

that

27 (n —m)
L

Aa = ) (Aa = X + )2+ O(c). (143)

NOWE
an gy - S (14

and that there are no singularities in n. As in this case there are only three sums we
conclude that such contributions vanish in the thermodynamic limit.
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7 Summary and Conclusions

In this work we have combined the Quench Action approach with our recently devel-
oped 1/c-expansion method for form factor sums in the Lieb-Liniger model to analyze a
number of different observables after a quantum quench starting in the ground state of
a non-interacting Bose gas. To the best of our knowledge our work is the first to obtain
analytic results for quench dynamics in a generic interacting integrable theory beyond
the asymptotic late-time regime. This program has been carried out before only for the
g-boson model in the limit ¢ — oo [79,[80], an interacting model that exhibits unusual
simplifying features.

Our work also uncovered a novel aspect regarding the application of typicality ideas
to the analysis of quantum quenches in integrable models. We observed that carrying
out partial summations of the spectral sums in the Quench Action approach can lead to
results that violate the underlying typicality assumption and depend on details of the
particular representative state selected. In the case at hand this dependence arises from
the singular behaviour of overlaps at zero rapidity. But remarkably, we observe that
this representative-state dependence cancels out between different types of particle-hole
excitations at the order in 1/c of our calculation, yielding a significant check of typicality
in an out-of-equilibrium setting. However, we are able to construct ad hoc initial states
in a free theory for which these cancellations do not occur. This results in a failure of
typicality, but this failure is weak in the sense that the problematic representative states
are rare and can be avoided through a regularization procedure. A brief discussion of
these findings is given in Appendix

Our work raises a number of interesting questions that should be investigated further.
First, it is important to work out higher orders in the 1/c-expansion both for dynamical
response functions and in the quench context. In particular, conjectured extensions of
GHD predict that the two-point functions of o9(x) will exhibit diffusive behaviour [70].
This is not seen in the leading order of the 1/c-expansion worked out here, but supposedly
will appear at the next order. Second, it should be explored how to define truncations
of the spectral sum that would be finite in the thermodynamic limit (not divergent and
not exponentially small) for finite ¢. Indeed, the spectral sum truncation induced by the
1/c expansion generically exhibits terms polynomial in the system size that cross-cancel
between different numbers of particle-hole excitations. Third, it would be very interesting
to apply our strong coupling expansion method to dynamical correlations in other models
like the Heisenberg XXZ chain [81-84]. These typically will involve bound states, and
an important question is how to extend the strong coupling expansion in order to take
their contributions into account. Fourth, it would be interesting to extend the analysis
presented above to quantum quenches starting in inhomogeneous initial states [85,86].
Finally, we think it is important to arrive at a more complete understanding of the scope
and limitations for applying typicality ideas to the calculation of dynamical correlations
in and out of equilibrium.

Acknowledgements We are grateful to Jacopo de Nardis and Karol Kozlowski for
helpful discussions and comments. This work was supported by the EPSRC under grant
EP/S020527/1.
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A Principal value integrals

In this appendix we present details on principal value integrals used in the main text and
the proofs of Lemma 1 and 2.
A.1 Double principal values

Given a function F'(\, pu,v), we define its integral with successive double principal value

) ][(A %f’_y d)\dudu_/du][dy _V][ (; u;b ) (145)

where the { symbols appearing in the right-hand side of this expression denote single
principal values defined in . As shown in [63], the following relations hold

/d)\][du)\ - ][ F(\, v "
/du][dA/\ M][ L A p v

F(A p,v) F(A p,v)
WY 3 dudy = lim WY dudy 147
ooty B Jrn = )~ (147)

The integral with simultaneous double principal value is defined by

and

F(A\ p,v) . F(\ p,v)
0 _dMdpdr = lim s ~—————dAdpdy . (148)
7[ A=) (u—v) =0 JoTHZ = (=)
[A—v|>e

As shown in [63], it is related to the integral with successive double principal value through
the Poincaré-Bertrand-like formula

_EQmY) papay = f EOm) s ™ [T
T o = f ol T [ PO a0

A.2 Proof of equation (|163))
Using the identity (149)) we obtain

/ dA][ ][ FQ mv) ][F(A’“ AV =N dpdy
(v =A)A=p)
F\p— )\ v—\) w2 /°°
Adpdr + = [ F(),0,0)d),
= 3 ) FA00

(150)

/ d)\][ ][ A“’ ][FA’“ AV =N g\ dpdy
) (= A)

(

(

FO\p—Av—2\) n? [

== drdpdy — 3/ F(/\,0,0)cz/\.)
151

—00

30



SciPost Physics

In (163]) the sum of these two quantities appears. The latter can be brought under a single
simultaneous principal value because the excluded regions of the integral are identical
(which is not the case of the successive principal values). Hence

Jofof ot [ ofa fat R

F(/\,,u )\ v—DA) 272 /OO
- Adpdy + 22 [ F(),0,0)dA
7[ (A — — ) 3 Jowo ( )
F(A )\ A o0
][ (Mp=rv— )d)\d,u,dz/+7r2/ F(),0,0)d\ .
(A= — 1) s
(152)

Using (146]) we arrive at (163]).

B Proof of Lemma 1 (|101]

We start by adding the condition \; # —\;

FOas Ay i) FOas Ay A
LD IDIDIRLETE D O S DRI

Aa€A N EA NjEA Aa€ANEA  NjEA
Ny A A=A (153)
f as Z7 1,)
. DIPD -
Aa€EA N EA

The second sum is two-dimensional and comes with a factor L=3. Hence it is dominated
by the double pole and its thermodynamic limit reads

L3 > > 1Ca: A“A / F(A,0,00p(\)dA +O(L 7). (154)

Aa€EA XN EA

To compute the first term on the right-hand side in (153]) we symmetrize in 4, j and +\; ;
using the pair structure of the state

/\)\)\
EDIDIED MRS, e SD D DD DRI VPSR

Aa€EANEA  AjEA Aa€EANEA  AjEA
)\j#/\h* i by ;é)\“ by

Here we have defined
9()‘117 )\j? )‘l> — g()\a; _Aja AZ) — 9()‘117 )\j7 _)‘2) + g()‘tla _)\j7 _)‘2)
Aidj ’
Ajf()\aa A]a AZ) - )‘if()‘av )‘i7 )\])
Aj— A '

G(Aas Aj, \i) =

g()\a,/\j,/\i) = (156)

The right-hand side in (155 is a Riemann sum of a regular function without singularities,
hence converges to an integral in the thermodynamic limit

FY 2 ¥ A L] Gl st + o).

Aa€ANEA NjEA
A AN

(157)
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To proceed, we remove from the integration region the points where |y| < € or |z| < e.
This incurs only an error O(e) since the integrand is regular and allows us to split the
integral into four. We then replace y and z by y — x and z — = and use (147) to obtain

QO Aj i) 1 [gey —a, 2 —a)p(@)ply —a)p(z —x) | o
=_= ydz .
BAQZG:A/\Z;A Aze:/\ i(d = Xi) 2][ (y =)z —2)

)\;éﬁ:A

(158)
Under the successive principal value we cannot use the definition of g in terms of f and
split the integral into two since we do not necessarily have |z — y| > e. However, we can
use ([149)) to obtain an expression in terms of a simultaneous principal value integral

fQaAj X)) 1 [gley —zz—2)p(x)ply —)p(z —2) \ 0o
3%% AZ@ O — M) 27[ (y—2)(x—2) rveE
)\;A:t)\

71.2 2 o]
/’6(0) /Oo f(x,0,0)p(x)dz . (159)

We now express g in terms of f, split the integral and swap the variables ¥, z in one of the
two resulting integrals to obtain

fA A A fay =22 = 2)p@)ply —2)plz—2) |
EPIP P vt -G 0 ”

A\ ;éj:)\
71,2 2 o)
+ T [ 0.0 (160)

Finally we employ (149) to arrive at Eq (101)).

C Proof of Lemma 2 ((103))

We start by rewriting the multiple sum of interest as

()\aa>\ +2ﬂn A )\aa>\ +2ﬂn A)

L3ZZZ(}\+2WTL 27£n - L3ZZZ /\12777”

AaEANFEO N EA Aa€EANFEO N EA

FQas X + 272 0) an,A@,A
ZZ)\X:A )\ _|_27rn Z Z
S

A€EA M Aa€EA N EA

(161)

The first and second terms on the right-hand side can be turned into principal part integrals
in the thermodynamic limit by first summing over n and then over A;. The third sum,
although two-dimensional with a prefactor 1/L3, is not negligible in the thermodynamic
limit since it involves a double pole in A;. Its thermodynamic in fact depends on the
representative state A through the quantity Q(X) defined in (102).

)\a;)\ + 27rn )\z 1 e v 1
5 XX e = o [ avonf a2 fa oo

Aa €A NFO0 N eA Ai

o [ avnf dp”][ o FOu) = 9 [ p 00,0002,

—00

(162)
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The two principal values can be brought under a single principal value according to the
following relation, proved in Appendix [A.2]

/_d)\p ][du ][ fA“” /_Ood)\ ][dp ][ f“"
_/ (A ][du][d,up / FON0,0)p(\)dA (163)

This gives the desired result

FOahi 52 0) 1 [ fpv)
Z Z Z )\ + 27£n 27£n) o /_OO dA,O()\)][dl/p(V> dM N(V_,Uf)

Aa€EANFEO N; EA

WQ/ F(X,0,0)p(A)dA — Q(N) /OO p(A) F(A,0,0)d\. (164)

—00

D Further results on (os(x)02(0))

In this appendix we collect a number of additional results on the two-point function after
our interaction quench .

D.1 Alternative expression for (22))

In this section we present an alternative expression for the two-point function after the
quench , that is particularly useful for numerical purposes. It is based on the obser-
vation that the first terms in the 1/c-expansion of the steady state root density take
the simple form

1+ 22 1

27 R 2
()

which allows one to carry out some of the integrals in . To that end we introduce

ps()‘) = + 0(672) > (165)

LT = [ e, (166)
We then find
6 (PN 1 o 4 w6 (D)’ _
(@) ~ (o (@) = (1 + 221 (2) By, 0+ 21+ 2)° (2] ReRi(z,),
(167)
where we have defined z = 2D(1 + 22)2z, £ = [2D(1 + 22)]%¢
N
F()(:E,t) - Ix,t[m] 5
Fy(2,1) =2(Loal 25 il o] — Lol Lol o)
+isgn (o) (Lol e Zed )" — Toal 2 Toale]”)
+ 21 sgn (CC) (Ix t[lii\z ]Ix,t[(lJr);\Q)Q]* - Zx t[lJ:\)\z]Ix t[(lﬁiz)z]*>
+2e |x|< xt[1+x2]10t[(1+lx2)2]* Ls [(1+,\2) ]ZOt[l—i—)\?] )
+2isgn( ) | |( [(1_,_)\2) ]IOt[1+/\2] Ixt[1+)\2]10t[(1+1)\2)2]*)
—2e” @ |Ix t[(1+)\2)2H ()‘)] +2isgn (x)ei| |Ix,t[(1_:\T)2Ht()‘)] ) (168)
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and

ef2itu2
0\ :][ e (169)

D.2 Consistency check I: ¢ — 0 limit

Since the expression for the two-point function (o(z)o(0)); holds for all ¢ > 0 it
should be possible to take the limit + — 0 and recover the order O(c~2) result for the
corresponding correlation function within the BEC state. The latter are simple

(Uprclo(z)a(0)[¥rec) = D?. (170)

In order to investigate the ¢ — 0 limit of we require an explicit expression at order
O(c™2) for its infinite time limit (o(2)0(0))oo. Using [63] we find

16D?

(0(2)0(0))oc = D* — D2 1P+ (1 + x|> +0(c7?). (171)

At t = 0, all integrals appearing in (168 can be carried out explicitly by noting that

/OO = 21+ |af)e (172)
o (L azEtt T g TiEe

The integrals in (168]) can be deduced by differentiating this with respect to z. A straight-
forward calculation then shows that at ¢ = 0 we indeed recover the two-point function in
the BEC state at order O(c™2)

(0(2)0(0)) o = D? + O(c™2).. (173)

D.3 Consistency check II: z — 0 limit

Since for x # 0 we have

o(2)a(0) = ' (2)v! (0)¢(2)y(0), (174)

the correlation function (o (x)a(0)); should approach (02(0)); = O(c2) in the x — 0 limit.
Using (171) at x = 0 and simplifying by exploiting that the root density p(\) is even
we find after some calculations that indeed

lim (o(x)o(0)) = O(c™?). (175)

x—0

D.4 Some remarks on the limit x,t — 0

As we have noted in the main text the limit ¢ — 0 of our result for (o2(0)); does not
recover the correct result for the expectation value of o3 in the BEC initial state, D?. On
the other hand, we have just shown that the limit z — 0 of (o(z)c(0))~o does reduce to
D2, On a technical level it can be traced back to properties of the integral

* A —ixA+2itA\2 ?
T dA| (176)

which vanishes if one first takes the limit x — 0 and then ¢ — 0, but gives a finite result
if one takes first ¢ — 0 and then x — 0.
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E Typicality and Quench Action method

In this Appendix we present an ad hoc initial state in a free theory for which the Quench
Action spectral sum for the out-of-equilibrium dynamics is representative state dependent.
We consider a simple tight-binding Hamiltonian on a ring

L
H=> alaj+al ja; —2dla; (177)
j=1
where a;r a; are fermionic creation and annihilation operators satisfying canonical anti-

commutation relations {a;, ak} d;%. The Hamiltonian is straightforwardly diagonalized
by a canonical transformation to Bogoliubov fermions in momentum space

L
H=-4"sin®(kn/2)b] by, . (178)
n=1
where k, = 27 and {bp,b } = 0pr. We denote the Bogoliubov vacuum state by |0).

We now con51der a quantum quench where the system is initialized in a Gaussian state
parametrized by a fixed arbitrary function K(p)

L/2—1 L/2—1

H \/HTeXp Z K (k

For our purposes it is sufficient to focus on the Green’s function

ol bk | 10) . (179)

Gnt) = (I(1) ans101]1(2)) (180)
Since the model is free G(n,t) can be straightforwardly calculated
1 T iK(k) 8itsin?(k/2) ik -1
t — e Y dk L. 181
Gln,t) = 2W/ R e+ O(L) (181)

Let us now try to recover this with the Quench Action approach. The normalized overlaps
of the initial state with an eigenstate |A) = [],cx be_kb,UO) are
/—\ I) = erA iK (k)
< | > - L/2—1 5 )
L2 v+ K2(kn)
from which one finds the root density characterizing the non-equilibrium steady state
reached at late times after the quench

(182)

1 K2%(k)
k)= ——+"—. 183
k) = S K2 (k) (183)
The form factor of the operator of interest between two pair states A, i is
2imkn
- € — fpu=AU{kland k & X\,
Mansrarlpy = F F#=AU{E and kg (184)
0 else .

Let us now choose a representative pair state A of the root density p, and write the Quench
Action spectral sum

<5\\(an+_1a1)(t)\f> N gy B oit(EO)-Bw)
B §< |ant1a1|B) == <)\|I) s

_ 72 82tsm k/2) ikn

3
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If K(k) is a regular function of k£ this sum can be turned into an integral over the density
of holes

1 1
k)= ——+— 1
pn(k) S TT KR (186)
and the Quench Action approach precisely recovers the result (181))
- Allapqra)O) 1 /7r iK(k)  sitsin?(k/2) ik
1 | - it sin iknqp 1
L5 B8 or | 1+ K2(k)° ‘ (187)

So far we have closely followed the discussion in [23]. However, let us now consider the

following singular behaviour
1

:kim,

K (k) (188)

with m > 1 an integer, and define a representative state |[X') by replacing kg € A by k. By
construction |X’) is a micro-state that for any choice of ko, k{, corresponds to the macro-
state with particle density p in the thermodynamic limit, and in particular the extensive
parts of all local conservation laws are the same for |[X’) and |X). Let us choose k{ finite
in the thermodynamic limit, and kg = O(L~'). We observe that

Al(ant1a1)(O) _ (N|(ani101)(@)|T)
(AIT) (NI)
+ % [K(k_é)e&t sin2(k6/2)eik6n _ K(k_o)e&'t sin2(ko/2)eik0n ) (189)
This shows that the two choices of representative state lead to different results in the
thermodynamic limit, which generally does not even exist as K(kg) o< L™. This shows
that for this particular initial state a naive application of typicality ideas fails.

However, a few comments are in order. First, since pj(k) ~ k2™ at small k, the
smallest hole in a representative state X is typically of order L=/(2m+1) "and in this case
the additional terms are negligible indeed. Hence for such ”typical” states, typicality ideas
can be applied. This fact is confirmed numerically by observing that when one averages
over representative states, one indeed recovers . Second, in the problem at
hand one can slightly change the initial state by imposing for example K (k) = K(0) for
k < ¢ for a fixed small §. With this "regularisation” one obtains , which is now
well-behaved and allows for the limit § — 0 to be taken. In this limit one recovers the

expected result (181)).
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