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In high-energy physics, confinement denotes the tendency of fundamental particles to remain bound
together, preventing their observation as free, isolated entities. Interestingly, analogous confinement
behavior emerges in certain condensed matter systems, for instance, in the Ising model with both transverse
and longitudinal fields, where domain walls become confined into meson-like bound states as a result of a
longitudinal field-induced linear potential. In this work, we employ the Ising model to demonstrate that
Krylov state complexity—a measure quantifying the spread of quantum information under the repeated
action of the Hamiltonian on a quantum state—serves as a sensitive and quantitative probe of confinement.
We show that confinement manifests as a pronounced suppression of Krylov complexity growth following
quenches within the ferromagnetic phase in the presence of a longitudinal field, reflecting slow correlation
dynamics. In contrast, while quenches within the paramagnetic phase exhibit enhanced complexity with
increasing longitudinal field, reflecting the absence of confinement, those crossing the critical point to the
ferromagnetic phase reveal a distinct regime characterized by orders-of-magnitude larger complexity and
display trends of weak confinement. Notably, in the confining regime, the complexity oscillates at
frequencies corresponding to the meson masses, with its power-spectrum peaks closely matching the
semiclassical predictions.
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Introduction. Confinement, a hallmark of non-Abelian
gauge theories such as quantum chromodynamics
(QCD), refers to the phenomenon whereby fundamental
excitations—quarks and gluons—cannot be isolated and
instead form bound states such as mesons and baryons
[1–3]. While originally formulated in the context of high-
energy physics, confinement has also been shown to
emerge in certain low-dimensional condensed-matter sys-
tems, where elementary excitations experience an effective
linear potential that binds them into composite quasipar-
ticles [4–13]. A number of experiments have explored
various aspects of confinement, both in quasi-one-dimen-
sional compounds [14–16] and in quench experiments with
cold-atom systems [17–19].

A paradigmatic model exhibiting confinement is the one-
dimensional Ising chain subjected to both transverse and
longitudinal fields. The transverse-field Ising model is
integrable and supports freely propagating domain-wall
excitations; however, the addition of a longitudinal field
breaks integrability and induces a linear confining potential
that binds domain walls into meson-like bound states. As
demonstrated by Kormos et al. [20], this confinement
profoundly alters the real-time dynamics, leading to sup-
pressed correlation spreading and reduced entanglement
growth, while generating oscillations characteristic of the
meson mass spectrum. Notably, such confinement-induced
dynamics have also been observed experimentally on an
IBM quantum computer [21].
These observations suggest that confinement places

stringent constraints on the propagation of information
and correlations in quantum many-body systems.
Motivated by this, in this Letter, we explore whether
signatures of confinement can be identified through mea-
sures of quantum complexity. In particular, we study
Krylov complexity, which quantifies the spread of a
time-evolved quantum state or an operator within the

*Contact author: srivatsa.nagara@mpq.mpg.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

PHYSICAL REVIEW D 113, L031503 (2026)
Letter

2470-0010=2026=113(3)=L031503(8) L031503-1 Published by the American Physical Society

https://orcid.org/0009-0007-0954-7749
https://orcid.org/0000-0002-0659-7990
https://orcid.org/0000-0001-6433-450X
https://ror.org/05591te55
https://ror.org/02kkvpp62
https://ror.org/01vekys64
https://ror.org/04xrcta15
https://ror.org/01zqcg218
https://crossmark.crossref.org/dialog/?doi=10.1103/1gsg-zb8h&domain=pdf&date_stamp=2026-02-18
https://doi.org/10.1103/1gsg-zb8h
https://doi.org/10.1103/1gsg-zb8h
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Krylov subspace generated by successive applications of
the Hamiltonian or a Liovillian on an initial state or an
operator [22]. The dynamics of complexity can be mapped
to the motion of a quantum particle on a semi-infinite chain,
allowing a geometric interpretation of the spread of the
wave function [23,24]. Apart from its role in quantifying
the spread of quantum information, Krylov complexity,
defined for operators or states, has been shown to capture
signatures of quantum chaos and thermalization in non-
integrable closed and open systems [22,25–46].
While Krylov operator complexity has been proposed as
an order parameter for confinement–deconfinement tran-
sitions in large-N gauge theories [47], how the signatures of
real-time confinement manifest within the Krylov space of
quantum states following a quench remains largely
unexplored.
We study the dynamics of Krylov state complexity in the

quantum Ising model and show that it serves as a sensitive
probe of confinement, as illustrated in Fig. 1. Following a
quench within the ferromagnetic phase, we find that the
growth of complexity is strongly suppressed upon intro-
ducing even a weak longitudinal field, reflecting the
inhibited spread of quantum correlations due to the
emergence of a confining potential. In the absence of this
field, Krylov complexity exhibits pronounced oscillations
with larger amplitude, consistent with the ballistic propa-
gation of correlations inside the light cone. In stark
contrast, quenches within the paramagnetic phase exhibit
the opposite trend: the Krylov state complexity increases
with the longitudinal field, reflecting dynamics akin to
quantum chaotic behavior indicating absence of confine-
ment. Quenches across the critical point, from the

paramagnetic to the ferromagnetic phase, display yet
another distinct behavior, where the complexity is several
orders of magnitude larger than in the other two cases and
shows trends of weak confinement. Furthermore, the
oscillatory structure of dynamics of Krylov complexity
for quenches within the confining phase encodes detailed
spectral information of the confined regime. Remarkably,
the peaks in its power spectrum correspond precisely to the
meson bound-state masses, in excellent agreement with
semiclassical predictions.

Ising model and confinement.We consider the prototypical
model for confinement, an Ising model with transverse (hx)
and longitudinal (hz) fields given by the following
Hamiltonian.

Ĥ ¼ −J
XN
j¼1

½σ̂zjσ̂zjþ1 þ hxσ̂xj þ hzσ̂
z
j�: ð1Þ

In this work, we set J ¼ 1 throughout and use periodic
boundary conditions. In the absence of a longitudinal field
(hz ¼ 0), the model maps onto a system of noninteracting
fermions and exhibits a quantum phase transition at the
critical transverse field strength hx ¼ 1. For hx < 1, the
system is ferromagnetically ordered, characterized by two
degenerate ground states related by a global Z2 symmetry.
The low-energy excitations in this regime correspond to
freely propagating domain walls (kinks) that separate
regions of opposite magnetization and move ballistically
in time. Kormos et al. [20] showed that a small longitudinal
field hz breaks the Z2 symmetry, lifting the ferromagnetic
degeneracy and inducing a linear confining potential that
binds domain walls into meson-like excitations. The
resulting bound states form a discrete spectrum whose
confinement strength grows with hz. Following a quench
from a ferromagnetic state, it was demonstrated that the
magnetization hσ̂zðtÞi exhibits oscillations even for weak
fields, while the entanglement entropy rapidly saturates,
reflecting confinement dynamics. Interestingly, the oscil-
lations in magnetization and entanglement encode infor-
mation about the underlying meson spectrum, which
manifests as distinct peaks in their power spectra [20,48].
These measures are useful for detecting confinement,

however they primarily capture the spread of spatial
correlations rather than how the state itself evolves. In
particular, entanglement entropy is sensitive to the choice
of bi-partition, highlighting the need for complementary
probes such as complexity, which quantifies the global
spreading of the quantum state in Hilbert space.

Krylov complexity.Weexplore the imprint of confinement on
thedynamics of quantumcomplexity, specifically through the
lens ofKrylov state complexity [22]. To this end,we construct
the Krylov basis by successive applications of the
Hamiltonian Ĥ on an initial state jΨ0i, forming the subspace

FIG. 1. Krylov complexity CkðtÞ following a quench from a
fully ferromagnetic initial state to hx ¼ 0.25 within the ferro-
magnetic phase, shown for various values of the longitudinal field
hz. A pronounced suppression in the complexity is observed upon
introducing the longitudinal field. Inset (a) highlights marked
finite-size effects in CkðtÞ at hz ¼ 0, while inset (b) illustrates the
suppression of these effects for hz ¼ 0.4 as a consequence of
confinement. For the main plot, we have considered a system of
size L ¼ 14.
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KnðĤ;jΨ0iÞ¼ spanfjΨ0i;ĤjΨ0i;…;Ĥn−1jΨ0ig. An ortho-
normal set fjKjig is obtained via the Lanczos algorithm
[49,50], which tridiagonalizes the Hamiltonian as ĤjKni ¼
αnjKni þ βnþ1jKnþ1i þ βnjKn−1i, where αn and βn are the
diagonal and off-diagonal Lanczos coefficients, respectively.
Expanding the time-evolved state jΨðtÞi ¼ P

n ψnðtÞjKni
and substituting into the Schrödinger equation gives
i∂tψnðtÞ ¼ αnψnðtÞ þ βnψn−1ðtÞ þ βnþ1ψnþ1ðtÞ, which is
equivalent to a tight-binding model on a semi-infinite chain
with amplitudes ψnðtÞ. The Krylov complexity is defined as

CkðtÞ ¼
X
n

njψnðtÞj2; ð2Þ

quantifying the spread of the wavefunction in Krylov space.
We provide more details of the Lanczos algorithm employed
in this work in Supplemental Material [51].

Quench regimes and complexity growth. We begin by
studying the dynamics of Krylov complexity following a
quantum quench within the ferromagnetic phase (hx < 1),
starting from a fully polarized initial state, and compare
cases with and without the confinement field hz. For
hz ¼ 0, the model is integrable, and as shown in Fig. 1,
the Krylov complexity exhibits oscillations for which the
amplitude increases with system size (see inset), consistent
with the results of Kormos et al. [20], where longitudinal
spin–spin correlations display a clear light-cone spreading.
Introducing a finite longitudinal field hz breaks integra-
bility and leads to a pronounced suppression of the
complexity, with the suppression becoming stronger as
hz increases, revealing clear signatures of confinement. The
oscillation frequency increases while its amplitude
decreases, reflecting the arrested dynamics of mesonic
excitations. Physically, this occurs because the mesons
acquire large effective masses, and the quench energy is
insufficient to set them in motion, allowing only their
creation at rest. This picture is further supported by the
system-size independence of the Krylov dynamics even at
long times (see inset), consistent with the absence of
correlation spreading.
We now turn to quenches within the paramagnetic phase

(hx > 1) starting from a paramagnetic state at hx ¼ 2, as
shown in Fig. 2. In sharp contrast to the ferromagnetic
regime, the dynamics without a longitudinal field hz
displays a markedly suppressed Krylov complexity with
only small-amplitude fluctuations, characteristic of free-
fermion behavior and the regular oscillations observed at
small hz arise from the relatively small quench applied.
Increasing hz leads to a rapid growth in the overall
amplitude of the complexity, reflecting enhanced quantum
chaotic dynamics arising from interactions. The paramag-
netic phase thus remains non-confining and does not host
bound meson-like excitations, underscoring the qualitative

difference in its dynamical behavior compared to the
ferromagnetic case.
Next, we investigate the growth of complexity for large

quenches across the quantum critical point at hx ¼ 1.
Starting from a paramagnetic initial state at hx ¼ 2, we
quench into the ferromagnetic phase to hx ¼ 0.25. As
shown in Fig. 3, the resulting complexity grows to values
orders of magnitude larger than those observed for
quenches performed within either the paramagnetic or

FIG. 2. Krylov complexity CkðtÞ following a quench from a
paramagnetic initial state at hx ¼ 2 to hx ¼ 1.75 within the
paramagnetic phase, shown for different values of the longi-
tudinal field hz. The observed increase in the amplitude of
complexity with increasing hz indicates the absence of confine-
ment, sharply differing from the quench response within the
ferromagnetic phase. The system size used is L ¼ 14.

FIG. 3. Krylov complexity CkðtÞ following a quench from a
paramagnetic initial state at hx ¼ 2 to hx ¼ 0.25, crossing the
quantum critical point (hx ¼ 1), shown for various values of the
longitudinal field hz. The complexity initially increases with hz
before eventually decreasing at larger field strengths which might
indicate weak confinement. Notably, its magnitude is several
orders higher than that observed for quenches performed entirely
within the paramagnetic or ferromagnetic phases. The system size
used is L ¼ 14.

KRYLOV COMPLEXITY AND CONFINEMENT PHYS. REV. D 113, L031503 (2026)

L031503-3



ferromagnetic phases. The large amplitude of the complex-
ity in this case arises because the quench across the critical
point excites a broad continuum of modes and generates
strong delocalization of the state in Krylov space, reflecting
highly nonperturbative dynamics. Unlike intraphase
quenches, the post-quench dynamics in this case exhibits
random fluctuations superimposed on the overall growth
once the longitudinal field is introduced. Similar to the
behavior observed in paramagnetic quenches, the complex-
ity initially increases with the strength of the longitudinal
field but eventually shows a distinct turnover, beyond
which it begins to decrease. This crossover may signal
the emergence of weak confinement, although the signature
remains subdued, likely due to the finite propagation
velocities of the mesons induced by the large quench
amplitude.
Lastly, to understand how the Krylov complexity scales

with the strength of the confining longitudinal field hz, we
compute the long-time–averaged Krylov complexity,
defined as

CkðtÞ ¼ lim
T→∞

1

T

Z
T

0

CkðtÞdt: ð3Þ

This quantity characterizes the asymptotic growth of the
many-body wave function in Krylov space by averaging
out short-time fluctuations and transient dynamics. We
analyze CkðtÞ for all three quench protocols discussed
above. The results are shown in Fig. 4. For quenches
conducted entirely within the ferromagnetic phase, the data
indicate an inverse scaling of the complexity with the
longitudinal field, CkðtÞ ∝ h−1z . In contrast, for quenches

within the paramagnetic phase, the behavior is qualitatively
different. In this case, the time-averaged Krylov complexity
exhibits an exponential enhancement with increasing hz,
signaling a rapid growth of state complexity driven by the
longitudinal field. Finally, for quenches across the quantum
critical point from the paramagnetic phase into the ferro-
magnetic phase, the dependence of CkðtÞ on hz does not
reveal a clear scaling form. Nevertheless, we observe that
the Krylov complexity initially increases with hz, followed
by a bending and eventual saturation to a plateau at larger
field strengths. This saturation may be attributed to weak
confinement effects, which ultimately limit further growth
of the state in Krylov space at long times.

Meson masses and Krylov spectroscopy. As discussed,
introducing a small longitudinal field in the ferromagnetic
phase confines the otherwise free domain-wall excitations into
meson-like bound states. The meson masses can be estimated
semiclassicallybymodeling two fermions in a linear confining
potential [20,52], described by the effective two-body
Hamiltonian Htwo−body ¼ ϵðp1Þ þ ϵðp2Þ þ χjx2 − x1j,
where p1;2 are the canonical momenta conjugate to the
coordinates x1;2. The single-particle dispersion after mapping
Eq. (1) to a system of spinless fermions (via a Jordan–Wigner
transformation) is ϵðpÞ ¼ 2J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2x − 2hx cosp

p
, with a

confining potential χ ¼ 2Jhzσ, where σ̄ ¼ ð1 − h2xÞ1=8 is the
spontaneous magnetization of the ferromagnetic ground state.
Applying Bohr–Sommerfeld quantization to this relative
motion yields the bound state energy levels and consequently
one can extract the meson masses. For instance, at hx ¼ 0.25
and hz ¼ 0.2, this semiclassical analysis predicts two mesons
with massesm1 ¼ 4.025J andm2 ¼ 4.702J. Decreasing the

FIG. 4. Dependence of the long-time–averaged Krylov state complexity CkðtÞ on the confining longitudinal field hz for the three
quench protocols discussed in the main text. (a) Quench entirely within the ferromagnetic phase, from a fully ferromagnetic initial state
to hx ¼ 0.25. The inset shows CkðtÞ plotted on a log–log scale, revealing an approximately linear dependence with a slope close to −1,
indicative of the behavior CkðtÞ ∝ 1=hz. (b) Quench entirely within the paramagnetic phase, from a paramagnetic initial state at hx ¼ 2

to hx ¼ 1.75. The inset displays CkðtÞ on a log–linear scale, where the asymptotically linear behavior suggests an exponential
enhancement of the Krylov complexity with increasing longitudinal field hz. (c) Quench from a paramagnetic initial state at hx ¼ 2 to
hx ¼ 0.25, crossing the quantum critical point at hx ¼ 1. For all the cases, the system size used is L ¼ 14.
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longitudinal field gives rise tomoremeson bound states [more
details in Supplemental Material [51] ].
When the system is quenched within the ferromagnetic

phase, the Krylov state complexity CkðtÞ displays pro-
nounced oscillations that directly arise from the presence of
confined mesons. These oscillations therefore encode the
energy scales and characteristic signatures of the
bound modes.
To make this connection explicit, we analyze the

dynamics in the frequency domain through the power
spectrum of the Krylov complexity:

SkðωÞ ¼
����
Z

∞

−∞
eiωtCkðtÞdt

����
2

: ð4Þ

As shown in Fig. 5, SkðωÞ computed through a discrete
Fourier transform (DFT) exhibits distinct peaks at frequen-
cies that match the meson masses predicted by semi-
classical analysis. This correspondence demonstrates that
the spectral decomposition of Krylov complexity not only
captures the confined nature of the excitations but also
quantitatively resolves the hierarchy of mesonic masses. In
this sense, Krylov complexity acts not merely as a measure
of quantum-state spreading under time evolution, but also
as a sensitive probe of confinement dynamics, encoding
detailed information about the emergent bound-state spec-
trum in its spectral structure.
Finally, we note that Krylov-based spectroscopy offers

several advantages over traditional operator-based
approaches. Consider the expectation value of a general
operator Ô, hÔðtÞi ¼ P

a;b cac
�
be

−iðEa−EbÞthEbjÔjEai,

where jΨ0i ¼
P

a cajEai is the initial state expanded in
the Hamiltonian eigenbasis. The corresponding power
spectrum is given by jÔðωÞj2 ∝ P

a;b jcaj2jcbj2δðω − ΔabÞ×
jhEbjÔjEaij2, showing that any vanishing matrix elements
hEbjÔjEai will cause certain energy differences Δab ¼
Ea − Eb to be missed. In contrast, Krylov state complexity
CkðtÞ depends only on the initial state and the Hamiltonian,
and its dynamics scans all frequency components acces-
sible from the initial state. As a result, no dynamically
connected energy levels are overlooked, making Krylov
complexity a state-specific, operator-independent probe
that faithfully captures the complete spectrum of accessible
excitations and provides a robust tool for analyzing the
system’s underlying energy structure.

Conclusions. We have demonstrated that Krylov complex-
ity serves as a sensitive probe of confinement dynamics in
low-dimensional quantum systems. Focusing on the trans-
verse-field Ising model, we explored its behavior under
various quench protocols. For quenches within the ferro-
magnetic phase, the complexity is strongly suppressed even
for small longitudinal fields, consistent with the absence of
correlation spreading under confinement. In contrast, with-
out the longitudinal field, the complexity exhibits large-
amplitude oscillations associated with freely propagating
domain-wall excitations. For quenches within the para-
magnetic phase (hx > 1), the Krylov complexity increases
with the longitudinal field, reflecting the non-confining
nature of this regime. Quenches across the critical point
from the paramagnetic to the ferromagnetic phase show a
more intricate behavior where the complexity initially
grows but eventually decreases with increasing longitudinal
field, suggesting the onset of weak confinement. Notably,
the overall magnitude of the complexity in this case is
several orders of magnitude larger than in the other
scenarios, likely due to the quench across the critical point
exciting a broad continuum of modes and generating strong
delocalization in Krylov space. Finally, we showed that the
oscillation frequencies of the complexity in the confining
regime match the meson masses, with peaks in its power
spectrum aligning precisely with the semi-classically pre-
dicted values.
Our results thus establish Krylov complexity as a power-

ful diagnostic of confinement in low-dimensional quantum
systems, bridging concepts from quantum information
theory with emergent phenomena traditionally studied in
high-energy and condensed-matter physics. Several open
questions naturally follow. For instance, how does Krylov
complexity behave in lattice gauge theories where confine-
ment emerges from gauge constraints [53–56,56–62]?
Can similar diagnostics capture other nonperturbative
phenomena such as false-vacuum decay [63,64] and string
breaking [65,66]. Another promising direction is to inves-
tigate how confinement affects operator growth in Krylov

FIG. 5. Power spectrum SkðωÞ of the Krylov complexity for a
quench within the ferromagnetic phase to hz ¼ 0.2 and
hx ¼ 0.25, starting from a fully polarized ferromagnetic state.
The high-frequency peaks correspond to the two meson masses
m1 ¼ 4.025 and m2 ¼ 4.702 obtained from the semiclassical
analysis. The spectrum also captures the relative spacing between
meson masses m12. We consider a system of size L ¼ 14 with
Krylov complexity evolved up to time t ¼ 100with a time step of
Δt ¼ 0.1 for computing the power spectrum using DFT.
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space, employing finite-temperature algorithms [67] to
probe phenomena close to the ground state.
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