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When a system is swept through a quantum critical point, the Kibble-Zurek mechanism predicts that the
average number of topological defects follows a universal power-law scaling with the ramp timescale. This
scaling behavior is determined by the equilibrium critical exponents of the underlying phase transition. We
show that the correspondence between Kibble-Zurek scaling and quantum criticality does not hold generally.
In particular, the defect density can exhibit a suppression faster than the Kibble-Zurek prediction even when
the quench crosses a critical point, while conventional Kibble-Zurek scaling may persist for quenches through a
noncritical point. Our results, based on models representative of a broad class of quasi-one-dimensional Fermi
systems, identify the dynamical conditions under which universal defect scaling emerges and clarify the relation
between defect generation and equilibrium criticality.

DOI: 10.1103/9ts3-z9sk

Introduction. Understanding nonequilibrium quantum dy-
namics, particularly across quantum phase transitions (QPTs),
is crucial both for fundamental physics and for emerging
quantum technologies. This includes phenomena ranging
from many-body correlations [1,2], quantum matter [3,4],
and quantum simulations [5,6], to practical applications in
quantum technologies [7–9]. The central question in nonequi-
librium quantum physics is how to characterize and control
quantum critical behaviors and dynamics of the QPTs. The
critical point where a quantum phase transition takes place
is typically associated with a vanishing energy gap [10], and
as the system crosses the critical point, excitations (defects)
are unavoidably created. This fundamentally challenges the
possibility of achieving perfectly adiabatic driving across a
quantum critical point (QCP), irrespective of the chosen path.

The Kibble-Zurek mechanism (KZM) provides a widely
used framework in nonequilibrium statistical physics for an-
alyzing the dynamics of systems driven across a QCP. The
KZM, first proposed in the cosmological context [11,12],
has been studied in vastly different contexts encompassing
holographic superconductors, junction arrays, ion crystals,
classical and quantum spin systems, and fermionic and
bosonic atomic and helium superfluids [13–54], with direct
experimental verification in a broad range of different physical
platforms [55–63].
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The key prediction of the KZM is that the average topo-
logical defect density, nd , represents a universal power-law
scaling with the ramp timescale τ , i.e., nd = τ−β . This uni-
versal behavior is entirely governed by the equilibrium critical
exponents of the phase transition, β = dν/(1 + zν), where ν

and z are the correlation length and dynamic critical expo-
nents, respectively, and d is the dimensionality of the system.
However, conflicting observations have been reported in the
study of ferroelectric phase transition [64] and open systems
[65–75]. This is classified as anti-Kibble-Zurek (AKZ) behav-
ior, which is characterized by an increase in the number of
excitations with the ramp timescale.

In this Letter, we challenge the notion that quantum crit-
icality and KZM are intrinsically linked. While this notion
has been supported by numerous studies, all studies con-
ducted thus far have only explored models in one- and
two-dimensional systems [50–54,62,63,76–80], where the
quasiparticles that dictate the excitation probability are the
same as those that become massless at the critical point.
However, by extending our analysis beyond this limited class
of models, where the excitation probabilities are determined
by quasiparticles that remain massive at the critical point,
the anticipated connection between Kibble-Zurek scaling and
criticality breaks down. To illustrate this, we analyze three
fully connected critical systems: the generalized compass
model (GCM) [81–88], the transverse-field Ising model with
Dzyaloshinsky-Moriya (DM) interaction [89–95], and the
generalized XY (GXY) model [96–99].

A central finding of the present work is that the dynamics
of driven GCM across the critical point illustrate the circum-
stances under which the topological defects show suppression
significantly faster than what KZM predicts. As our finding
is confirmed in the transverse-field Ising model with DM
interaction (TFIMDM), however, the density of defects shows
KZ scaling for a quench through the noncritical point in

2643-1564/2026/8(2)/L022027(7) L022027-1 Published by the American Physical Society

https://orcid.org/0000-0003-0904-0538
https://orcid.org/0000-0002-6234-0575
https://ror.org/04xreqs31
https://ror.org/00bzsst90
https://ror.org/03cve4549
https://ror.org/01c997669
https://crossmark.crossref.org/dialog/?doi=10.1103/9ts3-z9sk&domain=pdf&date_stamp=2026-05-13
https://doi.org/10.1103/9ts3-z9sk
https://creativecommons.org/licenses/by/4.0/


R. JAFARI AND ALIREZA AKBARI PHYSICAL REVIEW RESEARCH 8, L022027 (2026)

/π
-1 -0.5 0 0.5 1

-4

0

4

−εα

εβ

−εβ

εα

k

Jo/Je=1.5 θ = π/2

(a)

k

k

k

k

k
k

k k

k

-4

0

4

ε
−εα

εβ

−εβ
εα

k

Jo/Je=1

θ = π/2

(b)

kε

-2

0

2

ε
−εα

εβ

−εβ
εα

Jo/Je=1
(c)

k= π

kk

k k
k

θ/π
0 0.25 0.5 0.75 1

-2

0

2

ε

(d)

−εβ
εβεα

−εα

Jo/Je=1.05

k=π
k

kk

k k

-6 -4 -2 0 2 4 6

-0.4

-0.2

0
Jo=1.00

ln( )

ln
(n
d
)

-4 -2 0 2 4 6
-20

-16

-12

-8

-4

0

Jo=1.00
Jo=1.05
Jo=1.1
Jo=1.2

τ

Je=1

(e)

FIG. 1. The quasiparticle spectrum ±ε
α,β

k of the generalized compass model vs k at the critical point θc = π/2 at (a) the IP Jo = Je = 1
and at (b) the anisotropic point Jo = 1.5, Je = 1. The quasiparticle spectrum vs θ at k = ±π at (c) the IP Jo = Je = 1, and at (d) the anisotropic
point Jo = 1.05, Je = 1. (e) The density of excitations nd in the generalized compass model as a function of ramp timescale τ for quench from
θi = 0 to θ f = π for Je = 1 and different values of Jo = 1, 1.05, 1.1, and 1.2, for the system size N = 1024. Inset represents the density of
defects at the IP.

TFIMDM. In light of this information and the results derived
from the GXY model, we conclude that quantum critical-
ity is neither a necessary nor a sufficient condition for KZ
scaling and nonadiabatic dynamics. The key point is that the
driven dynamics becomes nonadiabatic when the quasiparticle
modes governing the excitation process are massless. Kibble-
Zurek scaling is associated with a quantum phase transition
only when these dynamically relevant modes coincide with
the quantum critical modes.

These general conditions shed light on an important
paradigm in nonequilibrium statistical physics. Moreover, as
the adiabatic driving of quantum many-body systems is of
interest to a wide variety of quantum technologies ranging
from quantum simulation to adiabatic quantum computation,
our findings can illuminate perspectives on approaches that
circumvent the KZ scaling law to achieve adiabatic dynamics
[100–104].

Generalized compass model. To lay the foundation, we
consider the 1D spin-1/2 generalized compass Hamiltonian
[81]

H =
N∑

n=1

[Joσ̃2n−1(θ )σ̃2n(θ ) + Jeσ̃2n(−θ )σ̃2n+1(−θ )], (1)

with Je/o exchange amplitudes on even/odd lattice bonds,
where the pseudospin operators σ̃n(±θ ) are formed by linear
combinations of the Pauli matrices σ x

n and σ
y
n : σ̃n(±θ ) =

cos(θ )σ x
n ∓ sin(θ )σ y

n . The Hamiltonian can be diagonalized
exactly by mapping it onto a free fermion model,

H =
N∑

n=1

[(Joc†
2nc2n−1 + Jec†

2n+1c2n)

+ (Joe−iθ c†
2nc†

2n−1 + Jeeiθ c†
2n+1c†

2n) + H.c.], (2)

using the Jordan-Wigner transformation (see Supplemental
Material [105]). By partitioning the chain into biatomic el-
ementary cells and defining two independent fermions at
each cell n [82,86,96,99,106,107], cq

n ≡ c2n−1 and cp
n ≡ c2n,

performing the Fourier transformation and introducing the
Nambu spinors C† = (cq†

k , cq
−k, cp†

k , cp
−k ), the Hamiltonian in

Eq. (2) expressed as a sum over decoupled mode Hamiltonians

H = ∑
k�0 C†HkC, with

Hk =

⎛
⎜⎜⎝

0 0 Lk Jk

0 0 −J∗
−k L∗

−k
L∗

k −J−k 0 0
J∗

k L−k 0 0

⎞
⎟⎟⎠, (3)

where Jk = Joeiθ − Jeei(k−θ ), Lk = Jo + Jeeik , and k = (2m −
1)π/N , m = 1, . . . , N/2, given periodic boundary condi-
tions. By diagonalizing Hk , one obtains the quasiparticle
Hamiltonian

Hk =
∑

k

[
εα

k

(
γ

α†
k γ α

k − 1/2
) + ε

β

k

(
γ

β†
k γ

β

k − 1/2
)]

, (4)

with γ
α,β†
k and γ

α,β

k linear combinations of the elements in
the Nambu spinor, and with corresponding energy bands

εα
k =

√
2(rk +

√
r2

k − sk ) and ε
β

k =
√

2(rk −
√

r2
k − sk ),

where rk = |Jk|2 + |Lk|2 + |J−k|2 + |L−k|2 and sk =
4(L∗

k L−k − J∗
k J−k )(LkL∗

−k − JkJ∗
−k ). The ground state |�0〉

is obtained by filling up the negative-energy quasiparticle
states, |�0〉 = ∏

k |�0,k〉 = ∏
k γ

α†
k γ

β†
k |V 〉k , where |V 〉k is the

Bogoliubov vacuum annihilated by γk’s [105].
It is straightforward to show that the band gap between

ε
β

k and −ε
β

k vanishes for all momenta k at θc = π/2, for any
ratio of Jo/Je [see Figs. 1(a)–1(d)]. Therefore, a QPT occurs
at θc = π/2 between two gapped spin phases, characterized
by long-range spin correlations in the x and y directions, for
any value of Jo/Je [88]. In addition, at the isotropic point (IP)
Jo/Je = 1, the band gap between εα

k and −εα
k closes at θc =

π/2 exclusively at the boundary modes k = ±π , as shown in
Figs. 1(a) and 1(c). Away from the IP, that is, for Jo/Je �= 1, the
band gap between ε

β

k and −ε
β

k remains zero for all momenta
k, as shown in Figs. 1(b) and 1(d). In contrast, a finite gap
of magnitude |Je − Jo| opens at the Brillouin zone boundaries
k = ±π , separating the bands εα

k and −εα
k . Consequently, at

the critical point θc = π/2, where the model exhibits maximal
frustration of interactions, the ground state exhibits a macro-
scopic degeneracy of 2N/2 when Je �= Jo, which increases to
2 × 2N/2 at the isotropic point Jo/Je = 1.

We assume that the system initially prepared in its ground
state |�0〉 at θi = 0, and here, we focus on a linear ramp
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of θ (t ) = πt/τ , from an initial value θi = 0 at ti = 0 to the
final value θ f = π at t f = τ , which crosses QCP at θc = π/2.
It is worthwhile to mention that the quench of θ (t ) can be
interpreted as a quench of an Aharonov-Bohm flux piercing
the ring [108,109]. When θ is ramped up to π , the state of the
system gets excited from its instantaneous ground state, and
its final state at t f has a finite number of defects that is given
by

nd = 1

N

∑
k

∑
�=α,β

〈�0,k (t f )|γ �†
k (t f )γ �

k (t f )|�0,k (t f )〉, (5)

where |�0,k (t f )〉 is the time-evolved state of |�0,k (0)〉 at t f and
γ �

k (t ) = a�
k,q(t )cq

k + b�
k,q(t )cq†

−k + a�
k,p(t )cp

k + b�
k,p(t )cp†

−k . The
coefficients a�

k, j (t ) and b�
k, j (t ) ( j = q, p) are obtained from

solving the time-dependent Schrödinger equation⎛
⎜⎜⎜⎜⎝

ȧ�
k,q(t )

ḃ�
k,q(t )

ȧ�
k,p(t )

ḃ�
k,p(t )

⎞
⎟⎟⎟⎟⎠ = Hk (t )

⎛
⎜⎜⎜⎜⎝

a�
k,q(t )

b�
k,q(t )

a�
k,p(t )

b�
k,p(t )

⎞
⎟⎟⎟⎟⎠. (6)

It should be noted that the density of defects is also given as
nd = 1

N

∑
k

∑
�=α,β p�

k , where p�
k is the transition probability

of quasiparticle � to the upper level, which can also be calcu-
lated numerically using the von Neumann equation [105]. The
results of numerical calculations of defect density versus τ are
remarkable as depicted in Fig. 1(e) for Je = 1 and different
values of Jo. The surprising result arises at the IP (Jo/Je = 1),
where the defect density deviates pronouncedly from the KZ
scaling. According to KZ scaling it is anticipated that a large
ramp timescale leads to lower nonadiabaticity, while at the
IP the density of defects enhances by increasing the ramp
timescale, which is indicative of AKZ behavior. We have also
found an intriguing and counterintuitive phenomenon away
from the IP (Jo/Je �= 1). As seen, although the quench of
magnetic flux crosses the critical point (θc = π/2), the density
of defects exhibits suppression faster than that predicted by
the KZM.

To understand the origin of the different behaviors of nd

at the IP and away from the IP, recall from Eq. (5) that
the defect density arises from the excitations of two distinct
quasiparticles (α, β). The numerical simulation manifests that
the excitation of quasiparticle in the second filled band, ε

β

k ,
which controls the phase transitions (collapsing to zero for
any values of Jo/Je at the critical point θc = π/2 for all modes
[Figs. 1(a) and 1(c)], vanishes as τ increases, i.e., pβ

k ≈ 0.
Therefore, the dynamics of the system and consequently, the
density of defect are managed by excitations of quasiparticles
in the lowest energy band εα

k .
As the εα

k band is gapless at θc = π/2 (k = ±π ) only at the
IP [Figs. 1(a) and 1(c)], the system undergoes nonadiabatic
evolution that allows quasiparticles to be easily excited to
the upper state (pα

k �= 0), resulting in a considerable defect
density at the IP. The AKZ behavior of the defect density at the
IP might be attributed to supplementary excitation facilitated
by the quasiparticle at the dispersionless band ε

β

k , at QCP.
However, away from the IP, while ε

β

k band remains disper-
sionless at the QCP, the εα

k band (which controls the system’s

dynamics) is gapped for all modes k [Figs. 1(b) and 1(d)], even
at θc = π/2, thus effectively hindering quasiparticle excita-
tions from that band. Accordingly, while the quench crosses
the critical point away from the IP, the density of excitations
experiences a more significant suppression than anticipated by
the KZM.

Following the demonstration that quantum criticality is
not a sufficient condition for the emergence of Kibble-Zurek
scaling, we now turn to a complementary perspective. In par-
ticular, we show that KZ scaling of the defect density may
persist even when the quench protocol crosses a noncriti-
cal point. Representative examples of this behavior include
quenches across noncritical points in the transverse-field Ising
model with Dzyaloshinskii-Moriya interaction [91–93] and in
the generalized XY model [96–98].

Transverse-field Ising model with DM interaction
(TFIMDM). The Hamiltonian of TFIMDM is given as
[91–93]

HDM = −J

2

N∑
n=1

[
σ x

n σ x
n+1 + D

2

(
σ x

n σ
y
n+1 − σ y

n σ x
n+1

) − hσ z
n

]
,

(7)

with sδ
n = σ δ

n /2. Here, σ δ
n (δ = x, y, z) are Pauli matrices act-

ing at sites n of a one-dimensional lattice. We consider the
periodic boundary condition and without loss of generality we
set J = 1 as the energy scale. The Hamiltonian HDM is still
exactly solvable in the presence of DM interaction through
the Jordan-Winger and Fourier transformations [92,93,110],
which are expressed as a sum over decoupled mode Hamilto-
nians HDM

k by introducing the Nambu spinors C†
k = (c†

k c−k ),

HDM =
∑
k>0

C†
kH

DM
k Ck, (8)

with k = (2m−1)π
N , m = 1, . . . , N/2, and

HDM
k =

(
h − cos(k) − D sin(k) sin(k)

sin(k) −h + cos(k) −D sin(k)

)
,

(9)

in which the eigenvalues of Hamiltonian HDM
k are ε±

k =
−D sin(k) ±

√
(h − cos(k))2 + sin2(k). The spectrum of the

model is shown in Figs. 2(a)–2(c) for h = 1 and h = 2 with
different values of the DM interaction. It is evident that the
k → −k symmetry of the spectrum is broken in the pres-
ence of the DM interaction. In one-dimensional electron or
spin systems, quantum phase transitions are often associated
with changes in the topology of the Fermi surface, which
may occur with or without gap closing, and are typically
characterized by the doubling of the number of Fermi points
[92,96,111–114].

The phase diagram of the TFIMDM has been depicted in
Fig. 2(d). It has been verified that, for small DM interac-
tion (D < 1), the ground state remains that of the transverse
Ising model (D = 0) with no energy current flows [92]. In
other words, when D < 1 the critical points of system are
still located at the gap closing points hc = ±1, correspond to
the QPTs from a ferromagnetically ordered phase for |h| <

1 to the paramagnetic phase (|h| > 1) with the associated
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FIG. 2. Quasiparticle spectrum ±ε±
k vs momentum k: (a) at the critical point hc = 1 for D = 1/2, (b) at h = 1 and D = 2, and (c) at the

critical point hc = 2 for D = 2. (d) Phase diagram of the transverse-field Ising model with DM interaction in the h–D plane. (e) Defect density
nd as a function of the ramp timescale τ in the TFIMDM. The system is quenched from hi = 8 to hf = 1.5, 0.5, −0.5, and −1.5, with system
size N = 1024.

exponents being the same as the transverse-filed Ising model
[92]. However, the topology of the Fermi surface and conse-
quently the ground-state properties do change for D > 1, with
the nonzero energy current [92]. As a result, when D > 1 a
critical line, hc = D, appears where the topology of the Fermi
surface changes by lowering the number of Fermi points from
four for h < hc = D to none for h > hc = D [92–95,110].

In our analysis, we consider the linear ramp of trans-
verse field characterized by h(t ) = t/τ with t ∈ [hiτ, h f τ ].
The excitation probability pk and consequently the density
of defects nd = 1

N

∑
k pk can be calculated analytically by

solving the time-dependent Schrödinger equation as well as
numerically from the von Neumann equation [105]. As ex-
pected, our numerical simulation exhibits that when D < 1
for a quench that crosses the Ising type QCP at hc = 1, the
density of defects manifests KZ scaling nd ∝ τ−β with β =
dν/(1 + zν) = 1/2, where ν = 1, z = 1, and d = 1 [51,105].

For a DM interaction strength D = 2, the dependence of
the excitation density on the ramp timescale τ is illustrated
in Fig. 2(e) for quenches starting from hi = 8 and ending at
different values of the final field h f . As shown, when the
quench crosses the critical point at hc = 2, specifically for
h f = 1.5, the resulting defect density exhibits a markedly
faster suppression with increasing τ than that predicted by
the Kibble-Zurek mechanism. Furthermore, the KZ scaling
nd ∝ τ−1/2 persists even for quenches across the noncritical
point at h = 1, with final field values h f = 0.5, −0.5, and
−1.5. Based on our findings for the GCM, we address this
conundrum by examining the quasiparticle spectrum of the
model, as shown in Figs. 2(a)–2(c).

Analogous to the GCM away from the isotropic point, the
defect density shows an accelerated suppression relative to
the Kibble-Zurek scaling when the quench crosses the critical
point at hc = 2 for D = 2. This behavior originates from the
fact that the quasiparticles governing the dynamics remain
fully gapped even at the quantum critical point, as shown
in Fig. 2(c), thereby rendering the passage across hc = 2
effectively adiabatic. In contrast, when the quench crosses
the noncritical point at h = 1 for D = 2, the defect density
follows a power-law scaling consistent with the Kibble-Zurek
prediction. This scaling can be attributed to the presence of
massless quasiparticles, as illustrated in Fig. 2(b). Notably,
this mechanism parallels that of the transverse-field Ising
model with weak DM interaction (D < 1) at an Ising-like tran-
sition point [51,105], but here it arises for a quench through a
noncritical point, as shown in Fig. 2(b).

This picture is further corroborated by our analysis of the
GXY model, discussed in Ref. [105]. When the system is
quenched through a critical point, the defect density decreases
with increasing ramp timescale but departs from the standard
Kibble-Zurek scaling, exhibiting a significantly faster sup-
pression. In contrast, quenches through a noncritical point
recover the expected Kibble-Zurek scaling behavior. This
dichotomy can be understood in terms of the quasiparticle
spectrum: The anomalously fast decay arises from gapped
quasiparticles persisting at the critical point, whereas the
restoration of Kibble-Zurek scaling for noncritical quenches
is due to the presence of massless quasiparticles [105].

Summary and conclusion. In conclusion, we have shown
that the presence of a quantum phase transition is neither a
necessary nor a sufficient condition for Kibble-Zurek scaling
and nonadiabatic dynamics. What ultimately determines de-
fect generation is the gap structure of the quasiparticle modes
that govern the excitation probabilities during the ramp. This
dynamical property may or may not coincide with the equilib-
rium critical point.

In the generalized compass model, a suppression faster
than the conventional Kibble-Zurek scaling is observed away
from the isotropic point, where defect generation is con-
trolled by quasiparticle states that remain gapped at the
anisotropic quantum phase transition. A similar accelerated
suppression occurs in the transverse-field Ising model with
Dzyaloshinskii-Moriya interaction, where quenches across
the critical line involve dynamically gapped quasiparticles. In
contrast, quenches through a noncritical point recover Kibble-
Zurek scaling, reflecting the presence of gapless quasiparticles
that actively participate in the dynamics. Our analysis of the
generalized XY model further supports this unified picture,
again revealing rapid suppression at critical points and con-
ventional scaling at noncritical points.

Taken together, these results demonstrate that the scaling of
defect production is dictated by the quasiparticles responsible
for the system’s dynamics, which may remain either gapless
or gapped at a quantum critical point. Our findings provide a
refined understanding of the relation between defect scaling
and quantum criticality, and offer insight into nonadiabatic
dynamics and strategies for achieving controlled adiabatic
evolution in driven quantum systems.
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