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Abstract

Determining the role of initial conditions in the late time evolution is a key issue for the theory of nonequi-
librium dynamics of isolated quantum systems. Here we extend the theory of quantum quenches to the case
in which before the quench the system is in an excited state. In particular, we show perturbatively in the size
of the quench (and for arbitrarily strong interactions among the quasiparticles) that persistent oscillations of
one-point functions require the presence of a one-quasiparticle contribution to the nonequilibrium state, as
originally shown in Delfino (2014) [5] for the quenches from the ground state. Also in the present case, we
argue that the results generically have nonperturbative implications. Oscillations staying undamped within
the accessible time interval, far beyond the perturbative time scale, are nowadays observed in numerical
simulations.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The nonequilibrium dynamics of isolated quantum systems is characterized by the fact that
expectation values are computed on nonequilibrium states which are superpositions of infinitely
many eigenstates of the Hamiltonian, with different superpositions corresponding to different
initializations of the dynamics. A key theoretical issue is to understand to which extent the late
time evolution depends on the initial conditions. A first study for an infinite-dimensional space
of initial conditions recently showed through which quantum mechanisms universal quantitative
properties can emerge at large times [1]. In the present paper we investigate the dependence on
initial conditions for the case in which the nonequilibrium state is generated dynamically by
a change of an interaction parameter at time ¢t = 0. This basic way of accessing nonequilibrium
[2], which has been called “quantum quench” [3,4] in analogy with thermal quenches of classical
statistical systems, is itself quite nontrivial from the point of view of theoretical study. However,
it was shown in [5] that for a homogeneous one-dimensional system with Hamiltonian

!H(), t <0,

1
Ho+ A [7 dx W(x), t>0, M

which for t < 0 is in the ground state |0) of the pre-quench Hamiltonian Hy, it is possible to
obtain general results perturbatively in the quench size A, for the different quench operators
W(x) and independently of the strength of the interaction among the quasiparticles. In particular,
the result

(@(x, 1))o = (D)} + A [% FYF® cos Mt + 0(;3/2)] +00?) )

is obtained for the one-point function' of an operator ® at large time [5]. Here (@)iq is the equi-
librium expectation value in the theory with the post-quench Hamiltonian [6], M the quasiparticle
mass, and F IO the matrix element of O between the ground state |0) and the one-quasiparticle
state.” As a particularly interesting feature, the result (2) first revealed that undamped oscillations
of one-point functions are present whenever an internal symmetry does not cause the vanishing
of the product F 1‘1’ F 1‘1’ of the one-quasiparticle matrix elements [5]. In particular, the undamped
oscillations are absent in the case of noninteracting quasiparticles — for which F’ 1‘1’ =0 — thus
showing that interaction makes a qualitative difference in nonequilibrium quantum dynamics.
The fact that the condition F 1‘1’ F fp # 0 actually leads to the presence of undamped oscillations
beyond the perturbative time scale was argued in [7] along the lines that we will recall in sec-

I The subscript 0 in (2) refers to the number of quasiparticle excitations in the pre-quench state, which is zero for the
ground state.

2 We refer for simplicity to the case of a single species of quasiparticles. Otherwise, the square bracket in (2) is summed
over species [5].
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tion 3.2 below. Remarkably, oscillations exhibiting no damping over hundreds of periods within
the accessible time interval were then observed numerically® for a nonperturbative quench of the
Ising spin chain in [13].

The extension of the analytical results of [5] to higher spatial dimensions was given in [14],
where it was shown, in particular, that F 1‘1’ F lq’ # 0 continues to be the condition for undamped
oscillations in a homogeneous quench.* Since F 1(9 # 0 means that O creates the quasiparticle,
F 1‘1’ F 1<1> # 0 means that the post-quench theory possesses a neutral® quasiparticle (F 1‘1’ #0) and
that ® couples to this quasiparticle (F 1<1> # 0). It is natural to ask to which extent the presence of
persistent oscillations depends on the initial conditions. Answering this question, however, had
proved too difficult so far. Indeed, changing the initial condition for the homogeneous quench
(1) means starting with a pre-quench state other than the ground state of Hp, and then with a
non-normalizable state whose direct use leads to undetermined expressions.

Here we show how to overcome these technical difficulties considering the quench (1) when
for ¢ < 0 the system is in the first excited state of its Hamiltonian Hy, which is a state with a
single quasiparticle. The calculations are performed in presence of a regulator R which prevents
singularities and is eventually removed (R — o0) leaving a finite result for the observables. In
this way we find that the large time behavior for the one-point function becomes

6—4y2

(@@, D) = Eo + 2| — FYFP cosMt+ 0™ |+ 00, 3)

We see that, although the amplitude of the undamped oscillations has changed, the condition
for their presence continues to be F’ lq’F fp # 0. The offset E¢ in general differs at order A from
(@)iq in (2). Actually, as we will see, E¢ can differ from (@)iq at order 1 for a quench in a
spontaneously broken phase, for which the first excited state is a topological excitation.

The paper is organized as follows. In the next section we set up the quench from the excited
state and obtain the general expression for the post-quench state and the one-point functions. The
latter is then considered in the large time limit in section 3. Section 4 is devoted to the case of
topological quasiparticles, while some final remarks are collected in the final section.

2. Post-quench state and one-point functions

We consider an infinite and homogeneous system in one spatial dimension which before the
quench (i.e. for ¢ < 0) is in the first excited state, namely the one-quasiparticle state |g). The
latter is an eigenstate of the pre-quench Hamiltonian Hy with momentum ¢ and energy

Eg=\M>+q*, )

and is normalized as

(plg) =27 E46(p—q). )

3 Undamped oscillations had been observed over much shorter time spans in previous numerical studies, see [8—12]
and the discussion in [7].

4 For the more general case of inhomogeneous quenches there is an additional condition about the extensiveness of the
quenched domain [14], see also section 3.2 below.

5 Detailed illustrations of the role of symmetries and charges are given in [6,14].
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A direct use of the pre-quench state |g) for the determination of the post-quench dynamics, how-
ever, is complicated by the appearance of singular factors such as (g|q). These factors, appearing
in the numerator and denominator of the expressions for the observables, lead to undeterminate
expressions. It is then necessary to first prevent the singularities introducing a regulator to be
removed at the end of the calculations. We do so starting with a pre-quench state in the form of
the wave packet

o0

/dqf(q) lg) , (6)
with
fl@)= K e‘RTZ"2 (7

The results corresponding to the pre-quench state® |¢ = 0) are obtained taking the limit R — oo
in the final expressions for observable quantities.
The state |11) produced by the quench is given by

+oo 400
|¢1>=Sx/dqf(q)|q>=TeXp —ikfdt/dxq’(x,t) quf(q)lq), ®)
0 —0o0

where T denotes chronological order and S, is the operator whose matrix elements (n|Sy|q) give
the probability amplitude that the quench induces the transition from |g) to |n). Here we adopt
the compact notation |n) = |p1, ..., p,) for the n-quasiparticle states of the pre-quench theory,
having energy and momentum

n n
E=Y"Ep, P=Y"pi, )
i=1 i=1
respectively. To first order in the quench parameter A we have

[FY,(q l{piD]*

ol (10)

|1/f1>:/dqf(q)lcﬁ+2mi/dqf(q)8(P—q)
n, pi

where we defined the matrix elements

F,(q1{pi}) = (q100,0)|p1. ... pn) (11)

for a generic operator O(x, t), introduced the notation

P g
Di
=y — , 12
f-ri 12 o
sPi oo "

6 A state |go) can be obtained centering the Gaussian in gg. Since we will only consider scalar operators, the results
for R — oo do not depend on ¢, and setting it to zero involves no loss of generality.
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O(X, t) — eiPx-HHol O(O, 0) e—[PX—iHot , (13)

with P the momentum operator. An infinitesimal imaginary part was given to the energy to make
the time integral in (8) convergent. The sum (12) is taken on the non-negative integers with the
exclusion of n = 1, which in (10) corresponds to —iLT+)\qu f(q) Fllf’l (qlq), where LT, is
the infinite post-quench space-time volume; this contribution is due to mass renormalization and
is subtracted by a corresponding counterterm in the Hamiltonian.’

In an interacting theory, the matrix elements Fl‘f’n entering (10) are nonzero for any n, so
that the state produced by the quench is a superposition of states containing any number of
quasiparticles with all possible momenta. It is worth emphasizing that it is our ability to deal
with this structure in its full complexity that allows us to obtain general analytical results about
quantum quench dynamics.

The result (10) gives in particular

(Wlyn) = / dpdq f(p) f(@){plg) + O} ~J/TMR+ 0(02). (14)

Here and below the symbol ~ indicates omission of terms subleading for R — oo.
The one-point function of a scalar Hermitian operator ®(x, ¢) after a quench from the single-
quasiparticle state is given by

(D, 1)) = (1P, D[Y1) + D

(Y1lv1)
/dpdq o F@[F(plg)

~

1
(U1ln)

5(P —q) -
2k I 5, ke {LFE, P UPDY FE, (o pihy € ErE |
n,pi
+ Do+ 00?). (15)
Here and below the limit R — oo is understood. Then the limit p,g — 0 is enforced by the
Gaussian f(p) f(q), so that the factors e!(?~9* and ¢!Er~E4)" produced by (13) can be omit-

ted at leading order for large R; this yields the x-independence expected for the homogeneous
system, as well as the #-independence of the pre-quench value

_ Jdpdq f(p)f(@) F? (plg)
*T  Tdpda fDf@pla)

The term D¢ is added to ensure continuity at = 0, namely to impose that (®(x, 0)); is equal to
(16). Defining

(16)

P .
Bo(r) = X [ BPEE e (1, 2 1 FE o1 €52

2
(Y1) 7 E—Ep
(17)

we have

7 See [15] for an analogous subtraction in the equilibrium context.

5



G. Delfino and M. Sorba Nuclear Physics B 994 (2023) 116312

Do = —) Bo(0) + 0(\2), (18)

and

(@(x.1))1 = Ag + A [Bo(t) — Bo(0)]+ 0(2). 19
3. Large time behavior
3.1. Perturbative results

The time dependence of the one-point function (19) is contained in the term (17). For t — oo
the integrand rapidly oscillates due to the factor e!(E»=E)" and the leading contribution to the
integral is obtained when all the momenta p, py, ..., p, are small. Notice that this is true also in
case of cancellation of energy terms in the exponent. Indeed, p is in any case made small by the
large R limit, so that £, >~ M + p%/2M can only be canceled by a single energy term E pi» With
the consequence that p; = p is also small.

The matrix elements in (17) can be rewritten in terms of the form factors

FE(pi,..., pn) = (0100, 0)|p1, ..., pu) (20
by crossing the quasiparticle on the left. For p, p1, ..., p, — O this gives
FO,(pIp1 -y Pn) = ES 1 (Po D1, woes Pn)

n
i—1 O
+ D 2 Ep8(pi = p) (=)' E2 (D1 Pict Pt D).
i=1

(2D
where p corresponds to the crossed quasiparticle with momentum — p and energy —E,, the first
term on the r.h.s. is the connected part, and the terms with the delta function are the disconnected
parts produced by the annihilation between the crossed quasiparticle and the quasiparticle with
momentum p;. In writing (21) we took into account that for small momenta interacting theories
in one spatial dimension exhibit fermionic statistics; this produces the factor (—1)'~! when the
crossed quasiparticle reaches the quasiparticle to be annihilated. It follows that the product of
matrix elements in (17) is given by

LFyY (PUpiDT FL, (plpi) = [Fyy (P, pi.eees P T Fyp (B P ees P1)

n
+EY (P p1s e, P Y 2T Ep8(pi = p) (=1 ' B2 (p1s ooy Pict, Picg1s o i)

i=1

n
+ E By Pty voes Pa) D 2 Ep8(pi = PY (=17 [E) (P, ooy Pict, ikt s P2)]

i=l
n n
i .
+D > QO Ep Ep8(pi=P)3(p;=p) (=D [EL (P e, pict. Pt s )]
i=1 j=I

X E® ((PLy s Djm1s Pl s Pn) - (22)
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We call the four terms in the r.h.s. connected-connected (cyce ), connected-disconnected (cydop ),
disconnected-connected (dycg ) and disconnected-disconnected (dydqe ), respectively. For the lat-
ter we further distinguish the terms with i = j (dfpdfb) from those with i # j (dfl,d!b). Inserting
(22) back into (17), the exponential factor in the integrand for each type of contribution reads

2
o Cyce e 2 2 (p+PY)+iM(1 n)tfmz P

. 2y4 —n)t— 5z
o cude : e T PHPHHIMA=n)— 5t T pf]

2 :

o dyce e T PTPDHIMU-n1—55 Zk# pil
. 2.2
i gi . —REp2HI[M(1—n)t—55 S0 pA]

o dydy :e i #i Uk

o did] e EEHPDHIMADi— s T Pl
Due to the delta functions, some energies can cancel in ¢! (Er=F)" and no longer couple to #; as
already observed, however, the corresponding momenta are still made small by the large R limit.
Moreover, if pi2 coming from E,, >~ M + pl.2 /2M couples in the exponential both to R? and ¢,
we have (R%2+it/M) pl.2 — R? pl.2 in the limit R — oo, which must be taken before that of large
times.
For small momenta the form factors F' fjrl in (22) behave as

[ I - 23

i=1 I<i<j<n

where the numerator accounts for the fermionic statistics and the denominator for the annihilation
poles®; the same is true for F), v 4 after replacing p with P. On the other hand, the form factors
F®  and FY |, which are the products of the annihilations, behave as [, _, (k1) (Pk — p1)- The
large time behaV10r of the different contributions to (19) is now easily determined rescaling the
momenta which couple to ¢ in the exponent. Up to the oscillating factor e ~/"~DM! we have

o cycg it =D/2
° C\ydq?, dyco, dfpd(ib ot
o did] 022,

—n(n-2)/2

We see that the leading contribution at large time comes from n = 0 (cyce) and n = 2
(cydo, dyco, dfpdé,, d&,dé), and is purely oscillatory.” It is easily checked in a similar way that
the term dfl,d!b with n = 3 actually vanishes as R — oo, so that the first subleading contribution
at large ¢ comes from cyce with n = 2 and is suppressed as .

Concerning the explicit calculation of the leading large time behavior of (17), it is straightfor-
ward for the n = O contribution. For the n = 2 contributions we know from (23) that

~ as pP1L— P2
P2~ 0 " (h _ p Y (p—p2)

F(p, p1, p2)| (24)

and similarly

8 See [16] for explicit illustrations in the case of integrable theories.
9 We recall that n # 1 and that n = 0 produces no disconnected part.
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v, 5 ~ pP1— D2
F5'(P.p1. 02 p py pyso = 0w T (25)
The fermionic statistics at low energies yields the expression
Res FQ0@1. 2. pree p) = iM [1= (D! FO (P i) (26)
for the residue on an annihilation pole in the limit g1, g2, p1, ..., px — 0 of our present interest.

This in turn determines the coefficients

ap =2iMF?, 27
ay=2iMF). (28)
The integrals in (17) are then computed using the expressions (24) and (25) with the prescription
1 ) 1
— =ind(p)+pv.| — 29)
p —1¢€ p

for the poles. The results for the leading contributions are'”

e n=0
- C\qu):—zﬁ}\ Fl‘I’FfD cos Mt
e n=>2

- cudo : 25 (1= v/2) F\YF® cos Mt
- dyco : %(l +/2) Fl\nyb cos Mt
dfl,dé, : % Fl‘I’Fl‘I> cos Mt

i 3] . _2V2) pVpd
- dydy i — e F"F " cos Mt,

where we took into account that for scalar Hermitian operators F ]O is a real constant. Putting all
together we obtain

v ®

FYF
Bo(t) = 1le 6—4v2) cosMt+ 0@, - oo. (30)

We see from (19) and (30) that for + — oo the one-point function (®(x,?)); tends to (if
F 1‘1’ F 1<1> = 0) or oscillates around (if F° 1‘1' F 1<1> # 0) the asymptotic offset Ap + D¢ . The pre-quench
value A is given by (16) and involves F,*, (p|q). Equations (21) and (26) yield'!

FO(plg) = FY (5, q) +2nE, 8(p — q) FY 31)
Res Fy’ (5, ) =0 (32)

It follows that in the limit R — oo implied in (16) we obtain

Ag = F = (0|®|0). (33)

10 They come only from the delta function terms in the pole prescription, since the principal values turn out to be
subleading for R — co.
1" 1t can be noted that, although the limit R — oo in (16) ensures that p, g — 0, Eqs. (31) and (32) hold for generic
momenta. Indeed, the annihilation which produces the disconnected part requires no permutation, and no consideration
on low energy statistics.
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We see that the pre-quench value on the excited state coincides with that on the ground state.'”
On the other hand, since the post-quench state (10) differs from that obtained from a quench
from the ground state, the time evolution is in general different in the two cases. In particular,
recalling also (18), for the asymptotic offset we obtain

Eg = Ag + Do = (0|®]0) — 1 Bs(0) + O(W%), (34)

which differs at order A from that in (2). Equations (30) and (34) lead to the large time result (3).
3.2. Further considerations

Some additional considerations can be done starting from the perturbative result (3). These
go along the same lines applying to the quenches from the ground state, which we recall here.
It was pointed out in [5] that the results of finite order perturbation theory can be expected to be
quantitatively accurate up to a time scale 7, ~ 1/A1/@=X¥) where Xy is the scaling dimension
of the quench operator. On the other hand, it was argued in [7] that a first order result such as (2)
or (3) with Fl‘l’ F fb # 0 should lead to oscillations undamped beyond the perturbative scale ¢,.
The argument focuses on the remainder of the perturbative series, namely the resummation of all
terms beyond the first order. This will be a function that as time goes to infinity can either diverge,
or approach a constant value, or itself exhibit undamped oscillations. Since the contribution of
order A is bounded (recall (2) and (3)), the first possibility is not expected for ordinary physical
observables such as a local magnetization: at a given point of space this can grow in time to
the limit of maximal ordering, but cannot diverge. Discarding then the possibility of divergence,
the remaining two possibilities generically lead to undamped oscillations for the complete result
(first order plus remainder) as long as these are present at first order.'? Hence, this argument of
[7] leads to the expectation of oscillations which can stay undamped beyond the perturbative time
scale when F 1\11 F fD # 0. Quite remarkably, oscillations exhibiting no damping over hundreds of
periods within the accessible time interval were then observed numerically for a nonperturbative
quench of the Ising spin chain in [13]. This quench possesses in its analytical formulation only
two time scales, the inverse mass gap 1/M and t,, and both are exceeded by three orders of
magnitude in the nonperturbative case simulated in [13]. The quench satisfies F lq’ F ]‘b #0, and it
seems difficult to consider this full agreement between theoretical predictions and numerics as a
coincidence.'* The numerical, and also experimental [11], observation of persistent oscillations
has stimulated interest about ergodicity breaking. In this context, it has also been proposed that
special symmetries can be related to the persistence of the oscillations (see e.g. [19] and, more
generally, the references therein'>). While this role of symmetries does not emerge in our gen-
eral framework, interesting intuition comes from the study of inhomogeneous quenches in [14],
where it is shown that, even for FI‘I’FI‘1> # 0, the oscillations decay already at first order in A if
the quench is limited to a domain which is not extensive in all the spatial dimensions occupied

12 This result requires a generalization in the case of topological quasiparticles, to be discussed in the next section.

13 Of course the argument does not imply that the oscillations of the complete result are those of the first order.

14 In this case one has to imagine a mechanism for generating some extremely late time scale beyond which the oscil-
lations will eventually decay (see the discussion in [18]). The decay of the oscillations of [13] has not been observed to
this date.

15 On a more mathematical side, see also [20], where an attempt is made to describe the conditions under which ergod-
icity breaking may be expected via the concepts of pseudo-local operators and dynamical symmetries.
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by the system. In this case the energy density injected through the quench goes to zero at large
times in any point of space, and is insufficient to sustain the oscillations.

It is also interesting to ask whether oscillations undamped for all times can be seen in an exact
analytical solution. The possibility of exactly solving the quench (1) was addressed in [5] in the
field theoretical framework, which provides a general definition of integrability at equilibrium
(factorized scattering [21]). It was shown there that the quench (1) cannot be exactly solved
in the case of interacting quasiparticles, the only one which can support undamped oscillations
(F lq’ # 0). This result is expected to be very restrictive also for nonrelativistic theories, which
can in principle be thought as limits of the relativistic ones, and this makes sense of the extreme
difficulty registered over the years also in the search of exact nonrelativistic solutions.'®

In the literature,'’ the quest for exact treatment suggests sometimes to relax the definition
(1) and to extend the name “quench” to the problem of the unitary evolution for # > 0 of an
assigned initial state, with no notion of a pre-quench state. The idea is that a suitably chosen
initial state can mimic what happens in the genuine quench (1). For historical reasons inherited
from the free fermion case of [2], and of course for technical simplicity, the class of initial states
usually considered in this context is that made of pairs of quasiparticles with opposite momenta
(“pair structure”). The shortcoming of this choice is that, as shown in [5] for quenches from the
ground state and again in (10) in the present case, a huge simplification such as the pair structure
does not arise in the quench (1) if the quasiparticles interact.'® The time evolution of a state
with the pair structure has been considered in [25] in order to mimic a quench in the attractive
regime of the sine-Gordon model. Besides the pair structure, the authors of [25] assumed also
its exponentiation.'” Expanding the exponential in powers and then resumming for the one-point
functions they found oscillations exponentially suppressed in time. It is clear that this procedure
has no impact on the aforementioned considerations about the perturbative expansion in A. In
[25] the quench (1) is not performed, there is no parameter A, and no comparison is possible.
The exponential decay of [25] is found assuming a state with an exponentiated pair structure:
as we saw, both the pair structure and, a fortiori, its exponentiation are absent in the quench (1)
with interacting quasiparticles. Since the state assumed in [25] does not belong to the set allowed
for interacting quasiparticles, it cannot yield information about the dynamics of the sine-Gordon
model following the quench (1). A quantitative study of a quench from the ground state in sine-
Gordon has been performed in [28] in the perturbative framework. This quench has been studied
numerically in [29], where the persistent oscillations have been observed with frequencies related
to the breather masses, in full agreement with the theoretical analysis of [6,28].

4. Topological quasiparticles

Some additional considerations are needed if the quench is performed within a phase with
spontaneously broken symmetry. In the one-dimensional case we are considering this means that
there are degenerate ground states |0,) labeled by a = 1,2,..., N, and that the fundamental

16 See the case of [22], which however does not fulfill the requirement for undamped oscillations.

17" The discussion of this point was solicited by an anonymous referee.

18 See [23] for the relation between the structure of the nonequilibrium state and the light cone spreading of correlations.
Implementations by hand of the pair structure in the context of specifically engineered lattice Hamiltonians have been
presented in [24].

19 These assumptions (see also [26]) were inspired by the integrable boundary states of equilibrium theories studied in
[27].

10
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quasiparticle excitations have a topological nature, namely they are kinks |K,;(q)) interpolating
between |0,) and |0,), with a # b. It follows that the first excited state we consider in this paper
as the pre-quench state now corresponds to such a kink. Then, when considering the pre-quench
expectation value (16), Eq. (31) still holds with

FE = (041000, 0)[0,) = (O)q, (35)

and

FP(5.9) = (0a10(0, 0)| Kap(5) Kba(q)) - (36)

Now, however, (32) is replaced by20 [17]
Res 77 (5.q) =iMI(O)a — (O)y]. (37)

The pole associated to (37) now gives an additional contribution when (16) is evaluated using
(29), with the result that the pre-quench expectation value becomes

Ay = (Dha+(®h G8)
2

The meaning of this result is quite clear. In the kink state, the system is in the ground state |0,)

on one side of the spatial location of the kink, and in the ground state |0p) on the other side. Since

the kink has a definite momentum g, it is completely delocalized in space, so that the expectation

value of the field is given by the average (38).

With this new expression for Ag, the post-quench one-point function is still given by (19)
and (17). Concerning its large time behavior, an undamped oscillating term would be again pro-
portional to F 1\11 F fD . However, the physically relevant cases correspond to a topologically neutral
quench operator W, and this implies that F = (041¥(0, 0)|Kpq(g)) vanishes. It follows that the
large time result (3) now becomes

w —1[Bo®) + 0aH] + 06, (39)

It is interesting to compare this result with that obtained in [1], where the time evolution in a
nonequilibrium state interpolating between the degenerate ground states |0,) and |0;) was stud-
ied in a “no-quench” setting. We mean by this that, instead of considering the nonequilibrium
state produced by a quench as in the present paper, in [1] an infinite-dimensional space of inter-
polating nonequilibrium states was considered. Hence, the two results for the one-point function
at large time, while referring to the same topological setting, have a significantly different origin.
It is then nontrivial that they turn out to exhibit similar features.”' In both cases undamped os-
cillations are absent and the approach to the asymptotic offset is through terms decaying as .
In both cases the offset involves the average (38): in (39) the expectation values (®), and (D),
refer to the + < 0 Hamiltonian, and there is the correction —A B¢ (0) due to the quench; in [1] the
offset is (38) with (®), and (P), referring to the r > 0 Hamiltonian.

(@(x, D)1 =

20 While (37) was considered in [17] in the context of an integrable theory, the derivation given there is general, since
involves no scattering.
21 For the case of [1] we refer to t — oo with x fixed.
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5. Conclusion

In this paper we studied analytically the dependence on the initial condition of the late time
dynamics following a quantum quench of a generic homogeneous one-dimensional system. More
precisely, we considered the case in which before the quench the system is in the first excited
state of its Hamiltonian Hy, at variance with the case of quenches from the ground state for
which analytical results had so far been available. We overcame the technical difficulties related
to the non-normalizability of the excited state working in presence of a regulator which, once
removed at the end of the calculations, leaves a finite result for the observables. In this way we
showed, in particular, that the condition for the presence of persistent oscillations of one-point
functions is not affected by the change of the initial condition and remains that first found in
[5] for quenches from the ground state: persistent oscillations of one-point functions arise if
the post-quench spectrum of excitations includes neutral quasiparticles, and if the observable
couples to these quasiparticles. The argument of [7] pointing to oscillations persisting beyond
the perturbative scale of our calculations — a circumstance indeed numerically observed in [13]
— applies also to the present case. At the same time, the comparison with the case of quenches
from the ground state also shows quantitative differences in the amplitude of the oscillations, as
well as in the value of the asymptotic offset.

Another difference with the case of quenches from the ground state is that those from the
excited state heavily involve, already at first order in the quench parameter X, the connect-
edness structure of the matrix elements, with disconnected parts playing a substantial role. In
perspective, it will be of interest to apply the approach of this paper to the case of more excited
pre-quench states, namely pre-quench states with a larger number of quasiparticles. It seems rea-
sonable to expect that the condition for the presence of undamped oscillations at large times will
continue to be F 1‘1’ F fb # 0, and it will be interesting to check that this indeed emerges from the
explicit calculations. The role of disconnected parts in nonequilibrium quantum dynamics was
already pointed out in [23], where it was generally shown that they are responsible for the light
cone propagation of two-point correlations.

We also illustrated the implications of our results for quenches performed within a sponta-
neously broken phase, for which the first excited state corresponds to a topological excitation:
a kink, or domain wall. We observed how the results for one-point functions at late times share
quantitative properties with those obtained in [1] in a very different way, namely considering an
infinite-dimensional space of initial conditions of domain wall type, not necessarily produced by
a quench.

Finally, it is worth emphasizing that the theory of quantum dynamics for extended systems has
to be derived in the relativistic framework. The first reason is that it must include the vicinity of
critical points. More generally, as we saw, also in the limit of large times (¢ > 1/M), where small
momenta and nonrelativistic kinematics dominate, the connectedness structure of the relativistic
theory plays an essential role. From this point of view, the situation is analogous to that exhibited
by the fundamental theory of interfacial phenomena [30-33], where the linear size of the interface
much larger than the bulk correlation length (L >> 1/M) leads to the dominance of low energies,
but the relativistic nature of the underlying theory remains determinant in the derivation of the
main properties, including geometric effects [34] and long range correlations [35,36].
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