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We investigate the time dependence of antiflatness in the entanglement spectrum, a measure for
nonstabilizerness and lower bound for nonlocal quantum magic resource, on a subsystem of a linear SU(2)
plaquette chain during thermalization. Tracing the time evolution of a large number of initial states, we find
that the antiflatness exhibits a barrierlike maximum during the time period when the entanglement entropy of
the subsystem grows rapidly from the initial value to the microcanonical entropy. The location of the peak is
strongly correlated with the time when the entanglement exhibits the strongest growth. This behavior is found
for generic highly excited initial computational basis states and persists for coupling constants across the
ergodic regime, revealing a universal structure of the entanglement spectrum during thermalization. We
conclude that quantitative simulations of thermalization for non-Abelian gauge theories require quantum
computing. We speculate that this property generalizes to other quantum chaotic systems, a conjecture
supported by analogous behavior observed in real-time simulations of the mixed-field Ising model.
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Introduction—Quantum computers are expected to even-
tually outperform classical supercomputers for a number of
important applications by harvesting the resources opened
up by quantum entanglement of qubits or qudits. However,
identifying such applications is not as straightforward as
one might imagine. While it is easy to prepare highly
entangled quantum states, in particular by the Clifford set
of gates comprising the Hadamard gate, the phase gate and
the two-qubit CNOT gate, this entanglement alone does not
enable dramatic gains in computational power. In fact, the
Gottesman-Knill (GK) theorem [1] states that any quantum
circuit built solely from Clifford gates (also known as the
stabilizer circuits) can be simulated in polynomial time on a
classical digital computer.

Not all unitary quantum circuits are stabilizer circuits.
A universal gate set requires at least one additional gate,
e.g., the 7/8 (T) gate. The GK theorem implies that only
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quantum circuits requiring such non-Clifford gates can
realize true quantum advantage.

In practice, it would be most helpful to have a quanti-
tative measure of the potential advantage of quantum
computation over classical computation for simulating a
given quantum system. One such measure has become
known as nonstabilizerness or “magic” [2-5], but its
experimental or numerical determination is challenging.
Recently, the Stabilizer Rényi entropy (SRE) was intro-
duced as a computable measure of nonstabilizerness [6]
and has been studied in many systems including matrix
product states [7], random quantum circuits [8] and states
[9], lattice models and gauge theories [10—14], nuclei [15],
neutrinos [16], and Bell inequalities [17]. In high-energy
proton-proton reaction at the Large Hadron Collider
(LHC), identifying quantum systems with nonstabilizer-
ness involves studying certain processes such as the top
quark-antiquark pair (f7) production [18-22]. In part,
the investigation of entanglement at the LHC arises from
their promise to provide a novel avenue in search for
possible signals of physics beyond the Standard Model.
For instance, the authors of [23] considered a general form
of nonstabilizerness for mixed quantum states, which is
defined based on the second SRE [6,21]. They found the
result of their analysis for the 77 data to agree with the
Standard Model expectations.

Published by the American Physical Society
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A quantity closely related to nonstabilizerness is the
antiflatness of the entanglement spectrum of a quantum
system [24]. The reduced density matrix p, of a subsystem
A is defined by

pa =Trae(p), (1)

where A¢ denotes the complement of the subsystem. The
entanglement entropy

Sa = —Tr(pslogpa), (2)

provides a measure of the entanglement in the full system
wave function. Li and Haldane [25] showed that the
spectrum of the so-called entanglement Hamiltonian
H, = —log p, contains additional information beyond just
the total amount of entanglement, which has been used to
study thermalization in Z, lattice gauge theory [26]. If this
spectrum is flat, the so-called antiflatness

Fa=Tr(py) = [Tr(p)]%, (3)

vanishes. Refer to [27] for another related measure.

It has been shown that nonstabilizerness can be decom-
posed into local and nonlocal contributions [28,29] and F 4
provides a lower bound on nonlocal nonstabilizerness [28].
While local nonstabilizerness characterizes non-Clifford
features that can be attributed to individual subsystems
and thus removed by local unitaries, nonlocal contribution
captures intrinsically multipartite, nonstabilizer correla-
tions that cannot be eliminated locally and require
entanglement to exist [28-31]. The total amount of non-
stabilizerness can be viewed as the sum of these two
components, with the nonlocal one quantifying genuinely
nonclassical correlations beyond both stabilizer structure
and entanglement. Hence, antiflatness bounds the hardness
of classical simulations from below.

Here we pursue the question whether the description
of thermalization of an isolated quantum system requires
quantum computing, using SU(2) lattice gauge theory on a
linear plaquette chain as an example. This system can be
viewed as an extreme simplification of the more complex
process of thermalization in a highly excited system of
quarks and gluons as it is created in relativistic heavy ion
collisions [32]. We will show that in this model system the
time dependence of antiflatness of the entanglement spec-
trum and the growth of the entanglement entropy are
closely connected. While not constituting a general proof,
our results support the notion that an accurate description of
gauge field thermalization requires quantum computing.

Method—We investigate pure SU(2) lattice gauge theory
(LGT) in 2 + 1 dimensions as a representative framework
for exploring generic non-Abelian gauge dynamics. To
access real-time phenomena, we employ the Hamiltonian
formulation of SU(2) LGT, which provides a natural
setting for studying out-of-equilibrium processes beyond
the limitations of Euclidean lattice and perturbative

approaches. The discretized Kogut-Susskind (KS)
Hamiltonian for unit lattice spacing can be written as [33]

92 a\2 2
HZ;E]Q)—?ZFWL (4)

links

where ¢ is the coupling constant, EY is the electric field
operator along the direction i = X or y with the SU(2) index
a (both of which are implicitly summed over), and (J(n)
denotes the plaquette operator atn = (n,,n,), i.e., the trace
of the product of four link variables (Wilson lines) around
an elementary plaquette. The first and second part of the
Hamiltonian represent the electric and magnetic energy of
the gauge field, respectively.

The discretized KS Hamiltonian can be represented in
the electric basis, which labels the state on each link by the
SU(2) quantum numbers |jm; my). In this basis the electric
energy (E¢)? is diagonal with eigenvalues j(j+ 1). The
matrix elements of the plaquette operator may be expressed
as a combination of Wigner 6j symbols [34]. Truncation
of the local Hilbert space of each link to representations
with 0 < j < j..x renders the total Hilbert space finite-
dimensional and allows for exact numerical diagonalization
of the Hamiltonian.

In this Letter we study an aperiodic seven-plaquette
chain with the electric field representation truncated at
Jmax = 1, but our investigation can also be performed for
other electric field truncations and boundary conditions.
Figure 1 schematically illustrates the corresponding link
configuration of the system. In the specific case where
vertices contain at most three adjoining links, as here,
the physical states of the theory are unambiguously
represented by the irreducible representation j of each link
variable [34,35]. Asymmetric boundary conditions are
enforced by setting the external links to {j. } ={0,0,0,1},
such that the Hamiltonian has no spatial symmetries [36].
The Hilbert space dimension of the seven-plaquette SU(2)
chain with j,, = 1 and the above boundary conditions is
36334. Similar systems were studied in [37-40], where
it was demonstrated that these quantum systems exhibit
both ergodic and nonergodic coupling regimes. In particu-
lar, for sufficiently large g%, the magnetic contribution to the
Hamiltonian becomes too small to generate chaotic energy-
level statistics on a small lattice. The KS Hamiltonian has
two integrable limits at a given lattice size: g> — oo and
g> — 0, but for intermediate (ergodic) coupling (here,

=0 . . j=1
PA ]
j=0 94 Jj=0
FIG. 1. Seven-plaquette chain with asymmetric boundary con-

ditions. Subsystem A is defined as the middle plaquette and
adjacent links.
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0.4 <¢* <1.5) [41], the eigenvalue distribution of the
seven-plaquette system follows closely the prediction for
a Gaussian orthogonal ensemble (GOE) and the system
exhibits quantum chaos. In this Letter, we focus specifically
on the ergodic coupling regime of the SU(2) LGT on seven
plaquettes, motivated by the fact that the classical SU(2)
theory is chaotic [43] and, upon quantization, is expected to
obey the eigenstate thermalization hypothesis [37,38,44].

To compute entanglement entropy and antiflatness for
subsystems of the plaquette chain we use the technique
described in [39]. Each electric basis state can be written as
a tensor product of the j-quantum numbers of individual
links |{j}), subject to the Gauss law constraint for physical
states. The boundary of a subsystem A cuts through its
adjacent horizontal links such that the reduced density
matrix remains invariant under time-independent gauge
transformations at each vertex (see Fig. 1). The cut links
result in a direct sum structure in the reduced density matrix
pa, Which can be diagonalized to obtain the full entangle-
ment spectrum, the entanglement entropy S, and the
antiflatness F,. The subsystem A considered in the
following consists of the middle plaquette with adjacent
cut links as depicted in Fig. 1.

To analyze the thermalization dynamics, we initialize
the system in pure states that are not eigenstates of the
Hamiltonian but whose mean energy falls into a given
energy window. To achieve this, we employ computational
basis states (electric energy eigenstates) within the desired
energy window. Numerical calculations were performed
using our custom code available at [45].

Time dependence of entanglement and antiflatness—In
order to understand the dynamics of quantum complexity
during thermalization, we track the time dependence of
entanglement entropy S, (#) and antiflatness F,(¢) of the
subsystem A for the chosen globally evolving pure states.
For S, this evolution is well understood. Starting from an
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FIG. 2.

initial pure product state, we have S4(0) =0. As the
unitary dynamics proceeds, entanglement spreads and
the entanglement entropy rises steadily until it saturates
at a value consistent with the thermal entropy of the
subsystem [40]. This behavior, shown by the solid blue
line in Fig. 2(a) for an arbitrarily chosen highly excited
initial electric basis state, reflects the effective thermal-
ization of the subregion: while the global state remains
pure, the local reduced state approaches a mixed quasi-
thermal ensemble, as expected for a system obeying the
eigenstate thermalization hypothesis [46—48].

In contrast, the antiflatness F4(¢), being a witness
of nonstabilizerness, displays a more intricate profile, as
shown by the solid red line in Fig. 2(a). At early time, the
subsystem has negligible nonlocal nonstabilizerness since
it is close to a classical configuration. As the dynamics
scrambles information across the full system, the reduced
state p, becomes highly nonclassical, resulting in a sharp
rise of the antiflatness. As S,(#) approaches saturation,
F4(t) falls again steeply as p, approaches a nearly
maximally mixed form characteristic of a high-energy
system in (microcanonical) thermal equilibrium, which
can be efficiently studied on classical digital computers.
The peak of the antiflatness appears at time tyg, which
approximately equals the time gz when S, (7) is growing
most rapidly.

The dynamics of the entanglement spectrum can also
be visualized directly as in Fig. 2(b), where we show the
eigenvalues of the entanglement Hamiltonian at various
times during the thermalization process. The initially flat
spectrum develops a visible nonflat structure during the
time when F 4(¢) is nonvanishing. At late times, in thermal
equilibrium, the spectrum returns to an almost flat (uni-
form) structure where all eigenvalues approximately
approach log[dim(H,)], where H, denotes the Hilbert
space on the subsystem A. The appearance of the

— t=0
— t=0.1
— t=1uB
t=1
t = 1000
------ log(dimH 4)

(a) Real-time evolution of entanglement entropy S, (blue solid line, left scale) and antiflatness F 4 (red solid line, right scale)

of a small one-plaquette subsystem with cut links in the middle of an aperiodic seven-plaquette chain with j_,, = 1, ergodic coupling
g* = 1 and asymmetric boundary conditions {j.} = {0,0,0, 1} for a randomly chosen, highly excited initial electric basis state with
energy E — Ey ~ 19.17, where E| is the ground state energy. The blue dashed line shows the entanglement entropy growth rate. fyg and
tgg, indicated by gray lines, correspond to the time of the magic barrier and maximum entanglement growth rate, respectively.
(b) Entanglement spectra of the above state at different times, including #\z ~ 0.348, during the thermalization process. 4; denotes the
kth eigenvalue of the entanglement Hamiltonian H, = —logp,. The flat-spectrum limit is given by || = log[dim(7,)] ~ 4.727.
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antiflatness peak signals that the subsystem acquires
strong “quantumness” during the thermalization process.
However, the quantum features detected by the antiflatness
are transient: they dominate the intermediate time regime of
thermalization, but are washed out again as the subsystem
relaxes toward thermal equilibrium. Similar barrierlike
behavior was also found for nonstabilizerness in state
preparation algorithms such as adiabatic annealing [49]
and for operator entanglement dynamics in conformal field
theory [50].

Together, entanglement entropy and antiflatness offer
complementary insights: the former captures the irrevers-
ible buildup of correlations between the subsystem and its
complement, while the latter identifies the transient tem-
poral regime when the dynamics is the most “quantum’ and
the most difficult to simulate classically.

Universal magic barrier and entropy growth—We now
study whether the appearance of the magic barrier is state-
independent and quantify the correlation between the time
of the antiflatness peak and that of the maximum growth
rate of the entanglement entropy. We compute the time
evolution of entanglement entropy and antiflatness of a
small subsystem with one plaquette and dangling links
in the middle of an aperiodic seven-plaquette chain with
Jmax = 1 and asymmetric boundary conditions {j..} =
{0,0,0,1} for all 2728 electric basis states inside the
highly excited energy window E — Ej€[19.71,20.21],
where E| is the ground state energy.

The result is shown in Fig. 3(a). It can be seen that
at early time, log(f) < —1, the entanglement entropies
of different initial states grow at different rates. This
is analogous to the behavior of classical chaotic systems
with a broad Lyapunov spectrum, where the coarse-grained
entropies for different initial states are found to grow at
different rates at early time, depending on their degree of

overlap with the modes characterized by large Lyapunov
exponents. However, in all cases the antiflatness exhibits a
broad, nevertheless very prominent, peak during the period
when the state’s entanglement grows. It is important to
emphasize that we analyze all electric basis states in the
energy window of interest and observe no outliers, i.e., all
states exhibit the same qualitative behavior.

In order to better analyze the profile of the magic barrier
with respect to the thermalization process, we make use of
the universal behavior of entanglement entropy growth for
subsystems found in [40]. We fit the corresponding time
evolution for each state to the function S,(7) = S4(0)+
{[Sa(00) = S4(0)]/[1 + (t/19)7*]}, where S4(0) =0 and
Sa(o0) approaches a quasithermal value that only depends
on the state’s energy. The fit parameters « and 7, correspond
to a thermalization speed and time scale, respectively.
By using «log(t/t,) instead of ¢ as a “thermalization
clock” we effectively synchronize the thermalization proc-
ess of each state. As a result, as seen in Fig. 3(b), the
entanglement entropy and antiflatness as functions of this
“thermalization clock” show smaller variations and more
manifest functional profiles.

Qualitatively, the functional profiles suggest that the
magic barrier emerges around the time when the entangle-
ment entropy grows the fastest. To quantify this observa-
tion, we compare the magic barrier time fyp to the time fgg
of maximal entanglement entropy growth, for all physical
electric basis states—defined as those with energies below
the mean of the spectrum. This physical ensemble contains
18 389 noneigenstates, for which a 2D histogram of
log(typ) and log(tgg) are depicted in Fig. 3(c). We find
a strong positive correlation between the two quantities.
The Pearson correlation coefficient between log(fyg)
and log(tgg) is r = 0.927, indicating a highly significant
relationship. Furthermore, as indicated by the color
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FIG. 3. (a) Real-time evolution of S, and F, for a small one-plaquette subsystem with cut links in the middle of an aperiodic seven-
plaquette chain with j,, = 1 and asymmetric boundary conditions {j} = {0, 0,0, 1} at ergodic coupling g> = 1 for all electric basis
states within the highly excited energy window E — E, € [19.71,20.21]. The energy window contains 2728 states. (b) Rescaled time
evolution of the same system and state ensemble. The real time ¢ is replaced by x log(#/t,) with state-dependent fit parameters « and 7,
such that the thermalization of different states is synchronized. The solid lines and bands in (a) and (b) are the ensemble means and 1o
bands. The left and right scales correspond to S, and F 4, respectively. (c¢) 2D histogram showing the joint distribution of magic barrier
time fyg and time of maximum entanglement entropy growth #gg on logarithmic scales for all 18 389 physical electric basis states of the
above system with energies below the spectrum mean. Color intensity corresponds to bin counts. The red line represents a linear fit with
slope 1.331 and intercept 0.530.
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FIG. 4. Coupling dependence of entanglement dynamics. Real-time evolution of (a) S and (b) 4 for a small one-plaquette subsystem
with cut links in the middle of an aperiodic seven-plaquette chain with j,,,, = 1 and asymmetric boundary conditions { jo, } = {0,0,0, 1}
at different ergodic couplings ¢> € {1.2, 1.0, 0.8, 0.6, 0.4}. The ensemble of electric basis states is chosen such that at g = 0.6 they lie in
the highly excited energy window E — E, € [26.48,26.98]. This ensemble contains 2995 states. The solid lines and bands in (a) and (b) are
the ensemble means and 16-bands. (c) Relations between the ensemble means S, an F , for different ergodic couplings, which exhibit very

mild coupling dependence.

distribution of the histogram, the time scales tyg and tgg
roughly coincide for the majority of investigated states.

Coupling constant dependence—In order to make pre-
dictions about the emergent magic barrier for the physical
limit of SU(2) LGT, it is necessary to study its coupling
dependence. With respect to the continuum limit, we are
especially interested in the weak coupling limit, where g° is
small but the theory is still ergodic.

We perform similar analyses as above for four other
coupling values 92 =04, 0.6, 0.8, and 1.2, all of which
exhibit quantum chaotic energy level statistics. The ensem-
ble of initial electric basis states for all five couplings
is chosen such that for g> = 0.6 they lie in the highly
excited, narrow energy window E — E € [26.48,26.98]. In
Fig. 4(a), we compare the entanglement entropy growth
of this ensemble for the different couplings and find that
the growth is faster at smaller coupling. In particular, we
find a maximum of average growth rate (dS,/dt),.c=
{3.631,4.443,5.665,7.563,11.106} for ¢> = {1.2,1.0,0.8,
0.6,0.4}, consistent with a (dS,/dt) . < g~> scaling,
which reflects the g2 factor in the magnetic energy
(plaquette operator) of the KS Hamiltonian (4) that controls
the mixing rate between electric basis states. As a result,
the computational basis states, which are eigenstates of the
electric energy, get scrambled faster under unitary time
evolution when the strength of the coupling is reduced.

The time fgg at which the entanglement entropy growth
reaches its maximum rate lies within a linear growth
regime, consistent with the findings in [51]. The quantity
(dS,/dt), .« corresponds to the slope in this linear regime
and can be interpreted as the entanglement velocity, i.e., the
characteristic speed of the wave-front carrying entangle-
ment from A€ into A [52].

Furthermore, these findings are in accordance with the
time evolution of antiflatness. In Fig. 4(b), the magic barrier
is seen to emerge earlier for decreasing coupling, while
maintaining its height and shape. Instead of tracing

entanglement entropy and antiflatness as functions of time
individually, we can also calculate F 4 as a function S, and
thus obtain a thermalization profile of the magic barrier
instead of a temporal profile. This profile is found to be
almost identical for all tested ergodic couplings, as shown
in Fig. 4(c), where both quantities are ensemble averaged.
These results show that the entanglement spectrum has a
coupling-independent structure and the magic barrier
emerges during the equilibration process, as long as the
system is ergodic and the subsystem thermalizes. In [53],
we show the coupling-independent structure of the entan-
glement spectrum exemplarily for three randomly chosen
states at r = 'vB-

Other quantum chaotic models—In order to investigate
whether the magic barrier phenomenon is special to non-
Abelian gauge theories or may also be observed in other
quantum ergodic models, we repeat the main analysis of
this Letter for the mixed-field Ising model. The results
shown in [53] indicate that the antiflatness of a small
subsystem exhibits a similar barrierlike maximum during
the time when its entanglement entropy grows rapidly from
the initial value to the microcanonical entropy. Further,
for the most ergodic field strengths, we find a coupling-
independent relation between the antiflatness and entan-
glement entropy during local equilibration, similar to the
one found for the SU(2) gauge theory.

Conclusion—We have studied the equilibration dynamics
of subsystem entanglement entropy and antiflatness under
unitary evolution in a (2 + 1)-dimensional SU(2) lattice
gauge theory constrained on a linear plaquette chain with
Jmax = 1. We find that the antiflatness, a lower bound on
nonlocal nonstabilizerness, exhibits a universal barrierlike
peak during the period of fast entanglement growth. This
behavior occurs for all highly excited electric basis states
and persists across ergodic couplings, revealing a coupling-
independent structure of the entanglement spectrum during
thermalization. The timing of the barrier is strongly
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correlated with that of the maximal entanglement
growth, demonstrating that the thermalization dynamics
in the SU(2) gauge theory involves simultaneous gen-
eration of high nonstabilizerness and high entanglement.
Supported by similar behavior found for the mixed-field
Ising model, we speculate that this generic barrier
phenomenon may persist across a broad class of quantum
chaotic theories, implying that quantitative simulations of
thermalization in these theories inherently require quan-
tum computation.

Promising directions for future work include testing this
conjecture in other chaotic systems—most notably SU(3)
gauge theory, examining the evolution of antiflatness
during specific physical processes such as string breaking
in fermionic models and glueball formation [57-59], and
computing nonstabilizerness directly via measures for qudit
systems rather than through its antiflatness bound. We plan
to pursue these investigations in future work.

Acknowledgments—The authors gratefully acknowledge
the scientific support and HPC resources provided by the
Erlangen National High Performance Computing Center
(NHR@FAU) of the Friedrich-Alexander-Universitit
Erlangen-Niirnberg (FAU). B. M. acknowledges support by
the U.S. Department of Energy, Office of Science (Grant
No. DE-FG02-05ER41367) and by the National Science
Foundation (Project No. PHY-2434506). X. Y. is supported
by the U.S. Department of Energy, Office of Science, Office
of Nuclear Physics, InQubator for Quantum Simulation
(IQuS) [60] under Award No. DOE (NP), and Award
No. DE-SC0020970 via the program on Quantum
Horizons: QIS Research and Innovation for Nuclear
Science, and acknowledges the discussions at the “Many-
Body Quantum Magic” workshop held at the IQuS hosted by
the Institute for Nuclear Theory in Spring 2025. L.E.
acknowledges funding by the Max Planck Society, the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—
EXC-2111-390814868, and the European Research
Council (ERC) under the European Union’s Horizon
Europe research and innovation program (Grant
Agreement No. 101165667)—ERC Starting Grant
QuSiGauge. This work is part of the Quantum Computing
for High-Energy Physics (QC4HEP) working group. A. S.
and C.S. are supported by the DFG (German Research
Foundation, Grant No. 553079183). C.S. acknowledges
financial support from the German Academic
Scholarship Foundation and thanks the organizers and
participants of the QuantHEP 2025 conference at
Lawrence Berkeley National Lab for valuable discussions
contributing to this work.

Views and opinions expressed are those of the author(s)
only and do not necessarily reflect those of the European
Union or the European Research Council Executive

Agency. Neither the European Union nor the granting
authority can be held responsible for them.

Data availability—The data that support the findings of
this article are openly available [45].

[1] D. Gottesman, Group22: Proceedings of the XXII
International Colloquium on Group Theoretical Methods
in Physics, edited by S.P. Corney, R. Delbourgo, and
P.D. Jarvis (International Press, Cambridge, MA, 1999),
pp. 32-43, arXiv:quant-ph/9807006.

[2] S. Bravyi and A. Kitaev, Phys. Rev. A 71, 022316 (2005).

[3] S. Aaronson and D. Gottesman, Phys. Rev. A 70, 052328
(2004).

[4] S. Bravyi and J. Haah, Phys. Rev. A 86, 052329 (2012).

[5] J. Emerson, D. Gottesman, S.A.H. Mousavian, and V.
Veitch, New J. Phys. 16, 013009 (2014).

[6] L. Leone, S. F. E. Oliviero, and A. Hamma, Phys. Rev. Lett.
128, 050402 (2022).

[7]1 T. Haug and L. Piroli, Phys. Rev. B 107, 035148 (2023).

[8] X. Turkeshi, E. Tirrito, and P. Sierant, Nat. Commun. 16,
2575 (2025).

[9] X. Turkeshi, A. Dymarsky, and P. Sierant, Phys. Rev. B 111,
054301 (2025).

[10] P.S. Tarabunga, E. Tirrito, T. Chanda, and M. Dalmonte,
PRX Quantum 4, 040317 (2023).

[11] J. Odavi¢, M. Viscardi, and A. Hamma, Phys. Rev. B 112,
104301 (2025).

[12] G.C. Santra, J. Mildenberger, E. Ballini, A. Bottarelli,
M. M. Wauters, and P. Hauke, arXiv:2510.07385.

[13] P.R.N. Falc@o, P.S. Tarabunga, M. Frau, E. Tirrito, J.
Zakrzewski, and M. Dalmonte, Phys. Rev. B 111, L081102
(2025).

[14] E. Tirrito, X. Turkeshi, and P. Sierant, Phys. Rev. Lett. 135,
220401 (2025).

[15] F. Brokemeier, S. M. Hengstenberg, J. W. T. Keeble, C. E. P.
Robin, F. Rocco, and M.J. Savage, Phys. Rev. C 111,
034317 (2025).

[16] 1. Chernyshev, C. E. P. Robin, and M. J. Savage, Phys. Rev.
Res. 7, 023228 (2025).

[17] S. Cusumano, L. C. Venuti, S. Cepollaro, G. Esposito, D.
Tannotti, B. Jasser, J. Odavi¢, M. Viscardi, and A. Hamma,
arXiv:2504.03351.

[18] G. Aad et al. (ATLAS Collaboration), Nature (London) 633,
542 (2024).

[19] A.J. Barr, M. Fabbrichesi, R. Floreanini, E. Gabrielli, and L.
Marzola, Prog. Part. Nucl. Phys. 139, 104134 (2024).

[20] CMS Collaboration, Rep. Prog. Phys. 87, 117801 (2024).

[21] C.D. White and M.J. White, Phys. Rev. D 110, 116016
(2024).

[22] A. Hayrapetyan et al. (CMS Collaboration), Phys. Rev. D
110, 112016 (2024).

[23] CMS Collaboration, Observation of magic states of top
quark pairs produced in proton-proton collisions at
/s = 13 TeV, Report No. CMS-PAS-TOP-25-001, CERN,
Geneva, 2025, https://cds.cern.ch/record/2926751.

230403-6


https://arXiv.org/abs/quant-ph/9807006
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.70.052328
https://doi.org/10.1103/PhysRevA.70.052328
https://doi.org/10.1103/PhysRevA.86.052329
https://doi.org/10.1088/1367-2630/16/1/013009
https://doi.org/10.1103/PhysRevLett.128.050402
https://doi.org/10.1103/PhysRevLett.128.050402
https://doi.org/10.1103/PhysRevB.107.035148
https://doi.org/10.1038/s41467-025-57704-x
https://doi.org/10.1038/s41467-025-57704-x
https://doi.org/10.1103/PhysRevB.111.054301
https://doi.org/10.1103/PhysRevB.111.054301
https://doi.org/10.1103/PRXQuantum.4.040317
https://doi.org/10.1103/y9r6-dx7p
https://doi.org/10.1103/y9r6-dx7p
https://arXiv.org/abs/2510.07385
https://doi.org/10.1103/PhysRevB.111.L081102
https://doi.org/10.1103/PhysRevB.111.L081102
https://doi.org/10.1103/1jzy-sk9r
https://doi.org/10.1103/1jzy-sk9r
https://doi.org/10.1103/PhysRevC.111.034317
https://doi.org/10.1103/PhysRevC.111.034317
https://doi.org/10.1103/PhysRevResearch.7.023228
https://doi.org/10.1103/PhysRevResearch.7.023228
https://arXiv.org/abs/2504.03351
https://doi.org/10.1038/s41586-024-07824-z
https://doi.org/10.1038/s41586-024-07824-z
https://doi.org/10.1016/j.ppnp.2024.104134
https://doi.org/10.1088/1361-6633/ad7e4d
https://doi.org/10.1103/PhysRevD.110.116016
https://doi.org/10.1103/PhysRevD.110.116016
https://doi.org/10.1103/PhysRevD.110.112016
https://doi.org/10.1103/PhysRevD.110.112016
https://cds.cern.ch/record/2926751
https://cds.cern.ch/record/2926751
https://cds.cern.ch/record/2926751

PHYSICAL REVIEW LETTERS 136, 230403 (2026)

[24] E. Tirrito, P. S. Tarabunga, G. Lami, T. Chanda, L. Leone,
S. F. E. Oliviero, M. Dalmonte, M. Collura, and A. Hamma,
Phys. Rev. A 109, L040401 (2024).

[25] H. Li and F. Haldane, Phys. Rev. Lett. 101, 010504 (2008).

[26] N. Mueller, T. V. Zache, and R. Ott, Phys. Rev. Lett. 129,
011601 (2022).

[27] X. Turkeshi, M. Schiro, and P. Sierant, Phys. Rev. A 108,
042408 (2023).

[28] C. Cao, G. Cheng, A. Hamma, L. Leone, W. Munizzi, and
S.F.E. Oliviero, PRX Quantum 6, 040375 (2025).

[29] C. Cao, J. High Energy Phys. 11 (2024) 105.

[30] D. Qian and J. Wang, Phys. Rev. A 111, 052443 (2025).

[31] F. Andreadakis and P. Zanardi, Phys. Rev. A 113, L0O10404
(2026).

[32] W. Busza, K. Rajagopal, and W. van der Schee, Annu. Rev.
Nucl. Part. Sci. 68, 339 (2018).

[33] J. B. Kogut and L. Susskind, Phys. Rev. D 11, 395 (1975).

[34] N. Klco, J. R. Stryker, and M. J. Savage, Phys. Rev. D 101,
074512 (2020).

[35] S. A Rahman, R. Lewis, E. Mendicelli, and S. Powell, Phys.
Rev. D 106, 074502 (2022).

[36] Otherwise, the Hilbert space would decompose into sym-
metry sectors, whose basis states fall into different sym-
metry classes. The analysis can be done analogously, but
basis states within a symmetry sector may have different
initial values of entanglement entropy.

[37] X. Yao, Phys. Rev. D 108, L031504 (2023).

[38] L. Ebner, B. Miiller, A. Schifer, C. Seidl, and X. Yao, Phys.
Rev. D 109, 014504 (2024).

[39] L. Ebner, A. Schifer, C. Seidl, B. Miiller, and X. Yao, Phys.
Rev. D 110, 014505 (2024).

[40] L. Ebner, B. Miiller, A. Schifer, L. Schmotzer, C. Seidl, and
X. Yao, Commun. Phys. 8, 368 (2025).

[41] For the system under investigation we find the mean restricted
gap ratio of the energy level spectrum to be {(r)} =~
{0.496,0.519,0.531, 0.530, 0.530, 0.527,0.520, 0.505} for

{4} ={0.3,0.4,0.6,0.8,1.0,1.2,1.5,1.7}, compared to
(r)gog = 0.531 [42].

[42] Y. Y. Atas, E. Bogomolny, O. Giraud, and G. Roux, Phys.
Rev. Lett. 110, 084101 (2013).

[43] J. Bolte, B. Miiller, and A. Schifer, Phys. Rev. D 61, 054506
(2000).

[44] D. Das, L. Ebner, S.V. Kadam, I. Raychowdhury, A.
Schifer, and X. Yao, arXiv:2509.182609.

[45] L. Ebner and C. Seidl, Pure SU(2) lattice gauge theory on
square plaquette chains, Zenodo 1.0.0 (2025), 10.5281/
zeno0do.16739090.

[46] J. M. Deutsch, Phys. Rev. A 43, 2046 (1991).

[47] M. Srednicki, Phys. Rev. E 50 (1994).

[48] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol,
Adv. Phys. 65, 239 (2016).

[49] C. Capecci, G.C. Santra, A. Bottarelli, E. Tirrito, and P.
Hauke, arXiv:2505.17185.

[50] H. Wang and T. Zhou, J. High Energy Phys. 12 (2019) 020.

[51] D. Toniolo and S. Bose, Phys. Rev. X 15, 031046 (2025).

[52] H. Liu and S.J. Suh, Phys. Rev. Lett. 112, 011601 (2014).

[53] See Supplemental Material at http:/link.aps.org/suppleme
ntal/10.1103/wtq7-qy11 for an analysis of the coupling
dependence of the entanglement spectrum as well as an
investigation of the magic barrier in the mixed-field Ising
model, which includes Refs. [42,54-56].

[54] Y. Chiba, Phys. Rev. B 109, 035123 (2024).

[55] H. Kim and D. A. Huse, Phys. Rev. Lett. 111, 127205 (2013).

[56] H. Kim, T.N. Ikeda, and D. A. Huse, Phys. Rev. E 90,
052105 (2014).

[57] S. Grieninger, M. J. Savage, and N. A. Zemlevskiy, arXiv:
2601.08825.

[58] G. Cataldi, S. Orlando, and J.C. Halimeh, arXiv:2509
.08868.

[59] J. Cao, R. Joshi, Y. Tian, N. S. Srivatsa, and J. C. Halimeh,
arXiv:2601.16166.

[60] https://iqus.uw.edu.

230403-7


https://doi.org/10.1103/PhysRevA.109.L040401
https://doi.org/10.1103/PhysRevLett.101.010504
https://doi.org/10.1103/PhysRevLett.129.011601
https://doi.org/10.1103/PhysRevLett.129.011601
https://doi.org/10.1103/PhysRevA.108.042408
https://doi.org/10.1103/PhysRevA.108.042408
https://doi.org/10.1103/z3vr-w5c5
https://doi.org/10.1007/JHEP11(2024)105
https://doi.org/10.1103/PhysRevA.111.052443
https://doi.org/10.1103/9x56-2b45
https://doi.org/10.1103/9x56-2b45
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1103/PhysRevD.101.074512
https://doi.org/10.1103/PhysRevD.101.074512
https://doi.org/10.1103/PhysRevD.106.074502
https://doi.org/10.1103/PhysRevD.106.074502
https://doi.org/10.1103/PhysRevD.108.L031504
https://doi.org/10.1103/PhysRevD.109.014504
https://doi.org/10.1103/PhysRevD.109.014504
https://doi.org/10.1103/PhysRevD.110.014505
https://doi.org/10.1103/PhysRevD.110.014505
https://doi.org/10.1038/s42005-025-02298-5
https://doi.org/10.1103/PhysRevLett.110.084101
https://doi.org/10.1103/PhysRevLett.110.084101
https://doi.org/10.1103/PhysRevD.61.054506
https://doi.org/10.1103/PhysRevD.61.054506
https://arXiv.org/abs/2509.18269
https://doi.org/10.5281/zenodo.16739090
https://doi.org/10.5281/zenodo.16739090
https://doi.org/10.1103/PhysRevA.43.2046
https://doi.org/10.1103/PhysRevE.50.888
https://doi.org/10.1080/00018732.2016.1198134
https://arXiv.org/abs/2505.17185
https://doi.org/10.1007/JHEP12(2019)020
https://doi.org/10.1103/ycdh-z8zf
https://doi.org/10.1103/PhysRevLett.112.011601
http://link.aps.org/supplemental/10.1103/wtq7-qy11
http://link.aps.org/supplemental/10.1103/wtq7-qy11
http://link.aps.org/supplemental/10.1103/wtq7-qy11
http://link.aps.org/supplemental/10.1103/wtq7-qy11
http://link.aps.org/supplemental/10.1103/wtq7-qy11
https://doi.org/10.1103/PhysRevB.109.035123
https://doi.org/10.1103/PhysRevLett.111.127205
https://doi.org/10.1103/PhysRevE.90.052105
https://doi.org/10.1103/PhysRevE.90.052105
https://arXiv.org/abs/2601.08825
https://arXiv.org/abs/2601.08825
https://arXiv.org/abs/2509.08868
https://arXiv.org/abs/2509.08868
https://arXiv.org/abs/2601.16166
https://iqus.uw.edu
https://iqus.uw.edu
https://iqus.uw.edu

	Magic Barrier before Thermalization
	Introduction
	Method
	Time dependence of entanglement and antiflatness
	Universal magic barrier and entropy growth
	Coupling constant dependence
	Other quantum chaotic models
	Conclusion
	Acknowledgments
	Data availability
	References


