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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 vanish-
ing 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 de-
rive 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 represen-
tative 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 assump-
tions 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 [1-6]. These developments were driven by the abil-
ity 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 [8-18]. It was realized early on that conservation laws play a crucial role in the
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late time relaxational behaviour of isolated systems [9, 19]. 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 [20-40]. 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 [5,41,42] and non-interacting mod-
els [20,43-45]. The low density regime after weak quantum quenches has been analyzed by
means of linked-cluster expansions [43,46-49] and semiclassical methods [50-52]. Arguably
the method of choice for studying the time evolution of local operators in interacting inte-
grable models is the so-called Quench-Action approach [24,53]. To date it mostly has been
applied to determine and characterize the stationary state [27-30, 33, 35-38]. Exceptions
are Refs [47], [54] and [55], which address respectively the asymptotic late-time regimes af-
ter 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

(oI (‘Psl(?(t)l‘P))
2(v|e) 2(2,lw) /)

lim (O(t)) = lim ( (D
L—oo L—oo
Here L denotes the system size, the so-called representative state |®,) is a simultaneous eigen-
state of the Hamiltonian and of the (quasi)local [34] conservation laws [ (") of the theory under
consideration, such that it correctly reproduces the extensive parts of the expectation values
of the I™ in the initial state
1M |w 3|10

o IO (@18 .

L—o0o L L—oo L
The structure of (1) 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) [85) = D (¥]n)(n |0 (0)] &) e ErE) 3)

n

In practice the Quench Action approach faces two challenges:

* It requires knowledge of the overlaps (¥|n) between the initial state and energy eigen-
states. This is known as the “initial state problem”. To date such overlaps are known for
a number of specific examples only [ 56-63], but many of these are physically interesting.

* Determining the time evolution requires carrying out spectral sums like (3). 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 de-
pendence of local observables after a quantum quench from the spectral representation. 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 re-
sponse functions [64].

1.1 Lieb-Liniger model
We consider the Lieb-Liniger model [65-67]
P 2 42 -
H= f A7) = 5 s )+ e T G (x) ], @
0

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

[ (), ()] =8(x—y). 5)

In the following we set i = 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

a(x)=T()YP(x),
o2(x) = (7)) (¥ (x))*. (6)

The Lieb-Liniger model is solvable by the Bethe ansatz [65-67]. Its eigenfunctions can be
parametrized by N rapidity variables A4, ..., Ay that on a ring of radius L satisfy a set of quan-
tization conditions known as “Bethe equations”

A I, 11 A —Aj
Zk %k 2N Zarctan =~ k=1,....N. 7)
21 L L]._ T c

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(21)...B(Ay)I0), (8)

where B(A) 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 E(A) and momentum P(A) read

N N
EM)=>22,  PA)= 4. ©)
i=1 i=1
For ¢ > 0 all the solutions A; to the Bethe equations are real [67].

1.2 Quench protocol and observables of interest

Following [29] 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

L
[Wpec) dxl...J dxnpT(op)...2p T (xy)|0) . (10)
0

1 L
a VN!LNJO

At t = 0 we then suddenly turn on the interactions, so that for t > 0 the time evolution of the
system [¥(t)) is governed by the Hamiltonian (4)

[0()) = e [ Wpge) . (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 [64]. We have
considered the following one and two-point functions:

* One-point function of the interaction potential

(w(6)]o,(0)w(t)
(TOle)

(02(0)), (12)
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* Density-density correlation function

{(¥(Dlo(x)o(0)[%(t))

(o(x)o(0)), (T ()| w(1))

(13)

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

(W(t)oy(x,7)o,(0,0)[¥(t))
(w(6)w(t))

Here we have defined o,(x,7) = e"0y(x)e™". We note that we use a different
notation for the time difference 7 to avoid confusion with the time t according to which
the system evolves after the quench. The analogous two-point function for the density
operator was derived in [64] up to order 1/c2.

<O'2(X, T)O-Z(Oa 0))00 = tl—l>rgo (14)

iHT iHt

2 Summary of results

As the derivations of our results are quite technical we start by presenting our final answers
and discuss their physical implications. All correlators are expressed in terms of distribution
functions of particles p(A) and holes p(A) defined as follows [29]

T da(A/c)

A)=a(A/c)pr(A) = , (15)
PO =aRIpu(N) = s S
where 7 = 1C—7 and
2nT
=——I_,; I.o; 16
Cl(X) xsinh(2nx) 1 21x(4ﬁ) 1+21x(4ﬁ), ( )
with I the modified Bessel function. The particle density D is related to p(A) by
oo
D= J p(x)dx . (17
—00

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

Our final result for the time evolution of the interaction potential o,(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))¢ —(02(0) 00 =

16 *® [ > ,
lim mfo L 21— A‘Ciz)COS(Zl‘UL2 —u*))p(M)pp(u)e * dAdu (18)
+0(c™).

The steady-state value (05(0)), has been previously calculated in [29]. From (18) the late-
time asymptotics can be straightforwardly extracted with a saddle point approximation

80(0)pn(0)

e anme | PP~ 30" (0)p,0) ~ 222

3 16(1 +2D/c)c?
+0(t™)+0(c).

(02(0))¢ — (02(0) o :| (19)

Here p”(0) denotes the second derivative of p(A) evaluated at A = 0. The asymptotic t >
dependence is in agreement with a previous conjecture [54]. However, our results show that
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this regime is reached only at rather late times when the expectation value is already negligibly
small. This is shown in Figure 1, where we plot

{0,5(0))
gat) =7 (20)
2 T i I \‘
0.8 3 5| e
5
| 0F l
0.6 & .
Ca .|
B0
2 —10 ! ! ! ! !

g2(t) — go(00)

Figure 1: Left: g,(t) — g,(00) as a function of t (blue thick line), for ¢ = 3 and
D = 0.16. The dotted red line is the result for the leading asymptotics o< t 2. The
inset shows the same quantities on a logarithmic scale.

Our 1/c-expansion provides us with the first few terms of an expression of the form
go(t) = Z:i , Y "a,(t), where y = £ and the functions a,(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
"2 =34 21)

a(t)
ay(t)

ra(t) =

In Figure 2 we plots these ratios as functions of t for ¢ = 3 and D = 0.16. We see that both

r3.4(t)

Figure 2: rg (resp. r,) as a function of t, in light (resp. dark) green. These ratios
give an estimate of the smallest value of y for which the series is convergent.

ratios grow at short times, indicating that the series is not likely to be uniformly convergent

6
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near t = 0. Moreover, it follows from the fact that g,(0) = 1 while g,(t) = O(c™2) forall t > 0
that a resummation of the series is required to capture limit t — 0. For t & 1 the results for
r3 4(t) suggest that the series could be convergent for y g 4. As a comparison, we recall that
the series in y for the ground state energy density is convergent for v > 4.527 [68].

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

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

(0(x)a(0) = (o(x)0(0)) o

oo

+(1+2D/c)* f dAp(A) duph(u)& cos(x’(u—2)) cos(2t(A* — p?))

~2sgn(x) J dAp(A)deuph(u) (M A= G (= ) cos(2E(A2 — )

+§J d?\p(?\)JL duph(u)J[ dvp(v) F;(A, u, v;x") cos(2t(A* —u?))

—0Q

+§J d?\p(?\)J( dVP(V)JL dupp(u) Fo(A, u, v;x7) cos(2t(A* — u?)) + O(c™2),
- 22)

x’=x(1+?), (23)

where

and

Fy(A,u, v;x) = [MV_A)

v—A
—A))+
=) A_i_‘u]cos(x(v ) |:
Alu—A) N AMA—u)
p(v—u)  u(v—2)
Here JC denotes a principal value integral defined as

fa) M 45 = tim f f(l) 25)
H— 20 Jpplse B~ 7

v(v—u)
w(A—»)

] cos(x(u—A)). (24)

;’;Z]cos(x(v—u)),

Fi(A,u, v;x) = [

The limit ¢ — oo of (22) was previously computed in [29]. The density-density correlator
(22) is shown in Figs 3 and 4.

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 [42]. 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 [69] does not apply and “superluminal” effects [70] are allowed.

An alternative representation of (22) more suitable for numerical evaluations and an anal-
ysis of the x — 0 and t — O limits is presented in Appendix D

The large x and t asymptotics of (22) at fixed ratio a = 4t can be determined by a station-
ary phase approximation, which results in

{o(x)o(0)), = (1+ 22 )22|| p(a@)pp(a’) +o(t™), (26)

7
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Figure 3: Density plot of (o(x)c(0)), (22) as a function of x,t for D =1, ¢ = oo
(left) and ¢ = 10 (right). The color coding is the same for both plots.

=
Ul

(o(x)o(0)),
o

o
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1.0 e

{(o(x)a(0)),

Figure 4: Two-point function (o (x)c(0)), (22) as a function of x, for D=1, ¢ = 00
(red) and ¢ = 10 (blue), for different values of t = 0.025,0.05,0.1,0.2,0.3, 00 (in
reading direction).

. s x
with a =77

2.3 Connected two-point function (o,(x, 7)0,(0,0)) . 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 [64]. The
results in this Section are thus valid for a generic root density p, the steady state one (15) being
a particular case. Applying the same method to the connected dynamical two-point function
of 05(x) gives the following result
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1 [ee) [ee] . .
(05 (x,7) 0 (0,0)), = lim ~2 P(W)pp() G, ) T H#rixu-D-e’ 43 4y
2 2 c 0 c4 h
200" ) oo Joo

+1im 22 f J f f PR (WP )Py (A — 1) —7)?

e—0 C4

x e TP Hix(p=A) T~y tix(v—u)—en’~ev* 43 4, dudy
+0(c), 27)

where we have defined
2
G(A, ) =[£+DA2—2AP +(u—A)DA-P)] ,

P= f Ap(A)dr,  E£= f 22p(A)dA.. (28)

—00 —00

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 (15) into (27) and
(28). The leading asymptotic behaviour for large x and 7 with a = 5- kept fixed can be
obtained by a stationary phase approximation

(0y(x,7)05(0,0)), = %p(a)ph(oc)(ba2 —2Pa+EP+0(r72)+0(c™). (29)

These results can be compared with predictions of Generalized Hydrodynamics (GHD) [71].
According to these the leading large time and distance asymptotics of connected correlations
between two local observables O; and O, is

oo

(01(x, 7)0,(0,0)), = J 50— veiy ) L)

LRy O O, 1
oo ) 1oy MV AMA (T, (30)

where VO(A) is the so-called hydrodynamic projection of the operator @, and v¢ff(1) the
effective velocity associated with the macro-state defined by the particle and hole densities
p(A) and py(A). The hydrodynamic projection V°2(A) of o, has been determined in [71]

(o) dr
oy _ E p(,u) g“ (A) dr dr __pdr dr
Ve =~ J_OO PG+ al) KD (h"(whT"(A) —hi* (u)hy (A))du - (€20)

Here h,(1) = A"L, gu(A) = %, and the dressing operation h%" is defined by

hdr ) =h(A LJOO 2c P(.u) hdr du.
(4)=H )+2n coo 2 (A —w)? p(u) + pp(u) (w)dys G2

We find that the asymptotics (29) agrees with this GHD prediction at leading order in 1/c.
The dynamical two-point function of o,(x) is related to the Drude weight D and the On-
sager coefficient £ by

% J x2[(05(x,T)05(0,0)) + (05 (x,—7)0,(0,0))]dx = D72 + &|7| + 0o(7) . (33)

—00
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In contrast to the density-density correlator the two-point function of o,(x) is expected to
exhibit diffusive behaviour, i.e. have a non-vanishing Onsager coefficient £ # 0. Our expres-
sion for the two point function translates into the following results for D and £

D:lfnj' A2p(W)pa(MIE + DA2 —2APT2dA + O(c™),
¢ —00

£=0(). (34)

This shows that higher orders in the 1/c-expansion are required to determine the Onsager co-
efficient. 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 (15), because of the slow decay of
the density, the next terms in the 1/c¢ 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 ap-
proach [24], 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

(0), = Z (Wgpc|A) (A|O|u) (4| Pgec) P HEQ)—EW) (35)

TaT (A i)

Here we have assumed that (¥pgc|Wggc) = 1. The Quench Action approach [24] posits that one
of the two sums in (35) is completely dominated by states around a saddle point characterized
by a certain root distribution p, that is fixed by the overlaps. This allows one to rewrite (35)
in the form

) ) 1 (Wppclu) (AOIW) rm—E
lim (O0), = lim — E Re[ E eltEQ) (”))], (36)
L—oo R RS IS, res, m (TppclA) ()

i.e. a generalized micro-canonical average [24,72] over a set S; of microstates corresponding
to the root density p,. Employing typicality ideas the micro-canonical average is then replaced
by the expectation value with respect to a single “representative state” |A) [24]

. . (peclu) (A1O\u) _
lim (O), = lim Re[ e t(EQ) E(“))} . 37
i, (O)e= fim Rel 2, - i)

We note that this last step assumes that in the thermodynamic limit (37) depends on the
representative state |[A) only through its root density p(A).
3.2 “Initial data” for the quench protocol of interest

To be of practical use the representation (37) requires closed-form expressions for the overlaps
(¥pgclA). For our quench protocol an efficient representation for the overlaps was derived
in [28,29]. Importantly, the overlaps are non-zero only for “pair” states, i.e. states whose

10
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rapidities are of the form —Ay 5, ..., —A1, A1, ..., Ay /o With 0 < A; Vj. We will denote a set of

positive A; by A > 0. We will use the notation A = (—A) U A for such sets of rapidities. The
overlaps are then given by

(arcld) _ detGrd) 1
m , (38)
Jan LN \ detG—(A) 122, |
] 177V 2 7 4
where G*(A) are (N/2) x (N /2) matrices of the form
N/2
1 2 2c
GEA) =6, 1+~ +
lJ( ) l]( L;C2+(Ai_lk)2 C2+(Ai+lk)2)
1 2c 1 2c
= +— : >
(L 2+ (A —A))? L02+(Ai+lj)2) >

For our quench protocol the saddle point root distribution was determined in Ref. [29] and is
given in (15).

3.3 The 1/c expansion

Our objective is to combine the Quench Action approach to non-equilibrium dynamics (36)
with a strong coupling expansion around ¢ = oo. A detailed exposition of the 1/c expansion
technique for dynamical correlation functions in equilibrium has been given in [64]. 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 oo 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;| < A, and define the following overlap-weighted spectral sum

AlOlu) _
OVALA = Re|: (Tppclm)( it(EQL) E(u))]' (40)
(o 20 ) ) ¢
Vi, lu; | <A

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

(Wpgc|p) (A|O|u) _ i F,(1,J)

(PprclA) (i) —
where J denotes the Bethe numbers of . We also expand the argument of the phase
oo
E,(I)—E,J
B — B = Y BB (42)

n=0 cr
but do not expand the phase e!!C—EM) jtself in powers of 1/c. The truncation of the resulting
series at a given order O(c™™) defines the m-th term of our expansion. Once this truncation has
been done, the thermodynamic limit and (if necessary) the average in (36) can be performed.
By construction, the result depends only on the root density p of the fixed averaging state A.
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) = J e i xRy (43)
—A

11
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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 x, t has a well-defined limit when A — oo. The resulting
limits are denoted by I,,(t,x) and have been worked out in [64] for n =0, 1, 2

X
Il(ta X) = ZIO(X) t) 5

L(t,x) = ((%)2 + %)Io(x, 0,

Io(t,x) = J emitHtrixugy, (44)

—0Q0
An equivalent representation is

o0

I(t, x) = lim J e itH Hixp—ept q ) (45)

—00
The process described above provides closed-form expressions at order O(c™™) for the quan-
tities

o] — i i L [ALA
O = lim lim — E O . (46)
( )t A—00 [—00 |6L| AGGL( >t

Finally, in order to obtain the out-of-equilibrium time evolution (36) 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 (c,(0)),

In this Section we apply the Quench Action approach combined with a 1/c expansion to com-
pute the one-point function (o ,(0)),.

4.1 The form factors

In order to evaluate the expression (36), one requires a closed-form expression for the form
factors of o, between energy eigenstates. In the case of interest, because of the structure of
the non-vanishing overlaps with the initial state |W¥ggc), the states entering (36) have a pair
structure and will be denoted |A) and |fi). Hence they have same (vanishing) momentum. In
this situation the normalized form factors have been calculated previously and read [79]

oy (0)1A) _ (VDY (B —EQ))? [ -vo)
VAR @lp)  2clNydetcMydetGw) N G Y
§ [Tici 12 = 251 T It — Ai—Aj+ic

l_[i,j(li_.uj) ;

det |[6;:+U;;|.
i j Ml—‘u]+lc i,jzle,...,N|: U+ U:| (47)

Here 1 < p <N is an arbitrary integer and

12


https://scipost.org
https://scipost.org/SciPostPhys.11.3.068

Scil SciPost Phys. 11, 068 (2021)

N

vE = p— A tic

L k=1 Ak—kiﬂ:iC

U l_[m(um—kj)( 2¢ B 2c )

TV VT T = 2 24 Gy = A2 24 Oy = P

+ i 2c
Vj+—Vj_ 2+ (A, — A2
N
1 2c 1 2c

GA); =6;i[1+=) ———— |- . 48
( )U U( L;CZ'F(AI-—Ak)z) LC2+(7L1'—AJ')2 ( )

4.2 1/c expansion and particle-hole excitations

Employing a saddle-point argument in (37) shows that in the limit t — oo we have

, 04
(O)oo = lim 1im (O), =L1LngoRe<<|ilJ_|L>> : (49)

We use this and the pair structure of the states entering (37) to rewrite (37) as

Uore @) A|OR) .
lim (0), = (0o, + lim ReZ { BECl“’Z(Al_O_I"weZIt(E(l)—E(H)). (50)
L=oo Loeo 425 (PppclA) (@lR)

uFEA

We now analyze this expression in terms of a 1/c-expansion [64].
In the ¢ — oo limit G* become the identity matrix and the ratio of overlaps takes a simple

form
N/2 o

(Tpecl) | (AIA) .
_ O ) (51)
(WpgclA) \ (@) U 0

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

SE=E@)—ERQ), 6Q,=Q,(1)—Q,A), (52)
where N
Q) =D 7. (53)
k=1

The rapidities {4;} and {u;} are solutions to the Bethe equations (7) with Bethe numbers I;
and J; respectively. The 1/c-expansion of the rapidity differences u; — 4; is given by

TU=I+0(™),  ifJ#]
— A= 22;6E —4 : (54)
57 +O0(c™), otherwise
The 1/c-expansion of Vji is computed by writing
—Aj A —A;
VE = exp[Zlog(l + 1y —log(1 + "ic Il (55)
k=1
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and then Taylor expanding the exponential and the logarithms. For a pair state this gives

22, ir:
=2 j 2 2 -6
Vi -V, —ic—35E+C—5[26Q4+47Lj5E—(5E) ]+ 0. (56)

Combining (56) and (54) we obtain that the large c limit of the matrix U is given by

2

U; +0(Y). (57)

_ c
K™ A6E

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+uvt) = (1 4+ viA tu) detA, (58)
which implies that
i,j
Let us now introduce
v=N-—{L}n{J;}l, (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 (54) we find

l_[i<j(7ti —Aj) l_[i<j(nu’i — 1)

= O3V, (61)
l_[i,j(li _.uj)
Putting everything together it follows that
Wppcl@) (Ao 2(0)|
(Pprcl@) (Alo=(0)|@) :O(c4_3°’). 62)

(TggclA) (RI)

This establishes that the 1/c-expansion of the spectral sum (50) corresponds to an expansion
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 fi # A 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™®). Since our goal is to compute the relaxation dynamics up to
order c~#, 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 u > 0 such that the corresponding Bethe numbers J; are equal to I;
except for

Jo=I,+n. (63)

The usual exclusion principle in the Bethe ansatz imposes thatn # 0, J, > 0 and Vi =1,...,N,
J, # I;. The Bethe state |1) constructed in this way is a pair state that corresponds to a two
particle-hole excitation over the representative state |A). Taking into account only such states
in the spectral sum (50) provides a 1/c-expansion up to and including O(c™*).

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

L¢3

2 2 [N(ud =A%) +3A,6E+ ZRE(@) ]+ O(c™®), ifi=a.

(64)

Ui — A =
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Here we have introduced the convenient notation

2D
L’=L(1+T). 65)
We next turn to the 1/c-expansion of the matrix U. We choose A, = —A,, so that the first term
in Uy is O(c™') except for j = a. This gives
i 2c 2c
Ujk =6;q -
VE=VoLe2+ (A —A)? 2+ (A + A)?
2ic
+ +0(c™), 66
Vv et O (©®
where 5 SE
n n
= 1+ =—+0(7?). 67
F== ( AaL’) ax, Toe) 67)
We then employ the following identity obtained from (58)
le.?(twjk +mdiq tujv) =1+ m, + Zujvj + Zuj (vjma — mjva) , (68)
’ j j#a
to obtain
ip 2 2c ) B 2c
det(I +U) =1+ - +if (—Ag) + A
el +U) Va“‘—Va_[C 02+4l§] A+ aaef )
B2 4
———f(—A)+0O . 6
Va+—Va—cf( ) +0(c) (69)
Here we have defined 1 5
c
= . 70
f@) Zv%_v.—cu(z—/xj)z 70
joi j
Using that V," —V,~ = —(VJ.+ — V) if A =—2; we have
3
4z  82° _ Aj 8z 5 A;
1= 5o | S [F o S o
i j Jo j
Using (56) we then obtain the following result for the 1/c-expansion of f(z)
. Q4 _ SE 2
2IN Sg 5 — 22 3
= 1+ +0 . 2
f) ‘”513[ 2 ] ) (72)
Noting that
6Q4 _ 6E 2 -1
=—+21°+0 , 73
= 2 4222+ O 73)
we finally arrive at the following expression for the determinant appearing in the form factor
det(I+U)=— Nc* +0(™) (74)
- AE '
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The expansion of the remaining terms in the form factor is more straightforward. We find

l_[i<j |4 _Ajl l_[i<j J7% —Mj|

2
el

= —4( +0(c™) (75)
[T i =) (22, + R )
A — A +ic NGSE
J [TAorie ) NOE | sy 76)
L My +ic 2c
AR SE
L —— - -3 i —
Py iL (1+2C2)+O(c ), i#a,—a (77)
27n 271n _3
6E =2 (2Aa+ - )+(9(c )
9P \N-1
detG(A) =detG(u) = (1 + —) +0(c?). (78)
c
Putting everything together we obtain
AoX(O)la) _ 16lAa(Aq + )] [ 2 (c2mny2 , 4mn 2 ] .
= 1——=((* TEAL 24 .
Fam | eraeaf e (PR roen. 09

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

i 212 2
Wnd) JO2) - 2o (1= 2 () -2 ) rore. (80)
(WgrclA) \ @B AL+ Zf," c2\ L’ L/c2

Our final result for the 1/c-expansion of the summand in (36) is then

(Wpgclit) <7_L|<72(0)|I1> _ 1615 1 4(Aa + 22[_n)2 O -
(UpgclA) (@) c2L2(1+2D/c) 2 ’

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

(02(0)); =(02(0)) 00 (82)
16 > 2 2
+ ll_l}‘(l) 02(1—4-2%) Jo 2*(1— 4%2) cos (2t(A* — u?))p(M)pp(we™* dAdu
+0(c™). (83)

We refer the reader to Section 3.3 for the € — 0 limit. Importantly (83) depends on the
representative state only via the particle and hole densities. This shows that the typicality
assumption underlying (37) indeed holds, at least to the order of the 1/c-expansion we are
working in.

5 Calculation of the two-point function (o (x)c(0)),

5.1 Spectral representation

The expression (36) for the time evolution obtained within the Quench Action framework
is expected to hold for any “weak” operator [53] O, which includes o(x)o(0). Inserting a
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resolution of the identity between the two density operators then gives

(o(x)o(0));

|: Z Z Z (Wppclit) MU(O)W)(VW(O)W) zlt(E(A)—E(u))+ixp(v):|
'6 LSS (W)@l (vly)

(84)
We note that the intermediate state ¥ 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

(Tgecli) (Ao (0)|v) (v|o(0)|iz) G20t (EQ)—E(u))+ixP(»)
Ci(x,t)= H (85)
e o= ;)Z (Wil ) (1) (1)

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 (84) can be dropped and

Llin;lo(a(x)a(O))t = Llingo Ci(x, t). (86)

We will see below that this is indeed the case due to rather delicate cancellations of contribu-
tions that depend on details of the representative state.
The form factors entering (85) are given by [73-78]

(ulo (0)|A) iNFL(—1)NWN=D2(p(2) — (1)) l_[i<]- 1A — Al l_[i<j i —

(A1A) (ulp) LN /detG(A) det G(w) TT; (i —2)
Ai—Aj+ic
X l_[ l_[( vii—v) v_det [5 +Uu]’ 87)
\ Wi —uj +ic s i,j=1,...,
where N N
) [ 2¢ 2c ] P — A
Up =i = — . 88)
TV L= AP+ (R — AR+ c? nl;!.lm—kj

5.2 Structure of the contributing “excited states”

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

We recall from [64] 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™!)

(ulo©)a)  1+22
(A1) ) L(1+§)gSgn(z Hg)sgn (A; —Aq)
X (1+ 2(tg — Aq) 1 1

cL iZa Al’—‘ua A’i_la

) +0(c7?). (89)

The product of signs in this formula arises because we chose an Algebraic Bethe Ansatz de-
scription of the eigenstates (8) that is symmetric in the rapidities A4, ..., 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(;—2A ;) times a phase independent
of A;’s [79].

i<j

17


https://scipost.org
https://scipost.org/SciPostPhys.11.3.068

Scil SciPost Phys. 11, 068 (2021)

For a two particle-hole excitation where the Bethe numbers of u are the same as the ones
of A except for I, I;, we have [64]

% =—l_1;[b sgn (A — 1g) 50 (A — A0 580 (4, — 1) sgn (A — A4y)
x sgn (A, — Ap)sgn(ug — Up)

i (.U’a + Up — Aa - Ab)z(ka - A'b)(‘ua _.u'b)

cL? (ug—A)(Wp —Ap) (g — Ap)(Up — Aq)

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.

+0(c7?). (90)

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

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

Then the intermediate state ¥ that provides the leading O(c®) contribution is obtained
by imposing that it is a one particle-hole excitation above both A and fi. This implies
that the Bethe numbers of ¥ have to be the same as those of A with the exception of I,
or —I,, which is replaced by either J, or —J,. These contributions give the full result
in the ¢ — oo limit, which correspond to a quench directly from the BEC to the Tonks-
Girardeau gas [45]. However, they also incorporate ¢! corrections due to subleading
terms in the form factors.

(ii) “Type II” configurations contributing at O(c™!)

At order O(c™') contribution arise from other terms in the spectral sum as well. One
class of terms corresponds to the case where ¥ is equal to A (i) and corresponds to a
two particle-hole excitations above fi (}_\). In this case one of the two form factors in
(85) 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 (85) reveals that these contributions cancel

D{(0(0)), —D?*+D{o(x)),—D*=0. (91)
Here we have used that since o is a conserved quantity we have

(0(0))¢ =(0(0))o=D. (92)

This leaves one remaining source for @(c™!) contributions, namely when the v corre-
spond to a one particle-hole excitation above A (ji) and a two particle-hole excitation
above fi (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 A # u and v corresponds to a one particle-hole
excitation above both A and fi. We denote the corresponding contribution to (85) by C;L’l(x, t).
These contributions are sketched in Figure 5. The four possible choices for ¥ can be accounted
for by replacing the rapidity A, by u, in v, but allowing both A, and u, to take values between
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M.) _Ia Ia
|’V> —Jq - I,
|ﬁ) —Jg - Ja

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

—o00 and co. At order O(c™!) the form factors entering the spectral sum are given by (89),
and the overlaps are

(aecl®) | (AIA) _ |2
(lIIBEC|)'> <ﬁ'|ﬁ) Au‘a
Here the absolute values arise because in (38) the A ; denote by definition the positive rapidities

in A only, whereas A, u, can be either positive or negative. The signs appearing in the form
factor (89) have to be treated carefully and give rise to a factor sgn(A,u,) in the summand
in (85). The 1/c-expansion of this summand reads

+0O(c7?). (93)

<‘1’BEc|ﬁ><i|0'(0)|1')<1’|0'(0)|ﬁ)_ (1+2D/c) &

(Caecld) (@lE)(vlv)  L2(1+2/(cL)) pa
4(pa —Ad) 11 M“_A“[i_i]) »
x(1+—cL Z ity it & Wl R GO L >
AiAEA

This allows us to cast the corresponding contribution to (85) in the form

3
CM(x, )= (1+2D/c)? D Zo(x', 1), 95)
a=0
where
1 Ad it (A2t 2V min (1
ZO(X t) L2 Z Z ‘u_eZIt(li u)+ix (ug—Aq) ) (96)
l €N Mg a
UaEA
&g, 1a)
2, 0) =73 Z > 2 ©7)
AeA Ha AeA e (A — 1)’
UaEA A, ;éA —Aa
8(Ag,1a)
L, 0==5 S 3 (98)
SA AN Ma A;EA ‘ua(l —A )
oA Q£ —Ay
A A 1 . w
23(.)( t) = L3 Z Z (Ha ) [ ilez”(lg_ug)-i_lx (:ua_ka) . (99)
A eN Mg (1 .U'a
UgEA

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

g(A, w) = 4A(u — 1) XX u=2) (100)
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We recall that x’ was defined in (23). It appears here since at order O(c™!) one has
E(A)—E() = A2 —p2+O(c™?) and P(¥) = x'(tg — Ao) + O(c72).

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

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

s ()
EPIPI) 2 ])\) f_ d"f’m)[dw(”))[dup(u) s

A EAXEN AjEN

A; ;é/x
2 2 00
4P (0)2 me F(2,0,0)p(A)dA+O(L™Y).  (101)
Here we have defined 1 1
QA) = hm — ﬁ . (102)

We stress that Q(A) is a quantity that in the therrnodynarnic 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 B.

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

flati+ P 0)_ 1 F Ot )
3 ZZZ (). +2nn)( 27n ) %J_ le(A)J(dVP(V))[d.U

AJeA N0 A eA ulv—p)

+ ﬁp(O)nzj £(2,0,0)p(L)dA—Q(A) f £(1,0,0)p(AM)dA+ O(L™Y).

(103)
A proof of Lemma 1 is given in Appendix C.
5.3.1 First sum %;(x,t)
Writing out the various constraints in the summations explicitly we have
g(laall—'_?) g(xaa ]
Z(x, t) = SZZZ 2 2 ZZZ
A EA A0 A EA (Ai + %)(_%) L Aq€AAEAAEN (A — 4 )
i#]
Ags 1 Aas
__ZZ g(auu‘a) BZZ g(auu'a) (104)
AqEN Ha ‘U/a(l .U/) LlEAMa ‘U/a(l )
MH¢A HH¢A

We note that since the states have a pair structure, N is even and the Bethe numbers are
half-odd integers, and so neither u, or A; + zLﬂ can vanish in the denominators.

The last two sums are two-dimensional sums with a prefactor 1/L2 but only simple poles
and hence vanish in the thermodynamic limit. The remaining two sums in (104) can be carried
out using Lemma 2 and Lemma 1 respectively. This gives

o0
A . .,
o (x, 1) =— 4f d2p (AT dupn() (= 2) B (et =)+ (=)

p(0)

+ [ZQ(JL) — 47[%0(0)(% — T)] J = Azp(l)eZitlz—ix’di , (105)
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where (A1) denotes the Hilbert transform of p(A) defined by
5(2) =)[ PO 4, (106)
A—w

5.3.2 Second sum %,(x’,t)

Writing out the constraints on the various summations explicitly we have

Lysy e 00 1555 sk

Ty, ) = — :

AeA n el 2 (-H/z)()L 7“) LgleAleAleAl(A’ )' )
A ;é/x i#a

2L3 Z Z g(la,ua _ (107)

AdEA Ma
UaEA

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

oo
A . .,
So(x’, t) = —4 J dAp (1) duph(m;(.u—A)ﬁ(x)ewz—“”““‘—”. (108)

—0Q0

5.3.3 Third sum Z5(x’,t)

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

2

23(x/ t)= 1 2 : E : Acz th(lz—ua)-ﬂx’(ua—l )+O(L 1) (109)
b L A M
aEApEA T

By writing out the constraint exphc1tly we have

271(n+1/2)

2n(n+1/2) ,
20t~ PP)+ix'( —Aq)
ZS(X t)_Lg Z Z 2ﬂ:(n+1/2) 2 g :
A eA n ( )
Z Z a 21t(7&2 AB)+ix (A —Ad) (110)

AdEAA; 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 Q(A) (102). This gives

(e9)

Ba(x/, 1) = [}1 — Q(A)] J A2p(M)e2tF—XAq) 4 o(L7Y). (111)

—0Q

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 (85)

1,1 _

Ci (x,t)=

(1+2D/cy? f dAp() duph(u)g (1= 22— pa) | e

+ % H —27p(0) + 212p(0) + Q(A)] J A2p(A)e2itr—ixAq; (112)
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We stress that C ;’1 (x, t) depends on the representative state A not only through the root density
p, but via the quantity Q(A) (102) as well.

5.4 Contributions arising from type II configurations

Let us denote by C;’l (x, t) the sum of contributions of type-II configurations to (85), i.e. config-

urations where ¥ 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 ¥ are those of A except for the replacement of I, or —I, by K.
Denoting the corresponding root by v, we have the following restrictions: Vi, u, # A;;

Vi, Va 7é Ai; Va 7é Mg, —Mq-

(i) The Bethe numbers of v are those of 1 with only J, or —J, replaced by a K,. Denoting
v, the corresponding root, we have the restrictions Vi, u, # A; and Vi, v, # A; and
Vg # Wa>—Mg. Cases (i) and (ii) are sketched in Figure 6.

M.) S P I
[v) —I, K,
|ﬁ) _Ja : Ja

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

(iii) The Bethe numbers of ¥ are those of A with only I, or —I, (b # a) replaced by J, or —J.
The restrictions on the rapidities are A, # A, —A4; Vi, Uy 7 A;.

(iv) The Bethe numbers of ¥ are those of ji with only I, or —I}, (b # a) replaced by I, or —I,,.
The restrictions on the rapidities are A, # A,,—A4; Vi, u, # A;. Cases (iii) and (iv) are
sketched in Figure 7.

M.) _Ia Ia Ib
|‘V> _Ia : Ia Ja
“1) _Ja : Ja Ib

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
—o0 and oo. One can also allow u, to range between —oco and oo by introducing a com-
binatorial factor % In case (ii) the same holds true with A, and u, interchanged. Case (iii)
can be accounted for by always changing A, for u,, but allowing both A, and u, to range
between —oo and ©o. One can also allow A, to range between —o0 and oo by introducing
a combinatorial factor % In case (iv) the same holds true with A, and u, interchanged.

In cases (i) and (ii) the product of all the signs appearing in (89) and (90) give a factor
—sgn(Ayug). In cases (iii) and (iv) they give a factor sgn(A,u,). It follows that in these four
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cases we have

(Tprcl) (A (0)[) (o (0)|n) Q20 (EQ)—EG)+ix'P(»)
(Wgec M) (@l@)(v|v)

(— ff)?é”é?) A (0h) - case (1) -
(va—ua) 222 (vawa) 201t A2 =) oix (Va—ig) s
:4 o D oen,
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T

In order to proceed it is convenient to decompose the rational functions in (113) using
(= AP 22000+ 20) _ Ya=Pa  Ra= Ve | 2ala=2a) | Aaha= )
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Using (113) and (114) we can express the sum of all type-II contributions to (85) in the form

(114)

2
C(x,t) = 2o -2, )+ T 0 + B, 6], (115)
C
where
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* L3 Aze:/\ %\ Abze/\ L Ugq — 2'b(.u'a _)'b)
BaA Ay £y, —Ay

In all four contributions ',(x’, t) the respective first term only involves simple poles and there-
fore can be straightforwardly expressed in terms of principal value integrals in the thermody-
namic limit. The other terms involve two simple poles and require a more elaborate treatment.

5.4.1 First term % (x', t)

The contribution to ¥ (x’, t) involving two simple poles is of the form

SL[f Z Z Z f(xanu'a: a) (117)

A€M N v EA Valtig = va) ’
Ve,
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where

£, v) = Ay — A)ei P+ (=2) (118)

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

m 2nt(n+m)
1= Zzzf(xa,x + 20 4 2

dgch m g0 (Ag +M)(—2ﬂ)

RIS W I
Aa€A A€A mA0 A'Zn_m AqA ;€A 10 (A + E)(-2)
f(Ras 255 A4)
DI
)»eAAeA)LeA)L(A A)
A; #;\
f(z{a, 27[(n+1/2) Zﬂ(nz-l/Z)) 1 f()ta,)tl’
2L3 Z Z 27‘:(n+1/2) 5 Z Z . (119
A EA NF£0 I ) AgEA A 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™ and hence are completely dominated by
their respective double poles. They yield

Z Zf()\a, 27T(n+1/2) 2n(nzr1/2)) 1 Z f()"a:
L3 M)z
A EA NF£0 A eALEA
1 QA
_ [g _ Q f £(2,0,0)p(A)dA + OL™). (120)

The third term is of a very similar structure to Lemma 2 (103) and can be treated analogously.

We write
fQarpd+ 388

oA A s +2nn)
EPIDID N

f(AaJ J: ]
AgEA AjEA NFOD (Aj"'zLﬂ)(_zLﬂ) L3 Z Z Z )L.+2Lﬂ

AqEAA; eA n

(AgsAj, A4 +2m) 1 (Aqs Ay, A5)
DI e e Tt
AqEAAEA Jn;éo I Aq€EAA;EN
In the thermodynamic limit this becomes
A ,A ,A 271n
1 Z sz( a ;m J+2m ) f 4 m}[d P [ 4 s, v)
haeh iennzo i+ )(=T0) —oo 2my
- f d?Lp(?L)J( du® L“)J[ g (?Jf ") _a@) f F(4,0,0p(A)dA.  (122)

The two principal values can be brought under a single principal value as in (C.3), c¢f Ap-
pendix A.2. Finally the fourth term in (119) can be calculated using Lemma 1 (101). Putting
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everything together we then obtain

-2 eZit(kz—,uz)Hx’(v—)L)

o) = J d/lp(/l)J[ duph(u)J( dvpn(v)~ >

+J dlp(A)J[dvph(v)J[ dupn(u) EV 2 2it(A—)+ix'(v-2)
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+ E(np(O) — n2p(0)%— %)J A2p(A)eH A =ixAgq ) (123)

5.4.2 Second term % (x’, t)
The contribution to %7 (x’, t) involving two simple poles is of the form
1 Z Z Z F, i Vo ) Z sz(ka, 2Tr(m+1/2) A, + 2 27m
_ I3 2 1/2
AqEA UgEN v EA ,ua(la va) L AEA M n#£0 W)an
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a»~ I
2ﬂ:(m+1/2) (A )

where o
Fp, v) = v(v— p)etA—#IHE ) (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 prin-
cipal value integrals in the thermodynamic limit. The last term involves a two-dimensional
sum with a factor L™ and a summand featuring only simple poles. Hence it vanishes in the
thermodynamic limit. We conclude that

oo [oe]
S(x', 1) = f dAp(2) f duph(mfdvph(v)ﬂewz—ﬂz)m’“—“)

—0Q

+ f dAp(A)J[ duph(u)f dvpu(v) E; “i 202X O L O(171) . (126)

5.4.3 Third term 3 (x’, t)

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

oo o
Z};(x’, t)= f d)Lp()L)f dUPh(U)J[ dvp(v)“%:ezit(xz_uzmx/(u—v)

—0oQ0

" f dzp(x)fduph(u))(dvp(v) a “; 20 L (7). (127)
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5.4.4 Fourth term % (x’, t)

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

_ Z Z Z f(kauua:kb) Z Z Z (Amkb + = 27'm Ab)
A€A g EA AL EA Ap(ta = Ap) s Ag€A nF£0 Ay €A Ap zﬂ
Ag, Ai, A
__ZZZQ(; lxb) (128)
AdEA A EA AN b( b)
A

where .
fQp, v) = Ay — L)t A+ (A=), (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

= * Aev o y
() = f d/lp(A)J duph(u))[ dvp(v)T;ezlr(ﬂ—uz)ﬂx ()
—00 —o0 u
oo
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2 2_ > o
4 T p(0)2 Q(A)J A21()(7L)ezlt7t +ixX'242. . (130)

5.4.5 Result for all contributions arising from type II configurations

The combined contribution of all ¥/ (x’,t) 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

1
P +pp(A) = o+ o™, (131)
TT

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

[ @] oo o0 eixv
f eX’dvy=0, f ve*’dy =0, J dv=insgn(x). (132)
—00 —00 —00 v

This allows us to combine the contributions of the terms in ¥/ (x’, t) involving only a single
simple pole into the following expression

zJ dAp(A)JL duph(u)f dvp(¥)7 ’-

+2J d/lp(/\)JL d.U'ph(U):I‘ de(V)

A cos(x’( y— A))e2it?* 1)

2it(A%—u?)

cos(x (v—u)e

©)

—sgn (x) f dAP(A))L duph(u)(T_ sin(x’(A — ))eX =1, (133)

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

3l (x',0) =fJ dxp(A)J( dvp(v)J( dupn(u) Fo(A, u, v; x') cos (26(A2 — u?))

—0Q

/
. f dlp(x))( ) HE sinCe =) 0
1(1 *
+- (Z —np(0) +2m%p(0)% — Q()L)) f A2p(N)e2itA=ix'Aqy | (134)
—0o0
where Fo(A, u, v; x’) is the function defined in (24).
We stress that C;’l(x, t) depends on the representative state A not only through the root
density p, but via the quantity Q(A) (102) as well.

5.5 Cancellation of the representative state dependence

Once both contributions (112) and (134) to the spectral sum are summed up, we observe
that the dependence on the representative state through the quantity Q(A) exactly vanishes!
This non-trivial cancellation suggests that the typicality assumption underlying (37) is indeed
correct, even though the partial contributions do carry an additional dependence on the chosen
representative state.

To arrive at the expression (22) written in the introduction, we sum up (112) and (134)
and use that at leading order in 1/c

1
p(0) = ot O(c™). (135)

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

We saw in (50) that the expectation value of an observable (O), after the quench converges
when t — 00 to (O) given in (49). 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 |u) of the form

(O(x, )0(0,0)) = Z %elT(E(l)—E(u))+iX(P(u)—P(l))_ (136)

We have previously considered the case where O(x) = o(x) in [64]. This case is quite
special as o(x) is the density of a conserved charge. In the following we consider the case
O(x) = 05(x). An expression for the form factors of this operator between two states of equal
momenta was presented previously in (47). 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 [79]

(loaA) _ i I (ulo(0))
) ulp)  6c (PA)—PW))? /(AIA) (ulp)

where the density form factor given in (87) and

J(A, 1) = (P(A) — P(u))* — 4(P(A) — P(W))(Q5(A) — Q3(w)) + 3(E(D) — E(w))*.  (138)

(137)
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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 ¢ — o0, for generic A, u satisfying the Bethe equations. The
simple relation (137) allows us to directly use the results of [64] for the density correlations.
Denoting v the number of Bethe numbers of u that do not appear among those of A, we have

{plo,(0)IA)

VAIA) (] )

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.

2
=0(c?). (139)

6.2 One particle-hole excitations

We now consider a one-particle-hole excitation above A, namely a state u 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#o0, Vi#a, I, +n#1I;. (140)

We then can use the results of [64] because of the simple relation (137), which always holds
since the momenta between the two states involved are necessarily different. We obtain

(Moa(0)|w) > _ 16
(AA)(plp)  ctL2

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 (141) does not have
poles the corresponding contribution to the spectral sum (136) is straightforward to compute
and gives the first line of (27).

2 2
[—5 —DAZ+22,P+ ?(P - ma)] + O, (141)

6.3 Two particle-hole excitations

The other class of intermediate states contributing at order O(c™*) are two particle-hole exci-
tations, i.e. states with rapidities u 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

nm#0,
Vi#a,b, I,+n#I;, I,+m#I;,
I,+n#Iy,+m,
I,+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 [64] to obtain

2 2 _
O _ 16 ) o, 2n(nmm)

2 -5
(AA) (i) cAL# T ) o). (143)

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 (27).
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When n = —m, i.e. when the momenta of the two states are identical, we obtain from (79)

that (A2 |u) 2
c? O _ .
A iy~ O (144)

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.

7 Summary and Conclusions

In this work we have combined the Quench Action approach with our recently developed
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
g — oo [80,81], an interacting model that exhibits unusual simplifying features, and some
other particular situations [82-84].

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 sum-
mations 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 E.

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 o,(x) will exhibit diffusive behaviour [71]. 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 c.
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 ex-
citations. Third, it would be very interesting to apply our strong coupling expansion method
to dynamical correlations in other models like the Heisenberg XXZ chain [85-88]. These typi-
cally 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 [89,90]. Finally, we think it is important to arrive at a more complete understand-
ing of the scope and limitations for applying typicality ideas to the calculation of dynamical
correlations in and out of equilibrium.
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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(A, u, v), we define its integral with successive double principal value as

F(A,u,v) dkdudv—fdujf )[CMF(A,M,V)
u—v

A=) —) r—u (-1

where the)c symbols appearing in the right-hand side of this expression denote single principal
values defined in (25). As shown in [64], the following relations hold

F(A, 1, 7) [ JL 1 J[ F(A, 1, 7)
—————dAdudv= | dv+du da
A —w)(pu—») J — A—u
[ F
- dA)[ du— )[ dyf et ) A.2)
J A—u u—v
[ F
_ du)[dA 1 J[dv (A,u,V)’
J A—u u—v
and
F(A,u,») J F(,u, »)
———————dAdudv = lim ————————dAdudv. (A.3)
J[ A== o Jacue Gmpp=m
u—v|>e
The integral with simultaneous double principal value is defined by
F(A,u,v) . J F(A,u, v)
——————dAdudv = lim ——— = dAdudv. (A.4)
G=m=n"" TS P G =

[A—v|>e

As shown in [64], it is related to the integral with successive double principal value through
the Poincaré-Bertrand-like formula

F(A,u, ) F(A,u, v) ? f «
—2 2 - dAdudvy=4+ —————>——dAdudv+ — F(A, A, A)dA. (A.5)
A—m—»n"* G- """

A.2 Proof of equation (C.3)
Using the identity (A.5) we obtain
o
1 F(A,‘U,,'V) F()(,,‘U,—A,V—A)
dA+duy—F+ dy——m—m==— dAdudv
J_oo JL u)ﬁ v (r— A —w)
FOL,u—A, v—27) nZJ""
)L —DA—p) TR

(A.6)

F()L u,,v) F(A,u—A,v—2)
f d?L)( )ﬁ )[ == dAdudy

_jL F(A,u—A,v—2)
) v=wu—-21)

2 o0
dadudy— = f F(2,0,0)dA.
3 —0Q
(A7)
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In (C.3) 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

[ ofadforten [~ afutfa

_jc FA,u—A,v—2) 2m?

dAdpdy + F()L,0,0)d)L
A=»)(v—u) 3 )

oo

dAdudv + n2 J F(2,0,0)dA .

—0Q

_J[ F(A,u—A,v—2A)
) A=n(r—w)
(A.8)

Using (A.2) we arrive at (C.3).

B Proof of Lemma 1 (101)

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

(1’ 3 a: 3 )
_ZZZ x(x ]A) L3ZZ Z A(A JA)

AqEALEN A EN AEANEN  AjEA

sy A Ay (B.1)
Z Z f(Ag, =24, Ap)
2L3 AdEA A EN Az

The second sum is two-dimensional and comes with a factor L™2. Hence it is dominated by
the double pole and its thermodynamic limit reads

A k A o0
st > Zf( S Q(;) f_mf(k,o,O)p(A)dx+O(L—1). (B.2)

AdEALEN

To compute the first term on the right-hand side in (B.1) we symmetrize in i, j and +A; ; using
the pair structure of the state

f(kaa >
ZZ Z Ai(Aj JA) 8L3ZZ Z G(has 25,4 (B.3)

AdEAAEN AeA AdEALEN AeA
A;ék —A; A;é/l —A;

Here we have defined
g( as ]:A) g(xa: A‘])A') g(ka) e Al)+g(z’a,_7(']’_)t‘l)
Aid; ’
Aif (Ras Ajs A = Aif (Ags Ags J)
Py

G(Aa; ],A') -

g§Ag, A4, A7) = (B.4)

The right-hand side in (B.3) is a Riemann sum of a regular function without singularities,
hence converges to an integral in the thermodynamic limit

73 Z > 2 ey ) G(x ¥,2) p()p(y)p(@)dxdydz + O(L™).
A(A 7L) »2) PAX)PLY )P

)l EAAEN AjEA
A ;éik
(B.5)
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To proceed, we remove from the integration region the points where |y| < € or |z| < €. 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 2 — x and use (A.3) to obtain

Z s f (g, Aj, i) :_%]L g(x,y—x,z—X)p(X)p(y—X)p(z—X)dxdydz_

A EAA;EA KEA A’I(A']_A’l) (_y_X)(X—Z)
Aj 7é:l:)L

(B.6)

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| > ¢. However, we can use (A.5)

to obtain an expression in terms of a simultaneous principal value integral

f(ka’ J’ 1% g(x,_'y—X,Z—X)p(x)p(y_x)p(z_x)
2 dxdyd
AZG:“;‘ AZIGA A4y A) 2 (y —x)(x —2) xdyez

A #A

+ T p(O)ZJ f(x,0,0)p(x)dx. (B.7)

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

f(Aaa’ ]’ f(x,y—x,z—x)p(x)p(y_x)p(z_x)
i3 dxdyd
JZ:AAZ@:\ );;\ Ai(4; 7“) (y —2)(z—x) xdydz
Py
2
L P T P(O) J f(x,0,0)p(x)dx. (B.8)

Finally we employ (A.5) to arrive at Eq (101).

C Proof of Lemma 2 (103)

We start by rewriting the multiple sum of interest as

fas A+ 222, f Qs A+ 22,1)
_ZZZ (A+2ﬂ:n)( Zﬂ:n) ___ZZZ AizLﬂL

A EANF£O A EA A EANF£O0 A EA

FOeAi+3E20) 1 f(Aa,Al,A)
+_ZZZ (Ai+2LﬂL)Ai _L_ Z .

AdEA T QEN AdEAAEN

(C.1)

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(A) defined in (102).

fOoM+2P2) 1 (% p(v) 1
EDIPIPI O+ T T, ——ﬂf_wdkpu))(dv - )(duu_vf(x,u, )

AeEANFEO A;EA

+o f d?Lp(?L)J( dv&v”))( d,ui FOu, v)—Q(A)J p(A)f (1,0,0)dA.
- - (C.2)
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The two principal values can be brought under a single principal value according to the fol-
lowing relation, proved in Appendix A.2

f dkpu))[dup(u))[dvf(/l,u,v)_J d)Lp(?L)JLdup(M) f(jul;v)

=J cmp(x))(dv)f dup(uytate?) (( ’“’v)) +12p(0) J FOL0,00(0d1.  (C3)

This gives the desired result

= fOwt 40 1 [ fQups)
ZZZ (}Li+2Lﬂ)(_2Lﬂ) _ZTEJ dlp(}t))[dvp(v) du

AgEANFEO A EA —o0 ‘u(v_‘u)

+§p(0)nzf £(1,0,0)p(A)dA —Q(A) f p(MF(A,0,0)dA.  (C.4)

D Further results on (o,(x)o,(0))

In this appendix we collect a number of additional results on the two-point function after our
interaction quench (22).

D.1 Alternative expression for (22)

In this section we present an alternative expression for the two-point function after the quench
(22), that is particularly useful for numerical purposes. It is based on the observation that the
first terms in the 1/c-expansion of the steady state root density (15) take the simple form
1+22 1 L
ps(A) = +0(c), (D.1)

21 X 2
(2D[1+2]) 1

which allows one to carry out some of the integrals in (22). To that end we introduce

T [f(M]= J eTIXA2 £ QAR (D.2)
We then find
2 3
()0 (0)); — (0 () (0)oo = (1 + Z2)8 (%) Ro(e, )+ 221+ 220 (%) ReFy(%,£),
(D.3)
where we have defined x = 2D(1 + ?)Zx, t=[2D(1 + ?)]%,
Folx,0) = | T, [ 251
Fy(x, 1) =2( xt[mlzxt[ﬁr—zxt[ﬁlzx,t[%l*)
+isgn ()L [ 120 e[ 25 ) — T 2 1T [ 1255 1)

+2i5g0 () (Lo [ 22 1L [ 1 — Tt [ 1 Lo 1)
+26 (L, L5100 Ligwiap ) — Tedl o ol 12 )

+2isgn (x)e™™I( Xt[(w)zlzoftwl*— Tl o 1oL e )

—2e7 X7, t[(lﬂz)zH (AM)]+ 2isgn (x)e ™ [(1+AZ)2H w1, (D.4)
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and

e—2itu2
H,(A) =][ - du. (D.5)

D.2 Consistency check I: t — 0 limit

Since the expression (22) for the two-point function (o (x)c(0)), holds for all t > 0 it should
be possible to take the limit t — 0 and recover the order O(c™2) result for the corresponding
correlation function within the BEC state. The latter are simple

(Ugpclo(x)o(0)|Wpgc) = D2. (D.6)

In order to investigate the t — 0 limit of (22) we require an explicit expression at order O(c~2)
for its infinite time limit (o (x)0(0)) . Using [64] we find

16 D>
C

(0(x)0(0)) oo = D? —Dze_‘m(”%)z'x' (1 + le) +0(c7?). (D.7)

At t = 0, all integrals appearing in (D.4) can be carried out explicitly by noting that

0 eixA p x|
——dA=—=(1+ = D.8
f @it 5 ie (D.8)

The integrals in (D.4) can be deduced by differentiating this with respect to x. A straightfor-
ward calculation then shows that at t = 0 we indeed recover the two-point function in the
BEC state at order O(c2)

(0(x)0(0)) ;oo = D* +O(c2). (D.9)

D.3 Consistency check II: x — 0 limit

Since for x # 0 we have

o (x)a(0) = 9" () (019 (x)(0), (D.10)

the correlation function {(o(x)c(0)), should approach (o5(0)), = O(c2) in the x — 0 limit.
Using (D.7) at x = 0 and simplifying (22) by exploiting that the root density p(A) is even we
find after some calculations that indeed

)l(ii% (o(x)o(0)), = O(c™?). (D.11)

D.4 Some remarks on the limit x,t — 0

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

0 2 2
‘J me—ixl+2itlzdl , (D].Z)

which vanishes if one first takes the limit x — 0 and then t — 0, but gives a finite result if one
takes first t — 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= a
j=1

1 il
J

Ay +a].+1aj—2a]'.aj , (E.1)

where a;, a; are fermionic creation and annihilation operators satisfying canonical anticom-

mutation relations {aj,a;i} = 8. The Hamiltonian is straightforwardly diagonalized by a
canonical transformation to Bogoliubov fermions in momentum space

L
H=—4) sin’(k,/2)b] by, (E.2)
n=1

where k, = 2Lﬂ and {b,, b}i} = 0, k- We denote the Bogoliubov vacuum state by |0). We now
consider 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

1 :
Xp | Z K(kn)biknbzn |0) . (E.3)

1) = ———¢
,,11:[1 v 1+K2(k,,) —
For our purposes it is sufficient to focus on the Green’s function
G(n,t) = (I(t)|a,1a;I(t)) . (E.4)
Since the model is free G(n, t) can be straightforwardly calculated
1 (7 iK(K)  gieine . B
Gnt)=—— | =8 kDeingr+ O(L7). E.5
(0= J_n1+1<2(k)e ‘ (™) (>
Let us now try to recover this with the Quench Action approach. The normalized overlaps of
the initial state with an eigenstate |A) = [ [, b', b,0) are
T2 VT+K2(k,)

from which one finds the root density characterizing the non-equilibrium steady state reached
at late times after the quench

(E.6)

1 K3%k)
k)= —— . E.
P = Tk E7)
The form factor of the operator of interest between two pair states A, fi is
e2imkn .
= f— ifu=AuU{kland k& A,

(Alapsrail@) = { t : i ¢ (E.8)

0 else .

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

(Al(ap1a)(OII) _ Z(Ma aylid) <I'_"|I>62it(E(l)—E(u))

i) z @ o)

1 . ) .
— Z Z lK(k)e&tsm (k/Z)elkn )
k¢A
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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)= ———— E.10
pr(k) 2m 1+ K2K)’ (E.10)
and the Quench Action approach precisely recovers the result (E.5)
lim (il(an+_la1)(t)|1> _1 i ﬂe&tsinz(k/z)eikndk' (E.11)
L500 (AlI) 2m ) 1+K2(k)

So far we have closely followed the discussion in [24]. However, let us now consider the

following singular behaviour

K(k) = kim (E.12)

By construction |A’) is a micro-state that for any choice of k, 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 |A’) and |A). Let us choose k; finite in the
thermodynamic limit, and ko = O(L™'). We observe that

(Alans1a)(OI) _ (A(ansra3)(OI1)
(AlI) (A1)

+ % I:K(k(/))eSit sinz(kg/Z)eikgn _K(ko)eSitsinz(ko/z)eikon] ) (E.13)

with m > 1 an integer, and define a representative state |A’) by replacing k, € A by k.

This shows that the two choices of representative state lead to different results in the thermo-
dynamic limit, which generally does not even exist as K(ky) 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 p,(k) ~ k™ at small k, the smallest
hole in a representative state A is typically of order L=Y/™+1) and in this case the additional
terms are in fact negligible. Hence for such "typical" states, typicality ideas can be applied. This
fact is confirmed numerically by observing that when one averages (E.9) over representative
states, one indeed recovers (E.5). Second, in the problem at hand one can slightly change the
initial state by imposing for example K(k) = K(6) for k < 6 for a fixed small 6. With this
"regularisation” one obtains (E.11), which is now well-behaved and allows for the limit & — 0
to be taken. In this limit one recovers the expected result (E.5).
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