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We investigate the nonequilibrium dynamics of quantum spin chains during a round-trip protocol that slowly
drives the system across a quantum first-order transition. Out-of-equilibrium scaling behaviors a la Kibble-Zurek
for the single-passage protocol across the first-order transition have been previously determined. Here, we show
that such scaling relations persist when the driving protocol is inverted and the transition is approached again
by a far-from-equilibrium state. This results in a quasi-universality of the scaling functions, which keep some
dependence on the details of the protocol at the inversion time. We explicitly determine such quasi-universal
scaling functions by employing an effective two-level description of the many-body system near the transition.
We discuss the validity of this approximation and how this relates to the observed scaling regime. Although our
results apply to generic systems, we focus on the prototypical example of a 1D transverse field Ising model in
the ferromagnetic regime, which we drive across the first-order transitions through a time-dependent longitudinal

field.

DOI: 10.1103/PhysRevB.108.104316

I. INTRODUCTION

Quantum spin chains featuring two quasi-degenerate vacua
in competition are recently attracting a great deal of attention
in the context of lattice gauge theories. One of the goals of
these studies is to shed light on some ununderstood high-
energy physics phenomena—such as the false vacuum decay
[1-6] or the confinement mechanisms [7—10]—in a control-
lable way, thanks to the impressive development of modern
quantum simulators. Out of equilibrium, these efforts pro-
vided, for instance, a characterization of the unusual spreading
of correlations and entanglement [10-17], as well as of the
thermalization [18-21], in condensed-matter analogs of con-
fined systems. A celebrated example is the Ising model in a
tilted magnetic field [22-27], where topological excitations in
the ferromagnetic phase are subject to an effective confining
force induced by the longitudinal field, which make them
behaving as toy version of mesonic excitations [28-31].

From a different perspective, it is well known that quasi-
degenerate vacua naturally arise in the context of quantum
phase transitions, after a spontaneous symmetry breaking.
Their behavior and coexistence in the noncritical regime is
governed by a first-order transition (FOT). FOTs are responsi-
ble for many important out-of-equilibrium effects, including
nucleations and metastability [32,33], coarsening [34], and
anomalous dependence on the boundary conditions [35-39].
Moreover, a nice analogous at first-order transitions of the
Kibble-Zurek mechanism [40—43] (see also Refs. [44—47] for
the classical formulation) has been proposed by Vicari et al.
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[48,49], recently reviewed in Refs. [50,51]. The essential idea
is that one can construct a finite-size scaling theory during
the slow driving of the noncritical model across the transition
upon replacing the diverging correlation length and time with
the corresponding typical scales characterizing the FOT.

Under this analogy, as well as the Kibble-Zurek mech-
anism captures the defects density generated across the
criticality from an initial equilibrium homogeneous state, out-
of-equilibrium finite-size scaling relations at the FOT quantify
the transition to the first excited level during the driving from
an initial (noncritical) ground state. However, understanding
whether similar scaling relations occur when the system is
driven across a quantum phase transition from an out-of-
equilibrium configuration is still not clear. So far, results are
limited to the recent Ref. [52], and yet unexplored for FOTs.
This is the scope of this paper. Below, we investigate the
emergence of finite-size scaling behaviors during a round-trip
driving across the first-order point. As result, we find that
out-of-equilibrium scaling behaviors are still observed (even
after several passages across the FOT), although the associ-
ated scaling functions develops a dependence on the details of
the driving protocol at the inversion time.

The paper is organized as follows. In Sec. II, we introduce
the model and briefly recall its phase diagram. Our focus will
be on the FOT line and on the finite-size scaling behavior
across it. Section III sets our notation for the driving protocol
across the quantum FOT. In particular, we shall consider the
case of a linear variation of the driving parameter with time
scale #,. In Sec. IV, we present the out-of-equilibrium scaling
hypothesis arising in the vicinity of the FOT when L — oo
and #; — oo. Numerical results for the many-body system
are shown to support the validity of the underlying scaling
theory. In Sec. V, we develop an effective description of the
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FIG. 1. Illustration of the phase diagram of the model (1). For
h, < 1, the ground state is ferromagnetic, i.e., it features a nonvan-
ishing longitudinal magnetization (color map). This ferromagnet is
aligned with the direction of 2, (FM, and FM, phases in the figure).
A line of quantum FOTs at iy = O separates these two ferromagnetic
phases (dashed vertical line). The protocol that will be discussed is a
passage across the quantum FOT at fixed &, < 1 (green line).

quantum spin chain obtained by projecting the many-body
Hilbert space onto the subspace spanned by the lowest energy
levels competing across the FOT. With this approximation, we
determine an analytical expression of the out-of-equilibrium
scaling functions. In Sec. VI, we extend our analysis to the
case of periodic driving across the FOT. Finally, in Sec. VII
we provide a short summary of our results and draw some
conclusions. Appendices A and B contain the details on the
analytical calculation of the scaling functions at and out of
equilibrium, respectively.

II. THE MODEL AND THE FOT

As a prototypical quantum many-body system displaying a
FOT, we shall consider the one-dimensional Ising model in a
tilted magnetic field, whose Hamiltonian reads

L—1 L
Ay by =—=1Y 6760 = (hio)” + ms). (1)
j=1

j=1

Here, L is the system size, 6;k=1’2’3) denotes standard Pauli
operators acting on site j, i (resp. i) is the transverse (resp.
longitudinal) component of the magnetic field, and J =1 is
the overall energy scale, which is set to one from thereafter.

We set open boundary conditions (OBC) for the spin chain
(1). Notice that other choices of neutral boundary conditions
(i.e., not favoring any particular phase)—such as periodic
boundary conditions—will not alter our discussion below.
The case of non-neutral types of boundary is discussed in
Refs. [35-39,53].

We briefly recall the phase diagram of the model (1), de-
picted in Fig. 1. At (h, k) = (1, 0), the Ising model develops
a critical behavior belonging to the 2D Ising universality class,
see e.g. [54]. For h # 0 instead, the system is always gapped.
Our focus is on the ferromagnetic phase #; < 1, where the
model undergoes a quantum FOT at i = 0. Across this FOT
point, the model remains noncritical and thus displays ex-
ponential decay of correlation functions. Nevertheless, it has
been shown that finite-size scaling (FSS) behaviors arise in
the limit L — oo, by — 0% [55], as argued below.

For hy = 0, the model (1) features a level crossing of the
two lowest-energy states in the infinite-volume limit, sepa-
rated by an exponentially closing energy gap for L — oo [56].
For OBC, this is

A(hy, L) =2k (1 = B)[1 + O¢R*H)]. 2)

On the other hand, the presence of a small longitudinal
magnetic field |hj| < 1 induces a Zeeman-like gap in en-
ergy between the two lowest levels, thus introducing another
symmetry-breaking mechanism of the aforementioned degen-
eracy. The latter can be estimated using standard perturbation
theory in iy as [48]

h—0 L
Ehy by L) = 2 Y |(6)] 2 2y LMo(hy),  (3)

j=1
where we approximated the longitudinal magnetization with
its value My = (1 — hf_)l/8 attained when 4 = 0 and L = oc.
These two effects (2) and (3) do compete across a
quantum FOT (i.e., when A — 0%, L — 00), giving rise
to a FSS behavior controlled by the scaling variable « =
E(hy, hy, L)/A(hy, L) [55,57]. For instance, the longitudinal

magnetization

L
M(hy by, Ly=L""Y"(61) )
j=1

satisfies the FSS for by — 0%, L — oo [57,58]
My, by, L) ~ Mo(hy) fu(k). (5)

Similarly, the energy gap between the two lowest levels
AE(hy, hH ,L)y=FE| — Ey ObCyS the FSS

AE(hy, hy, L) ~ A(hy, L) fe(x). (6)

Note that the ground-state proprieties of the model (1) across
the quantum FOT are entirely controlled by the competition
of the two quasi-degenerate vacua. This enables the analytical
calculation of the scaling functions fy, fg in (5) and (6)
using an effective two-level description (see Appendix A and
Refs. [48,59-61] for details). The result is

ful) = ﬁ; fe) = V1 + 2 %)

The FSS behavior of Egs. (5) and (6) is shown in Figs. 2
and 3.

In what follows, we investigate the out-of-equilibrium
finite-size scaling (OFSS) behaviors arising due to a slowly-
varying time-dependent longitudinal magnetic field & that
drives the system across the quantum FOT at fixed h; < 1.
We discuss the case of single and round-trip passage through
the transition, and we comment on the validity of the two-
level effective description of the many-body system during the
nonequilibrium dynamics.

III. DRIVING PROTOCOL

In our setting, the out-of-equilibrium dynamics is gener-
ated at fixed 2, < 1 by varying A in the Ising Hamiltonian
(1) as a linear ramp in time [62]

hy(t) =t/t,, (8)
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FIG. 2. FSS of the longitudinal magnetization in Eq. (5). M /M,
shown as function of the scaling variable « for different system sizes
upto L = 12 and &, = 0.3. The data collapse to the scaling function
fu in Eq. (7).

where ¢, is a characteristic time scale. With this convention,
the model is prepared at #; < 0 in the many-body ground
state |W(t;)) = |Wolh(#;)]) corresponding to the initial value
of longitudinal field h =1;/t;. At times ¢ > t;, the system
evolves unitarily with time-dependent Ising Hamiltonian

i, |W(t)) = H(hy < 1,1/1,) |¥(0)), ©))

crossing the quantum FOT when ¢ = 0. A single-passage pro-
tocol stops at a final time 77 > 0 while a round-trip protocol
is implemented by inverting the ramp (8) at t = #; so that we
can drive the system back to the value 7 (#;) in a time window
2(ty — t;); see Fig. 4 for an illustration.

IV. OUT-OF-EQUILIBRIUM FSS AT FOT

Below, we specify to the case of slow drivings, #; —
oo. For a single passage and at the critical point (h; = 1),
this class of protocols would correspond to the standard
Kibble-Zurek setup, whose OFSS has been extensively dis-
cussed in literature, see e.g., Refs. [40-42,63-73] and [43,50]
for reviews. We also mention recent works, e.g. [74-76], on
the complete probability distribution of topological defects.

‘
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FIG. 3. FSS of the energy gap in Eq. (6). AE /A shown as func-
tion of the scaling variable « for different system sizes up to L = 12
and i, = 0.3. The data collapse to the scaling function fg in Eq. (7).
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FIG. 4. Illustration of the driving protocol. The longitudinal
magnetic field i (¢) is varied as a linear ramp (8) from a time #; < 0
to a time 7, > 0 with slope 7;'. With this convention, the system is
driven across the quantum FOT at # = 0. For a round-trip passage,
the ramp is inverted at # = t; and the system crosses the quantum
FOT also att = 2t;.

Analogously, across the quantum FOT (b, < 1, iy = 0),
one can formulate an OFSS ansatz as the limit L — oo,
u=tL"'My"' — oo with fixed scaling variables,

T =1/u, 10)

v=ul(h, L), (11
where the longitudinal magnetization is expected to scale as
M(hy,t 1, L) ~ Mo(hr) Fu(z, v) (12)

with OFSS function F),.

In Eq. (10), t is a rescaled time and fxz = /u plays the
role of a Kibble-Zurek time, as commented in the follow-
ing section. Similar relations arise at classical FOT, see e.g.,
Refs. [77,78]. In this sense, we expect to assist to a breakdown
of adiabaticity when |t| < 1. To quantitatively probe this ef-
fect during the driving, it is useful to introduce the adiabaticity
function

A(hy,t, 15, L) = [(Wolhy ()] W(©))], 13)

defined as the modulus of the overlap coefficient between
the time-evolved wavefunction |\W(z)) and the instantaneous
ground state |Wo[A(¢)]) of the time-dependent Hamiltonian
H(hi, t/t). Initially, A(#;) = 1 by construction, and it devi-
ates from unity when the adiabatic approximation of the state
|W(t)) breaks down near the quantum FOT point. In the OFSS
limit,

A(hy,t,t,, L) ~ Fa(z, v). (14)

Finally, notice that the scaling variable « (characterizing the
equilibrium FSS) is obtained from (10) and (11) as

2T

K 7 s)
It is then easy to see that the energy gap
2
AE(hy,t,t5, L) ~ Ahy, L) fg («/_TU> (16)

in the OFSS limit.

In Figs. 5 and 6, we show the results for the OFSS of the
longitudinal magnetization [Eq. (12)] and of the adiabatic-
ity function [Eq. (14)]. The numerical data is obtained by
performing exact diagonalization of the spin chain (1) and
Runge-Kutta methods for time evolution. Notice that despite
our data are obtained for spin chains of modest system sizes,
the convergence to the thermodynamic limit is controlled by
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FIG. 5. OFSS of the longitudinal magnetization in Eq. (12).
M(t)/My shown as a function of the rescaled time t during a
round-trip protocol with |t;| = 7, = 2 (FOTs at T = 0, 4). We show
different values of v and /&, (different curves) and we vary the system
sizes up to L = 8. In the plot legend, “2 lev” refers to the scaling
functions Fy (7, v) obtained using the effective two-level description
discussed in Sec. V A.

the interplay of h; and L, and thus it can be reached al-
ready for modest system sizes when h; < 1. For h; closer
to one, larger values of L are required to observe OFSS, see
Refs. [48,57]. The convergence to the OFSS regime is shown
in Fig. 7 for different values of L and &, .

The OFSS for a single passage across the quantum FOT
has been discussed, e.g., in Refs. [79-84]. Here, we show that
such scaling behavior remains valid for a round-trip passage.
It is important to remark that the OFSS during a round-trip
protocol cannot be inferred from the observed OFSS for a
single passage. Indeed, while the first passage is responsible
for the formation of excitations from the adiabatic ground
state in the Kibble-Zurek sense, for ¢ > #; the system is found
in a nonequilibrium state before approaching the transition for
the second time. Therefore, standard Kibble-Zurek arguments
do not apply.
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FIG. 6. OFSS of the adiabaticity function in Eq. (14). A(¢) shown
as a function of the rescaled time t during a round-trip protocol with
|ti| = 7y = 2 (FOTs at T = 0, 4). We show different values of v and
h, (different curves) and we vary the system size up to L = 8. In the
plot legend, “2 lev” refers to the scaling functions F,(t, v) obtained
using the effective two-level description discussed in Sec. V A.
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FIG. 7. Convergence to the OFSS regime. Top: Longitudinal
magnetization M(t)/M,. Bottom: Adiabaticity function A(z), both
shown for different L and %, as function of the rescaled time 7 during
a round-trip protocol with |7;| = 7, =2 and v = 1. The symbols
show the scaling functions Fj,, JF, obtained using the effective
two-level description discussed in Sec. V A.

Interestingly, the OFSS during the round-trip protocol
shows a dependence on the initial condition 7;, see Figs. 8
and 9. Such feature arises due to the magnetic field inversion
occurring at t = ty, i.e., when the system is already far from
equilibrium and thus unable to wash out such information
during the unitary evolution for ¢ > #;. This is a qualitative
difference with respect to the single passage protocol. Given
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FIG. 8. Quasi-universality of the OFSS behavior of M/M, during
a round-trip protocol. We show the data collapse as function of t at
fixed v = 0.5, A, = 0.2, and varying the system size up to L = 8.
Different curves refer to different values of |7;] = 7/ (see legend).
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FIG. 9. Quasi-universality of the OFSS behavior of A during a
round-trip protocol. We show the data collapse as function of 7 at
fixed v = 0.5, h; = 0.2, and varying the system size up to L = 8.
Different curves refer to different values of |7;] = ¢ (see legend).

the dependence on 7;, we refer to the OFSS functions Fj; and
F4 for the round trip as quasi-universal.

In the following sections, we derive an effective descrip-
tion of the many-body system during the driving protocol
(8). In this way, we determine analytical expressions for the
quasi-universal OFSS functions characterizing the round-trip
protocol.

V. EFFECTIVE DESCRIPTION IN THE OFSS REGIME

Let us consider the following formal expansion of the
many-body wavefunction:

2L—1
(W) =Y Cult)e™™ O [, (1)) a7
n=0
where |,(t)) is the instantaneous eigenbasis of the
Hamiltonian at fixed time ¢ satisfying
H(t) [y (0)) = En(t) [¥a(1)) (18)
and
t
0.0) = [ ds £, (19)
)

is the associated dynamical phase. Using (17), the time evolu-
tion generated by the Schrédinger equation (9) can be reduced
to the set of equations for the overlap coefficients

dC
—F == Zc (r><m<r>

awn(t)> i(ﬁ,,(t)*l?k(t))’ (20)

which is solved imposing the initial condition Ci(t;) = 8o .
Differentiating Eq. (18), one obtains

(Y@ 3:H ¥, (1))

+ (En(t) — E (t))<1ﬂm(t)

3%(t)> dE,

— 8 (21
dr b

from which one can write Eq. (20) as

dCy (t) oY (t)
dt

<1/fk( )‘ >Ck(f)

I;[/k(t)| atﬁ an(t)) (9, ()= (1))
LSO Bay ¢ 3

n#k

This formal expression for the coefficients is exact. Specifying
it to the Ising Hamiltonian (1) with ramp (8), we have

(Y()| 3:H [9,(1)) M (1)

= ’ ) (23)
(Eq (1) —Ek(t)) SL=(E,(t) — Ex(2))
where M ,(t) =

L1 25 657 19 ).

The adiabatic limit corresponds to the limit ¢, — oo
(regardless the value of L). In such limit the off-diagonal terms
in Eq. (22) vanish and the system remains in the adiabatic
ground state with A (¢) at any time ¢. Conversely, in the OFSS
limit considered, a breakdown of the adiabatic approximation
is observed (cf Fig. 6). In particular, it is easy to show that
the contribution coming from the first excited level is non-
negligible since

t;,L™N(E (1) — Eo(t)) ~ vuv My fe(x) (24)

and v is fixed in the OFSS regime. This means that the time
scale of the transition to the first excited level is of the order
of txz = /u, and it starts to be populated at rescaled times
7 ~ O(1), in agreement with the OFSS arguments above and
with the numerical results of Figs. 5 and 6.

Higher energy levels are not expected to contribute to the
early stages of the nonequilibrium dynamics as we now argue.
In the OFSS regime, we can approximate the energy gaps for
n>2as

En(t) — Eo(t) ~ (Ey — Eo), _y (25)

since the presence of a weak longitudinal field do not signifi-
cantly alter higher excited levels. Considering that

(Ex — E)y, o 2 (E2 — Eo)ly=0 = 2(1 = h1) + O(L™?)
(26)

for OBC [56], and that E, — E| >~ E, — Ey up to exponen-
tially small corrections in L, we conclude that OFSS regime is
restricted within the Hilbert space spanned by the two lowest
levels of the Hamiltonian, up to large-time corrections that
occur at rescaled times of order T ~ O(tkz).

In order to further check the validity of this argument, we
introduce the quantity

B(hy,t 15, L) = [(Wi[h (D] WD), 27

where [W[h(¢)]) is the instantaneous first excited state as-
sociated with the Hamiltonian H(h,1/t;) in (1). Alongside
with the adiabaticity function (13), the time evolution of B(t)
is able to probe the validity of the two-level approximation
during the driving. In this sense, introducing totality function

T(t) = VA2(r) + B*(1), (28)

the distance variable

Dt)=1-T(@) 29)
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FIG. 10. OFSS of the function D(¢) as a function of the rescaled
time 7 during a round-trip protocol with |7;| =7, =2 (FOTs at
T =0,4). We set v =0.5, hy =0.2 and different system sizes up
toL = 8.

gives an estimate of the error arising from the projection of
the many-body state |W(¢)) onto a two-dimensional Hilbert
space spanned by {|Wol[hy()]); [W[h(#)])}. In particular,
the closer D(t) is to zero, the more accurate the two-level
approximation is. The time evolution of D(t) for the driving
of Figs. 5 and 6 is shown in Fig. 10. As one can see, the dis-
tance D(¢) remains extremely close to zero during the whole
driving. In Fig. 11, we show the time evolution of the func-
tions A(z) and B(t), which undergo (as expected) a nontrivial
dynamics characterized by a breakdown of adiabaticity close
to the quantum FOT.

Motivated by this evidence, in the next section we develop
a two-level effective description of the dynamics to determine
the OFSS functions F, F4 appearing in Eqgs. (12) and (14).

A. Two-level model
By projecting the Ising Hamiltonian (1) onto the
two-dimensional Hilbert space spanned by {|Wo[h(#)]);
[Wi[h(2)]) }, we obtain (up to an unimportant energy shift)

FIG. 11. Behavior of A(z), B(t), and D(¢) as function of the
rescaled time 7 for a fixed system size L = 7 during a round-trip
protocol with |7;| = 7, =2 (FOTs at T = 0, 4). We set v = 0.5 and
h; =0.2.

the following effective two-level model:
He(1) = §(A(hy, L) 6 — E(hy,1,1,,1)6D),  (30)

with & given by Eq. (3) with longitudinal field (8). Here, we
choose the basis {|¥), |1)} such that £6® is the pertur-
bation induced by /4, and the off-diagonal terms encode the
gap (2) between the two quasi-degenerate levels at finite sizes
[48]. Higher-order perturbative effects in &, generating large
bubbles of true vacuum onto the metastable state can be stud-
ied using a multilevel effective model, see Ref. [80] for details.
Notice that Eq. (30) is equivalent to truncate the expansion of
the many-body wavefunction in the instantaneous eigenbasis
(17) with the two lowest overlap coefficients

[W(£)) = Cot) [Wolly (D]) + C1 (@) |1 [y ()]) + O17)
= co(1) o) + c1(0) [¥1) + O(t7), 3D

since [o,1) = [Wo,1[hy(t)]) for |to| > 1. The two sets of
coefficients are then related via the rotation

Co(t)\ _ (cos(a/2) —sin(a/2)\ (co(t) (32)
Ci(t)) — \sin(e/2)  cos(a/2) J\ci(2)
with angle o = arctan(‘z/—f) [cf Eq. (15) and Appendix A].
Under this approximation, Eq. (20) reduces to a finite-

time Landau-Zener-Stiickelberg (LZS) problem in the interval
t € [1;,1¢] [85,86],

.d co(t) B 1 —£(t) A co(t)
lE(a(r)) = 5( A 5<r>> (m(t))' (33)
In terms of the OFSS variables (10) and (11),

.d (co(r,v) _ [T LN Ceo(z, )
lE(CI(t, u)) - (ﬂ i )(cl(r, v))’ (34

2

which can be solved imposing that (co(z;, v);ci(Ti, v)) =
(1;0), see Appendix B for details on the calculation. We write
the result in terms of the 2 x2 Hermitian matrix U (t, T;),

co(t)) _ 1
<c1(t)> = U(r, ri)(()) (35)

from which the OFSS functions in Eqs. (12) and (14) during
a single-passage protocol are obtained as [79]

Fu(t,v) =2|ci(z, v)* — 1

v v -3
= 2 F I (V2T -1 Ge)

Fa(t,v) = 1Co(z, v)]

1 i 3
U 9.(V2 T
2 Var24u B

Jue T 1 7| -
_ - D, u(N2e7T)
22 2 Jarz+o '

(37)

v
= e 32

and similarly for other quantities. Here, 2,(z) denotes the
parabolic cylinder function.
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FIG. 12. Convergence to the OFSS of the longitudinal magne-
tization. Symbols show the quantity A(M/M,) = |M /My — Fy| for
fixed L=38,v=0.5, |r;] =ty =2 (FOTs at r = 0, 4) and for dif-
ferent values of T =1, 3,5 (different panels) as function of ./u.
Dashed line: power-law ansatz f () = b/(y/u)® with parameters a, b
extracted from a fit of the numerical data.

For the round-trip protocol, we can solve the associated
LZS problem in the time window ¢ € [tf, 2t; + |t;|] obtaining

~ 1
(E?gi) = 0. 1)Uy, n)(o), (38)

where U(t, 77) is the evolution matrix with inverted time
ramp (8), see Appendix B for the analytical expression of
its elements. From (38), the OFSS functions during the
round-trip protocol are straightforwardly obtained as Fj; =
2|ci(z, v)|2 — 1 and Fy = |Cy(7, v)| respectively, although
their analytical expression is cumbersome and therefore de-
ferred to Appendix B. The important outcome of their
calculation is that they display a nontrivial dependence on t;,
in contrast with (36) and (37) obtained for a single passage
(cf. Figs. 8 and 9).

In Figs. 5 and 6, the OFSS functions obtained from the so-
lution of the LZS problem are plotted as dashed lines against
the rescaled numerical data for the Ising model (1), showing
an overall excellent agreement. Small deviations from the
OFSS functions computed in the two-level approximation go
monotonically to zero on increasing txz = /u, see Figs. 12
and 13.

In these plots, our numerical analysis reveals a convergence
to the OFSS behavior that is compatible with a power-law in
/u. Further investigations on this aspect go beyond the scope
of this work and thus are delivered to subsequent studies.

B. Breakdown of the effective description

In this section, we show the breakdown of the OFSS regime
(and consequently of the two-level effective description) dis-
cussed in Sec. I'V.

As argued in Sec. V, the OFSS regime is able to capture
the nonequilibrium dynamics arising by a slow driving across
the quantum FOT for a time window where the dynamics
involves the lowest two energy levels only. Corrections to
the scaling behavior are expected when t ~ O(txz). This is
shown in Fig. 14 for the adiabaticity function and in Fig. 15
for the distance measure. Here, v = 0.01 and ¢z =~ 1.29 for

- A - L=
102 b o T =§?
I N — e -o0- |
s L DA N
107 ——— — -
I o . | =31
5 K
100 b/ T/Ha 777777 L i
—T Tl T
107! 3 T =5*5
10 b/ ‘\/Ha 777777 L .
10° Ju 10*

FIG. 13. Convergence to the OFSS of the adiabaticity function.
Symbols show the quantity AA = |A — F,| forfixedL = 8,v = 0.5,
|til = 7y =2 (FOTs at T =0,4) and for different values of 7 =
1, 3, 5 (different panels) as function of /u. Dashed line: power-law
ansatz f(u) = b/(y/u)* with parameters a, b extracted from a fit of
the numerical data.

1

"v'=0.01 h‘L= 0.8 T =2 ]

—
NN
I nn

@

—_

o

FIG. 14. Adiabaticity function as a function of the rescaled time
7 during a round-trip protocol with |7;| = 7y = 2 (FOTsat 7 = 0, 4).
We set v =0.01 and 4, = 0.8 and we vary the system size up to
L = 10. The dashed line shows the scaling function F4(z, v) for the
effective two-level model (see Sec. V A).

1

0.5

FIG. 15. Behavior of A(t), B(t), and D(¢) as function of the
rescaled time 7 for a fixed system size L = 10 during a round-trip
protocol with |7;| = 7, = 2 (FOTs at T = 0, 4). We set v = 0.01 and
hy =0.8.
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FIG. 16. OFSS during a Floquet driving of the Ising model (1)
across the quantum FOT (top: M/M,; bottom: A) as function of the
rescaled time 7. We set 7p = 2 (n. = 4 round-trip cycles), v =1,
h; = 0.3, and we vary the system size up to L = 8. Dashed lines
show the OFSS functions computed using the solution of the LZS
problem (38).

our choice of parameters, and we see that D(t > txz) # 0, as
expected. For other choice of parameters such that v ~ O(1)
and fxz > 1, we would observe the same qualitative behavior
but occurring at larger time scales [cf. Eq. (24)].

VI. FLOQUET DRIVING ACROSS A QUANTUM FOT

As a natural extension of our setup, one can consider a
Floquet driving of the Ising model (1) across the quantum
FOT, realized by a periodic repetition of the round-trip pro-
tocol discussed above. For sake of simplicity, we focus on the
symmetric case |t;| =ty = to with time ramp

t/ts, t € [—to, fol;
2ty — t)/t;, t € [ty, 3t0]. (39)

Based on the arguments of Sec. V B, the validity of the two-
level approximation is controlled by the energy injected in the
model during the driving (and thus by the total duration of
the protocol) rather than on the number of passages across the
quantum FOT.

Therefore, we test the OFSS relations of Egs. (12) and (14)
during the Floquet driving (39) of the Ising Hamiltonian (1).
The results are shown in Fig. 16, with OFSS functions com-
puted by repeatedly applying the LZS solution (38) outlined in
Sec. V A. The figures show a good data collapse for different
values of the system’s parameters, with deviations from the

hH(I mod 41y) = {

v=1h =02 —%—

P T=2 v=1h =03 -0 -
L=6, , ,©=005h =04 --[3-
0 1 2 3 4 5 6 7 8 9 10

n

FIG. 17. Stroboscopic evolution of M/M, (top) and of A
(bottom) as function of n [corresponding to times t = #y(4n — 1)] at
fixed L = 6, 1y = 2, and for three different values of v, i, (different
symbols). For each set of parameters, the filled symbols show the
stroboscopic evolution in the two-level approximation.

OFSS functions (dashed lines) that increase with time. This
behavior is compatible with the nonuniform convergence to
the OFSS regime with time (i.e., larger values of t require
larger values of u), discussed in Secs. V A and V B.

We also notice that the system is driven extremely close to
its initial state at time . =~ 14 for our choice of parameters
(corresponding to a two periods driving). Interestingly, this
recurrence time is independent on the system size in terms of
the OFSS variables. For T > 7., the pattern for the nonequi-
librium dynamics of the quantities in Fig. 16 is repeated. This
means that if we choose a sufficiently large (but finite) value
of txz, the two-level effective model of Sec. V A can provide
a quite accurate description of the many-body system at any
stage during the periodic driving.

Finally, it is interesting to consider the evolution after
n periods, i.e., to look at the time-evolved wavefunction at
stroboscopic times t,, = fo(4n — 1). In the two-level approxi-
mation, this is given by

v (N (1Wolhy o))
with Floquet evolution matrix Up = U3, 1) U(to, —70).

In Fig. 17, we show the results for M(t,) and A(¢,), for a
time window of n = 10 periods. By comparing our numerical
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1.0 1.5 2.0 25 3.0 3.5 4.0

FIG. 18. Matrix elements of (Ur (19, v))" as function of t;, ob-
tained from the analytical results of Appendix B. In the panels, we
set v = 1 and n = 1 (top), n = 2 (bottom).

data with the two-level prediction (filled symbols), we observe
an excellent agreement during the whole driving. In particular,
we see that the convergence of our numerical data for the
many-body system to the two-level prediction improves for
fixed v and L on decreasing s, (i.e., on increasing the time
scale t), as expected from the scaling arguments of Secs. IV
and V. This is also confirmed by the curves obtained for
v = 0.05and i, = 0.4 (square symbols), for which the value
of txz is much smaller. Accordingly, the curves initially show
a good agreement with the OFSS theory but, for n 2 8, they
significantly deviates from the OFSS functions.

Notice also that the numerical analysis of Fig. 17 clearly
shows a two-period recurrence for both the longitudinal
magnetization and the adiabaticity function. Such a peculiar
behavior of the OFSS regime can be analytically investigated
in the two-level approximation. Using the matrix elements of
Appendix B, it is easy to show that the equation

(Ur (70, v))" = £1 (41)

has solution for n = 2, v = 1 when 1y = 2, in agreement with
what observed in Figs. 16 and 17. In general, there exists a
series of exceptional values of 79 = 7,(n, v) for which the
system shows recurrence after n periods, see Fig. 18. For
instance, 7,(1, 1) ~ 1.4 for one round-trip protocol. Surpris-

ingly, this means that the phases ®(7y, v) conferring to the
system a nontrivial dependence on tp (see Appendix B) can
combine for some special values 7y = t,(n, v) to restore the
initial state of the system after n periods. In this perspective,
the aforementioned quasi-universality of OFSS regime can be
exploited to engineer shortcuts to adiabaticity.

VII. SUMMARY AND CONCLUSION

We investigate the unitary evolution of a 1D Ising model
in a tilted magnetic field (1), in the presence of a time-
dependent longitudinal field hy = 1 /t,,t;, > 1is the time scale
that drives the system through the quantum FOT in a round-
trip fashion. We formulate the OFSS regime as the limit
L—oo,u= tSL"MO’ I 5 00 where the time-dependent ex-
pectation values of local observables are proportional to
quasi-universal OFSS functions of the variables T =t/./u
and v = uA?(h,, L). Here, the meaning of quasi-universality
stands for the residual dependence of the OFSS functions
on the details of the driving protocol at the inversion time.
Numerical results for the many-body system confirm the va-
lidity of our scaling hypothesis (Figs. 5 and 6). In Sec. V,
we further probe the validity of the OFSS regime using time-
dependent perturbation theory, relating it to the emergence of
an effective two-level description, which involves the lowest
two states near the FOT. With this effective description, we
reduce the driving protocol to a series of LZS transitions and
we determine an analytical expression of the OFSS functions.
Lastly, we extend the setup to the case of periodic driving
across the quantum FOT, and we comment on the validity of
the OFSS after several crossings. Although our focus is on
the Hamiltonian in Eq. (1), we expect our results to apply
to generic spin chains undergoing a quantum FOT, e.g., to
quantum Potts chains [57] or to spin chains with staggering
magnetic fields [87].

An interesting follow-up of this paper is the study of the
round-trip protocol in the presence of weak dissipations, e.g.,
in the form of a Lindblad dynamics for the quantum spin
chain [84,88-91]. In this way, it might be possible to induce
a relaxation of the system after each crossing and thus to
investigate the OFSS of hysteresis cycles, similarly to what
has been done, e.g., in Refs. [77,78] for a thermal FOT under
relaxational dynamics.
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APPENDIX A: EQUILIBRIUM FSS FUNCTIONS

In this Appendix, we derive the FSS functions (7) for the
Ising model (1) at 4, < 1, in the limit 2 — 0, L — o0. As
noticed in Ref. [48], the quantum FOT is controlled by the
competition of the two lowest energy levels. Therefore, it is
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possible to write down an effective two-level Hamiltonian by
restricting the many-body system to the Hilbert space spanned
by the ground state |yp) and the first excited state [iy),
obtaining

Hetr = Eoloo + 5(A(hL, L)Y = E(hy, by, L)6®),
(AD)
where Ej is the ground-state energy of the degenerate vacua

at by =0, L = oo. This Hamiltonian is readily diagonalized
in the basis

. o o
|+) = sin <5> [¥0) + cos <5> Y1) (A2)
o A
|[=) =cos| = | o) —sin| = | [¥1) (A3)
2 2
with
_ A(hy, L) T
t =« '=—"" 0 < - A4
an(a) = « S D) <e< g (A4)
It follows that the energy eigenvalues are given by
1
EL=FEy+ E\/Sz + A2 (AS)
and, therefore, the energy gap (6) reads as
AE(hJ_,hH,L):A(hJ_,L) \/1+K2 (A6)

from which one has fz (k) = +/1 + «2 [cf Eq. (7)]. The longi-
tudinal magnetization is

M(hi, hy, L) = Mo(h1){~16|-)

= Mo(h)(cos2 (%) — sin? (%)) (A7)

from which one finds the FSS function [cf. Eq. (7)]

Sfu() = cos(a) = (AB)

T+«2

APPENDIX B: OFSS FUNCTIONS

In this Appendix, we focus on the solution of the finite-time
LZS problem characterizing the linear driving of the Ising
model (1) across a quantum FOT, see Sec. V A. For a better
exposition, the case of single and of round-trip passages are
treated in different subsections.

1. Single passage

For a single passage through the quantum FOT starting
at 7; <0, the finite-time LZS problem has an analytical
solution—first derived in Ref. [92]. The standard procedure is
to decouple the set of equations (35) by taking a time deriva-
tive. In this way, the differential equation, e.g., for co(t, v)
takes the form of a Weber differential equation

2

d 2 U,
ﬁco(r, v)+ (T +Z—l co(t,v) =0, B1)

which is solved in terms of parabolic cylinder functions. It
follows that the 2x2 evolution matrix U(t, 7;) in (35) has
elements

ra-e .

Uy = %[@_Hg(ﬁel“‘E,')@ié;(\/ie_”*t)
+9 1w (V26T 1) P (V26 7)), (B2a)
ar(a -2

Uy = Te’% [9% (V2e7'% ‘L’,-)g% (ﬁei% T)

—9%(«/§ei3%r,-)@%(x/§e_i%r)], (B2b)

with Ujg = =Uy; and Uj; = Uy, I'(z) is the Euler gamma
function.

In the limit |z;] 3> 1, these expressions can be simplified
using known relations for 2, (z), reading as

Uno(|7i] > 1) ~ eid)(’f’“)e_%@%(\/iei%r), (B3a)

Un(tl > 1) ~ eid’(ff’w\/ge—i’le—z;@_H[g(\/zeizft),
(B3b)

and the dependence on the initial condition t; drops out every-
where but in the phase

O(q,v) = —¢* — Elog(fzmn. (B4)

One can then easily obtain the expressions in Egs. (36) and
(37) for the OFSS functions. The latter does not show any
dependence on the initial condition t;. It is interesting to note
that by taking the limit T — oo in Eq. (36), one obtains the
Landau-Zener prediction for the defects abundance

v

Fu(t > oo,v)=1—-2e 7+, (BS)

in agreement with standard Kibble-Zurek arguments [43].

2. Round trip

With a similar strategy, it is possible to extend the solution
of Appendix B 1 to the round-trip protocol, by solving the
two-level problem in the interval ¢t € [t7, 2t; + |¢;|]. Denoting
with

tr+ 4 —t
xX=-——,
Ju
one finds the following elements of the 2x2 evolution matrix
Ul(z, t7) in (38):

(B6)

- -2 ;3 i

O = Tj[@% (V2 ¥ GNPy (V2e 7 x)
+9u (V2e TP (V2T )], (B7a)

- 2r(1 — &y 32 r

Oy = %ew[@yﬁewmn@g(ﬁe'4x>

~ P (V2 1) P (V265 1), (B7b)

with 001 = —01*0 and []11 = Uéko
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Similarly to the previous case, these expressions simplify
in the limit |z;| > 1,

Oullnl > 1) = Ve % 25, (Ve "), (B8a)

~ . U ST TV : T
Un(ltil > 1) ~ e’¢(’f’”)\/;e_’4e_32@_Hfsu(«/ze_”x).
(B8b)
From these equations [together with (B3)], one finds
co=e T {@% («/zei% ‘L'f)[@%u (V2e T x0)]*
v ,; . .
——ezlq)("’l’)@_w%v («/ze’% Tf)@—l+%“ (x/ze_’?x)},

8
(B9a)

c] = enlﬁu\/ge"z{ — @% («/ze"% rf)[@71+%(«/§e’i%x)]*

—ie® 0G| (V26 V1) P (V2eT X)), (B9)

and determines the OFSS functions as detailed in the main
text.

Notice that the coefficients (B9a) and (B9b) (hence the
OFSS functions) keep a nontrivial dependence on the initial
condition t; during the nonequilibrium dynamics via the phase
(B4). This is not surprising given that x; = |t;| is the time
at which the ramp is inverted after the first passage across
the quantum FOT. At this time, the system is far from equi-
librium and hence unable to wash out the memory on its
initial (nonequilibrium) condition before being driven across
the quantum FOT for the second time.

[1] S. Kiihn, E. Zohar, J. I. Cirac, and M. C. Bafiuls, J. High Energy
Phys. 10 (2015) 001.

[2] T. Pichler, M. Dalmonte, E. Rico, P. Zoller, and S. Montangero,
Phys. Rev. X 6, 011023 (2016).

[3] B. Buyens, J. Haegeman, F. Hebenstreit, F. Verstraete, and K.
Van Acoleyen, Phys. Rev. D 96, 114501 (2017).

[4] G. Magnifico, M. Dalmonte, P. Facchi, S. Pascazio, F. V. Pepe,
and E. Ercolessi, Quantum 4, 281 (2020).

[5] G. Lagnese, F. M. Surace, M. Kormos, and P. Calabrese,
Phys. Rev. B 104, L.201106 (2021).

[6] A. Milsted, J. Liu, J. Preskill, and G. Vidal, PRX Quantum 3,
020316 (2022).

[7] E. A. Martinez, C. A. Muschik, P. Schindler, D. Nigg, A.
Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P. Zoller
et al., Nature (London) 534, 516 (2016).

[8] B. Yang, H. Sun, R. Ott, H.-Y. Wang, T. V. Zache, J. C. Halimeh,
Z.-S. Yuan, P. Hauke, and J.-W. Pan, Nature (London) 587, 392
(2020).

[9] J. Simon, W. S. Bakr, R. Ma, M. E. Tai, P. M. Preiss, and M.
Greiner, Nature (London) 472, 307 (2011).

[10] J. Vovrosh and J. Knolle, Sci. Rep. 11, 11577 (2021).

[11] M. Kormos, M. Collura, G. Takécs, and P. Calabrese, Nat. Phys.
13, 246 (2017).

[12] A. Lerose, F. M. Surace, P. P. Mazza, G. Perfetto, M. Collura,
and A. Gambassi, Phys. Rev. B 102, 041118(R) (2020).

[13] R. J. V. Tortora, P. Calabrese, and M. Collura, Europhys. Lett.
132, 50001 (2020).

[14] G. Lagnese, F. M. Surace, M. Kormos, and P. Calabrese, J. Phys.
A: Math. Theor. 55, 124003 (2022).

[15] S. Scopa, P. Calabrese, and A. Bastianello, Phys. Rev. B 105,
125413 (2022).

[16] O. A. Castro-Alvaredo, M. Lencsés, I. M. Szécsényi, and J. Viti,
Phys. Rev. Lett. 124, 230601 (2020).

[17] M. Rigobello, S. Notarnicola, G. Magnifico,
Montangero, Phys. Rev. D 104, 114501 (2021).

[18] S. Birnkammer, A. Bastianello, and M. Knap, Nat. Commun.
13, 7663 (2022).

[19] A. J. A. James, R. M. Konik, and N. J. Robinson, Phys. Rev.
Lett. 122, 130603 (2019).

[20] N. J. Robinson, A. J. A. James, and R. M. Konik, Phys. Rev. B
99, 195108 (2019).

and S.

[21] T. Chanda, J. Zakrzewski, M. Lewenstein, and L. Tagliacozzo,
Phys. Rev. Lett. 124, 180602 (2020).

[22] B. M. McCoy and T. T. Wu, Phys. Rev. D 18, 1259 (1978).

[23] G. Delfino, G. Mussardo, and P. Simonetti, Nucl. Phys. B 473,
469 (1996).

[24] P. Fonseca and A. Zamolodchikov, J. Stat. Phys. 110, 527
(2003).

[25] S. Rutkevich, J. Stat. Phys. 131, 917 (2008).

[26] B. Lake, A. M. Tsvelik, S. Notbohm, D. Alan Tennant, T. G.
Perring, M. Reehuis, C. Sekar, G. Krabbes, and B. Biichner,
Nat. Phys. 6, 50 (2010).

[27] R. Coldea, D. Tennant, E. Wheeler, E. Wawrzynska, D.
Prabhakaran, M. Telling, K. Habicht, P. Smeibidl, and K.
Kiefer, Science 327, 177 (2010).

[28] F. M. Surace and A. Lerose, New J. Phys. 23, 062001 (2021).

[29] J. Vovrosh, H. Zhao, J. Knolle, and A. Bastianello, Phys. Rev.
B 105, L100301 (2022).

[30] P. I. Karpov, G.-Y. Zhu, M. P. Heller, and M. Heyl, Phys. Rev.
Res. 4, L.032001 (2022).

[31] J. Vovrosh, R. Mukherjee, A. Bastianello, and J. Knolle,
PRX Quantum 3, 040309 (2022).

[32] K. Binder, Rep. Prog. Phys. 50, 783 (1987).

[33] A. J. Bray, Adv. Phys. 51, 481 (2002).

[34] A. Chandran, A. Erez, S. S. Gubser, and S. L. Sondhi,
Phys. Rev. B 86, 064304 (2012).

[35] A. Pelissetto, D. Rossini, and E. Vicari, Phys. Rev. E 102,
012143 (2020).

[36] H. Panagopoulos, A. Pelissetto, and E. Vicari, Phys. Rev. D 98,
074507 (2018).

[37] M. Campostrini, A. Pelissetto, and E. Vicari, J. Stat. Mech.
(2015) P11015.

[38] A. Pelissetto, D. Rossini, and E. Vicari, Phys. Rev. E 98, 032124
(2018).

[39] D. Rossini and E. Vicari, Phys. Rev. E 98, 062137 (2018).

[40] W. H. Zurek, U. Dorner, and P. Zoller, Phys. Rev. Lett. 95,
105701 (2005).

[41] J. Dziarmaga, Phys. Rev. Lett. 95, 245701 (2005).

[42] A. Polkovnikov, Phys. Rev. B 72, 161201(R) (2005).

[43] J. Dziarmaga, Adv. Phys. 59, 1063 (2010).

[44] T. W. Kibble, J. Phys. A: Math. Gen. 9, 1387 (1976).

[45] T. W. Kibble, Phys. Rep. 67, 183 (1980).

104316-11


https://doi.org/10.1007/JHEP10(2015)001
https://doi.org/10.1103/PhysRevX.6.011023
https://doi.org/10.1103/PhysRevD.96.114501
https://doi.org/10.22331/q-2020-06-15-281
https://doi.org/10.1103/PhysRevB.104.L201106
https://doi.org/10.1103/PRXQuantum.3.020316
https://doi.org/10.1038/nature18318
https://doi.org/10.1038/s41586-020-2910-8
https://doi.org/10.1038/nature09994
https://doi.org/10.1038/s41598-021-90849-5
https://doi.org/10.1038/nphys3934
https://doi.org/10.1103/PhysRevB.102.041118
https://doi.org/10.1209/0295-5075/132/50001
https://doi.org/10.1088/1751-8121/ac5215
https://doi.org/10.1103/PhysRevB.105.125413
https://doi.org/10.1103/PhysRevLett.124.230601
https://doi.org/10.1103/PhysRevD.104.114501
https://doi.org/10.1038/s41467-022-35301-6
https://doi.org/10.1103/PhysRevLett.122.130603
https://doi.org/10.1103/PhysRevB.99.195108
https://doi.org/10.1103/PhysRevLett.124.180602
https://doi.org/10.1103/PhysRevD.18.1259
https://doi.org/10.1016/0550-3213(96)00265-9
https://doi.org/10.1023/A:1022147532606
https://doi.org/10.1007/s10955-008-9495-1
https://doi.org/10.1038/nphys1462
https://doi.org/10.1126/science.1180085
https://doi.org/10.1088/1367-2630/abfc40
https://doi.org/10.1103/PhysRevB.105.L100301
https://doi.org/10.1103/PhysRevResearch.4.L032001
https://doi.org/10.1103/PRXQuantum.3.040309
https://doi.org/10.1088/0034-4885/50/7/001
https://doi.org/10.1080/00018730110117433
https://doi.org/10.1103/PhysRevB.86.064304
https://doi.org/10.1103/PhysRevE.102.012143
https://doi.org/10.1103/PhysRevD.98.074507
https://doi.org/10.1088/1742-5468/2015/11/P11015
https://doi.org/10.1103/PhysRevE.98.032124
https://doi.org/10.1103/PhysRevE.98.062137
https://doi.org/10.1103/PhysRevLett.95.105701
https://doi.org/10.1103/PhysRevLett.95.245701
https://doi.org/10.1103/PhysRevB.72.161201
https://doi.org/10.1080/00018732.2010.514702
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1016/0370-1573(80)90091-5

FRANCESCO TARANTELLI AND STEFANO SCOPA

PHYSICAL REVIEW B 108, 104316 (2023)

[46] W. H. Zurek, Nature (London) 317, 505 (1985).

[47] W. H. Zurek, Phys. Rep. 276, 177 (1996).

[48] M. Campostrini, J. Nespolo, A. Pelissetto, and E. Vicari,
Phys. Rev. Lett. 113, 070402 (2014).

[49] A. Pelissetto and E. Vicari, Phys. Rev. E 96, 012125 (2017).

[50] D. Rossini and E. Vicari, Phys. Rep. 936, 1 (2021).

[51] A. Plissetto and E. Vicari, arXiv:2302.08238.

[52] F. Tarantelli and E. Vicari, Phys. Rev. B 105, 235124 (2022).

[53] P. Fontana, J. Stat. Mech. (2019) 063206.

[54] S. Sachdev, Quantum Phase Transitions (Cambridge University
Press, Cambridge, 1999)

[55] V. Privman, Finite Size Scaling and Numerical Simulation of
Statistical Systems (World Scientific, Singapore, 1990).

[56] G. G. Cabrera and R. Jullien, Phys. Rev. B 35, 7062 (1987).

[57] M. Campostrini, J. Nespolo, A. Pelissetto, and E. Vicari,
Phys. Rev. E 91, 052103 (2015).

[58] B. Nienhuis and M. Nauenberg, Phys. Rev. Lett. 35,477 (1975).

[59] V. Privman and M. E. Fisher, J. Appl. Phys. 57, 3327 (1985).

[60] M. E. Fisher and A. N. Berker, Phys. Rev. B 26, 2507 (1982).

[61] M. E. Fisher and V. Privman, Phys. Rev. B 32, 447 (1985).

[62] The case of a nonlinear driving /(t) = (t/t;)" with odd expo-
nent » can be obtained straightforwardly, see e.g., Ref. [43].

[63] M. Collura and D. Karevski, Phys. Rev. Lett. 104, 200601
(2010).

[64] 1.-K. Liu, J. Dziarmaga, S.-C. Gou, F. Dalfovo, and N. P.
Proukakis, Phys. Rev. Res. 2, 033183 (2020).

[65] J.-M. Cui, F. J. Gémez-Ruiz, Y.-F. Huang, C.-F. Li, G.-C. Guo,
and A. del Campo, Commun. Phys. 3, 44 (2020).

[66] B. S. Revathy, V. Mukherjee, U. Divakaran, and A. del Campo,
Phys. Rev. Res. 2, 043247 (2020).

[67] H.-B. Zeng, C.-Y. Xia, and A. del Campo, Phys. Rev. Lett. 130,
060402 (2023).

[68] A. Dutta, A. Rahmani, and A. del Campo, Phys. Rev. Lett. 117,
080402 (2016).

[69] D. Sadhukhan, A. Sinha, A. Francuz, J. Stefaniak, M. M. Rams,
J. Dziarmaga, and W. H. Zurek, Phys. Rev. B 101, 144429
(2020).

[70] S. Ulm, J. RoBinagel, G. Jacob, C. Degiinther, S. T. Dawkins,
U. G. Poschinger, R. Nigmatullin, A. Retzker, M. B. Plenio, F.
Schmidt-Kaler, and K. Singer, Nat. Commun. 4, 2290 (2013).

[71] C. N. Weiler, T. W. Neely, D. R. Scherer, A. S. Bradley,
M. J. Davis, and B. P. Anderson, Nature (London) 455, 948
(2008).

[72] K. Pyka, J. Keller, H. L. Partner, R. Nigmatullin, T.
Burgermeister, D. M. Meier, K. Kuhlmann, A. Retzker, M. B.
Plenio, W. H. Zurek et al., Nat. Commun. 4, 2291 (2013).

[73] N. Navon, A. L. Gaunt, R. P. Smith, and Z. Hadzibabic,
Nature (London) 539, 72 (2016).

[74] E. J. Gémez-Ruiz, J. J. Mayo, and A. del Campo, Phys. Rev.
Lett. 124, 240602 (2020).

[75] Y. Bando, Y. Susa, H. Oshiyama, N. Shibata, M. Ohzeki, F. J.
Goémez-Ruiz, D. A. Lidar, S. Suzuki, A. del Campo, and H.
Nishimori, Phys. Rev. Res. 2, 033369 (2020).

[76] F. J. Gémez-Ruiz, D. Subires, and A. del Campo, Phys. Rev. B
106, 134302 (2022).

[77] A. Pelissetto and E. Vicari, Phys. Rev. E 93, 032141 (2016).

[78] S. Scopa and S. Wald, J. Stat. Mech. (2018) 113205.

[79] A. Pelissetto, D. Rossini, and E. Vicari, Phys. Rev. B 97, 094414
(2018).

[80] A. Sinha, T. Chanda, and J. Dziarmaga, Phys. Rev. B 103,
L.220302 (2021).

[81] I. B. Coulamy, A. Saguia, and M. S. Sarandy, Phys. Rev. E 95,
022127 (2017).

[82] K. Shimizu, T. Hirano, J. Park, Y. Kuno, and I. Ichinose, New J.
Phys. 20, 083006 (2018).

[83] L.-Y. Qiu, H.-Y. Liang, Y.-B. Yang, H.-X. Yang, T. Tian, Y. Xu,
and L.-M. Duan, Sci. Adv. 6, eaba7292 (2020).

[84] D. Rossini and E. Vicari, Phys. Rev. Res. 2, 023211 (2020).

[85] Q. L. Landau, Phys. Z. Sowjetunion 2, 46 (1932).

[86] C. Zener, Proc. Royal Soc. London 137, 696 (1932).

[87] F. Igléi, B. Blal, G. M. H. Rodsz, and H. Rieger, Phys. Rev. B
98, 184415 (2018).

[88] D. Rossini and E. Vicari, Phys. Rev. B 100, 174303 (2019).

[89] D. Nigro, D. Rossini, and E. Vicari, Phys. Rev. A 100, 052108
(2019).

[90] G. Di Meglio, D. Rossini, and E. Vicari, Phys. Rev. B 102,
224302 (2020).

[91] F. Tarantelli and E. Vicari, Phys. Rev. B 104, 075140 (2021).

[92] N. V. Vitanov and B. M. Garraway, Phys. Rev. A 53, 4288
(1996).

104316-12


https://doi.org/10.1038/317505a0
https://doi.org/10.1016/S0370-1573(96)00009-9
https://doi.org/10.1103/PhysRevLett.113.070402
https://doi.org/10.1103/PhysRevE.96.012125
https://doi.org/10.1016/j.physrep.2021.08.003
http://arxiv.org/abs/arXiv:2302.08238
https://doi.org/10.1103/PhysRevB.105.235124
https://doi.org/10.1088/1742-5468/ab16c7
https://doi.org/10.1103/PhysRevB.35.7062
https://doi.org/10.1103/PhysRevE.91.052103
https://doi.org/10.1103/PhysRevLett.35.477
https://doi.org/10.1063/1.335084
https://doi.org/10.1103/PhysRevB.26.2507
https://doi.org/10.1103/PhysRevB.32.447
https://doi.org/10.1103/PhysRevLett.104.200601
https://doi.org/10.1103/PhysRevResearch.2.033183
https://doi.org/10.1038/s42005-020-0306-6
https://doi.org/10.1103/PhysRevResearch.2.043247
https://doi.org/10.1103/PhysRevLett.130.060402
https://doi.org/10.1103/PhysRevLett.117.080402
https://doi.org/10.1103/PhysRevB.101.144429
https://doi.org/10.1038/ncomms3290
https://doi.org/10.1038/nature07334
https://doi.org/10.1038/ncomms3291
https://doi.org/10.1038/nature20114
https://doi.org/10.1103/PhysRevLett.124.240602
https://doi.org/10.1103/PhysRevResearch.2.033369
https://doi.org/10.1103/PhysRevB.106.134302
https://doi.org/10.1103/PhysRevE.93.032141
https://doi.org/10.1088/1742-5468/aaeb46
https://doi.org/10.1103/PhysRevB.97.094414
https://doi.org/10.1103/PhysRevB.103.L220302
https://doi.org/10.1103/PhysRevE.95.022127
https://doi.org/10.1088/1367-2630/aad5f9
https://doi.org/10.1126/sciadv.aba7292
https://doi.org/10.1103/PhysRevResearch.2.023211
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1103/PhysRevB.98.184415
https://doi.org/10.1103/PhysRevB.100.174303
https://doi.org/10.1103/PhysRevA.100.052108
https://doi.org/10.1103/PhysRevB.102.224302
https://doi.org/10.1103/PhysRevB.104.075140
https://doi.org/10.1103/PhysRevA.53.4288

