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Quantum many-body scarring (QMBS) is a recently discovered form of
weak ergodicity breaking in strongly interacting quantum systems, which
presents opportunities for mitigating thermalization-induced decoherence
in quantum information processing applications. However, the existing
experimental realizations of QMBS are based on systems with specific
kinetic constrains. Here we experimentally realize a distinct kind of QMBS
by approximately decoupling a part of the many-body Hilbert space in the
computational basis. Utilizing a programmable superconducting processor
with 30 qubits and tunable couplings, we realize Hilbert space scarringina
non-constrained model in different geometries, including alinear chain and
quasi-one-dimensional comb geometry. By reconstructing the full quantum
state through quantum state tomography on four-qubit subsystems, we
provide strong evidence for QMBS states by measuring qubit population
dynamics, quantum fidelity and entanglement entropy after a quench from
initial unentangled states. Our experimental findings broaden the realm of
scarring mechanisms and identify correlations in QMBS states for quantum
technology applications.

Strongly coupled quantum systems provide a wealth of opportunities
for fundamental physics as well as practical applications that utilize
quantumentanglement' . However, the majority of such systems, even
ifthey are perfectlyisolated from the external world, undergo chaotic
dynamics and information scrambling>®—the process described by
the so-called eigenstate thermalization hypothesis (ETH)’ 2. Devel-
oping methods to defy the ETH so as to preserve quantum informa-
tion in long-lived dynamic states has become an important goal of
quantum sciences®.

The recent discovery of quantum many-body scarring
(QMBS)'*""—a many-body analogue of the scarring phenomena in
quantum billiards'®—has shown that certain many-body systems can
host non-thermalizing eigenstates at high-energy densities above
their ground state. In such systems, some special initial states have
long-lived coherent dynamics, in stark contrast to the rapid thermaliza-
tion from other initial conditions. This offers anew route for designing
non-ergodic dynamics compared with, for example, fine-tuning the
couplings of systems to make them integrable, and it avoids the need
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Fig. 1| Experimental setup and identification of QMBS states via quantum
state tomography. a, Experimental SC circuit of device I with qubits and
couplersinasquare geometry. The light-grey dashed rectangles represent
dimers that constitute the chain withintracoupling/,, intercoupling /. and small
cross-coupling/,. b, Schematic (upper left) of the dynamics of the collective
dimer states |/7) and |/7’). Numerics of the ratio 4/I"as a function of system size L
for different ratios of /,//., with J,/2min the range of [0.3, 1.2] MHz (lower left).
Four-dimensional hypercube in the Hilbert space (right). ¢, Quantum state
tomography for the four-qubit fidelity F,(¢) and entanglement entropy S,(¢) ina
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30-qubit chain for thermalizing initial states, namely, |0101...0110) (i) and
|01001...100110110) (ii), and the QMBS state /T’ (green). The couplings are

J,/21=1.5/./21t ~ -9 MHz. The inset shows the Fourier transform of the four-qubit
fidelity with the peak at w,/21t = 21 MHz. The dashed grey line in the bottom panel
represents the maximal thermal entropy for the subsystem, approaching to
4In(2).d, Same data as ¢, but for different couplings, namely,

J,/2n=2.5/./21t ~-10 MHz from device Il and w{/Zn ~22 MHz.Schematicsincand
dillustrate the bipartition of the system.

to strongly disorder the system to drive it into a many-body localized
phase . Because of their ability to suppress thermalization for only
those selected states, QMBS is expected to be useful for storing quan-
tum information', generating Greenberger-Horne-Zeilinger entan-
gled state” and in quantum-enhanced sensing”. However, although
there hasbeena proliferation of theoretical studies on QMBS*>*, the
experimental realizations of QMBS remainin short supply. The existing
QMBS experiments remain focused on the kinetically constrained PXP
model***, which has been effectively realized using Rydberg atoms™*’
and ultracold bosons in optical lattices®®. More recently, ultracold
lithium-7 atomsinanopticallattice, which realize the Heisenberg spin
model, have been explored as a host of non-thermalizing helix states,
reminiscent of QMBS*’.

In this Article, we report the observation of a new class of QMBS
states on a superconducting (SC) processor. In contrast to previous
realizationsin kinetically constrained Rydberg atomarrays, we design
QMBS by weakly decoupling one part of the Hilbert space in the com-
putational basis. Our approachisinspired by the topological structure
of the Su-Schrieffer-Heeger (SSH) model of polyacetylene*®, which
we utilize to create a nearly decoupled subspace with the structure
of the hypercube graph. This subspace gives rise to emergent QMBS
phenomena, including many-body revivals from special initial states
residing in the hypercube, as well as the band of scarred eigenstates.
Meanwhile, the entire system thermalizes due to weak cross-couplings
between non-nearest-neighbouring qubits. One of the advantages of
our SCplatformis the tunable XY coupling between qubits (Methods)
on a6 x 6 square lattice configuration, which enables us to emulate
many-body systems with both one-dimensional (1D) and quasi-1D
systems with a comb shape. We investigate circuits of up to 30 qubits
and 29 couplers, with the Hilbert space dimension of 155,117,520 —far

beyond the limits of classical simulation. The measurements of popu-
lation dynamics and quantum state tomography for entanglement
entropy and quantum fidelity provide strong evidence of the emer-
gence of robust QMBS states, as we demonstrate by directly comparing
their slow dynamics against conventional thermalizing states. Our
realization of anew QMBS paradigminasolid-state SC platform enables
a systematic exploration of the fundamental physics of many-body
scarringin systems with highly tunableinteractions and configurable
lattice topology beyond one spatial dimension.

Mechanism of Hilbert space scarring

Our experiment utilizes a two-dimensional SC qubit array** (Fig. 1a),
which features high-density integration and high degree of control-
lability over local couplings***, allowing to emulate different models
inasingledevice. Wefirstconsider the ‘snake’-like qubitlayout (Fig.1a).
This layout exploits the structure of the SSH chain*’, where the intra-
dimer coupling/; ; =/, (i € odd) is slightly stronger than the inter-
dimer coupling/; ., =J. (i € even). Thismodel is motivated as follows.
In the limit/, » J,, each dimer with one photon behaves as a nearly
free two-level system. Hence, the SC qubit systemisisomorphictoa
free spin-1/2 paramagnet. Such a system supports quantumrevivals,
butthey are essentially of the single-particle origin. When/,and /. are
comparable in magnitude, they are in the regime of the SSH model
where quench dynamics from fully polarized and Néel initial states
hasrecently been investigated***. Although the Néel state does not
display persistent revivals, we will show below that it is possible to
identify, based onthe graph structure of the Hamiltonian, other initial
states that do exhibit quantum revivals, even after the interactions
break integrability and cause the system to thermalize for most of
the other initial states.
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Fig. 2| Experimentally observed qubit dynamics. a,b, Contour diagrams
(devicel) of the experimental (Exp.) qubit population as a function of interaction
time for a QMBS state (a) and a rapid thermalizing state (b). ¢,d, Generalized
imbalance /() extracted from the plotsina (c) and b (d) as a function of
interaction time. The insets show the imbalance dynamics from experiments
(dots or circles) and numerical (num.) simulations (solid curves) in a 20-qubit
chain. e f, Fourier transformation amplitude of theimbalancein c (e) and d (f),
which characterizes the squared overlap between the initial states and energy

eigenstates. The time window for the fast Fourier transform is extended to 4 ps
withzero padding. g, Fourier peak as a function of coupling ratio/,//. in a chain of
L =20 from experimental measurements (green hexagrams) and numerical
simulations (solid curve). h, Squared Fourier amplitude g2(w = w,)of |a) for

120 randomly chosen initial product states, including two QMBS states (green
hexagrams) that clearly stand out from the rest of the thermalizing product
states (yellow squares). The simulation parameter values in c-fare

J,/2n=-9.3 MHz,J,/2nt=- 6.1MHz and/,/2n € [0.3,1.2] MHz.

We identify candidate QMBS states based on their special loca-
tion in the Hamiltonian adjacency graph. Each dimer has four states:
|dy) =100),|d,) = |11}, |d.) =110) and |d_) = |01). At half-filling, that is, with
the number of photons N equal to half the total number of qubits L, a
special class of dimerized states can be identified. All these states have
one photonineachdimer (thatis, they only containd, ord_); they form
the vertices of an N-dimensional hypercube, with all the edges (that is,
Hamiltonian matrix elements) of equal weight (Fig. 1b). Among these,
the collective states |7y =|d.d_d.d_---Yand |IT'y=|d_d.d_d,---) have the
unique property of only having intradimer couplings and they are
located at opposite corners of the hypercube (Fig. 1b). This suppresses
theleakage of informationin the states |/7) and |/T’), with the other states
inthe hypercube playing therole of a ‘buffer’ area. To show that |/7) and
|7y are bona fide QMBS, it is crucial to demonstrate that (1) revivals
from |/7T) and |[T’) states persist when we break integrability and allow
all the states to thermalize; (2) the revivals are a ‘many-body’ effect,
that is, they are not due to the hypercube being trivially decoupled
fromtherest of the Hilbert space.

In our setup, thermalization is naturally induced by irregular
cross-couplings, /,/2m, experimentally in the range of [0.3, 1.2] MHz—
the couplings between two next-nearest-neighbour qubits with a physi-
cal separation distance of a; = 2a,, where a,= 0.8 mm is the
separation distance of two nearest-neighbour qubits. These random
couplings break the reflection symmetries of the circuit and thermalize
the system, as confirmed by the energy-level spacings following the
Wigner-Dyson distribution with the parameter (r) = 0.53 (Supplemen-
tary Information). We note, however, that it is also possible to break
integrability via translation-invariant perturbations that even enhance
the revivals from the |/7) and |IT) states, further demonstrating the
importance of many-body effects (Supplementary Information).

To quantify theimpact of the hypercube on the dynamics, note that
the sum of the hypercubic-thermal couplings (interdimer couplings

and cross-couplings) gives the decay rate I'of the hypercube to the ther-
malized parts. The summation of intra-hypercubic couplings A is given
by the number of hypercubicedges, thatis, A = N x 2V, TheirratioA/l
converges to a finite value for different values of /,//. (Fig. 1b), which
shows that the hypercubeis not trivially disconnected from the rest of
the Hilbert space. At the same time, although other parts of the Hilbert
spaceare frustrated by irregular J, couplings, no two states within the
hypercube are linked by them; therefore, the hypercubic structure is
robust since the cross-couplings do not affect the dynamics withinit.

Tomographic measurements
The experimental observations of QMBS states in our SC processor are
presented in Fig. 1c,d. With high-precision control and readouts, we
were able to performtomography measurementsto directly obtain ele-
ments of the reduced density matrix p, of subsystem A. From these, we
evaluate the dynamics of the subsystem fidelity as F,(¢) = Tr[p,(0)p,(0)]
and bipartite entanglement entropy as S,(¢) = Tr[p,(t)log[p,(¢)]]. The
complexity of such measurements rapidly grows with the size of sub-
system A; below, we consider A to be four qubits (schematic above
Fig. 1c). We emphasize that although we consider a relatively small
subsystem here, the four-qubit fidelity F, mirrors the behaviour of the
full fidelity, as numerically shownin the Supplementary Information.
The data pointsin Fig. 1cgive, for a30-qubit chain, the time evolution
of the four-qubit fidelity for the collective state |[/7) and two typical
thermalizing states. The fidelity of the QMBS state exhibits revivals with
aperiod of about 50 ns and the peak value of the first revival can be as
high as 0.5, whereas nosuchrevivals occur for the thermalizing states.
InFig.1c (bottom), we measure the time evolution of S,(¢) for QMBS
and two conventional thermalizing states. Compared with the thermal-
izing states, the scarred dynamics leads to a slightly slower growth of
entanglement entropy, superposed with oscillations whose frequency
is twice that of fidelity revivals (Fig. 1c). This double frequency is due

Nature Physics | Volume 19 | January 2023 | 120-125

122


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-022-01784-9

to the fact that the system oscillates between |/T) or |/T') states. Thus,
entropy is locally minimized or maximized (depending on the choice of
subsystem) when the systemis near either of these states, whereas the
fidelity only measures the returnto theinitial state |[/7’). In our experi-
ment, both scarred and thermalizing states ultimately approach the
Page entropy, that s, 4In(2), of the four-qubit subsystem.

We note that scarring, particularly the rate of entanglement
entropy growth, canbeimproved by increasing the couplingratio/,//.to
2.5 (Fig.1d). This ratio controls the coupling of the hypercube to the rest
ofthe Hilbert space, as we emphasized above. Furthermore, asshownin
the Supplementary Information, some regular perturbations, for exam-
ple, a next-next-nearest-neighbour coupling, can efficiently suppress
the entropy growth of the scarred state. Similarly, the periodic driving
ofalocal potential can noticeably enhance the scarred fidelity revivals
and inhibit the entropy growth, as also observed in Rydberg atoms".

Qubit dynamics beyond the limit of classical
simulations

The measurement of the qubit population dynamics is more time sav-
ing than tomography; therefore, it allows us to further probe ther-
malization by randomly choosing many initial product states. The
generalized population imbalance is defined as
I(t) =@1/L) 25(5?(0))(85@)). Theimbalance is determined by the over-
laps |(E,|a)|* of energy eigenstates |E,,) with initial state |a) and phase
factorsexp(-i(E, - E,)t/f1), where mand n are eigenstate indices and 1
is the reduced Planck constant. For a thermalizing initial state, the
phases are essentially random and the initial state has roughly equal
support on all the energy eigenstates. Thus, any imbalance rapidly
diffuses to avalue exponentially smallin the system size and it cannot
be detected vialocal operators at late times. By contrast,a QMBS initial
state hasappreciable overlap only on afew eigenstates with phases set
tointeger multiples of asingle frequency. This allows a QMBS state to
display a persistent quantum revival even at relatively late times.

Theevolution of populationimbalanceina30-qubit chainis shown
inFig.2a,b, which contrasts a QMBS state against a typical thermalizing
state. The QMBS state exhibits remarkable oscillations that are absent
in the thermalizing state. The imbalance /(¢) is plotted in Fig. 2c,d,
whichdistinctly reveals the differences between the twoinitial states.
Ingeneral, for the thermalizing state, after about 30 ns, theimbalance
has nearly fully decayed to about half a photonin each qubit.

The distinct features of QMBS states can be further highlighted
through the overlap between the product states and eigenstates |
(a]E,»*, which canbe represented by the Fourier spectrum of the imbal-
ance for the QMBS (Fig. 2e) and thermalizing (Fig. 2f) states. The peak
value of the Fourier spectrum g,(w) with the first-order domain eigen-
states is w,/2m = 21 MHz. We test 120 random initial product states and
find that the g2(w = w;)values of the QMBS states are unambiguously
distinct from those of conventional thermalizing states (Fig. 2h). Note
that, for the cases shownin Fig. 2a-f, carrying out the exact simulations
is computationally impractical. Instead, the experimental data have
been validated by a numerical simulation on a smaller system with
L =20 (Fig.2c-f, insets), demonstrating excellent agreement.

The advantage of our experimental system—the tunable effec-
tive couplings between two nearest-neighbour qubits—allows us to
systematically probe the stability of QMBS states as the ratio of the
intra- and interdimer couplings (/,//.) is varied. As shown in Fig. 2g,
the numerical and experimental results indicate that QMBS states
consistently emerge in the regime of /,//. = 1. Moreover, even for achain
with uniform nearest-neighbouring couplings (/,//. = 1), the value of
gr(w,) =0.0080 is sufficiently large compared with the average value
ofthe thermalstates, whichisaround 0.0035 (Fig. 2h). Thisimplies that
scarring is not trivially induced by the imbalance between intra- and
interdimer couplings since this value difference of -0.0045is above the
measurement standard deviations given in the Supplementary Infor-
mation. In theregime of large coupling (/, /21t > 12 MHz), the effective

10";—
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: j Exp.: Fy(t,)
~ 404 L
ﬁ 10 E Exp.: g,(w,)
(o)
107° ¢
108l : : : : : :
8 12 16 20 24 28 32

Size, L

Fig.3|Scaling behaviour. Scaling of the first revival peak F (¢, = 52 ns) of
subsystem A, Fourier amplitude g,,(w,) and inverse Hilbert space dimension 1/D
versus the system size for /,/2nm ~ -9 MHz and /./21t ~ —6 MHz. The light-blue area
denotes the regime where classical simulations using the exact diagonalization
method are feasible.

Hamiltonian describing our system (equation (3)) isno longer accurate
due to the population leakage to couplers. Due to the fast growth of
the Hilbert space dimension, we did not explore this coupling regime.

To verify the persistence of the QMBS states for different system
sizes, we perform measurements on chains of sizes of L =12-30. The
time evolution of imbalance, four-qubit fidelity and entanglement
entropy were found to behave consistently for different systemsizes,
confirming the robustness of scarring in the collective states |/7) and
|I7). Therelatively small variations between the imbalance and entan-
glement entropy for different system sizes are due to the difference
in the cross-couplings and couplers. The Fourier amplitude g;(w,)
and fidelity F,(¢,) at the first revival exhibit a plateau for L > 16 (Fig. 3),
whereas for a random initial state, these quantities are expected to
exponentially decrease with system size. The plateau in scaling sug-
gests that the QMBS states persist in the regime of large system sizes
approaching the thermodynamic limit.

Many-body scars onacomb

Our programmable SC circuit allows us to emulate more complex topol-
ogy beyond one dimension. We have experimentally studied the QMBS
statesinacomb geometry (Fig. 4a), which consists of a1D ‘backbone’
decorated with linear ‘offshoots’. Previous studies of quantum comb
systems with offshoots of random lengths were shown to exhibit locali-
zation, including ‘compact’ localized states for which the localization
length can vanish along the backbone**. In our realization, we take
the offshoots to be of the same length, and we fix L = 2N = 20. We con-
sider each offshoot to be a dimer; similar to the 1D chain, we set the
interdimer couplings to/./21 ~ -6 MHz and intradimer couplings to
Jo/2T ~ =9 MHz. In contrast to the chain geometry, the QMBS states in
the comb geometry are |0) =|d.d,---) and |@’) = |d_d_---). These states
arealso characteristically distinct from the conventional thermalizing
states, asrevealed by the squared Fourier amplitude (Fig. 4b). The strik-
ing contrast between a QMBS state and thermalizing state canbe seen
atamore detailed level (Fig. 4c—e), which shows the time evolution of
imbalance /(¢), four-qubit fidelity, and entanglement entropy for the
|@’) state and a typical thermalizing state.
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Fig. 4| QMBS states in acomb tensor system. a, Comb tensor topology on the
SC processor (device I) with L =20 qubits. b, Squared Fourier amplitude

g2(w = w;)forrandomly choseninitial product states. The QMBS states (green
hexagrams) are characteristically distinct from the conventional thermalizing
product states. c-e, Dynamics of the imbalance, four-qubit fidelity and
four-qubit entanglement entropy for the |@’) state (green circles) and arandomly
chosen product state |00111000111010011001) (yellow squares (i)) for a 20-qubit
comb. The dashed curves denote the numerical results. Theinset in e shows the
numerical result in the case without cross-couplings/,, where the scarred state
shows amuch slower entropy growth from the thermalizing state. The couplings
aretunedto/,/2m ~ -9 MHz and /./2m ~ -6 MHz.

Our experimental results show that the scarring signatures are
the most striking atintermediate times, whereas at very late times, the
system relaxes to a thermal ensemble with nearly maximum entropy.
To some extent, one could play with lattice geometry to induce the
non-thermal behaviour. For example, in the case of the comb lattice
structure, the model is non-integrable without any perturbation and
the entropy growth of the scarred state is much slower than the ther-
malizing states for/,/J. = 1.5 (Fig. 4e, inset).Inatwo-dimensional-lattice
SC device, the cross-couplings are still present and they lead to the scar
state fully thermalizing by about 300-400 ns. Nevertheless, the ther-
malization timescale can be noticeably extended by periodic driving
inthe range of experimental capability (Supplementary Information).

Discussion and outlook
In summary, we have presented the first experimental realization of
QMBS states in a solid-state SC platform. Our circuit emulates the
effective hard-core Bose-Hubbard model—amodel of particles freely
hoppingonboth1D and quasi-1D lattices, with local interactions. This
is in contrast with previous realizations of QMBS in ultracold atomic
systems®”®, in which the particles’ motion is kinetically constrained.
Moreover, the underlying mechanismof scarring—approximate decou-
plingofahypercube subgraph of the Hilbert space in the computational
basis—is distinct from other platforms where QMBS is related to an
underlying semiclassical periodic orbit*’. Our study provides the first
in-depth characterization of QMBS using quantum state tomography
onlarge subsystems. By observing the population dynamics and entan-
glement entropy, we distinguished the weak ergodicity breaking associ-
ated with QMBS initial states from the conventional thermalizing states.
Therealization of long-lived quantum states in strongly interact-
ing solid-state systems has notable practical advantages compared
with other mechanisms of ergodicity breaking, such as integrability
and many-body localization. For example, although integrability
is known to be fragile and limited to 1D systems, we demonstrated

that QMBS is robust to various imperfections such as random
cross-couplings between qubits, and it persists beyond 1D systems.
Ontheother hand, although strong ergodicity breaking in many-body
localization systems may offer a more robust way of storing the
initial-state information for longer times, for applications such as
quantum-enhanced sensing and metrology”’, QMBS has the appealing
property of extensive multipartite entanglement*®. In this sense, it is
important to note that the coupling strength of two qubits (associated
with the oscillation frequency of a coherent many-body state, ~10” Hz)
in our SC platform is extremely larger than other platforms such as
a 1D Bose gas*’ (only around 10° Hz) and Rydberg atom® (-10° Hz),
which means that the SC platform can process the same quantum
information in a shorter time. These advantages of QMBS in an SC
platform could be utilized for more practical quantum-sensing and
metrology applications. On the fundamental side, our SC devices—
witharich palette of tomography-based probes—present aconvenient
setting to probe theinterplay of scarred dynamics with localization on
geometries with fractional dimensions and the emergence of diffusive
transportin the conventional ETH limit.
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Methods

Device

We use an SC quantum processor in aflip-chip package, which hosts a
squareof 6 x 6 transmon qubits (Q,) with 60 couplers (Q.), eachinserted
between two neighbouring qubits (Fig. 1a). Each qubit (coupler) is a
quantum two-level system with ground state |0) and excited state |1),
whose energy separation can be dynamically tuned in the frequency
range of 4.3-4.8 GHz (4.9-6.0 GHz). Each qubit has individual micro-
wave (XY) and flux (Z) controls, and it is capacitively coupled toaread-
outresonator for state discrimination. Each coupler has anindividual
flux (Z) control and remainsin the ground state during the experiment.
We use high-precision synchronized analogue signals to control the
qubits and couplers, with microwave pulses for qubit XY rotations
and state readout, and square flux pulses for tuning the qubit and
coupler frequencies. A complete experimental sequence consists of
three stages: (1) state preparation where single-qubit Ti-pulses are
applied to half the qubits, (2) multiqubit interaction stage where the
nearest-neighbour qubit couplings are programmed by adjusting the
couplers’ frequencies and (3) the measurement stage where all the
qubits arejointly read. We use two devices in main text, and the values
oftherelevant qubit parameters for devicel such as the qubit operation
frequencies, energy relaxation times (mean, ~50 ps) and single-qubit
randomized benchmarking fidelities (mean, ~0.993) can be found in
Supplementary Table1(also see theimproved energy relaxation times
for devicellin Supplementary Table 2).

Effective model

We derive the effective spin-1/2 XY model for our experimental SC pro-
cessor. The full Hamiltonian of the SC circuit system with both qubits
and couplersis given by***°

VT D) (wi5:'+5i_ + %8?—8?‘8[_8[_)
l

+ z(a)cs;rs; + %sgs:s;sc—)
c

()
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where w; (w,) is the frequency of the ith qubit (coupler c), n; (n.) is the
anharmonicity (or nonlinearity) of the ith qubit (coupler c), 8} (87)is
the creation (annihilation) operator of Q, g; (g;) is the coupling
strengthbetween Q;and Q;(Q,) and the rotating-wave approximation
isimposed on the qubit-coupler and qubit-qubit couplings. The sub-
scripts (i,j) and crepresent the indices of qubits and couplers, respec-
tively. Also, (i,j) or (i, c) stands for the nearest-neighbour qubit-qubit
or qubit-coupler pair, respectively. In these experiments, anharmonic-
ity n;ismuchlarger than the couplings between the nearest-neighbour
qubits (typically, 7/g; > 50); therefore, the full Hamiltonian (1) can be
reduced to the spin-1/2 XY Hamiltonian:
Hih =Y 0 8FS; + Y 0:SESE
: +g— ‘ - g+ +g— — g+ &)
+ (%;)gij(Si 8 +8787 )+ (%g,—c(si 87 + 87 8%).

We apply the Schrieffer-Wolff transformation u = e to the Hamilto-
nian with
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since all the qubits are far detuned from the couplers with
|4 = |w;— @ > |g;|. The effective Hamiltonian can then be approxi-
mated as
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where the effective coupling strength and transition frequencies are
given by
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respectively. The strength of indirect coupling can be tuned by adjust-
ing the coupler frequency; therefore, the effective coupling strength
J;/21 can be dynamically tuned over a wide range, typically within
[-15,1] MHz.

In our experiment, the chain and comb structures are formed by
a snake-like qubit layout on a square lattice device; hence, the domi-
nant cross-coupling cannot be neglected. The cross-perturbation
Hamiltonianis given by

K=Y KGD[sisT+87s7]. ©)

Ry=\2a,

whereR;=r; - r}|is the separation distance of a qubit pair {i, j}. The cou-
plingsareintherange/,(i,/)/2m € [0.3,1.2] MHz and their measured val-
uesaregiveninthe Supplementary Information. The magnitude of this
perturbationis sufficiently large to break integrability of the model, as
numerically demonstrated in the Supplementary Information.

Experimental sequence

Experimentally, we prepare a set of product states as the initial states
and measure the final states of all the qubits as a function of the interac-
tiontime (the pulse sequenceis shownin Extended DataFig.1). Atypical
experimental session starts by preparing theinitial product state of all
the qubits: each qubit Q;is biased from its sweet spot to the correspond-
ingidle frequency, where we apply single-qubit XY rotations. To prepare
ahigh-fidelity state, during this period, the couplers are tuned such that
the net couplings between the neighbouring qubits are turned off. To
switch on the interactions among the qubits, we bias all the qubits to
theinteraction frequency and tune the coupler frequenciesto turnon
the couplings between the neighbouring qubits. After the interaction
process, we bias all the qubits to their readout frequencies for meas-
urements. All the directly measured qubit occupation probabilities are
corrected to eliminate the measurement errors.

Numerics

We use the exact diagonalization method to numerically solve
the eigenvalue problem and simulate the dynamics of the system.
The basis of the Hamiltonian matrix is spanned by product states
la)y=1z) ® |z,) ® |z3) ®---® |z,), also writtenas|z,2,z;---2,), wherez;=0 or1
represents the jth qubit at state |0) or |1), respectively. The elements
of the Hamiltonian matrix are written as

Hg = (@l 7€ |B). %)

where aand S denote the index of the basis product states. Then, the
eigenstate [n) and its eigenvalue E, can be numerically solved from this
Hamiltonian matrix. They are used to compute the spectrum-related
quantities, such as entanglement entropy and overlap, as well as the
dynamics of qubit populations, imbalance and wavefunction fidelity.

The Hamiltonian matrix is exponentially large in the number of
qubits; to facilitate its diagonalization, we decompose it into smaller
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sectors based on the symmetries of the model. For our spin-1/2 XY
model with the open-boundary condition, these include particle
conservation, reflection and symmetries. The original basis can be
naturally divided into L + 1 uncoupled sectors, which conserve the
particle number. The numerics throughout this paper are for the par-
ticle number equal to half the system size. Furthermore, to construct
subspacesinvariant under reflection and symmetries, we defineanew
set of basis states as

la(r, 2)) = —

A+rR)(1+2z2)|a). (8)

a

Here r=+1 and z=+1 are the eigenvalues of reflection- and
inversion-symmetry generators ® and g, respectively. Also, N, is the
normalization factor. The cross-couplings J, break the reflection sym-
metry and the basis in this case is given by |&(2)) = ((1 + 22) /N ).

We note that exact diagonalization is not the only numerical
method available for this problem. However, alternative options are
not well suited for studying QMBS in large systems. Methods based on
Krylov subspace and matrix-product states could potentially access the
dynamics from [7or [T states for afew more qubits than24. However, to
show scarring requires studying the dynamics from alarge number of
initial states. In contrast to exact diagonalization, these two methods
require an independent computation for each initial state. Further-
more, for MPS methods, it would also be costly to simulate the dynam-
ics of thermalizing states as their entanglement entropy very quickly
reaches the Page value. This would limit the simulation to a relatively
short time, as the bond dimension of the matrix-product states (and
consequently, the computational resources needed) required to faith-
fully capture the dynamics would rapidly become large.
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The data that support the findings of this study are available at
https://doi.org/10.5518/1204.
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Extended Data Fig. 1| Experimental sequence diagram. Sequence with strongly interacting many-body dynamics, where injecting am pulse (red wave pulse) serves
to lift the two-level qubit from the ground state to the excited state.
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