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Understanding the behavior of quantum many-body systems under decoherence is essential for
developing robust quantum technologies. Here, we examine the fate of weak ergodicity breaking in
systems hosting quantum many-body scars when subject to local pure dephasing—an experimentally
relevant form of environmental noise. Focusing on a large class of models with an approximate
su(2)-structured scar subspace, we show that scarred eigenmodes of the Liouvillian exhibit a transition
reminiscent of spontaneous PT-symmetry breaking as the dephasing strength increases. Unlike previously
studied non-Hermitian mechanisms, this transition arises from a distinct quantum jump effect. Remarkably,
in platforms such as the XY spin ladder and PXP model of Rydberg atom arrays, the critical dephasing rate
shows only weak dependence on the system size, revealing an unexpected robustness of scarred dynamics

in noisy environments.

DOI: 10.1103/4my3-vk6c

Introduction—Recent advances in quantum simulations
[1-5] have opened a window to studying thermalization in
isolated quantum many-body systems [6—10]. Many such
systems are now understood to host atypical nonthermaliz-
ing eigenstates known as quantum many-body scars
(QMBSs) [11-13]. QMBSs are ubiquitous in many physi-
cal systems, including Rydberg atom arrays [14-28], the
Heisenberg-type spin systems [29-32], ultracold atoms
in tilted optical lattices [33—38], superconducting circuits
[39,40], and many others [41-59]. The unique properties
of QMBSs are also of interest in quantum information
processing [60—62]; e.g., they have been used to prepare
Greenberger-Horne-Zeilinger states [63].

The existing platforms for quantum simulation, however,
are prone to decoherence caused by the surrounding envi-
ronment. The decoherence—particularly pure dephasing—
can significantly impact individual qubits [64], limiting
their dephasing time to around 20 ps in current state-of-
the-art superconducting platforms [65]. While dissipation
was studied in kinetically constrained models [66,67]
and time crystals [68—71], its impact on the robustness of
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QMBS states remains poorly understood [72-74]. Previous
studies of QMBSs to perturbations in closed systems
[75,76] suggest that they might quickly thermalize in the
presence of noise. Moreover, while Ref. [72] recently
demonstrated a construction for embedding QMBS into
decoherence-free subspaces, a comprehensive under-
standing of realistic decoherence effects, such as pure
dephasing, remains elusive.

In this Letter, we consider a large class of QMBS models
coupled to the environment via local pure dephasing y on
each site. We focus on models with a so-called restricted
su(2) spectrum generating algebra [77-80], which includes
experimentally realized QMBSs in several platforms
[14,37,39,81]. In the absence of dephasing, these QMBS
eigenstates distribute with nearly equal energy spacings and
the system exhibits long-lived coherent dynamics when
prepared in special initial states. As the dephasing increases
beyond a critical value y, the thermal bulk of the spectrum
undergoes a spontaneous Liouvillian PT-symmetry (LPTS)
breaking transition [82]. This occurs rapidly, as the critical
dephasing is inversely proportional to the square of the
Liouvillian eigenvalue density [82] and hence exponen-
tially small in system size, y, ~ exp(—L). By contrast, we
find that QMBS eigenvalues undergo a distinct spectral
transition at y§, which scales polynomially with system
size, y3 ~ L~!. This difference in scaling has a striking
manifestation for the robustness of QMBS signatures under
dissipative dynamics. We identify the origin of this phe-
nomenon in the quantum jumper effect beyond previously
considered non-Hermitian mechanisms [83,84]. We illus-
trate our conclusions using an experimentally relevant
model of superconducing qubits from Refs. [39,81], while
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in End Matter we provide further evidence for the PXP
model of Rydberg atom arrays [14].

Creutz ladder (CL) model—We consider a paradigmatic
QMBS model describing superconducting qubits in a
Creutz ladder configuration [39,85]. A variant of this
model was used to experimentally demonstrate QMBS-
enabled tunability of entanglement in the presence of
disorder [81]. The total Hamiltonian, H = [:ICL =
Iflh,l + Iflh,z +H,+ H,, is a sum of Hamiltonians I:Ih‘a
for each of the two horizontal legs a € {1, 2} of the ladder,
the vertical coupling between them, H,, and the cross-
coupling H, present in experiment [39,81]:

I:Ih,a = th [(—1)-/*(16}%(1&;,_1‘“ + HC:| )
J
B, =Y (5),67, + He.).
J
i, = fo,j (5;18}1,2 + 5;25,11,1 + HC) (1)
J

where 6+

o 1 the standard raising (lowering) spin-1/2
operator for jth spin in layer a. The ladder contains
L = 2N spins in total. We use “1, |” to denote the standard
spin basis states of a single site, assume open boundary
conditions, and set J =1 as the overall energy scale.
Note that the cross-coupling J, ; can be site dependent
or even random.

When J, ; =0, the CL model hosts exact QMBS
eigenstates, which are simply the Dicke states of a
collective spin of magnitude N:

N

8o =D (ML + 11){N))- (2)

Jj=1

This operator is defined in the basis |{) = |I>, ) =] *),
see Supplemental Material (SM) for details [86]. In the
limit J, ; = 0, the CL Hamiltonian splits into a direct sum
of scar and thermal subspaces, # =3, @® 7, and the
product state [IT) = |11} - - -) has no component outside
S,. Thus, IT) undergoes perfect revivals when J, ; =0,
corresponding to the free precession of the collective spin.
On the other hand, when J, ; # 0, the QMBS eigenstates are
only approximately given by the Dicke states, and a small
coupling V then connects the scar and thermal subspaces,
H= 3’0 @ T+ V. This causes the revivals to acquire a
decaying envelope, as observed in experiment [81].
Liowvillian spectral transition—We now consider each
spin to have local decoherence to a bath. Under the Markov
approximation, such a system is generally described by
a Liouville superoperator [87]. Here, we focus on pure
dephasing, with the corresponding superoperator

L=-iH®I-1® H*) +yD, (3)

where y is the pure dephasing rate, the dissipator is
D=D-Y,;1;®1; with D' = ),6% ® 6. The opera-
tor |E,)(E,| in £ has a vector representation given by
|E,) ® |E,,) [87], where |E,) and |E,,) are eigenstates of
the entire Hamiltonian with n,m = 1,2, ..., D and D is the
Hilbert space dimension. The kth eigenvalue and eigen-
mode of the Liouville superoperator in Eq. (3) are denoted
by A, and |4), respectively, with k=1,2, ...,D2.
To understand the spectral properties of £, we perform
a transformation L' =L+ y(Tr(D)/Tr(Z))Z, with
=1 ® 1 , which makes the Liouvillian spectrum trace-
less, i.e., sets the average of Re(4}) to zero [82].

For an isolated system with cross couplings turned off,
y =Jx; =0, the Liouvillian of scar subspace is &) =
—i(So ® T =1 ® S;). The spectrum of S, is purely imagi-
nary and the eigenmodes are tensor products of previously
mentioned Dicke states for Eq. (2):

0 0 .
D=1 ) ®IES). AL =i(ES,,

—ES)=2il, (4)
where ES and |ES) represent the eigenenergy and eigenstate
of S, respectively. For later convenience, we use indices
l==N,-N—+1,....N and s =0,1,...,N —|l| to label
the scar eigenmodes. For small y, we will use the overlap
with states in Eq. (4) to identify QMBS eigenmodes of
the full Liouvillian. For stronger dephasings, we identify
QMBS states by following smooth changes of the spectrum
as y is slowly varied.

The Liouvillian spectra of the CL model in Eq. (1) with
Jy =0.66, J ; = 0.1 are presented in Fig. 1. We show
illustrative examples of the spectra before (a) and after
(b) the spectral transition. The QMBS eigenmodes (red and
blue circles) are distinguished by their enhanced overlap
with the state |pp)) = |II) ® |IT), also shown in Fig. 1.
These eigenvalues are furthermore distinguished by their
symmetry quantum number p = 41 under inversion,
generated by [[;(67,67,) ® (67,67,). Before the spectral
transition, Fig. 1(a), the identified QMBS eigenvalues
cluster on the imaginary axis, unlike the thermal eigen-
values (yellow and gray circles). After the transition
[Fig. 1(b)], the same QMBS eigenvalues exhibit a quali-
tatively different distribution pattern in the form of a sparse
diamond grid across the complex plane. For a system of N
qubits per leg, the QMBS eigenvalues undergoing this
transition are layers [ = —N,2 — N, ...,N —2, N in Eq. (4).

Thus, they alternate between inversion symmetry sectors

given by p = (=1)L.

The change in the distribution of eigenvalues in the
complex plane in Fig. | is reminiscent of an LPTS breaking
transition [82]. However, most of the thermal eigenvalues
have already undergone LPTS breaking at y = 0.0005 in
Fig. 1(a), suggesting that QMBS eigenvalues undergo a
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FIG. 1. (a),(b) The Liouvillian spectra (left panel) and the
overlap with |py)) (right panel) of the CL model, Eq. (1), for
dephasing strengths y = 0.0005 (a) and 0.02 (b). We plot the
imaginary part of Liouvillian eigenvalues 4, against the real part
of shifted eigenvalues ;. Red and blue dots represent scar (S)
eigenvalues, while yellow and gray ones represent thermal (T)
eigenvalues, labeled according to their inversion symmetry
quantum number, p = =£1. Open black circles represent scar
states corresponding to local maxima in the overlaps (right
panels). The scar eigenvalues in “S, —1” sector undergo a spectral
transition as y increases, while those in “S, 41" do not [compare
red dots in panel (a) with (b)]. The data is obtained by exact
diagonalization for couplings J, = 0.66, J, ; = 0.1, system size
L = 10 with open boundary conditions.

distinct transition. Moreover, it is only a subset of those
eigenvalues belonging to “S,—1" sector in Fig. 1 that
undergo such a transition. Below we show that the spectral
transition of these QMBS eigenvalues leaves an imprint on
the dissipative dynamics, and we develop their perturbative
description to reveal the distinction from an LPTS breaking
transition of thermal eigenvalues.

Liouvillian perturbation theory—To examine the spec-
tral transition in Fig. 1 more quantitatively, we study the
spectra as we sweep the dephasing rate y in Fig. 2(a). At
weak dephasing, several eigenvalues with inversion sym-
metry p = —1 remain stationary along the real axis, while
moving along the imaginary one. As y increases, pairs
of these eigenvalues collide on the imaginary axis and
abruptly bifurcate into two branches at specific dephasing

rates yi<l’2’3) along the real axis [for clarity, only the
positive branch is shown in Fig. 2(a)].

To understand the spectral evolution in Fig. 2(a), we have
developed a Liouvillian degenerate perturbation theory
valid for small y. If we neglect the coupling between the
bath and the thermal subsystem, the effective Liouvillian
for the scar subspace is Ls=~S)+ &+ ysD, where
E=-iE®I1-1®2%) is the self-energy superoperator
that includes the effect of thermal bulk [86]. The effective
dephasing y.; = 2y accounts for the magnitude of collec-
tive spin being half the system size, N = L/2.

In the regime ||€+ yD'|| < ||Soll, the traceless
Liouvillian eigenvalues for the /th layer are modified with

respect to Eq. (4) into ﬂ'/(l,s) ~ /1521) + /1211!1), where the first-

order corrections /18‘)” are obtained by diagonalizing the
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FIG. 2. (a) The evolution of the Liouvillian spectrum in the CL
model, Eq. (1), with couplings J,, = 0.66, J, ; = 0.1 and system
size L = 10 with open boundary conditions. We plot Im(1) and
Re(4'/y), as the dephasing rate y is varied. For improved
visualization, the imaginary eigenvalues have been offset within
a small window. Analytical prediction of perturbation theory
(lines) are in good agreement with the numerical data, in
particular for the spectral transition points yi(]’m) (black stars).
(b) The average spectral transition point, 75 L, as a function of the
system size L obtained in perturbation theory. (c) The average
spacing & between the scarred and thermal eigenenergies in the
dephasing-free case, plotted as a function of the Hilbert space
dimension D.

projection of (€ + y.D’) to the degenerate subspace of the
Ith layer. The projected matrix consists of an imaginary
diagonal matrix &; and a real shift matrix Dj:

51 =1iX Diag [Z(Z,O)’z(l,l)’ cees E(Z.N—\Zl)} s

N-|l|-1

0 0
> duy AT+ He]. (5)

s=0

D=

with £y = (ES[ZIEY) — (ES, [EIES,,) and dj,) =
Vi+DWN=s)(|l|+s+1)(N-]|l|-s)/N [86]. By
diagonalizing (&, + y.¢D)), we obtain the perturbed eigen-
values for the /th layer and plot them against the numerical
results for the same parameters in Fig. 2(a).

The perturbation theory results in Fig. 2(a) compare
well with the numerics for both the imaginary and the real

parts of the Liouvillian spectrum. The analytical prediction
(1.2.3)

of yi implies that the spectral transition in QMBS
Liouvillian spectra originates from the competition
between dissipation y. D’ and self-energy £. While differ-
ent QMBS eigenvalues undergo bifurcations at generally

different values of yi(m'”), the mean value 7§ has a robust

universal scaling with L and determines the dynamical
signatures studied below. Hence, we estimate the spectral
transition point for QMBS Liouvillian eigenvalues:

e ~ €N < ID|7 ~ L7, (6)
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which follows from the operator norm of D’ being
extensive in system size, while ||£|| is independent of
L [86]. This estimate, shown in Fig. 2(b), is consistent with
Fig. 2(c), where we numerically extract the average spacing
6 for scar and thermal eigenvalues in the dephasing-free
case (y = 0) as a function of the Hilbert space dimension D.
The typical spacing for thermal eigenvalues scales as
6~ LD™2, while the scar &° is nearly independent of D.
Then, the heuristic estimate of the typical spectral transition
point, 75 ~ 6%||D’||~!, is in agreement with Eq. (6). This is
in stark contrast with the exponential scaling 7, ~ D> of
thermal eigenvalues [82]. Thus, the presence of QMBSs
gives rise to spectral transition points that scale polyno-
mially with system size and have robust dynamical sig-
natures, as shown next.

Dynamical signatures—We demonstrate that weak
dependence of 7 on system size allows for QMBS
signatures to persist in open-system dynamics defined
by the evolution equation d|p(¢))/dr = L|p(1)) [87].
We integrate this equation starting from the initial state
lpo) = |pm)) and characterize subsequent time evolution by
computing the fidelity and the density imbalance,

F(1)=

Z«Pouk»ze'l"t
k

=74 ()
J

where  (Z;), = (p(1)|65 ® 65lp(1)). As the fidelity
dynamics directly corresponds to the Liouvillian spectrum,
the variance of fidelity density at the first revival point
In(F,)/L, illustrated in Fig. 3(a), can reveal the Liouvillian
spectrum transition. Furthermore, the imbalance dynamics
takes the form of a damped oscillation [Fig. 3(b)], which we
fit using /(¢) = exp(—pt) cos(wt) to extract the decay rate
f and revival frequency @. In practice, we found it sufficient
to fit the data up to the first revival period [86].

In Fig. 3(c), we plot In(F,)/L as a function of yL, while
the extracted imbalance parameters (w, ) are plotted in
Fig. 3(d). Below the spectral transition point, both quan-
tities are well converged and weakly depend on yL, which
is indeed consistent with the spectral transition results in
Fig. 1 and perturbation theory estimate in Eq. (6).

The dissipative dynamics in Fig. 3 highlight the differ-
ence between the QMBS systems where the su(2) spectrum
generating algebra is exact (J, ; = 0) versus only approx-
imately obeyed (J,; # 0) within the scar subspace. In
Figs. 3(c) and 3(d), we notice that the fidelity density and
decay exponent /3 in the exact scar case both display power-
law dependence on yL, in stark contrast with the plateau
observed for J, ; # 0. Thus, only approximate QMBSs
undergo the spectral transition at a nonzero 5. This
difference in behavior is due to the exact energy spacing
at J, ; = 0, which leads to degeneracies on the imaginary
axis in Eq. (4). Hence, the Liouvillian eigenvalues of
exact scars jump into the complex plane for any y # 0,
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FIG. 3. The time evolution of the fidelity F(z) (a) and the

density imbalance /(¢) (b) for two dephasing rates at system size
L = 16. The black circles in (a) represent the first peak of F(t).
The black dash-dotted lines in (b) represent the fit of I() (see
text). The fidelity density at the first revival, In(F)/L (c) and the
decay coefficient f# of density imbalance (d) for the CL model as a
function of dephasing y. For y < 73, both the fidelity density and
imbalance decay are well-converged in system size, suggesting
the robustness of scar signatures over a finite range of yL. By
contrast, in the exact scar case with J,_ = 0, the imbalance decay
is highly sensitive to y across the whole range. All data is for
Jy =0.66, J,;€[0,0.2] drawn from a uniform distribution.
Parameters (3, ) are obtained by fitting the imbalance dynamics
over the time period [0, 3.2]. These results are obtained by TEBD
algorithm based on ITensor library [88].

as confirmed in SM [86]. However, as the dephasing rate in
Figs. 3(c) and 3(d) increases beyond 7}, the behaviors of
approximate and exact scars become similar.

The nature of the spectral transition—In generic chaotic
models (without QMBSs), the LPTS breaking can be
understood from the symmetry classification developed
in Ref. [89]. In particular, the existence of a superoperator
T _ that obeys 7_L7-'=—L is responsible for the
dihedral symmetry of the Liouvillian spectrum and PT
breaking. Aty =0, | — (2)*)) and |1’)) represent the same
state which lies on the imaginary axis. Beyond a certain y,
PT|A) = | = (4)*)) continues to hold, but ' and —(1')* are
no longer the same. Thus, after this critical point, pairs
of degenerate eigenvalues move symmetrically away from
the imaginary axis along the real axis, resulting in LPTS
breaking [82].

One may wonder if a similar, symmetry-based argument
can be applied to the QMBS spectral transition observed in
Fig. 1 above. For the CL model, there indeed exists an
analogous operator 7 _ (see SM [86] for its explicit form).
However, the spectral transition in the CL model only
occurs in inversion symmetry sector p = —1(+1), corre-
sponding to odd (even) N. See N =5 case in Fig. 1.
In contrast, the symmetry is already broken for infinitesi-
mal y in p = +1(—1) sector, also correlating with even
(odd) N. Thus, 7 _ by itself does not fully account for the
observations in Fig. 1. As a more transparent example,
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in End Matter, we perform the same analysis for the PXP
model of Rydberg atom arrays, finding a similar transition
in its Liouvillian spectrum as a function of dephasing.
The PXP model manifestly lacks the 7 _ symmetry [86],
while it displays a spectral transition similar to Fig. 1 and
robustness of QMBS dynamical signatures similar to
Fig. 3. Thus, we conclude the QMBS spectral transition
is not due to symmetry breaking, but due to the smallness of
matrix elements connecting the QMBS subspace with
thermal bulk of the spectrum.

Conclusions—By analyzing the Liouvillian spectra and
dynamics in the presence of dephasing, we demonstrated
that QMBSs can undergo a dissipative transition that
resembles LPTS breaking. This behavior distinguishes
approximate scar states from thermal states; the former
exhibit a certain degree of robustness to a dephasing
dissipation, reminiscent of their behavior under closed
system dynamics when prepared in a thermal Gibbs state
[90]. We note that quantum noise is crucial for observing
the QMBS Liouvillian spectral transition phenomena as the
latter do not persist under a non-Hermitian Hamiltonian
approximation [86].

We supported our conclusions using the CL and PXP
models realized in superconducting and Rydberg plat-
forms. Notably, these two platforms allow for controlled
dephasing noise [91,92] and can be used test our predic-
tions for the imbalance dynamics by tuning the dephasing
rate. Further numerical evidence for the Liouvillian spectral
transition in the 1D tilted Fermi-Hubbard model [35], and
ladder models with Hilbert space fragmentation [93] is
presented in SM [86]. All of these models are described by
the similar effective Hamiltonian A = 3’0 ® T+ ‘7, sug-
gesting broader applicability of our conclusions to models
with this structure. Furthermore, the example of Hilbert
space fragmentation suggests that the Liouvillian spectral
transition may extend beyond QMBSs to other types of
weak ergodicity breaking, warranting further study.
Another open question concerns other types of dissipation
beyond pure dephasing and their impact on the spectral
transition. Finally, in closed systems, QMBSs have been
proposed for quantum sensing [60], and it would be
interesting to explore the sensitivity of such applications
to dephasing noise.
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End Matter

Transition in the PXP model—Another paradigmatic
model of QMBSs is the PXP model describing Rydberg
atom arrays [14]. The PXP Hamiltonian is [95,96]

L
H=Hpp=Q) P, 161P;,
J

(A1)

where 8;” “ are the Pauli matrices and we set the Rabi

frequency to Q = 1. We impose periodic boundary
conditions, with L +1=1. The PXP model features
revival dynamics when the system is quenched from the
initial state |Z,) = |11 ) [15,97]. Below we
demonstrate that the PXP model with pure dephasing
exhibits similar behavior to the CL model.

PXP spectral transition—Figures 4(a) and 4(b)
illustrate the Liouvillian spectra for the PXP model for
two dephasing rates. These results are qualitatively
similar to the CL model in Fig. 1: for weak dephasing
y = 0.0004, the QMBS eigenvalues cluster around
Re()) =0, while at larger dephasing, y = 0.04, these
eigenvalues pair-wisely shift along the real axis. The
main difference with Fig. 1 is that the PXP model does
not possess the 7 _ superoperator obeying 7 _L7-! =
—L [89]. Hence, its Liouvillian spectrum, even at small
y = 0.0004, is not confined to the real- and imaginary
axes and LPTS is already broken at that point, even for
QMBS eigenvalues. However, the scar eigenvalues
cluster around the axes at small y and exhibit similar
movement under dephasing as in the CL model. We
next show that scar eigenvalues of the PXP Liouvillian
indeed undergo sharp jumps upon sweeping the
dephasing rate, similar to the CL model.

Figure 4(c) illustrates the imaginary part of eigenvalues
and real part of normalized eigenvalues 1’/y as a function
of y. Several eigenvalues with momentum ¢ = 0 remain

stationary at weak dephasing, while some pairs of eigen-

values abruptly bifurcate into two branches around specific

dephasing rates 7/5(1'2“'). In contrast, no such bifurcations

occur in the momentum sector g = &, mirroring the
behavior of the CL model with respect to inversion
symmetry in Fig. 2. The QMBS eigenmodes are remark-
able for their large overlap with |pz,)) = |Z,) ® |Z,).

Upon closer inspection of Fig. 4(c), we see that the
process of eigenvalue bifurcation is smoother compared to
the CL model in Fig. 2(a). This can be understood in the
framework of perturbation theory Ls~ Sy + & + v D,
suitably extended to the PXP model where the QMBS
Hamiltonian S, and the self-energy 3 are expressed in a
dimerized spin-1 basis [24,98]. The dissipator D' =
D 67 @ 67 splits into a linear and quadratic term upon
mapping to the dimerized spin-1 basis; see SM [86].
When only the linear term is considered, the spectrum
exhibits PT symmetry and spectral transition. However,
when both linear and quadratic term are included, the
7_ symmetry is no longer present but we capture
the rounded profile of the spectral evolution curves.
The perturbative estimate, including both linear and
quadratic terms, is plotted in Fig. 4(c) and shows good
agreement with the numerics.

The typical Liouvillian spectral transition point 75 for
the PXP scar eigenmodes can be estimated from the
spacings 6 of nondegenerate scar eigenvalues at y = 0
according to the same expression, 75 ~ &||D'||”", used
previously for the CL model in the main text. As confirmed
in Fig. 4(e), 6 ~ LD~ for thermal eigenvalues, while the
scar ¢ is nearly independent of D. Thus, the typical critical
point for PXP scar eigenmodes also scales as 75 ~ L1,
consistent with the approximate scars in the CL model.
This is also confirmed by the perturbation theory result in
Fig. 4(d), where we keep only the linear term of the

180401-8


https://doi.org/10.1103/PhysRevX.13.031019
https://doi.org/10.1103/PhysRevA.110.042606
https://doi.org/10.1088/2058-9565/ac8cad
https://doi.org/10.1088/2058-9565/ac8cad
https://doi.org/10.1103/PhysRevLett.121.123603
https://doi.org/10.21468/SciPostPhys.11.4.074
https://doi.org/10.5281/zenodo.17302575
https://doi.org/10.5281/zenodo.17302575
https://doi.org/10.5281/zenodo.17302575
https://doi.org/10.5281/zenodo.17302575
https://doi.org/10.1103/PhysRevB.69.075106
https://doi.org/10.1103/PhysRevA.86.041601
https://doi.org/10.1103/PhysRevB.98.155134
https://doi.org/10.1103/PhysRevB.98.155134
https://doi.org/10.1103/PhysRevB.108.054412

PHYSICAL REVIEW LETTERS 135, 180401 (2025)

@ )
? ° Y o
10 . o % 10 . 5
] % o oS % %
= ~ e s5f o @ b Py T,
5 . & ° 20 S o ? % .\.
= ° =@’ ® 22 s LI 0‘0.: .0
El § Ofee o0 O o0 @
= Opesstu s 'i.: X o A £e3
B 1 . ..: %% .3.. .. ‘.0: e S
(]
5 .'i. s 5t v 9 N &, 5o
-10 . .. :. _10 o :~. ?
-4-20 2 4 \(gu \Q:L S 420 2 4 \6& \Qﬂ 3
Re(W/y)  MemPdl  Rev/m) ozl
® ¢=0, Num. —— 0, Theo.
(C) Z;‘,{, Num. 7, Theo. (d)wo
R K A AAK
8 12 16 20
L

Tm(X)
(arb. units) (5\-

0.02 0.03 102 10° 10t

FIG. 4. (a),(b) The Liouvillian eigenspectra of the PXP model
for dephasing strengths y = 0.0004 and y = 0.04. Red and blue
dots represent scar (S) eigenvalues, while yellow and gray ones
represent thermal (T) eigenvalues. These are further classified by
momenta ¢ = 0 and 7z under translations. The right panels in
(a),(b) show the overlaps of Liouvillian eigenmodes with |p, ),
with black open circles highlighting local maxima. (c) The
evolution of the Liouvillian spectrum, Im(4) and Re(4'/y), as
the dephasing rate y is varied. For improved visualization, the
imaginary values in panel (c) have been shifted within a small
window. The curves are results of perturbation theory, following
Eq. (5) [86]. (d) The average spectral transition point 75L as a
function of system size L obtained in perturbation theory. (e) The
average scar eigenvalue spacing 8, at zero dephasing, plotted as a
function of the corresponding sector dimension D. Data in panels
(a)—(c) is obtained by exact diagonalization of the PXP model for
a system size of L = 10 with periodic boundary conditions.

dissipator, allowing to unambiguously identify the spectral
transition points and their mean value.

Finally, similar to the CL model in the main text, we
check for the robustness of scar signatures in the dynamics
by performing time evolution generated by the Lindblad
equation for the PXP model with pure dephasing. Here we
take as initial state [p7, )) and the resulting fidelity density at
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FIG. 5. The dynamics of the global fidelity F(¢) (a) and

imbalance () (b) in the PXP model for two dephasing rates
at system size L = 16. The black circles in (a) denote the first
fidelity revival peak, F;, while the black dash-dotted lines in (b)
are fits of the imbalance dynamics to 1(t). (c) The global fidelity
density at the first revival, In(F;)/L and (d) the decay coefficient
p of density imbalance for the PXP model as a function of
dephasing y. Parameters (f,®) are obtained by fitting the
imbalance dynamics over the time period [0, 5]. These results
are obtained by exact diagonalization.

the first revival, In F; /L, as well as the imbalance decay f
and frequency w, are shown in Fig. 5. These results mirror
those for the CL model, in particular f has a similarly weak
dependence on yL as long as y < 75.

To confirm that these results are due to approximate
scars, we consider a deformation of the PXP model
[17,19,80] for which QMBSs assume a nearly exact form:

L L2
Hppxp = Hpxp + Z ZJde—la‘fpj+1(3§_d +6514)-
7 d=

(B1)

At the optimal coupling strength J4 = 0.051(¢% '+
$'=4)2, with ¢ = (1 + /5)/2, the scar subspace contains
L + 1 eigenstates that are almost perfectly decoupled from
the thermal bulk of the spectrum [17]. This DPXP model
indeed behaves similarly to the exact scars in the CL. model
with J, ; =0, e.g., the imbalance decay coefficient f
exhibits a similar power-law dependence on y in both
cases. The similarity extends to the Liouvillian spectra, as
the DPXP model also exhibits a spectral transition for
infinitesimal y [86].
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