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Abstract

Quantum-many body scarring is a recently discovered paradigm of weak
ergodicity breaking that allows specific states to evade thermalisation in
chaotic quantum systems. Since its discovery in a Rydberg atom quantum
simulator, signatures of quantum many-body scarring have been predicted
in numerous theoretical models. However, most of these models do not
lend themselves to implementation on the current generation of quantum
simulators. In this thesis, we develop theoretical blueprints for realising
many-body scarring phenomena in three types of quantum devices beyond
Rydberg atom arrays. We start by providing an introduction to quantum
thermalisation and weak ergodicity breaking in Chapter 2, focusing on the
PXP model — an effective kinetically-constrained model describing Rydberg
atoms. In Chapter 3, we illustrate anomalous dynamical properties of the
PXP model, such as superdiffusive energy transport, and its possible applic-
ations as a resource for quantum metrology. In Chapter 4, we demonstrate
how the PXP model can be emulated by ultracold bosonic atoms in a tilted
optical lattice. The realisation of quantum many-body scarring in a new
experimental platform will allow us to identify a larger set of initial config-
urations that lead to scarring. In Chapter 5, we employ similar techniques
to implement a different type of quantum many-body scarring in a Fermi—
Hubbard chain. We explain the distinct scarring mechanism in this model
using a graph-based approach. Finally, in Chapter 6 we demonstrate how
to create tunable scars in a quantum processor based on superconducting
qubits. Overall, these results expand the realm of many-body scarring phe-
nomena to a greater variety of experimental systems and they demonstrate
that scarring is a powerful tool for protection of quantum information and
entanglement engineering in out-of-equilibrium many-body systems.
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CHAPTER 1

Introduction

When compared to their classical counterparts, many-body quantum systems display
a plethora of intriguing properties due to quantum superposition and entanglement.
Notably, the number of possible configurations in such systems grows exponentially
with the number of particles, which makes their classical simulation unfeasible due to
the sheer amount of memory and computing power required. In particular, one of the
challenging tasks is predicting the properties of the system after letting it evolve from
a specific initial state. Moreover, even a basic understanding of quantum dynamics
via classical terms turns out to be a challenge, due to the quantum dynamics being
unitary. In simple terms, this means that it is always possible to “rewind” the quantum
evolution of a state backwards in time. Consequently, a specific state at a given time
can only be obtained from one single initial state. Since thermalisation in classical
physics embodies the idea that many states will end up in the same configuration at
late times, this makes the notion of quantum thermalisation subtle to define.

Empirically, however, it is well-established that in many physically relevant cases,
accurate predictions for the expectation values of local observable quantities can be
obtained, even after the system has evolved for long times. This provides a way to
define a quantum equivalent to thermalisation, in the sense that the observable prop-
erties depend only on the effective temperature, dictated by the energy of the initial
state. This independence on details of the initial state has been distilled into a powerful
conjecture called the Eigenstate Thermalisation Hypothesis (ETH). The ETH conjec-
tures that all eigenstates around a given energy have similar properties, leading to the
same expectations value for local observables. Thus, the exact distribution of the ini-
tial configuration on the eigenstates does not matter, as they will all lead to the same
thermal value. While this is undeniably an advantage for predicting long-time values
of observables, it also implies that recovering any information about the initial state
beyond its average energy is essentially impossible from observables alone.

The ETH implications are problematic for devices such as quantum memories and
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quantum computers, where it is necessary to robustly store and retrieve quantum states.
Recent flurry of research efforts has aimed at understanding the conditions for ETH
to break down. Finely-tuned integrable models and many-body localised systems with
strong disorder both evade the fate of thermalisation due to an extensive number of
conserved quantities. These effectively separate the Hilbert space in a multitude of
isolated sectors, confining the system’s wave-function into a small part of it. From the
eigenstates point of view, it means that eigenstates in different sectors need not have
similar properties. This is an example of a “strong” ETH violation, as generically all
eigenstates at a similar energy will have widely different characteristics. As such, for
any initial state the long-time value of observables will heavily depend on microscopic
properties of the state, not just its energy.

More recently, in 2017 a new type of ergodicity breaking emerged from experiments
on large-scale Rydberg atom quantum simulators. In those systems, the vast majority of
initial states indeed lead to thermalisation, as expected from ETH. However, when the
atoms are prepared in a specific product state, coherent oscillations can be seen, lasting
well beyond the known thermalisation timescales. This puzzling “weak” breaking of
ergodicity could not be explained by integrability or localisation, nor was it due to
symmetries. Instead, it was found that this phenomenon bears a resemblance to the
non-ergodic behaviour of a single particle inside a stadium billiard, where an unstable
classical periodic orbit leaves a “scar” upon the particle’s quantum eigenfunctions.
Hence, the phenomenon was named “quantum many-body scars” (QMBSs), triggering
a great deal of theoretical efforts to understand its origin. However, the realisations
of QMBS phenomena in other platforms beyond Rydberg atoms have remained very
sparse compared to the plethora of theoretical models. Moreover, the potential practical
utility of QMBS has not been fully understood or appreciated.

In this thesis, we expand the realm of quantum many-body scarring phenomena
to two important classes of synthetic quantum systems: ultracold atoms in optical
lattices and superconducting quantum processors. We show that the previously-known
QMBS physics from Rydberg atom systems can be successfully emulated in these new
platforms. More importantly, the unique properties of these platforms also inspired us
to formulate entirely new QMBS models. This not only allows for a deeper fundamental
understanding of weak ergodicity breaking due to QMBS, but it also opens the door
to their practical applications in quantum control and entanglement engineering in
complex many-body systems.

In Chapter 2, we set the stage by reviewing the main concepts of quantum therm-
alisation, focusing on ETH and its violations. We also introduce the concept of single
particle scars and explain its relation to the many-body case. To illustrate the latter,
we refer to the so-called PXP model — an effective model describing the Rydberg atom
experiments in which QMBSs were first observed — which will play an important role
throughout this thesis. We conclude this Chapter by presenting an overview of some
of the leading mechanisms known to give rise to QMBS phenomena.

In Chapter 3, we show that scarred eigenstates with a specific su(2) algebraic struc-
ture also possess multipartite entanglement, rendering them highly useful for quantum



metrology. We demonstrate that this is the case in the PXP model, despite the fact
that the su(2) algebraic structure is not exact in that model. In the second half of this
chapter, we study the PXP model in more detail, finding that it contains multiple sub-
spaces with an approximate su(2) structure. We show that this leads to signatures of
non-ergodicity in various observable quantities, including energy transport, where the
signatures manifest as coherent oscillations at moderate times. Meanwhile, through
large-scale numerical simulations we also unveil signs of superdiffusion at long times,
which are at odds with the naive expectations of diffusion for a generic chaotic model.

The results in Chapter 3 highlight the fact that the PXP model exhibits many
surprising and still poorly understood properties, calling for development of new ex-
perimental probes. To this end, in Chapter 4, we use a tilt potential in resonance with
on-site interaction to engineer the PXP model in a Bose-Hubbard chain. This allows
us to simulate the PXP model with Rubidium-87 atoms trapped in an two-dimensional
optical lattice. Using the unique capabilities of this platform, one can interfere multiple
copies of the same chain to access quantum fidelity and entanglement entropy, allowing
for new types of probes compared to Rydberg atom systems. These new capabilities
will allow us to identify scarring from a new initial state in the presence of chemical
potential. We also provide a theoretical explanation for our findings based on the
semiclassical picture of the dynamics.

In Chapter 5, we apply a similar mapping to the spinful Fermi-Hubbard model. Us-
ing the resonance between tilt and on-site interaction, we create an effective kinetically-
constrained model. However, in this case we show that the resulting model is completely
different from PXP and it has not been previously explored in the literature. Never-
theless, we show that this new model also hosts QMBSs, with a similar phenomenology
to those in Chapter 4, but due to a different mechanism, which we elucidate through a
new graph-theoretic approach.

In Chapter 6, we take advantage of the graph approach developed in Chapter 5
to engineer QMBSs on a superconducting (SC) quantum processor. We realise QMBS
states both in one-dimensional (1D) chains and beyond 1D geometries. This is made
possible by the high tunability of the SC platform, which allows to adjust each coupling
individually. We also use the advanced readout capabilities to obtain the fidelity and
entanglement entropy for multi-site subsystems. Moreover, utilising a circuit with a
ladder geometry, we show that it is possible to create QMBS states that are tunable by
disorder in the couplings between qubits, allowing to control entanglement dynamics
in a disordered many-body system far from equilibrium.

Finally, in Chapter 7 we will conclude and discuss the different models and exper-
imental platforms, mentioning a few directions for future research. The Appendices
contain analytical derivations and numerical simulations that support the results in
the main text.
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CHAPTER 2

Quantum thermalisation, weak
ergodicity breaking and many-body scars

In that chapter, we present an overview of the main concepts in thermalisation of
isolated quantum systems. First of all, we introduce the notion of ergodicity through the
lens of the Eigenstate Thermalisation Hypothesis and discuss a few important examples
of its violation. Among these, we highlight the case of single-particle quantum scars as
an example of weak ergodicity breaking. We then move on to introduce a many-body
analogue of this phenomenon, first through its original experimental discovery, then
followed by theoretical studies of the corresponding effective model. We discuss in detail
the origin of ergodicity breaking in that case, drawing parallels with single-particle
scarring. Finally, we conclude by providing a broader overview of weak ergodicity
breaking mechanisms, along with their physical realisations and experimental relevance.

2.1 Thermalisation and ergodicity

2.1.1 Ergodicity and the Eigenstate Thermalisation Hypothesis

We start by briefly reviewing the notion of ergodicity in the classical case before jumping
to quantum mechanics. We will consider a Hamiltonian system with many degrees of
freedom, where each point in phase space is characterised by ¥ = (¢, p), with ¢ and
 the generalised position and momentum, respectively. Let us initialise the system
at coordinates ¥y, which corresponds to an energy Ey. The ergodic hypothesis [9]
postulates that over a long period of time, the system will explore all configurations
with the same energy. Due to Liouville’s theorem [10], these will then be explored
uniformly. This means that for a local observable O, the long-time average is equal to
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the microcanonical average on all states with energy Ejy:
zemc O(7)dx

e (2.1)
zemc A7

1 T
Jim. T/o O(t)dt = Oye =
where MC denotes the microcanonical ensemble. Notably, the right hand side of this
equation only depends on Ejy and not on any other detail of the initial configuration
Zp.

A similar statement can be made in quantum systems. Let us consider a quantum
system with N degrees of freedom and a Hamiltonian H with no symmetries. The state
of the system is characterised by the wave-function [¢) which can be assigned an energy
Ey = <1/1|fl |1). This state will evolve in time according to the Schrédinger equation
as |1(t)) = et |¢p) (here and in the rest of this thesis we will work in natural units
h = 1). We can once again look at a local operator 0 (or a sum of local operators)
over time, now focusing on the expectation value O(t) = (1(¢)| O [1h(¢)). If we denote
the energy eigenvalues of the Hamiltonian by Ej, with the corresponding eigenvectors
|Ex), we can then expand O(t) as

O(t) = Z ]cj'\QOjj + Z c;ckOjkei(Ej_Ek)t, (2.2)
J Jj#k

with Oj, = (B} O|E;) and ¢, = (Eg|¢). If there are no special structures in the
spectrum such as clustering of states around certain energies (including, of course,
exact degeneracies), then at late time the phases of eBi—Er)t will essentially cancel
out. This only leaves the diagonal contributions and allows to write

1T
TlgIéOT/O O(t)dt:;|cj|20jj. (2.3)

This weighted average on the right hand side is called the “diagonal ensemble” [11].

The previous scenario holds provided that [¢) is a “generic” state, i.e., it does
not have overlap only on a very small number of eigenstates. This is not a stringent
requirement, since it is typically the case for product states (and more generally for
states with low entanglement). Notably, for these states the standard deviation of the
energy with respect to H scales as v/N while the the energy range of the system scales
as N [12]. Therefore, if |1)) belongs to this category, it means that it only has strong
overlap on eigenstates within a small (relative to the energy range) energy window
[Eo— A, Ey+A] with A ~ +/N. This represents our microcanonical ensemble. Coming
back to the ergodic hypothesis, we can now write it in the quantum case as

) 1 /T 1
Z ‘Cj|20jj = jlgléo T/O O(t)dt = Oy = i Z Ojj, (2.4)
J JjeEMC

where M is the number of states in the microcanonical ensemble.
The meaning of Eq. (2.4) is pretty straightforward. It implies that the late-time
value of any physical observable only depends on the original energy of the state.
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Thus, thermalisation occurs as the energy is being spread homogeneously across the
entire system. However, for this to hold, the eigenstates themselves must have special
properties. Indeed, this requires that the distribution of the |c; |2 for all Ej in the energy
window does not matter. For this to be true, O;; must be identical and equal to Onc
for essentially all states in the energy window. Additionally, this must be true as the
energy window is moved around by choosing a different initial state. Therefore, Onc
(and the O;;) must also be a smooth function of energy. This is the main pillar of the
(diagonal) Eigenstate Thermalisation Hypothesis (ETH) [12-14].

The ETH conjecture for the observable matrix elements was put forward by Sred-
nicki [13, 15] to describe the observed thermalisation in isolated quantum systems.
With the help of the microcanonical average introduced above, the ansatz for the mat-
rix element can be written as

Ojk = 0;,0Mc(E) + e 5B 2 5 (B, w) Ry, (2.5)

where w = Ej — Ej, denotes the eigenenergy difference and E = (E; + Ej)/2 is their
average. The diagonal contribution is thus the microcanonical value, with some fluctu-
ations around it due to the second (off-diagonal) term. Rjj is a pseudo-random number
with zero mean and unit variance, while fo(FE, Q) is a function smooth with respect
to both variables and intensive in system size, which relates to linear response of the
system to perturbations. The scale of the off-diagonal fluctuations is dictated by the
thermodynamic entropy S(F), which is extensive in system size [11]. This means that
the amplitude of off-diagonal terms will vanish in the thermodynamic limit. Note that
in the presence of symmetries that split the Hilbert space into multiple sectors, the
ETH is expected to hold within each individual sector [11, 12, 16]. While the ETH is
still a conjecture with no formal proof, extensive study has shown that its predictions
hold for many quantum systems [12, 16].

It is important to note that there are two versions of the ETH. For Eq. (2.4) to hold
for all initial states, Eq. (2.5) must also hold for all eigenstates. We will refer to this as
strong ETH. However, we can also consider the case where both equations are violated
for a small number of states, which represent a vanishing fraction of the Hilbert space in
the thermodynamic limit. Any randomly selected initial state will thermalise and any
randomly selected eigenstate will obey the ETH, however there are still non-thermal
eigenstates in the spectrum. In this case, we say that a weak ETH holds.

Beyond local observables, the ETH also makes predictions for other properties of
eigenstates, in particular their entanglement properties. In most of this thesis, we
consider a bipartition of our physical system into a set of sites A and its complement
A, such that H = H 4 ® H ;. We can then use the Schmidt decomposition [17] to split
any pure state of the total system as

X _
W) =" Njloth) @187, (2.6)
j=1

where the A; are the Schmidt coefficients and the ]<Z>3f1> and \¢§i> are the orthonormal
Schmidt basis states in H 4 and H 4, respectively. The number of non-zero coefficients
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X is always between one and min{dim(H ), dim(H 5)}. The reduced density matrix
describing the subsystem A can be built directly from there as

pa=Trz[l¥) (Dl = ZIA * 165 (7] (2.7)

In order to quantify the amount of entanglement between A and A, a commonly used
metric is the von Neumann entanglement entropy

Sen = —Tr[paln(pa)] Z\)\ y?m(u | ) (2.8)

We thus see that the Schmidt coefficients directly determine the amount of bipartite
entanglement. With a single nonzero Schmidt coefficient, the state is a product state
without any entanglement. On the other hand, if all the Schmidt coefficients A; are
non-zero and of similar magnitude, we obtain a state that maximises the entanglement
entropy.

We note that there are other entropies which are occasionally used, such as the
Rényi entropies:

5§ = 1 (Tr 7). (2.9)

with integer n > 2, although the case n — 1 recovers the von Neumann entropy. The
low-order Rényi entropies are much more accessible in experiment as they only require
measuring powers of the reduced density matrix, for which a useful proxy exists, as
opposed to the logarithm of it. In this thesis, by entanglement entropy we will primarily
refer to the von Neumann entanglement entropy, with an exception of Chapter 4 where
Rényi entropy will be useful.

In order to intuitively understand the predictions of the ETH for entanglement en-
tropy, it is helpful to consider a simplified picture of thermalisation. As the latter im-
plies that the energy of the system is homogeneously distributed, for a small subsystem
A we can consider the rest of the system as a thermal reservoir. From the initial energy

Ey, we can then define an inverse temperature § such that (1/2)Tr [ﬁ e—BH } = Fy,

with Z = Tr [e*BH } the partition function. At late time, the density matrix in the
subsystem A should then resemble the Gibbs density matrix

1 A
pa~pP = ——ePHa (2.10)

with H4 the Hamiltonian in subsystem A and Z,4 its partition function. It is straight-
forward to see that for 5°, the squared Schmidt coefficients are all non-zero and simply
given by e #Fa /Z 4. Near the middle of the spectrum where 5 = 0, they are all equal to
1/dim(H4), leading to S(p?=C) = In[dim(H4)]. Taking as an example a system of N4
qubits in A, we have S o« Ny, i.e., entanglement entropy scales with the volume of the
subsystem. This result is not limited to infinite temperature but generically holds away
from the edges of the spectrum. This so-called volume-law scaling of entanglement will
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also be present in eigenstates. Indeed, from Eqs. (2.4) and (2.5), the eigenstates of a
thermalising system must resemble Gibbs states in the sense of measurable properties
on their subsystems. Intuitively, it is useful to think of thermalising eigenstates as ran-
dom vectors in the Hilbert space, for which entanglement entropy can be analytically
computed and shown to obey volume law scaling, the so-called Page entropy in that
case [18].

2.1.2 Chaos and random matrix theory

Quantum chaos is closely tied with the notions of thermalisation and ergodicity. While
these terms are often used interchangeably, a Hamiltonian is said to be chaotic if correla-
tions in the spectrum match those of random matrices belonging to the same symmetry
class [19]. This is tightly linked to properties like repulsion between energy levels of the
system [20]. This property is now commonly used as a diagnostic for verifying whether
a given system is indeed chaotic.

Let us consider the normalised energy spacing between consecutive eigenstates [21],
sj = (Ej+1 — Ej)/(8)10c, With (s)1oc the local mean spacing and where we assume
that the eigenstates are sorted such that E;;q > FE;. For a random matrix, it is
possible to compute the probability distribution of the s;, which is the Wigner-Dyson
distribution [19]. This distribution has a free parameter 5 (the Dyson index) that
depends on the symmetries of the random matrix. Three different classes have been
introduced by Wigner in the 1950s [22]. To reproduce properties of Hamiltonians
that are invariant under time-reversal (meaning they can be written as real matrices),
the corresponding ensemble is that of real symmetric matrices with Gaussian entries.
This ensemble is called the Gaussian orthogonal ensemble (GOE) as it is invariant
under the conjugate action of any orthogonal matrix. If time-reversal symmetry is not
present, then the Gaussian unitary ensemble (GUE), consisting of Hermitian matrices,
is used instead. Finally, the Gaussian symplectic ensemble (GSE), where matrices are
Hermitian but also self-dual, is relevant for the special case of systems with time-reversal
symmetry that are not invariant under rotation [19]. These ensembles respectively
correspond to a Dyson index =1, 8 =2 and 8 = 4. The exact distribution for large
matrices does not admit a closed form expression. However it can be well approximated
by the Wigner surmise, which gives this spacing for a 2 x 2 random matrix from a given
ensemble. This surmise then predicts [23]

Ps(s) = S’Bage*SQbB, (2.11)

with a1=m/2, ay = 32/7? and and ay = 2'8/(3%73) and by = 7/4, by = 4/7m and
by = 64/(97).

One problem encountered when numerically checking the match with these results
for a realistic Hamiltonian is the need to resolve (s)joc in 55 = (Ej4+1 — Ej)/(8)10c. One
way to get rid of these influences is to “unfold” the spectrum [19], which allows to have
a homogeneous density of states across the whole spectrum. A simpler way to bypass
this problem is to use instead a quantity that is insensitive to the local density of states.
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A common choice of such a quantity is the level spacing ratio, defined as [24]

B min{s;y1,s;}

— , 2.12
max{s;ji1,s;} 2.12)

rj
meaning that r; is always between 0 and 1. As sj;1 and s; are tied to eigenstates very
close in energy, they share the same (s)jo that is cancelled by taking their ratio. The

probability distribution of the 7; can be computed from the Wigner surmise, leading
to [25]

2 (r +12)8
(r) = Zs (1 + 1+ r2)L+36/2’ for r<[0,1] (2.13)
with Z1 = 8/27, Z = s%% and Z4 = 7%%. One can also reduce this test to a

single number, by computing the average level spacing ratio (r). This makes it much
easier to compare with numerical computations of the results for the actual Wigner-
Dyson distribution in large systems instead of the surmise. In that case, the predicted
outcomes are approximately [24, 25]

(Y g—1 = 0.5307, (r)s—s = 0.5996 and (r)s_y = 0.6744. (2.14)

These values are very close to the analytical values that can be derived using Eq. (2.13).

2.1.3 Non-ergodic quantum systems

Counterexamples to the ETH have been known for a long time. Obvious counter-
examples can be constructed from projectors on individual energy eigenstates, which
trivially commute with the Hamiltonian and therefore do not “relax”. However, such
examples are not physical as they result in highly non-local models with complex
structure. An important class of physical counterexamples to ETH are integrable sys-
tems [26]. These quantum models are characterised by an extensive number of non-
trivial conservation laws which can be expressed in a local form (or as a sum of local
terms). The presence of these conservation laws effectively prevents states in the many
different symmetry sectors from interacting with each other. More recently, many-body
localisation (MBL) has been argued to give rise to a similar effect [27, 28]. This many-
body equivalent of Anderson localisation [29] happens in systems where strong disorder
leads to the emergence of an extensive number of local integrals of motions that con-
strain the dynamics in a similar way to integrable systems (see the reviews [30, 31]).
The nature of these conserved charges lead to the entanglement entropy of eigenstates
scaling with the area of subsystem A instead of with its volume [30, 31]. Similar ETH
violations can also occur due to strong “Hilbert space fragmentation” [32-35], where
the Hilbert space shatters into exponentially many disconnected sectors, acting simil-
arly as the symmetry sectors in the two cases discussed above. We will address this
case in more detail in Sec. 2.5.

These types of ETH breakdown affect all eigenstates, hence they represent strong
ETH violation. The lack of interactions between states in the various sectors also has

10
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a profound effect on the energy spacing statistics. Indeed, as there is no repulsion
between energies corresponding to eigenstates with different quantum numbers, the
energy spacings between consecutive eigenstates obey the Poisson distribution typical
of independent events:

P(s)=e*,  P(r)= T2 and (r) =2In(2) — 1 = 0.3863, (2.15)

where we recall that r € [0, 1].

Eq. (2.15) provides a practical means to detect strong ETH violation by comparison
with Egs. (2.13)-(2.14). However, in this thesis, our focus will be on quantum systems
with weak ergodicity breaking, which still obey Eqs. (2.13)-(2.14) but feature subtler
violations of the strong ETH. While we will mainly concentrate on many-body systems
in what follows, it is important to keep in mind that analogous phenomena can arise
in the context of single-particle or few-body systems. A prominent example of such
systems that display a form of weak ergodicity breaking are quantum billiards, which
we discuss in the next section.

2.2 Quantum scars of a single particle

A well-known example of weak ergodicity breaking in single-particle systems is the
phenomenon of quantum scars in chaotic billiards. This was first observed in the two-
dimensional Bunimovich stadium billiard [36], composed of a rectangle capped by two
semicircles as shown in Fig. 2.1. We can consider the classical case, where a particle is
initialised inside the billiard at the position ¢ = (g1, ¢2) and momentum p'= (p1, p2). For
most initial configurations of ¢and p, the classical dynamics is chaotic. This means that
small changes in the initial conditions will rapidly evolve into large differences, and the
trajectory taken will not have any apparent structure, exploring the entire configuration
space at long times in an ergodic fashion. However, there exist a small number of
trajectories that do lead to periodic orbits. This includes “bouncing ball” trajectories
where the particle simply bounces up and down in the rectangular part of the billiard,
as well as more complicated trajectories like the “figure-of-eight” trajectory displayed
in Fig. 2.1a Importantly, such trajectories are “rare”, i.e., the measure of the initial
conditions leading to regular dynamics is zero [37]. Additionally, these trajectories are
unstable, meaning that small deviations away from them will bring the system back to
a non-periodic orbit.

We can then look at the equivalent quantum system, where ¢ and p’ are now oper-
ators and the dynamics in the billiard obeys the time-dependent Schrédinger equation.
Instead of a set of coordinates in phase space, we can think of a particle being initially
prepared in a localised wave-packet. This wave-packet must have a non-zero width in
all coordinates and therefore it will have some support also on the chaotic part of phase
space. As a consequence, one would naively expect that the wave-packet will quickly
deviate away from the periodic trajectory and spread homogeneously across the entire
billiard. However, the wave-packet shows a surprisingly long lifetime [37]. It was found

11
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Figure 2.1: Signature of quantum scarring in the Bunimovich billiard. a Periodic and chaotic
trajectories, respectively in red and blue. b Wave-function amplitude for a scarred eigenfunction
of the quantum billiard concentrated around the red orbit in a. The same orbit is shown as the
solid black line. Panel b reproduced with permission from Ref. [36], American Physical Society.

that the initial wave-packet has a large overlap with a small number of special eigen-
functions. These special eigenfunctions are highly localised around the classical periodic
orbit, unlike other eigenfunctions at the same energy that show a more homogeneous
spread in space [36, 38, 39]. This is illustrated in Fig. 2.1b for one such eigenfunction
that concentrates around the figure-of-eight trajectory. This phenomenon was named
“quantum scarring” due to the classical periodic orbit imprinting a “scar” upon the
corresponding quantum system.

The scarred eigenfunctions, such as the one in Fig. 2.1b, are few and far between,
with the majority of eigenfunctions being ergodic. This vanishing fraction of non-
ergodic states is a hallmark of weak ergodicity breaking. Despite the rare occurrence
of these special eigenfunctions in the spectrum, they can still lead to observable con-
sequences in many physical systems, as seen in numerous experiments during the 1980s
and 1990s, e.g., on microwave cavities [40], quantum wells in semiconductors [41] and
the hydrogen atom in a magnetic field [42]. However, all these systems can be described
in terms of essentially non-interacting particles, and for a long time it has been unknown
whether a similar phenomenon can occur in systems where the non-interacting particle
description breaks down. As such systems may not have an obvious classical limit, the
answer to this question was not apparent. In the next section, we discuss an experiment
that kick-started a broad exploration of scarring in many-body systems.

2.3 PXP model of Rydberg atom arrays

2.3.1 Rydberg atom experiments

The many-body equivalent of single-particle quantum scarring was first discovered in
a experiment on an array of 51 Rydberg atoms [43]. This array can be modelled as a
chain of coupled two-level systems, where each atom can either be in the ground state,
denoted |o), or the excited Rydberg state |8). The transition between these states is
driven by lasers, at a Rabi frequency w. Additionally, there is detuning A between the
driving lasers and the energy spacing between the |o) and |e) states. Finally, atoms
excited into the Rydberg states also interact with each other via van der Waals forces,

12
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which decay with interatomic distance as 1/d®. The full Hamiltonian of the system is
then given by
HRydberg = % Za';c -A Zﬁl + Z V},kﬁjﬁm (2'16)
J J J<k
where Vj 1, = C/R?J- with R, j, the distance between atoms j and k, o® = |o) (e|+|e) (o]
is the Pauli X matrix, and 7 = (6°+1)/2 = |e) (e|. In a 1D chain with lattice spacing
a, we have R = alj — k| and so Vj, = V|;_y = C/(a8|7 — K|°).

Due to the large exponent of the interaction, the difference between Vi and Vjiq
is also large, with Vi1 = V;/64. Thus, it is possible to reach a regime where Vj, >
w > Vii1. This means that the energy scale of the interaction between excitations at
a distance d < k is much larger than the energy scale w of Rabi flips. As such, these
neighbouring excitations are heavily suppressed. This regime is called the Rydberg
blockade [44], and the blockade radius R; is defined as the distance such that V = w.

If the detuning is turned on such that Vi > A > w > Vi11, we can also find the
atomic ground state by satisfying the constraints in descending energy order. First,
very large Vi imposes that excitations are spaced by at least k sites apart. Then, a
large A requires that as many excitations as possible are present. Neglecting w for
simplicity, this leaves the following crystalline states as ground states:

|Z) = |e0---ce e ). (2.17)

0.0 0--+0
—— ——
k—1 k—1 k—1
These states are schematically illustrated in Fig. 2.2a. Alternatively, if A is large and
negative, excitations are suppressed and the ground state is simply the polarised state
|0) = |ooo...0). As this state is straightforward to prepare, this offers a clear pathway
for reaching the |Zj) state by starting from the |0) state and slowly ramping A from
a large negative value to a large positive one. This was experimentally achieved in
Ref. [43] to prepare the states |Zq), |Z3) and |Zy).

Beyond probing the equilibrium phase diagram of the Rydberg atom chain, the
same experiments also allow to study a global quench of the system by preparing the
atoms in a |Zy) state and then rapidly setting A back to 0. Note that the value of
Ry is not changed, meaning that the constraint on close-by excitations remains present
throughout the process. In the case k = 2 (where only neighbouring excitations are
suppressed), the quench is performed from the |Zz) initial state, also called the Néel
state due to the alternation of excited and unexcited atoms. For A = 0 this state
is essentially at “infinite temperature”, i.e., its energy is exactly in the middle of the
spectrum (assuming the Rydberg blockade condition, i.e., no neighbouring excitations).
Therefore, the expectation value of any local observable (or a sum of those) should
quickly converge towards the thermal value after a quench from the |Zy) state. However,
when monitoring the domain wall density, which is proportional to the number of
consecutive |o), Ref. [43] found persistent oscillations instead of the expected decay, see
Fig. 2.2b. Meanwhile, quenches from other simple initial states, such as the polarised
state |0) mentioned above, were found to lead to fast thermalisation, as expected. In
order to better understand this phenomenon, it is helpful to consider a simpler effective
model for R, = 1, which we introduce next.
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Figure 2.2: a Ground state phase diagram of the Rydberg atom chain. b Domain wall density
after a quench from the |Zg) state in the regime where R, = 1 and A = 0. The markers
indicate experimental results while the thick blue line is numerical simulation using matrix
product states (MPS) methods. In all cases, persistent oscillations are seen instead of fast
decay towards the thermal value. Panels reproduced with permission from Ref. [43], Springer
Nature Ltd.

2.3.2 PXP model

The PXP model [45, 46] derives from the Rydberg chain Hamiltonian (2.16) in the
limit of very large interaction strength V5 > w > Vj. In that case, we can perform a
Schrieffer-Wolf transformation [47] and keep the leading term which is of order 1, which
results in

N N
H=?(QY 67 +pud n;|P, (2.18)
j=1 j=1
where we have introduced 2 = w/2 and p = —A!. As a result of the Schrieffer-Wolff
transformation, the Rabi term becomes dressed by a global projector P defined as

N
P = H (1 — o) (o0f); i\ (2.19)
j=1

This projector ensures that the dynamics generated by Rabi flipping never generates
neighbouring excitations, which are energetically forbidden. Fortunately, the effect of
the project can be equivalently recast in a much more convenient local form, resulting
in the so-called PXP model:

N N Az

A A ~ “ 1. — &7

H=0 BasiBra Y iy, By=lo) (o] = 2. (2.20)
=1

J=1

!This sign change is simply due to a different convention being used in most theoretical papers on
the PXP model.
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Throughout this thesis, we will consider both periodic and open boundary conditions.
For periodic boundary conditions (PBCs), as implied in the equation above, we simply
identify atom N + 1 with atom labelled 1. In the case of open boundary conditions
(OBCs), the boundary terms with j = 1 and j = N are modified to become 67 P, and
IADN_l&fV, respectively, as a boundary atom lacks a neighbour to one side. In the rest of
this chapter, we will restrict to PBCs, as this choice is more common in the literature.
Moreover, we will set p = A = 0 for the rest of this chapter, as this is the regime in
which scarring was initially observed. It is worth noting that, prior to the experiment
in Ref. [43], thermalisation in the PXP model was numerically studied in Refs. [48, 49].

The Hamiltonian in Eq. (2.20) only allows a single process |0 0 o) & |o @ 0), i.e., an
atom can only flip its state if both neighbouring atoms are in the ground state and it
is impossible to create or destroy two neighbouring excitations. As such, most of the
literature has focused only on the largest connected sector of the Hilbert space, which
is the one containing no neighbouring excitations. This sector also contains the Néel
state, from which the anomalous dynamics was observed in experiment. Due to the
constraint, for a chain with N atoms, the Hilbert space dimension is no longer equal
to 2N but to D = Fn_1 + Fny1 with PBC and Fiy4o for OBC, where F), is the nth
Fibonacci number [50]. This model is thus also known as the Fibonacci chain [51]. This
means that, asymptotically, the dimension grows as ¢, where ¢ = (1 4+ +/5)/2 is the
Golden Ratio. The effect of the constraint on the Hilbert space and the action of the
Hamiltonian is shown schematically in Fig. 2.3a.

\ —=— N =28
—— N =32

Figure 2.3: a Graph representation of the Hilbert space of the PXP model with 6 sites. Each
vertex corresponds to a basis state in the Fock basis, and two vertices are linked by an edge
if the Hamiltonian matrix element between them is non-zero. The x axis labels the Hamming
distance of each state, i.e., the number of Rabi flips needed to reach this state starting from
the leftmost |Zy) state. b Energy level spacing statistics of the PXP model. The statistics are
computed in the sector invariant under translation and point group symmetries (see text for
details). Panel a reproduced with permission from Ref. [50], Springer Nature Ltd

Once the Hilbert space is reduced down to the sector without neighbouring excita-
tions, the constraint does not bring any additional conserved quantities. The Hamilto-
nian (with PBCs) is only invariant under translation 7" and spatial reflection R. The
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former takes site j to j + 1, while the latter takes site j to NV + 1 — j. Each symmetry
sector can then be labelled with a momentum value of k between —7 and 7, e.g., see
Ref. [52]. As R maps momentum k to —k, it only commutes with 7" when k = 0 and
k = 7, when a change of sign maps back to the same sector. Thus, only these sectors
are labelled with a value p of +1 corresponding to its eigenvalue under R. Once these
symmetries are resolved, one can expect the system to be chaotic. Indeed, the neigh-
bouring terms in Eq. (2.20) do not commute as []5, &x} # 0. As such the system is
not a collection of non-interacting particles and its many-body nature should lead to
fast thermalisation. This can be probed by looking at the level spacing statistics in the
fully symmetric sector, i.e., the one with {k = 0,p = +1}, as done in Fig. 2.3b.

In computing the level statistics for the PXP model, care must be taken to remove
“zero modes”, i.e., states with energy E' = 0, as there is an exponentially large number
of such states, which can impact the level statistics in finite systems. The origin of
these states can be explained through symmetry analysis [50, 53]. Indeed, when pu = 0,
the PXP Hamiltonian anti-commutes with the operator

N
z=1]¢é:. (2.21)
j=1

which is directly related to the parity of the number of excitations. As the only dynam-
ical term is 6%, it always changes the number of excitations by 1, thus changing the
parity between +. This also means that the graph representation of the PXP Hamilto-
nian in Fig. 2.3a is bipartite, with states with an even/odd number of excitations being
the two classes. The mismatch between the number of states in these two classes then
creates an exponential number of zero modes [50, 53]. In order to filter out these states,
a common procedure is to only consider states with energy strictly lower than 0, since
the spectrum is symmetric between +F and no information is lost in doing so. At the
same time, this excludes all the degenerate eigenstates at £ = 0. After doing this, the
unfolded distribution of level spacing is close to the Wigner-Dyson one, with better
agreement as NV increases, as seen in Fig. 2.3b.

2.4 Quantum many-body scars in the PXP model

Having established that the PXP model shows no traces of strong ergodicity breaking,
we come back to the anomalous dynamics observed from the Néel state in Fig. 2.2.
The same oscillations that were observed in the full Rydberg model can be reproduced
numerically in the PXP model as well, assuming p = 0. Rather than studying different
observables, numerics allow us to compute the return fidelity of the wave-function itself,
which is more convenient to analyse. The fidelity is defined as

F(t) = [(WOO)Z,  with  [(t)) = e [1(0)) . (2.22)

This quantifies the overlap between the initial wave-function [¢(0)) and the time-
evolved wave-function at time ¢. For a generic state, we expect the wave-function to

16
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spread evenly into the Hilbert space and thus its overlap with any pure state (including
the initial wave-function) should be ~1/D, where D is the Hilbert space dimension.
The fidelity should therefore vanish rapidly as system size is increased, meaning that
there will be negligible probability for a chaotic system to return to its initial state.

Contrary to the previous expectation, as shown in Fig. 2.4a, after a quench from the
Néel state there are pronounced oscillations in F, with the first peak reaching fidelity
of F =~ 0.66 for the system size N = 30 and period T = 4.8. The growth of bipartite
entanglement entropy is also highly suppressed, with oscillations visible, Fig. 2.4b. Note
that the oscillations in entanglement entropy occur at twice the frequency of those in
the return fidelity. This is due to the particular trajectory taken by the wave-function.
Indeed, at t = T/2, the wave-function is almost entirely concentrated on the state
|Z,) = |oeoce...oe) also called the anti-Néel state. The dynamics can be thought of
as repeated “state transfer” between these two states. As they are product states, the
entropy is minimal when close to them. Meanwhile, at ¢ ~ T'/4 the wave-function is
instead spread into large parts of the space, leading to higher values of S.

oo o =.
0.0¢= , : D , , , o
0 ! 10 0.0 —10 0 10
(0 E/Q

Figure 2.4: Signatures of ergodicity breaking in the PXP model. a Return fidelity and b half-
chain entanglement entropy after quench. There is a stark contrast between the behaviour of
the Néel and polarised states, despite both of them being infinite-temperature states. ¢ Overlap
between the Néel state and the eigenstate and d entanglement entropy of the eigenstates. The
colour indicates the density of data points, with dark blue being less dense and yellow being
the densest. The red markers indicates the state with the highest overlap at the top of each
tower of states and highlight the same states in both ¢ and c. All data is for the PXP model
with V = 30.

The origin of the oscillations in Fig. 2.4a-b is to be found in a set of atypical
eigenstates of the PXP model. They can be identified by plotting the overlap of the Néel
state with all the eigenstates as shown in Fig. 2.4c. Due to the homogeneous properties
of thermal eigenstates, one would expect such a plot to be featureless. Instead, a set of
N + 1 towers of states are visible. The tower at £ = 0 is less pronounced as numerical
diagonalisation leads to strong mixing between all the degenerate eigenstates at this
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energy. Importantly, the states at the top of each tower (which we will call the top
band) are also approximately equally spaced, with a spacing close to AE &~ 1.34 near the
middle of the spectrum. This equal spacing is one of the conditions for the persistence
of oscillations in large systems. By expressing the Néel state in the eigenbasis of H as

D
Za) =Y e lEn), with ¢, = (E|Zy), (2.23)
n=1
one can then rewrite
D D . D A
|<Z2‘Z2(t)>’2 = Z Z C;zcn<Em|€_2Ht|En> = Z |Cn’2€_ZE"t' (2.24)
m=1n=1 n=1

The overlaps plotted in Fig. 2.4c are nothing but the |¢,|?. The states with high overlap
will therefore have a dominant impact on the behaviour of the return fidelity. Due to
their approximate equal spacing, the phases of their contribution will realign after a
time equal to 27 /(E,+1 — Ey). We can check that this is the case here as 27/1.34 is
indeed close to the observed period of 4.8. The slight mismatch between the two is
caused by the energy spacing getting smaller (and so the period getting longer) as we
move away from the middle of the spectrum.

This anomalously high overlap also has consequences for the eigenstate themselves,
as it implies they are much less homogeneously spread across the Hilbert space. This is
visible, for example, in the entanglement entropy of eigenstates shown in Fig. 2.4d. The
eigenstates in the top band have a much lower entropy than other states at the same
energy. In fact, the scaling of their entanglement entropy with system size strongly
suggests that S o In(V) instead of the expected S o« N for thermalising states [54].
A precise quantification of this scaling is somewhat hindered by hybridisation with
thermal states. Indeed, the density of states grows exponentially with IV, resulting in
thermal eigenstates getting closer and closer in energy to the states in the top band.
As the latter are not protected by a symmetry, they can hybridise with thermal states.
This will render the top band state “less atypical” and the states they hybridise with
less thermal. Effects of this can already be seen in Fig. 2.4d, where some top band states
have much higher entanglement entropy than their neighbours. These same states also
display a slightly lower overlap in Fig. 2.4c than other top band states close in energy.

Beyond entanglement, violation of the ETH as formulated in Eq. (2.5) can be dir-
ectly probed by computing expectation values of observables for eigenstates. Let us
focus in particular on the normalised density of excitations figens = % Z;V:1 fj, which
is between 0 and 1 for all states in the constrained PXP Hilbert space. Focusing on
the {k = 0,p = 1} sector and on an energy window centred on F = 22 with a width of
1.692, Fig. 2.5a shows that the states in the top band are far from the microcanonical
value. To rule out a finite-size effect, the scaling of ETH violation with system-size can
be quantified. Denoting the microcanonical average by nyic, two different metrics can
be computed as done in Ref. [55]. On the one hand, the maximum difference between
nyvce and the expectation value for a state in the energy window will be denoted by
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Figure 2.5: Violation of the strong ETH in the {k = 0,p = 1} sector of the PXP model, probed
by local observables. a Expectation value of the normalised excitation density for eigenstates
in system size N = 32. The states in the top band are highlighted in red. The grey shaded area
indicates the energy window used for the microcanonical value. b Scaling of the two metrics of
ETH violation in a window centred around E = 22 and with width 1.6().

Max- On the other hand, df; denotes the standard deviation of the expectation of
Ndens for all states in the energy window. Fig. 2.5 shows that the former is stable with
N, while the latter decays approximately exponentially with N. This means that in
the thermodynamic limit, the vast majority of states in the window obey the ETH, but
there are some eigenstates that do not. Thus, this is a violation of the strong ETH,
but the ETH in the weak sense continues to hold.

In conclusion, the PXP model displays multiple signatures of weak ergodicity break-
ing. While most of its eigenstates are thermal, there are a few non-thermal eigenstates
that show atypical concentration in certain parts of the Hilbert space. Initialising
a state with high-overlap on these non-thermal eigenstates leads to regular periodic
dynamics, while quenches from other states lead to fast thermalisation. All these phe-
nomena are reminiscent of quantum scarring seen in single-particle billiards. Thus, the
atypical eigenstates observed in the PXP model have been dubbed “quantum many-
body scars” [50] (QMBSs). However, one piece that is missing to complete the analogy
with the single-particle case is the periodic orbit corresponding to the classical limit of
the model. We discuss a way to recover this orbit in the next section.

2.4.1 Semi-classical limit for many-body scarred dynamics

In the case of single-particle scarring, the quantum system is directly obtained by
quantising a classical system. As such, the quantum-classical relation is clear and
it is straightforward to identify any imprint of classical trajectories on the quantum
eigenstates. This framework is generally lacking for many-body quantum systems,
including the PXP model. While there exists a well-defined classical limit as the spin
value goes to infinity, what we are interested in here is instead the thermodynamic limit
where the number of sites goes to infinity.
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A semi-classical limit for many-body systems [56] can be obtained by appealing
to the notion of the time-dependent variational principle (TDVP) [57, 58]. The idea
behind this method is to define a variational manifold M on which the wave-function is
parameterised by a set of classical variables z. TDVP equations of motion for variables
z can be derived as the saddle point equations for the following Lagrangian [56, 57]:

= 2 () — i) — (e |B] 0). (2.25)

Essentially, this means that, at each point z in the manifold, we minimise the differ-
ence between the instantaneous evolution within the manifold, |¢)) = 2d, |1(z)), and
the full quantum evolution, —iH |t)(z)), generated by the Schrodinger equation. This
corresponds to projecting the local quantum evolution onto the manifold, as shown
schematically in Fig. 2.6a. The difference between the full quantum dynamics and the
projected one then quantifies the instantaneous “leakage” of the exact wave-function
out of the manifold. We denote this quantity by A, which is defined according to

A? = N+2 = ||[¢) — iH|y)|>. (2.26)

Here + is the leakage density, which we will find more convenient to use as it removes
the system-size dependence and allows extrapolation to the thermodynamic limit.

7+1

[@J

-

Figure 2.6: a Schematic representation of the instantaneous dynamics in the TDVP manifold
M, corresponding to the projection of the true instantaneous quantum motion. b For the PXP
model, states in the manifold can be chosen as product states projected into the constrained
space satisfying the Rydberg blockade. In this product state, the configuration of each atom is
specified by two angles 6 and ¢ that describe its position on the Bloch sphere. States in the
manifold can be conveniently described as MPS, as represented graphically on the bottom row.
Figure adapted with permission from Ref. [59], American Physical Society.

The Ansatz proposed by Ref. [59] for the PXP model is given by a bond-dimension
2 matrix product state (MPS) [60]. The MPS matrices are given by

A0, 6;) = (0 —ie'%i sin (%)) A0, 05) = (COS (%) O) ’ (2.27)

0 0 1 0

where the angles 0;, ¢; play the role of variational parameters z in the previous dis-
cussion. As standard in MPS formalism, the wave-functions belonging to the manifold
are constructed via the usual expression [61]

[0(0,¢)) = ZTF[AUI(%,%)A”(%,¢2)AU3(93,¢3) ANy, on)] |F) . (2.28)
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This Ansatz has a simple interpretation, illustrated in Fig. 2.6b. The Ansatz takes a
product state of the atoms, where each site is characterised by angles # and ¢ on the
Bloch sphere, and then projects it to the constrained space of the PXP model, akin to
the Gutzwiller projection [62].

The MPS bond dimension of 2 allows just enough entanglement between neighbour-
ing sites to guarantee that the Rydberg blockade is never violated. More precisely, the
Ansatz can capture states with entanglement entropy of at most In(2) between adjacent
subsystems (In(4) with PBC). This is clearly rather small, especially in large systems
— for any state evolving under a chaotic Hamiltonian, the entanglement entropy is ex-
pected to exceed this limit very quickly. Thus, in general, this manifold should not
be able to capture faithfully the full quantum dynamics and leakage is expected to be
high. However, the quench from the Néel state in the PXP model is characterised by
a very slow growth of entanglement, and this Ansatz will prove to be very useful.

The |Z3) state has a simple structure in that all odd sites are identical and the
same is true for even sites. In order to describe quench dynamics from the |Zy) state in
the crudest possible approximation, it makes sense to restrict the variational manifold
to only four degrees of freedom: 67 and ¢, for odd sites and 02 and ¢9 for even sites.
This makes the computation of equation of motions for these variables tractable in the
thermodynamic N — oo. The result is a set of 4 non-linear equations that have not
been solved analytically to this day. Interestingly, when p = 0, if ¢1 and ¢5 are set to
0 initially they will stay at this value at all times. This means that starting from the
Néel state at 81 = 7, 02 = 0 and ¢1 = ¢2 = 0 leads to a system with only two degrees
of freedom. Numerically integrating the equations of motion from the Néel state leads
to a periodic orbit that passes through the anti-Néel state, in a very similar fashion
to the true quantum dynamics. This is illustrated in Fig. 2.7a, which also shows that
this trajectory is confined to the low-leakage region. This means that the full quantum
trajectory will be relatively close to the one in the manifold.

Subsequent work explored the consequences of “requantising” this classical dynam-
ical system, in a way that mimics the procedure for single-particle scars [63]. It was
shown that this results in a mean-field description of the PXP model, which contains in-
formation only about the total numbers of excitations on the odd and even sites, rather
than their exact locations. The scarred eigenstates obtained in this mean-field picture
displayed high overlap with the exact scarred eigenstates of the PXP model, while the
same was no longer the case for thermalising eigenstates. In addition, projecting these
scarred eigenstates on the (01, 62) phase space showed anomalous concentration around
the periodic orbit of the Néel state. This can be seen in Fig. 2.7b, which bears a striking
resemblance to the results on single-particle billiards.

Nonetheless, there is an important difference between the PXP model and chaotic
billiards. Indeed, in the original Bunimovich stadium studied by Heller [36], there are
enough degrees of freedom to allow for chaos to develop. The classical trajectories re-
sponsible for scarring are rare and unstable. Meanwhile, in the PXP case, the classical
limit obtained through TDVP only has two independent degrees of freedom, formally
precluding the possibility of chaos. Nevertheless, quantum leakage provides further
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Figure 2.7: a Flow diagram in the (6,62) phase space of the PXP model. The Néel state
trajectory is highlighted in red. It is periodic, and unlike other trajectories does not flow
towards the high-leakage areas at (+m,+7). b Projection of a scarred eigenstate in a mean-
field approximation of the PXP model introduced in Ref. [63]. The concentration around the
Néel state trajectory highlighted in black is evident. Panel a adapted with permission from
Ref. [59], Americal Physical Society. Panel b adapted from [63] under a Creative Commons
licence CC BY 4.0.

insight that allows us to identify which orbits are more or less prone to chaos. For
example, the Néel state trajectory is special as it is the only one that does not flow to-
wards the point #; = 05 = 7, where leakage is high. As such, it is the only trajectory for
which we expect the full quantum trajectory to bear any resemblance to the variational
one. The same is true for the eigenstates obtained in the mean-field limit of the PXP
model. While for many eigenstates their projection onto the (61, 62) space is anomal-
ously localised, only the ones around the Néel periodic orbit are similar to eigenstates
of the full model, which turn out to be the scarred ones. Ref. [64] has further explored
this paradigm by changing the period of the MPS manifold to 3, allowing chaos to
develop. In that case, the TDVP phase space was found to be mixed, with regular
islands surrounded by chaotic regions, as expected from weak perturbation to classical
integrable systems according to the Kolmogorov-Arnold-Moser theorem [65, 66].
Beyond establishing an additional similarity between quantum many-body scarring
and its single-particle equivalent, the accurate description of the dynamics through
the simple TDVP Ansatz of Ref. [59] helps us to understand intuitively the scarred
dynamics in the PXP model. Indeed, as all angles are the same on odd sites, we can
understand these sites are forming a large spin coherent state before the projection
into the constrained space. The same is true for even sites. Without projection, we
could understand the periodic dynamics as a precession of two uncoupled large spins of
magnitude N/4. Of course, the Rydberg constraint will couple and generally destroy
this picture. However, the Néel state trajectory is special in that when one large spin
is maximal along the Z axis, the other spin is minimal. As such, the effect of the
constraint is reduced compared to arbitrary configurations and the picture of two large
spins approximately holds, however they are now coupled in a complicated way by the
constraint. A schematic view of the dynamics using two Bloch spheres is shown in
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ydber
constraint

Figure 2.8: Large-spin precession picture of scarring in the PXP model. a-b Dynamics seen
as the precession of two large spins (with total spin N/4) corresponding to coherent states on
odd and even sites and coupled by the Rydberg constraint. a Initial configuration in the Néel
state. b Configuration after a half-period, where the state is now the anti-Néel. The fact that
when one lattice is fully occupied the other is empty greatly reduces the effect of the constraint
and allows this large spin picture to hold. c-d Combining the two spins into a single one with
total spin N/2 makes apparent the full su(2) algebra in the model. Panels ¢ and d correspond
to the same state as panels a and b respectively.

Fig. 2.8a and b. If we instead start in the polarised state |0), this can still be described
in the two large spin picture, but they are now both down. As they precess, they will
both reach the zenith of the sphere at the same time. This is the regime where the
effect of the constraint is the strongest, leading to a complete breakdown of the large
spin picture. Logically, it also corresponds to the point with maximum leakage on
Fig. 2.7. For other initial configurations of the two large spins, the dynamics is more
complicated but the end results is the same. On top of providing a simple picture for
visualising the origin of scarring in the PXP model, this large spin picture also hints
at the presence of a special su(2) algebraic structure, that we discuss next.

2.4.2 Algebraic structure of scarred eigenstates

The presence of an approximate su(2) algebra in the PXP model was first pointed
out by Ref. [67], although the groundwork had already been laid out in Refs. [50] and
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[54] through the so-called Forward Scattering Approximation (FSA). The FSA was
originally introduced as a scheme to construct approximations to the scarred eigenstates
in the PXP model. In this section, we first present an overview of the FSA and
explain how it gives rise to su(2) algebra representation in the subspace of scarred
PXP eigenstates. As an important piece of evidence in favour of the FSA, we then
illustrate that it allows to construct perturbations to the PXP model that “enhance”
its scarring behaviour by bringing the structure constants of the algebra closer to su(2).
Finally, we discuss a complementary approach, introduced more recently in Ref. [68],
which provides a hint to the origin of the algebra: an emergent spin-1 degree of freedom.

The FSA relies on the decomposition of the Hamiltonian into two parts as ﬁpxp =
H* + H~. Let us set = 1 to simplify the notation, we then have

H* =% Pa6TPi+ Y Piasy P (2.29)

The structure of these operators mimic the structure of the Néel state. In the graph
picture of Fig. 2.3a, the action of H* is easy to visualise as each application of these
operators starting from the Néel states simply changes the Hamming distance in units
of 1. Moreover, it is easy to see that applying H~ to the Néel state annihilates it
(similarly, H* annihilates the anti-Néel state). Consequently, starting from the Néel
state and applying HT to it, one can construct a closed subspace of N + 1 states, due
to the fact that Hamming distance can be at most N. Within this subspace, a Lanczos-
type diagonalisation then produces an effective tight-binding model with N + 1 sites,
which can serve as an approximation to the scarred subspace [50]. The eigenstates of
the effective tight-binding model are found to be excellent approximations of the exact
scarred eigenstates [54].

From the semiclassical point of view presented above, we can understand why the
FSA works well. Essentially, Ht actsas a raising operator for the big spin encompassing
all even sites and as a lowering one for the odd sites. It is then equivalent to combining
these two big spins into a spin of magnitude N/2 by taking the one for even sites minus
the one for odd sites. The dynamics can be seen as the precession of a single big spin,
as illustrated in Fig. 2.8c and d. In that picture, H* acts as a global raising operator
and H~ as a lowering one. It is then natural to ask about the diagonal operator H*

which, for a true spin, must be equal to % [fl +,fI _} in order to be consistent with

su(2) commutation rules. We proceed to construct H? in this way, as this ensures that
the commutation relation between H* and HY satisfies {f] z H y} = iH~? , as expected
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for an su(2) algebra. Thus, we get [67, 69]

At+H- 1. 1.
0= = =g Hexe = 53 BiadiBin,
=1
~y HT—H 1. I o P sUP
HY = = = SHpvp = 5 > (-1 Pj160 P, (2.30)
j=1
1 1Y
A o A+ A_ _
= [HY ] = 5 Y (1Y Pioasi P

It can be easily verified that the Néel and anti-Néel states are respectively the ground
and ceiling state of H%. Thus, when acted on with the PXP Hamiltonian (which is
directly proportional to H ), we would expect a free precession with state transfer
from one state to the other if the algebra was exact. This explains why we observe
revivals from the |Zy) state in the PXP model.

However, if the scarred subspace could simply be interpreted as a free spin, the
revivals would be perfect, while in both numerics and experiment they clearly decay
in time. The reason is that, by defining the generators according to Eq. (2.30), we are
not guaranteed for the algebra to close. For example, we should have {ﬁ = H ﬂ =g,
Directly plugging in the expressions from Eq. (2.30), it can be verified that this relation
is not obeyed exactly, but up to a correction term {ﬁ = H *} = H* + 61, denoted by

dt. This term is equal to [69]
1 A 1 O
0T ==5 > Pad; Pin (Pj+2+Pj—2) —3 2 Fim187 Bin (Pj+2+Pj—2) - (231)
7 odd j even

Thus, while the algebra formed by H +, H~ and H7 is not closed, it is still resembles an
su(2) algebra. It is therefore natural to attempt to close the algebra by incorporating

61 into the definition of T and doing the same with 6~ (obtained from [fl ‘H _} =

-0+ 07) and H-. Doing this still does not make the algebra closed, however the
“closeness” can be iteratively improved as in each step we can reduce the norm of the
operator {f]z, flﬂ — HT [69].

We illustrate the process of closing the algebra by deriving the first-order perturb-
ation to the model resulting from imposing su(2) structure on it. We can combine 6™
and 0~ to create a perturbation for the PXP Hamiltonian, as it is directly proportional
to H + H~. The resulting perturbation is Hermitian and equal to

N
§Hpxpp = Y _ Pj_167 Py (Pj—Q + Pj+2> : (2.32)
j=1

Since this perturbation brings the algebra closer to the exact su(2), we predict that it
will lead to an improvement in revivals from the Néel state. Indeed, for system size N =
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24, the largest improvement in fidelity is seen with a perturbation strength A = 0.108,
with the fidelity at the first peak increasing from 1 —2.85x 107! to 1 —6.76 x 10~* [69].

As the projector P can be decomposed into 6% and the identity, the PXPP perturb-
ation is equivalent to

N
§Hpxpz = — Y Pj 167 Pj11 (6;'72 + &ﬁz) : (2.33)
=1

up to a non-linear mapping of the perturbation strength. This corresponds to the
perturbation found to enhance the revivals and the algebra for A = 0.051 in Ref. [67].
Surprisingly, it was also found to make system nearly integrable for A\ = 0.025, as
indicated by the energy level spacing statistics [70]. In addition, Ref. [67] found that
even better revivals could be obtained by extending the perturbation range. This is
done by adding terms with a similar structure, increasing range, but an exponentially
decaying strength. More precisely, the PXP Hamiltonian is deformed using the quasi-
local operator

N R
§Hqu ==Y > hq Pi_167 P (6;'_61 + 6—;+d> ; (2.34)
j=1d=2
with the strength given by
-2
ha=ho (471 — ¢~ 0) 7 (2.35)

where ¢ = (1 + \/5) /2 is the golden ratio, and hg = 0.051 is a (numerically determined)
strength of the deformation. Finally, we note that the same PXPZ perturbation was
also derived by Ref. [71] by considering the dynamics as a scattering problem.

The effects of the PXPZ perturbation and of its longer-range version are illustrated
in Fig. 2.9. The improvement in the dynamics of both fidelity and entanglement en-
tropy is very clear. This can be traced back to the scarred eigenstates, as for larger
perturbation range R their spacing in energy becomes much closer to equal. The over-
lap of the Néel state with them also increases, leading to highly reduced influence from
thermal states in the dynamics.

2.4.3 Spin-1 interpretation

While the PXPP and PXPZ perturbations were found to be crucial in improving the
approximate su(2) algebra of the PXP model, the origin of this structure was not well
understood. An alternative explanation was put forward in Ref. [68] using a spin-
1 formulation of the PXP Hamiltonian first used in Ref. [72]. Due to the Rydberg
constraint, a pair of neighbouring atoms can never be in the configuration |ee) and can
be mapped to spin-1 basis states according to

|ec)=|—), |oo)=10), and |oe)=|+). (2.36)
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Figure 2.9: Scar-enhancing perturbations in the PXP model. a-b Fidelity and entanglement
entropy after a quench from the Néel state in the PXP model with N = 28. Different curves
correspond to different ranges of the perturbation in Eq. (2.34), with R = 0 being the unper-
turbed PXP model, R = 2 is the PXPZ perturbation in Eq. (2.33), while R = N/2 encompasses
all longer-range terms found in Ref. [67]. The insets are zooms of the respective plots and show
that for R = N/2 the dynamics is almost exactly periodic, with the fidelity coming back to 1
and the entanglement entropy back to 0 up to at least three decimal places. c-e Overlap of the
Néel state with eigenstates in the cases discussed in panels a and b. The red squares indicate
scarred eigenstates. The vertical dashed lines are equally spaced with an energy separation
corresponding to that between scarred states near £ = 0. As R is increased, the top band
becomes more separated from the other eigenstates and the energy spacing in it is also more
equal.

Thus, grouping neighbouring atoms in disjoint pairs, this maps each configuration on NV
sites to a spin-1 chain with N/2 sites. However, the spin-1 model is still constrained as
neighbouring pairs |[+—) = |o @ e0) are forbidden. The PXP constraint can be rewritten
in the spin-1 language, giving

P= T (1) (+—lppi) (2.37)

beAB

where Ap denotes the set of all dimers. To distinguish between operators acting on the
full spin-1 Hilbert space and those acting in the restricted PXP subspace, we will write
the former in boldface. The full spin-1 Hamiltonian is then

I:IAB = \@ Z gx - Z (H—,O) + ‘O? _>) <+7 _’b,b+1 - Z H‘v _> (<+70’ + (07 _’)b,b+1

beEAp bEAE bEAB
= Hpx + Hy + Ho,
(2.38)
where S7 is the spin-1 X operator acting on site j. We will also denote the global

spin operator along the o axis as So = D beA s g,‘f, with @ = z, y, 2. This means
that Hpx = v/2S% is a free paramagnet along the X direction, and H; and H, are
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added to cancel the matrix elements violating the constraint. As a consequence, the
full Hamiltonian does not connect the PXP constrained space to the rest of the spin-1
Hilbert space, and it must hold that [15, H, B} = 0. This allows to write

H,, = Hpxp ® H., (2.39)

where H,| acts on the complement of the PXP subspace in the spin-1 Hilbert space.
We then define

Hpxp = Hpxp ® 01 = PH, P = P?H,, = PH, (2.40)

that acts as PXP in its sector but annihilates any state outside of it. More generally,
we will use the prime to denote operators in the PXP subspace “blown up” to the full
spin-1 space but acting as the null operator in its complement.

One can also notice that f’ﬂg = 0 but f’I:I1 % (0. This means that if we take
an eigenstate |E) of Hypx (with energy E), the only thing preventing its constrained
version |E/) = P |E) |E) ® 0, to be an eigenstate of H' is H;. However, if there

is a perturbation 6H such that P (H1 —|—5H) |E) = 0 and [ ,5H] = 0, then the

contribution of Hj is cancelled and | E') is an eigenstate of Hpyp + 0H' with energy E,
where dH' = POH. Indeed, after some simple manipulations

( PXP+5H/> E') = (I:IiDXP + 51:1/) (f) |E>)
P (Hy, + H) [E)
(Bl + Hy + F, + H) [E) (2.41)
PHrx [E) +P (H1 + H, + 6H) |E)
P (8

|
=

=P (frx [E)) = P(E|E) = B|E).
Equivalently, it means that |E) will be an eigenstate of Hpxp+dH with energy E.
The desired perturbation

OH = Z (|4,0) +10,=)) (0,005 5.4 (2.42)

was found in Ref. [68]. However, the condition (ﬂl + 6fI> |E) = 0 does not hold for
all states. To work, it requires that neighbouring dimers form a spin-2 quintuplet.
The only eigenstates of Hpx that satisfy this for all pairs are the ones with maximal
total spin, i.e, N/2. This means that the spin-1/2 Hamiltonian Hpxp+6H has N + 1
scarred eigenstates that correspond to the projection of the eigenstates of Hpx with
maximal total spin into the constrained space. Unlike in the unperturbed PXP model,
the structure of these states and their energies can be written down analytically. This
generally allows to perform a (local) change of basis that completely decouples the
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subspace containing the scarred states from the rest of the Hilbert space. As such, the
scarred states in this model are referred to as ezxact scars, as opposed to the ones in
the unperturbed PXP model where such constructions hold only approximately.

One clear limitation of §H (and so of H) is that it is non-Hermitian. Furthermore,
§H will not be translation invariant, either, in the spin-1/2 formulation. One can still
enforce these properties by adding the Hermitian conjugate and the translation by one
(spin-1/2) site, but the resulting model will not have exact scars. Nonetheless, we can
expect it to show relatively good scarring and an enhanced algebra when compared to
the unperturbed PXP model. In fact, in the spin-1/2 language this perturbation SHiny
is exactly proportional to the PXPP perturbation in Eq. (2.32). Thus the origin of this
perturbation is explained using the spin-1 picture, where it counteracts the effects of
the terms perturbing the free paramagnet.

Beyond finding perturbations, the spin-1 approach also makes some properties of
the scarred states in the unperturbed PXP model more evident. Indeed, the scarred
eigenstates are still relatively well approximated by projecting the eigenstates of Hpx
with total spin N/2. As Hpx is a free paramagnet, its eigenstates will be eigenstates
of angular momentum, also called Dicke states, which have logarithmic entanglement
entropy. This naturally explains why the entanglement entropy of the PXP scarred
eigenstates was found to also obey a similar type of scaling. In the unconstrained spin-
1 model, one can also see that the Néel state is the ground state of the free paramagnet
along the Z direction. As such, it has maximum total spin and only has overlap on
the eigenstates of Hpx with the same characteristic, which once projected will end up
being the scarred eigenstates. As a result we see these states have maximum overlap
with the Néel state. Finally, we can write down the spin-1/2 operators corresponding to
the projection of the su(2) algebra of the spin-1 free model into the constrained space.
These operators, denoted as S’a, are defined as

590, =PS°P. (2.43)
With the definitions in Eq. (2.30), these are equal to
o= L 8= L 8= li(_nﬂ'a—% (2.44)
\/Q ) \/§ ) 2 ]7 .

=1

in the spin-1/2 language. We note that a similar algebra was first used in Ref. [73].
In that work, the algebraic structure was used to create a raising operator in the X
basis and the scarred states were then approximated by acting with this operator on
the ground state. As the eigenstates of > ¢z, S'If have energy spacing one and Hpx is
equal to v/2 times this operator, we would expect the scarred eigenstates of PXP to be
spaced in energy by /2. This approximation can be refined by computing the first order
perturbation in energy due to H,, which predicts an energy spacing of 13v/2/14 = 1.31
in the middle of the spectrum, very close to the 1.34 found numerically [68]. Overall,
the spin-1 derivation of Ref. [68] provides an explanation for the appearance of non-
thermal eigenstates in the PXP model. It also highlights the origin of the approximate
su(2) algebra and how some specific perturbations can enhance it.
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2.4.4 Beyond the original PXP model

Due to its intriguing properties, many variations of the PXP model have been studied
since the original experiment on Rydberg atoms. This comprises studying the effect
of perturbations [54, 70, 74] as well as disorder [75], and extensions to higher dimen-
sions [64, 68, 76-79] and higher spin [59]. Interestingly, is has also been shown that
the PXP exactly maps to a quantum link model (QLM) corresponding to a regular-
isation of the lattice Schwinger model of electrodynamics in 141D [80]. This provides
another way to generalise the PXP model to values of spin beyond 1/2, with scarring
still being present in all of them accessible to numerical simulations [81, 82]. Beyond
static Hamiltonians, the impact of adding a periodic drive was also studied [78, 83-87],
showing that it can improve the scarred dynamics. In parallel to these findings, scarred
dynamics was also found in a flurry of other models, unrelated to PXP. We discuss
these models and the underlying scarring mechanisms in the next section.

2.5 Mechanisms of weak ergodicity breaking

While the term QMBS was first put forward in Ref. [50], the quest to identify
and construct isolated non-thermalising eigenstates in quantum systems has a much
longer history. Most notably, such states were theoretically established in the Affleck-
Kennedy-Lieb-Tasaki (AKLT) model in Ref. [88] back in 1989. Since then, there has
been a flurry of models in which various aspects of QMBS physics have been witnessed,
see the reviews [89-92]. In this section, we will go over the most important of these
mechanisms. We will focus on the case of exact scars, in which there exists a dy-
namically disconnected subspace with a relatively simple structure, where all scarred
eigenstates are located, as illustrated in Fig. 2.10a. In this section, we will mention
three important mechanisms how such a subspace can arise in non-integrable many-
body systems, which are summarised in Fig. 2.10b-d.

Before discussing in detail the QMBS mechanisms, we need to introduce the broader
concept of Krylov restricted thermalisation [34]. As the name indicates, Krylov restric-
ted thermalisation means that equilibration dos not happen at the level of the full
Hilbert space but is limited to a single Krylov subspace. For any pure state [¢), the
Krylov subspace X is spanned by the states [}, H 1), H? 1), A3 |1}, etc. In general,
this procedure provides a subspace closed under the action of H only after the full
Hilbert space is explored, i.e., once the state -1 |1} is reached, with D the Hilbert
space dimension. However, for certain models and certain initial states, it can hap-
pen that A" |1y = 0 or that H" is not linearly independent from the previous states.
In both cases, the Krylov subspace has dimension n and is closed under the action
of H. As a consequence, if a quench is performed from |1), the time-evolved wave-
function e~ |)) will always be in K spanned by {|¢), H |¢), ..., H" 1 |4)}, which
has dimension n. Due to X being separated from the rest of states, the properties of
the eigenstates in this subspace can be drastically different, and thus create ergodicity
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Figure 2.10: Schematic illustration of the Hamiltonian matrix structure for the main mech-
anisms to engineer QMBSs. a The Hamiltonian matrix is split between the ergodic subspace
containing the vast majority of states (red) and the scarred subspace (blue), which can be gener-
ated using various mechanisms summarised in b-d. b For projector embedding, the Hamiltonian
in the scarred subspace can have any structure specified by Hy. ¢ In the case of a restricted
spectrum generating algebra, the scarred eigenstates are equidistant in energy and can be gen-
erated iteratively by the raising operator QT. d For rainbow scarring, the scarred eigenstates
are generated by acting on the rainbow state with the generators of the half-system symmetries
O:k. The spacing in energy is dictated by the interplay of Oy, and the interaction Hamiltonian
Hipy.

breaking. We emphasise that we only consider the non-trivial Krylov subspaces that
are not created by any global property of the Hamiltonian such as symmetries.

One example of Krylov restricted thermalisation occurs in so-called “fractonic” mod-
els, in which the conjunction of a global dipole conservation law and a purely local dy-
namical terms creates many frozen sectors [32-35]. This creates an exponential number
of Krylov subspaces, i.e., much larger than the number of invariant subspaces for the
dipole symmetry alone. This phenomenon is named “Hilbert space fragmentation” [91]
and it also leads to a form of ergodicity breaking. However, within that framework one
needs to distinguish two different cases. In the classification or Ref. [35], the fragment-
ation is called strong if the fraction of the Hilbert space each Krylov subspace takes
goes to zero in the thermodynamic limit. In that case, we observe strong ergodicity
breaking as all states will thermalise in a small portion of the Hilbert space. In contrast,
fragmentation is considered weak when the fraction of the Hilbert space occupied by
the largest Krylov subspace goes to 1 in the thermodynamic limit. As a consequence,
eigenstates in this sector will dictate the microcanonical values of all observables and we
expect agreement with the ETH. However, the vanishing fraction of eigenstates located
in other sectors may not obey the ETH, leading to weak ergodicity breaking.

Exact QMBS is similar in principle to weak Hilbert space fragmentation, with the
caveat that there is a sub-exponential number of Krylov subspace. In most models,
there is in fact a single large thermal subspace and a small (vanishing in the thermo-
dynamic limit) scarred subspace. We will now review the main mechanisms to create
such Krylov subspaces.

2.5.1 Projector embedding

Shiraishi and Mori [93] introduced a general method to “embed” desired non-thermal
eigenstates into a spectrum of a chaotic many-body Hamiltonian. As the name indic-
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ates, this method relies on a set of local projectors ]53 to protect a set of eigenstates
from the action of the local operators fzj, both centred around site j. Let us consider
the global Hamiltonian

0 =Hy+> Pjh;P;, (2.45)

J

with ﬁo such that [Ho, ]5] = 0 for all j. Then if there exists a set of states |¢;) that
obey P |¢k> = 0V j, k, this set must be closed under the application of H. Indeed,
|pr) = H ) = Hy |t)y,) must also be annihilated by all P; since Pj |¢y) = PjHo |[{r) =
HoP; [4p,) = 0. As such, the set of all [;,) forms its own Krylov subspace. AS the [1)
are the only states not affected by the ilj, they will be non-thermal with respect to
the vast majority of eigenstates. However, no additional structure is imposed on these
states and their properties depend on the particular details of 15J and ﬁo, as illustrated
in Fig. 2.10b. Notably, the scarred construction still holds if Hy = 0. In that case, all
|ty) states are degenerate at zero energy.

We note that despite the apparent similarity between Eq. (2.45) and the PXP
Hamiltonian, the scarred eigenstates in that model are not trivially due to this con-
struction with the projector on the Rydberg ground states acting as the Shiraishi-
Mori projectors. Nonetheless, a few isolated exact scars have been found in the PXP
model using a similar construction [72]. Projector embedding has been used to realise
scars in lattice systems with super-symmetry [94], using compact localised states [95],
in a kagome lattice [96], or in topologically ordered models [97] and their deforma-
tions [98]. Generalisation of the Shiraishi-Mori construction have also been devised
using the “broken unitary” picture [99] and for dual unitary circuits [100].

2.5.2 Restricted spectrum generating algebra

A system governed by Hamiltonian H is said to possess a spectrum generating algebra
(SGA) — also called a dynamical symmetry — whenever there exists an operator Ot
such that [H, Q] = wQT. This means that if |E) is an eigenstate with energy |E), then
ot |E) must be an eigenstate with energy F + w. This is a well-known property of
models such as the Fermi-Hubbard model, where it is called n pairing symmetry [101].

More interestingly, it is also possible to have the SGA only in a reduced part of
the Hilbert space. Indeed, let us suppose there exists a subspace W closed under the
action of H such that the dynamical symmetry is absent at the level of the entire
Hilbert space, [ﬁ , QT] £ wQ', but holds upon restriction to W:

[H, QW = wQ'W. (2.46)

Then the Hamiltonian must admit the following exact eigenstates |S,) and correspond-
ing eigenvalues FE,,

182) = (@N)"180) , En=Eo+mnw, (2.47)

where |8p) is an eigenstate of the Hamiltonian H with eigenvalue Ey, as shown in
Ref. [102]. In other words, Q' is a spectrum generating algebra of the Hamiltonian
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limited to the subspace W, which we call a restricted spectrum generating algebra
(RSGA).

Note that Eq. (2.47) implies equal energy spacing amongst the scarred eigenstates,
as illustrated in Fig. 2.10c. Importantly, any state that has overlap only on these scarred
eigenstates will show perfect wave-function revivals. The RSGA picture means that
scarred eigenstates can be understood from a quasi-particle perspective [90]. Indeed,
taking |8¢) as the vacuum, the operator QT then creates a quasi-particle. The scarred
state |8,,) can then be thought of as a condensate of n of these quasi-particles. The fact
that they are non-interacting is manifested in the energy of these states only depending
on the number of such quasi-particles.

One of the general frameworks that makes use of RSGA is the “tunnels to towers”
construction [103], although other group theoretic approaches have also been devised [104,
105]. The tunnels-to-towers construction starts with a Hamiltonian f[sym which con-
tains multiplets of degenerate eigenstates. In the common case of an su(2) algebra,
this would be a term proportional to the total spin, while QT could be a global raising
operator for the magnetisation along a given axis. In that case, Q' leaves the total
spin unchanged which leads to [flsym, QT] — 0. One then adds an additional term Hsc
that breaks the degeneracy between states in the same multiplet. In the su(2) picture,
this term is typically proportional to the total magnetisation along the same axis as Q,
leading to the SGA structure [ﬁs(;, QT] = wQT. Finally, in order to turn the SGA into
an RSGA, a third term H 4 is added that annihilates only a single set of multiplets and
makes the system non-integrable. This means that QT only acts as raising operator in
the subspace corresponding to that multiplet. This last step is similar to the Fermi-
Hubbard model in Ref. [106, 107], where additional term couplings were added to the
Hamiltonian to turn the n pairing from an SGA to a RSGA.

It is important to note that the tunnels-to-towers construction is not orthogonal to
the projector embedding case. Notably, one can see that ﬁsym + Hgg fills the role of
I:IO, while H4 and > Pjﬁjﬁj have the same purpose. In fact, in the su(2) case, it is
straightforward to show an example where the two construction coincide. Indeed, let
us consider that the multiplet we want to preserve is the one with maximum total
spin, and assume that the effective spin on each site is a spin-1/2. In that case,
neighbouring effective spin pairs must all combine to have maximum spin 1. So it
is easy to create an operator Hy using the Shiraishi-Mori construction where Pisa
projector on the maximum effective spin configurations on two sites. Such a projector
will then commute with the global total spin and global magnetisation, meaning that
Hy = flsym—i—ﬁ sq commutes with all Pj. In fact, this is exactly what happens in the XY
spin-1 magnet, where an effective spin-1/2 corresponding to the states |m = +1) and
|m = —1) is used on each site [108]. The PXP model also resembles this construction.
When formulated in the spin-1 language and when the perturbation SH is used, Hpx
acts as Ho = Hsym + HSG while H1 + 0H acts as HA, locally projecting out pairs of
states with total spin-2 to annihilate only eigenstates of Hpx with maximum total spin.
The main differences here is the presence of the additional projection steps that gets
rid of Hy and has a non-trivial effect on the eigenstates of Hpx. Nonetheless, we see a
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close resemblance to the tunnels-to-towers and Shiraishi-Mori constructions, explaining
the emergence of an approximate RSGA.

However, we stress that the tunnels-to-towers formalism is not simply a specific case
of projector embedding. For example, the spin-1 AKLT chain features an RSGA [109]
but it has been shown that it cannot be recast using projectors that are local in the
spin-1 Hilbert space, despite the Hamiltonian being purely local [102] in that space.
The only way to recover locality of projectors is to first fractionalise each spin-1 into two
spin-1/2, and then only build local projectors into this expanded Hilbert space [110].
This procedure bears resemblance to the PXP case, showing that fractionalisation can
play an import role in QMBS phenomena [110]. Other QMBSs stemming from an
RSGA have been devised in a spin-1/2 model with emergent kinetic constraints [111],
in a model with the dynamical Onsager algebra [112] and in a three-coloured model on
a kagome lattice [113], amongst others.

2.5.3 Rainbow scars

The final mechanism we choose to discuss is a way to engineer scarring in models
that can be decomposed into two identical subsystems. This so-called “rainbow scars”
construction [114, 115] is based on having two subsystems, labelled “1” and “2”. These
subsystems have L sites with each site having p levels. Let us denote their Hilbert spaces
by H; and H,, and the Hilbert space dimension Dy = Dy = pL. The construction
requires that the subsystems’ Hamiltonians obey the relation

Hy = —MHMT, (2.48)

where M is a unitary transformation mapplng between the subsystems 1 and 2. This
implies that the eigenvalues of H, and H, are identical but with an opposite sign.
Notably, we can see that the eigenstates |E1 ;) in subsystem 1 and |E» ;) in subsystem
2 have opposite energies are are related by |Ea ;) = M |ET )

One consequence of the previous construction is that |Ej ;) @ |Es;) will be an
eigenstate of the composite system with energy exactly 0 for all j. Such states form an
orthonormal basis of a zero-energy subspace of dimension Di, which always contains
the state

) = — Z |Er ) @ |Eaj) . (2.49)

This state is special as it can be recast into a simpler form that is independent of the
microscopic details of Hy. To do that, we first rewrite it as

Dy
= \} > 1) @ M 157) = Z > () (@B & M (1) (71EL))
7),|5)eH1
(2.50)
where o; denotes the state of site j, and ¢ denotes a configuration of multiple sites in
the computational basis. In the second equation, we introduced two resolutions of the
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identity as sums of projectors |&) (7| (and same for 7') on all configurations in subsystem
1. We can manipulate this further to show

1 . D
I — o) QM|T G|E TE ®M0
L) = ﬁlf E:E%H |>(]Z::1<| 1,5) (7] ) Flagﬁ |7)

(2.51)
The term in parentheses simply reduces to (&|7) as the |E; ;) form an orthonormal
basis of H;. Importantly, the final expression for |I) only depends on M.

If an additional condition is met, then we can recast |I) in a more local form,
which gets rid of the sum over all possible configurations in subsystem 1. This requires
the operator M to be composed of a mapping operator R and another operator O as
M = OR, where R maps site j (located in subsystem 1) to site j located in subsystem 2,
thus creating pairs of sites across subsystems. O must be a tensor product of single-site
operator acting in subsystem 2 as O = &; 0. The state |I) can then finally be written
as

1

‘m%l’aw'@:mwgﬁ”@o( 7)) = @ Z\a] 77)).
(2.52)

To get the final expression, we use the fact that the sum on all possible configurations
in H; can be rewritten as a tensor product of the sum of all states on the individual
sites. This decomposition is also possible for M |7) as R maps any site j to another
site j in subsystem 2 and as O is a tensor product of local operators 0;-

The state |I) is called the rainbow state and is simply a tensor product of Bell pairs.
For example, in the case where each subsystem is composed of spin-1/2 and O is the
identity, we end up with

Lo
=@ =5 (I 11+ 11, 14)3)- (2.53)

J=1

Importantly, in this state there is maximum entanglement within the Bell pairs but
no entanglement between them. This means that the bipartite entanglement entropy
of this state will heavily depend on the chosen cut. If the cut separates subsystems 1
and 2, then it separates all Bell pairs and the entanglement entropy of |I) is mazimal
and scales as the volume of the system. We can also have the opposite case where no
Bell pairs are separated and the entanglement entropy is identically 0. Any behaviour
between these can also be observed, with area-law or sub-area-law scaling possible.

Due to the relatively simple structure of |I), it is straightforward to add a term
Hiy¢ that connects subsystems 1 and 2 and has IT) as eigenstate. For example, for the
state in Eq. (2.53) any XY-type term between states in the same Bell pair will do. The
dynamics of full system is then

Hy = Hine + H1 ® 15 + 11 ® H, (2.54)
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with |I) as one of its eigenstates. It is important to note that |I) is an eigenstate of
the full Hamiltonian independent of the microscopic details of H,. Its structure only
depends on O and its energy on Hiye. As such, the rainbow state will generically be
very different from other eigenstates that depend heavily on the details of H.

We note that this mechanism is not limited to embedding a single scarred eigenstate.
Indeed, if there is an operator O; that only acts on subsystem 1 and commutes with H
then acting with O1®15 on IT) leads to another eigenstate of H ®15+12® Hy. Indeed,
it is straightforward to check that Ol \EL]-) is also an eigenstates of H 1 with the same
energy as H,0, |Ev ;) = O, H, |Ey ;) = El,jOAl |Ey ;). It can thus be used instead of
O1 |E1 ;) in Eq. (2.49), and if it is taken out of the sum in subsequent manipulations, we

simply end up with (Ol ® ig) IT). Therefore, if this state is also an eigenstate of Hip,

it will be an eigenstate of the full Hamiltonian. If there are multiple symmetries Oy,
of H 1, it also possible to combine them to create additional scarred states as 01 Og |T)
as shown in Fig. 2.10d. Note that if there are multiple states generated this way,
the scarred eigenstates might not be exactly equal to them. Indeed, these states are
not guaranteed to be orthogonal What is important is that they are all degenerate
eigenstates of H ® 1y + 1, ® Hy with energy zero. Thus, they span a degenerate
subspace, from which we can construct eigenstates of Hiy that will automatically be
eigenstates of the full system.

This addition of new scarred states can also be achieved with higher powers of a
single operator. Notably, if A} has a U(1) symmetry with n different values, we can have
n+1 scarred eigenstates using O]fffl with k =0ton. As O]ffll generates the k-th states
from state k — 1, it will then act as a raising (or effective J ) operator. We can then
chose a suitable Hiy; that acts as an effective J* operator such that the (orthogonalised)
states are equally spaced in energy, giving a tower of scarred eigenstates obeying the
spectrum generating-algebra construction [114]. This precise case occurs in the spin-1
XY magnet [108, 115]. However, to be made apparent, it requires splitting the spin-1
into two spin-1/2 that will constitute the two subsystems. Some 7-pairing tower of
states in the spinful Fermi-Hubbard model [106, 107] can also be explained in that way,
with the up and down spin species acting as the two subsystems [115]. Finally, we note
that it is also possible to engineer other algebraic structures. To do this, one needs to
chose H; with a compatible symmetry and the possibility to engineer an Hiy that acts
as the required operator within the effective algebra [114].

2.5.4 Other constructions

As we already mentioned while discussing the individual cases, the three mechanisms of
QMBS reviewed in this chapter are far from orthogonal to each other. In some cases,
like the XY magnet [108], we can explain the appearance of scarring through all of
them. These constructions are mostly useful as a way to engineer Hamiltonian systems
featuring QMBSs. Other such mechanisms have been proposed, relying on proximity
to Floquet evolution [116] or making use of matrix product states [117]. We note that
recently, a new framework based on commutant algebras has been proposed to unify
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the different construction above along with conventional symmetries and Hilbert space
fragmentation [118-121]. Beyond these exact constructions, approximate scars have
also been devised in other non-integrable lattice models [122], models of correlated
fermions and bosons [123-125], and periodically driven systems [126-129]. Finally,
there has been a recent interest in “inverted scarring” [130-132]. In this case, special
eigenstates are instead embedded in a many-body localised system.

2.6 Summary

In this chapter, we have reviewed the key concepts of ergodicity and thermalisation in
quantum systems that are explained by the ETH. We have also discussed how these
notions relate to quantum chaos, in particular through the similarities between the
eigenstates of physical Hamiltonians and those of random matrices, providing a way to
diagnose if a given quantum system will thermalise or not. Moreover, we have surveyed
some known violations of the ETH. We have introduced the concept of strong ETH
violation, where all eigenstates deviate from the thermal prediction, as exemplified by
integrable and MBL systems. By contrast, most of our attention was focused on weak
ETH violation, where only a handful of eigenstates in the spectrum disagree with the
ETH. We have first illustrated this with an example of single-particle quantum scars,
arguing that similar physics occurs in a many-body system of Rydberg atoms, described
by the PXP model. Finally, we have discussed a few complementary mechanisms that
give rise to QMBSs in other physical systems.

Despite the plethora of theoretical models that host QMBSs, experimental realisa-
tions remain limited. Apart from Rydberg atom experiments, only a handful of other
analogue quantum simulators have shown scarring-like behaviour. Exact helix states
in XXZ spin models [133] have been observed in ultracold atoms, although only in 1D
where the model is integrable [134]. These states only become true QMBSs in higher di-
mension or upon the addition of perturbations that make the model chaotic [134, 135],
which has not been experimentally achieved yet. Signatures of ergodicity breaking re-
sembling QMBS have also been measured in a 1D dipolar gas [136]. More recently,
there have also been simulations of quantum many-body scarring in digital quantum
systems. This include the reproduction of quenches of the original Rydberg atoms [137]
as well the preparation of scarred eigenstates in the spin-1/2 scarred system [138]. Fi-
nally, using nitrogen-vacancy centres, quenches in the XY spin-1 magnet have also been
simulated [139]. However, these results are limited to relatively short times and small
sizes due to the restrictions of the current generation of devices.

In conclusion, the most important realisations of QMBS to date remain the ones
in Rydberg atom arrays, both in 1D [43] and 2D [78]. These are the only results in
large enough systems that go beyond the capabilities of classical simulation while at the
same time providing clear revivals and state transfer of the wave-function in otherwise
chaotic systems. This limited availability on other quantum platforms is currently a
hindrance to the more widespread study of QMBSs. In this thesis, we will tackle this
problem by proposing experimental implementations of QMBSs in quantum platforms
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such as ultracold atoms in optical lattices (Chapters 4 and 5) and superconducting
qubits (Chapter 6). We will also show results from quantum simulators for each of
these platforms, demonstrating the feasibility of our proposals.

Beyond simply witnessing their presence in a quantum system, QMBSs were used
in Rydberg atoms to prepare specific entangled states [140]. This hints to a potential
practical use of this phenomenon: protecting a quantum trajectory from the scrambling
action of chaotic quantum dynamics. This includes preserving the memory of the
initial state or using QMBSs for state transfer. Beyond these simple orbits, quantum
trajectory steering techniques based on QMBSs have also been devised [141, 142]. In
Chapter 6, we will develop a way to tune the structure of QMBSs, allowing enhanced
control on which states avoid thermalisation and the ability to change it dynamically.
Similarly, due to the long coherence times associated with QMBSs, it has also been
proposed that they could lead to better metrological accuracy [143]. In Chapter 3, we
will show that certain classes of QMBSs have additional properties that indeed make
them valuable for entanglement-enhanced quantum metrology.

38



CHAPTER 3

Algebraic structure of many-body scars
and implications for transport and
metrology

In the previous chapter, we have introduced various mechanisms known to give rise
to QMBSs. In this chapter, we focus on the RSGA construction and explore two of
its physical consequences. First, we show that when the relevant algebra is su(2), the
QMBS eigenstates acquire additional desirable properties, regardless of the microscopic
details of the system. In particular, we will show they possess extensive multipartite
entanglement, making them a valuable resource for quantum metrology. Using the
PXP model as an example, we demonstrate that multipartite entanglement can be
experimentally accessed even when the su(2) algebra structure is only approximate.
As a second consequence of RSGA, we demonstrate that it leads to anomalous beha-
viour in the energy transport of the PXP model. This will be attributed to the fact
that this model possesses multiple su(2) representations, all stemming from the model’s
proximity to a free spin-1 paramagnet. These multiple representations conspire to pro-
duce observable dynamical signatures even at infinite temperature, e.g., oscillations in
energy autocorrelation function when starting from a maximally mixed initial state.
Finally, we show that even after these oscillations have dampened, an enigmatic re-
gime of superdiffusion sets in, which is remarkably long-lived and robust to certain
perturbations.

3.1 Multipartite entanglement of eigenstates
Thus far, we have repeatedly made use of von Neumann bipartite entanglement en-

tropy to elucidate the difference of scarred eigenstates from thermal states. However,
this is not the only measure of entanglement, and in particular it does not quantify
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useful entanglement. Indeed, while classical states have no entanglement and are not
a good resource from a quantum information (QI) point of view, thermal states that
feature maximal volume-law entanglement scaling are also of little use. In comparison,
the Greenberger-Horne-Zeilinger (GHZ) state is heavily used in QI despite having a
constant (area-law) entanglement entropy of In(2). In order to better characterise the
potential usefulness of scarred states, we now turn to multipartite entanglement, which
describes how many particles in a given system are entangled together.

3.1.1 DMultipartite entanglement and quantum Fisher information

A quantum state state |1) is said to be k-producible granted it can be written as [144]

) = 11) @ |d2) @ -+ @ |¢n) , (3.1)

where the |¢;) all contain k or fewer particles. This means that there are no groups of
more than k particles entangled together. From this, we can say that a state contains
genuine k-partite entanglement if it is k-producible but not (k—1)-producible, meaning
that it contains at least a block of k particles entangled together. These definitions can
be straightforwardly extended to mixed states via convex combinations [144].

Clearly, inspecting every possible bipartition to check which ones are non-entangled
is not practical. In order to determine multipartite entanglement, one can use the
quantum Fisher information (QFI) denoted by Fg [145-147]. QFI has key mathemat-
ical properties such as convexity, additivity and monotonicity [146, 148-150]. It is also
fundamental in quantum metrology, as it is the main factor determining the achievable
accuracy in parameter estimation.

Let us consider the situation where we want to know the value of a parameter A
that enters some quantum phenomenon. For that, we let it act on a quantum state
p, giving us a new state p, that now directly depends on A. By measuring g, we
can then estimate the true value of this parameter. However, our estimator has some
uncertainty characterised by the variance (AX)2. The lower limit that this variance can
take is given by the quantum Cramér-Rao bound

1
ANZ> —
BV 350

where M is the number of independent measurements made during the measure-
ment protocol [148, 150]. If py is generated by an Hermitian operator O such that

pr = €29pe O then Fo admits an exact expression. For a general mixed state

p= Y paln)inl, it is [148]

(3.2)

2
Ao Pn — Pm A
F0(0,p) =2 :(p ) ) |(n|O|m)|?. (3.3)

R 12
This quantity is upper bounded by 4Tr [f) 02} —4Tr [[’3 O} , with the inequality saturated
only if p is a pure state. In that case, the density matrix is simply p = [¢) (| and the
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3.1 Multipartite entanglement of eigenstates

QFI is
A A A A2
T(O, 1) = 4{A0%) = 4 (|O%|p) — 4 ([OY)". (3.4)
Finally, there is a direct relation between the QFI and multipartite entanglement [151—
153]. Let us consider a system with N particles and a global operator O = %szL 0;
which is an extensive sum of operators 6; with local support and with eigenvalues X such
that Apax — Amin = 2, e.g. Pauli matrices. If the QFI density satisfies the inequality
Fo(0, p)
fa N m (3.5)
then at least (m + 1) parties in the system are entangled (with 1 < m < N —1 a
divisor of N). This means that the system has genuine (m + 1)-partite entanglement.
In particular, if N —1 < fo(O) < N, then the state is genuinely N-partite entangled.
Now that we have defined QFI and multipartite entanglement, we move on to
computing the expected values for both chaotic and scarred eigenstates. We will show
that there is a stark contrast between the two when QMBSs stem form an su(2) RSGA,
as derived with our collaborators in Ref. [1].

3.1.2 QFI for chaotic eigenstates

Computing the QFT for generic eigenstates might seem an impossible task without the
knowledge of microscopic details of the system. However, in this section we show that
this can be done by relying on their similarity to thermal states. In general, differ-
ent operators O lead to different bounds on QFI and there is no systematic method
(without some knowledge about the physical system [154, 155]) to choose the optimal
one. Here, we restrict ourselves to one-dimensional systems and collective operators
0= % Zfil 0i, which are typically explored in cold-atoms experiments and in interfer-
ometric schemes [150]. For the eigenstates | E,,), the QFI with respect to such collective
operators Fq(0, |E,)) = 4(E,| AO?|E,) can be expressed in terms of the connected
correlation functions G; j(Eyn) = (E,|0:0;|En) — (En|0i|En)(Ey|65|Ey). If we further
assume translational invariance, then G; ; = G|;_; and the QFI density (3.5) reads

N—-1
fQ(Ov ‘En» = GO(En) +2 Z Gr(En) . (3'6)
r=1

Note that Go(E,) = O(1) is always an intensive quantity!, hence the scaling of fg
depends on the behaviour of G,(E,) as a function of distance r. Generic chaotic
eigenstates of a locally-interacting many-body Hamiltonian far from criticality are well-
known to obey ETH [13, 156]. In this case, the connected correlation functions scale
as

Gr(Ep) ~cre™™8, r>¢, (3.7)

where |¢,| = O(1) is an intensive constant that depends on the operators, and ¢ is
the correlation length at energy FE,,. This is a consequence of the clustering property

'For instance, G(E,) = 1 for spin operators and eigenstates in the middle of the spectrum.
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of connected correlation functions of local observables, which has been demonstrated
for canonical thermal states [157]. Appealing to ETH [158], the same clustering prop-
erty holds for eigenstates of local Hamiltonians up to sub-extensive corrections [159].
Notable exceptions include global conserved quantities, e.g., B = > bi, which obeys
[H, B] = 0. In this case the variance of the conserved operator is zero in each eigenstate,
(B?), =0, imposing a sum rule that leads to (b;b;;,) ~ —m, see e.g. Ref. [28].

A few remarks are in order. The scaling in Eq.(3.7), despite being unambiguous
classically, might look counterintuitive with respect to common wisdom about quantum
chaotic eigenstates. Namely, the latter are well known to be highly entangled quantum
states, characterised by a volume law scaling of the entanglement entropy [160-162].
In other words, they can not be represented as matrix product states (MPS) of finite
bond dimension. This might seem to contradict Eq.(3.7), which states the absence of
long-range correlations between local operators. First of all, the connected correlation
functions G, (E,) of local (small) operators encode only the local information of the
two-point reduced density matrix (on sites ¢ and i + 7). Hence, their scaling makes no
predictions on the non-local structure encoded in the entanglement entropy of the —
usually large — region A. Such entanglement entropy S4 is defined as the von Neumann
entropy of the reduced density matrix p4 and, to study its scaling with the system size,
one typically lets the region A scale with the volume of the system. Therefore, to falsify
the volume law scaling, one would need exponential decay of correlations of non-local
(large) operators with support over A o Vol. This statement is much stronger than
Eq. (3.7) and it is usually wrong (interestingly, this occurs for many-body-localised
eigenstates [31]). A final comment concerns the MPS representation of the eigenstates.
While one could always describe the two-point reduced density matrix (on sites ¢ and
i+r) as an MPS of finite bond dimension, the MPS representation of the full eigenstate
constitutes a global description and, for what argued above, the site in the middle of
the system should carry the non-local correlations for size N/2.

The previous comments highlight in what sense chaotic ETH eigenstates are dif-
ferent from thermal density matrices paibbs: they have the same correlations as local
operators, but when it comes to non-local ones they can be very different. Indeed, the
mutual information of pgibbs is area law and this state can be written efficiently as
a matrix product operator (MPO). On the other hand, chaotic eigenstates are more
complicated, hosting volume law entanglement and non-local correlations.

Now that we have argued that correlations in chaotic eigenstates obey Eq. (3.7),
this equation can be plugged in Eq. (3.6). Summing over r, we obtain for N > 1

A 2
Jo(0.|En)) S Go(Bw) + 7z — +0(™) (3.8)

where we have used |¢,| < ¢ = O(1). This equation shows that generically the QFI
density of chaotic eigenstates, away from criticality, is an intensive quantity that can be
evaluated explicitly from the knowledge of a thermal correlation length. Furthermore,
whenever the correlation length ¢ is large (but finite), one has

fo(O,|E)) ~2¢ for €>1. (3.9)
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Thus, the QFI is also large and finite. By comparing this expression with the relation
to multipartite entanglement (3.5), we find that the size of the biggest entangled block
scales as twice the correlation length. This finding is fully consistent with known results
for critical pure or thermal states, where the QFI for the order parameter diverges
universally [154, 163-167].

3.1.3 QFI for scarred eigenstates

We now contrast the scaling of the QFI for thermal eigenstates (3.8) to the one for
a class of exact scars. More precisely, we focus on QMBS eigenstates that stem from
an RSGA, as introduced in Chapter 2. Additionally, we require here that the raising
operator Q' is a collective operator Q = Zf\il 0; with 0, an operator with local support.
For convenience and additional clarity when considering the su(2) case, let us define

Il
Il

o | O
Il

SHS

JT % ,JT , J7 : (3.10)
The commutation relations between .J* and .J* (in the scarred subspace W) are already
known from Eq. (2.46). However, there is the some freedom in the properties of
[JT,J7]W. These will prove to be important, as (S,|JTJ~|8,) /N? acts as probe
for off-diagonal long-range order (ODLRO) [168], which would be signalled by values
of this quantity scaling as O(1). If, for instance, one has ([J*,J7] — 1)W = 0 - the
standard algebra of the harmonic oscillator — then J* act like creation and annihilation

operators, while J+J~ acts as a number operator. It then follows

Syl JTI 8 1
Sl ST 8) 1 1 , (3.11)
N2 NN
and there is no long-range order. Suppose, instead, that the operators J obey the usual
su(2) commutation relations

[T, J7] = 2J7, (3.12)

where we use =,, to denote that the equality only holds in the subspace W. Then
Eq. (3.10) is simply the Cartan-Weyl basis and we can define the effective spin operators

A

J*¥ = (j+ + j_) /2 and JY = (f+ - j‘) /(2i) as well as a the total spin

A N A A A 1 /4, 4 A &
I = () + (I 4 (J) = () + 5 (JrJ=+J7J%)

= ST D)+ J T =, JHJF 1)+ T (3.13)
Since [J2, J5%] =, 0, the scarred states |S,) are characterised by a fixed eigenvalue of
J? that can be determined directly from the ground state as

32[80) = [J*(J* = 1) + T T 7] [80) = UO <w0 - 1) 1S0) (3.14)
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where we have used J~|8o) = 0 and the definition of J* in Eq. (3.10). This is equi-
valent to a total spin S = —FEy/w. Note that this quantity is always positive as the
Hamiltonian in W is proportional to the total magnetisation along the Z axis, which
has a ground state with Ey < 0. While Eq. (2.46) leaves the possibility that an addi-
tional term proportional to the identity is also included in the Hamiltonian, it would
then not directly satisfy Eq. (3.12). Nonetheless, in such a case our results would still
apply. Due to the part of the Hamiltonian acting as g times the identity in W, the
total spin would then be S = —(Ey — p)/w.
For simplicity, let us only consider the case p = 0, for which we can compute

<Sn| j+j— |Sn> = <Sn| jQ - Az(jz - 1) ‘Sn>

_Bo(Es |\ Eu(Bu |
~ o \w w \w (3.15)
=29 —n24n.
w
If we now use the extensivity of the ground state energy Fyg = —eyN and divide

everything by N2, we directly obtain

(3.16)

(S| JTJT~ [Sn) _ 260 m <n>2 n
N

N? w N \n) T

As n =0 to N, the first two terms are O(1) while the last one is only O(1/N). Note
that Eq. (3.15) gives back exactly Eq. (8) of Ref. [108] with w = 2h and €y = h.

Hence, we have shown that exact scars with finite energy density (n/N = 0(1))
possess long-range order [168]. As such, for the local operators 6; appearing in Q1 the
connected correlation functions are finite in the thermodynamic limit i.e.

G.(E,) ~const, r—oo, N —o0. (3.17)

This property was used in Ref. [73] to interpret scarred eigenstates as finite-energy-
density condensates of weakly interacting m-magnons that possess long-range order in
both space and time. Our key result is that, through Eq. (3.6), the presence of long-
range order implies genuine multipartite entanglement of this class of QMBSs. In fact,
the QFI density with respect to the operator J% can be directly computed. We first
decompose J* into J* and J~ to get

A A+ - A+ - A
fQ<Jw,sn>>=j§<sn|<‘] - )(‘] - >|sn>—j§(<sn|ﬁ|sn>)2

_ (Sul ST+ T T Sy (3.18)
N
_ o Sal STITSn) (8l 7 [8n)
N N

where we used (S, J*[8,) = (8] (J*)?|8,) = 0 to go from the first to the second line
and the definition of J# in Eq. (3.12) to go between the second and third line. Finally,
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3.2 Multipartite entanglement in the PXP model

looking at the last line, we can use Eq. (3.16) to obtain the analytical expression for
the first term while the second is equal to —egN/w + n by construction. This leads to
the final expression

2 2
il ”>n+€°, (3.19)

fQ(jx’ |Sn>) =2 (w - N

Therefore, exact scars with finite energy density n ~ N possess super-extensive QFI
Fog~N 2 and they are genuinely multipartite entangled. This is an important result,
as it is highly non-trivial to engineer super-extensive scaling of quantum Fisher inform-
ation for many-body states [149]. We note that results can be obtained for J¥ and for
linear combinations of J% and JY.

Figure 3.1: a Overlap between exact PXP eigenstates and the Néel state. Red squares indicate
the QMBS eigenstates. b The QFI density of the PXP eigenstates in the k= 0,p =1 and
k =m,p= —1 sectors. The red squares denote the same QMBS eigenstates as in a. In both
plots, the dips in the middle of the spectrum are due to hybridisation of QMBS eigenstates
with thermal states. The colour code indicates the density of points and all data is for the PXP
model in Eq. (2.20) with N=32 spins.

3.2 Multipartite entanglement in the PXP model

In the PXP model (introduced in Chapter 2), the algebraic structure of scarred states
is only approximate, hence Eq. (2.46) is not exactly obeyed. Nonetheless, we can
numerically probe the QFI density using the staggered magnetisation

Mg ==Y (-1)63, (3.20)
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which is exactly equal to S% as obtained from the total magnetisation along the Z axis
in the parent spin-1 model, see Eq. 2.44. This operator is a natural choice because it
is experimentally accessible and it is proportional to the total spin J* operator in the
language of the RSGA, while QMBSs are eigenstates of the corresponding J* operator.

For simplicity, we will set {2 = 1 in the rest of this chapter. The numerical results
for the QFI density of eigenstates are then shown on Fig. 3.1. As for exact scars,
the scarred eigenstates in the PXP model have largest QFI among all eigenstates.
However, as the scarred PXP subspace is weakly connected to the rest of the Hilbert
space, in larger systems the QMBS eigenstates begin to hybridise with thermal eigen-
states [54], which is manifested as a reduction in QFI and the overlap with the Néel
state. Signatures of this in the middle of the spectrum can be observed in Fig. 3.1.
Hybridisation can thus prevent the QFI of the individual scarred eigenstates to scale
super-extensively beyond a certain size, see Fig. 3.2. The same figure also shows that,
for thermal eigenstates, fg does not show a clear dependence on NNV, as predicted in
Eq. (3.8). While hybridisation will likely prevent any single QMBS eigenstate from
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Figure 3.2: Finite size scaling of QFI density for several QMBS eigenstates of the PXP model
with energies F near the middle of the spectrum, contrasted against the mean value over all
eigenstates. The scaling is extensive until N=28, where hybridisation between the scarred
eigenstates and thermal eigenstates with a similar energy starts to lower fq.

having a super-extensive QFI, FoocNV 2 in the asymptotic limit, such exact eigenstates
cannot realistically be prepared in Rydberg atom experiments, as they lack protection
from any global symmetry. Instead, we propose that extensive QFI in this model can
be leveraged in practice by dynamically evolving the system to moderate times, i.e.,
times longer than the initial relaxation scale ~1/Q, where Q is the Rabi frequency for
the model in Eq. (2.20). In Fig. 3.3 we computed the evolution of QFI density when
the PXP model is quenched from various initial states, contrasting the behaviour of
|Z2) with thermalising initial states, such as the polarised state, |ooo---), and other
random product states.

The dynamics from the |Zg) state in Fig. 3.3 clearly stands out from other therm-
alising initial states. Following the initial spreading, fgo undergoes a fast growth in the
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Figure 3.3: a Time evolution of QFI density following quenches from various initial states for
N = 32. The horizontal lines show the infinite-time QFT density averages for the Néel state and
the polarised state. b Long-time QFI density averages for various initial states as a function
of system size. The green crosses correspond to the average over the time window indicated in
grey in a. Its width is longer than the revival period of the Néel state in order to average over
these higher-frequency oscillations. The window is centred around ¢ = 180, because at this time
the maximum has been reached for all system sizes investigated but the drop at even later times
has not started yet. The dashed green line is a linear fit 0.20N + 3.06 to this data. In both
plots the data for random states is an average over 20 samples and the error bars correspond
to the standard deviation.

|Zs) case, reaching a broad maximum at intermediate times, O(10%). For all system
sizes investigated (including the ones where eigenstate hybridisation is observed), the
value of this maximum is extensive in system size. At much later times, however, fg
starts to drop, as expected from the eigenstate plot in Fig. 3.1. The non-extensivity of
the late-time value of fg can be independently confirmed by computing the infinite-time
average using the diagonal ensemble with corrections for higher moments (see App. A).
We attribute this behaviour as stemming from the very small energy difference between
the scarred eigenstate and the thermal state it hybridises with. This spacing only be-
comes apparent at very late time, and before that the two states essentially have the
same phase. As such, the fact that the anomalous properties become “spread” between
these two states has no effect.
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3.2.1 Effect of perturbations

Beyond quenches, we can also try to improve the QFI of eigenstates themselves by
using the quasi-local PXPZ perturbation in Eq. (2.34). This further separates the
top band of scarred states from the rest and makes the approximate su(2) algebra
almost exact in the scarred subspace. As a consequence, the QFI of the scarred states
is essentially equal to the analytical formula in Eq. (3.19). While this perturbation
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Figure 3.4: QFT density of the PXP eigenstates with and without perturbation probed with
staggered magnetisation Mg for N = 30. The scarred states (identified by their high-overlap
with the Néel state) are highlighted in red. The QFI density of the scarred eigenstates of the
perturbed PXP model shows good agreement with the expectations based on the exact su(2)
algebra. In the perturbed case, no hybridisation is visible, unlike in the pure PXP model.
This is a consequence of the algebra being almost closed, and thus providing a much stronger
separation between the scarred states and the thermal bulk.

restores the extensive QFI density of scarred states for the system sizes we can reach
numerically, this is a quasi-local perturbation that is extremely complicated to engineer
in a quantum device.

To try and overcome this last issue, we can turn towards more experimentally
friendly perturbations. Among these, a prime candidate is the staggered magnetisation
itself. Indeed, as it is part of the approximate su(2) algebra, one can wonder about its
impact on both the dynamics and the eigenstates. More precisely we study the effect
of x in the Hamiltonian

N N
Hgtag = Hpxp + 2xMg = > Py 167 Py +x Y (—1)767.
i=1 i=1

(3.21)

Looking at the PXP su(2) algebra in Eq. (2.44), it is straightforward to see that
the first term corresponds to the total X operator of the algebra, while the second
term corresponds to the total Z operator, and so the Hamiltonian can be rewritten as
V287 42x5%. Due to this, the dynamics of the model in Eq. (3.21) can be understood
in a simple spin-precession picture for all y, similar to what was discussed in Chapter 2
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for the case x = 0. We illustrate this with the help of the Bloch sphere in Fig. 3.5a.
The Néel state is at the South Pole, along the Z axis. For y = 0, the precession axis
is the X axis, lying in the equatorial plane. As y is increased, the precession axis is
tilted out of plane and moved closer to the Z axis. Hence, the antipodal point on the
trajectory is no longer the anti-Néel state (at the North Pole), but another state placed
on the opposite side of the precession axis. As y is further increased, this opposite
point gets closer and closer to the Néel state. In the limit y — oo, the precession
axis becomes the Z axis and the Néel state an exact eigenstate of the system. As a
consequence, we would naively expect better revivals as y increases. However, detailed
analysis (see Appendix B) shows that the improvement of revivals is non-monotonic in
X, with local maxima at x = 0, x = +1/4/8 and x — #o0. Importantly, the maximum
at x = £1/v/8 leads to better revivals than y = 0.

In practical terms, using staggered magnetisation with y = +1/4/8 provides a
relatively simple way to enhance dynamical signatures of scarring compared to the
other perturbations with similar effect that were discussed in Chapter 2. Nonetheless,
it also has limitations. Indeed, the staggered magnetisation does not make the algebra
as closed as do PXPP and PXPZ perturbations, as it main effect is a more equal spacing
between QMBS states. The fact that the Hamiltonian is now \/55“—#2)(5“ instead of
just V28 also means that the staggered magnetisation (equal to S’Z) will no longer
be orthogonal to it. As such, the variance of the scarred eigenstates with respect to
it will no longer be maximal. This can be seen in Fig. 3.5b, where it is clear that the
QFT of eigenstates is higher in the unperturbed PXP model than for y = 1/4/8 when
probed with the staggered magnetisation. While this is in general not a problem and
one could simply use Sv instead, this operator is equal to staggered PYP in the PXP
model. So this is no longer a sum of single-site operators. The projectors P also mean
that the extremal value of this operator are not +N/2 like for Mg but will be smaller,
leading to a significantly reduced value of the maximum variance. The main message is
that, while it provides a clear advantage for the lifetime and amplitude of oscillations
after a quench, the staggered magnetisation does not lead to a clear improvement for
metrology.

So overall, we find that there is no experimentally realisable perturbation that allows
to restore the extensive QFI density for eigenstates. Beyond this, preparing high-energy
eigenstate is generally a very difficult task as well, as the energy gap to the neighbouring
states decreases exponentially with system size. On the other hand, the Néel state is
straightforward to prepare thanks to its simple structure. As such, we view performing
quenches from that state until intermediate times as the most promising way to obtain
states with extensive QFI density in the PXP model.

3.3 Multiple su(2) representations and spectral proper-
ties of the PXP model

In the previous sections, we have discussed the consequences of RSGA on the structure
of the eigenstates. We have also studied the PXP case, where this algebra is only
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Figure 3.5: a Schematic picture of the effect of staggered magnetisation on the dynamics after
a quench form the Néel state. As y is increased, the precession axis is tilted towards the 7 axis.
The X, Y and Z labels refer to the the approximate su(2) algebra, which matches with the spin-
1 description. b QFI density of the PXP eigenstates with y = 1/4/8 and in the pure PXP model
(x = 0) probed with staggered magnetisation Mg for N = 24. The scarred states (identified by
their high-overlap with the Néel state) are highlighted in red. The scarred eigenstates of the
perturbed PXP model show a smaller value of QFI that in the unperturbed one. This is mainly
explained by the staggered magnetisation not being orthogonal to the Hamiltonian anymore.

approximate. As we reviewed in Chapter 2, the algebraic structure in the PXP model
can be linked to a parent spin-1 model, where the Hamiltonian is simply the free
paramagnet Hpx plus some perturbations H, and H,. The scarred states can then
be understood as the eigenstates of this paramagnet (projected into the constrained
space) with the largest total spin. However, it is natural to ask what is the fate of the
other eigenstates of Hpx. Do they get completely scrambled by H; and H,, or can we
still find traces of them in the PXP model?

In order to answer this question, it is important to recall why the scarred states are
left relatively untouched by these two perturbations. In Ref. [68], it was found that
the effect of H; could be counterbalanced by adding a small term 6H, but only for
neighbouring spin-1 pairs forming a spin-2 quintuplet. The only eigenstates for which
this is true for all pairs are the one with maximal total spin, i.c |S| = N/2. Hence
the effect of Hy on them is relatively small. However the proportion of these spin-2
pairs (in contrast to spin 0 or spin 1) is still close to 1 for all large spin representations
|S| = N/2 —d, d < N/2 for sufficiently many sites. So while the perturbation cannot
preserve them from the effect of Hy, we can still expect them to have an imprint in the
PXP model. In this section, we will explore this and the effects these multiple su(2)
representations have on the dynamics.

As discussed in Chapter 2, the Néel state can be obtained as the projection of the
eigenstates of the spin-1 S* operator with total spin |S| = N/2 and magnetisation
m, = —N/2. As such, it has overlap with states with |S| = N/2 and m, = —N/2

50
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model
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Figure 3.6: Signatures of multiple su(2) representations in the PXP model. a Overlap between
eigenstates of the global spin-1 S* operator with m, = —|§ | and the PXP eigenstates. Each
panel corresponds to a different momentum sector. The red squares indicate the primary QMBS
eigenstates with high overlap on the Néel state. b QFI density of PXP eigenstates. The red
crosses in a and b highlight the same eigenstates, which are the ones with the highest overlap
in a. ¢ Oscillations in the smoothened density of states for N = 26 sites, with the inset showing
the difference between different sDOS (see text). d Spectral form factor for various system
sizes.

to N/2. So in order to probe if there are eigenstates of the PXP model which are
approximately projection of states with |S| = N/2 —d and m, = —N/2+d to N/2 —d,
we can probe overlap with a projected eigenstate of S* with |§| = —m, = N/2 —d,
which will fulfil the role of the Néel state for these representations. Anomalously high
overlap with this state would then indicate the presence of additional su(2) structures
in the PXP model. Let us denote the projected state with |S| = —m, = N/2 —d
by |s, = N/2—d). The d = 1 state is the superposition of all single-spin flips with
momentum k,
N/2
|s:=N/2-1), o< > ™oy, |Zy). (3.22)
j=1

The anomalous overlap of these states with some eigenstates was already noted in [80],
but the connection with multiple su(2) representations was not established. For any
k # 0 we obtain a state with similar properties that is the lowest weight state of its
own approximate su(2) representation. Initial states with d > 2 have more complicated
forms due to the non-trivial effect of the projection to the constrained Hilbert space. On
Fig. 3.6a, we show the overlap of the states |s, = N/2—d), with the eigenstates of the
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PXP model with d = 0 to 2. In order to make sure that the middle and right panels have
no overlap with the usual scarred eigenstates, all three panels are for different momenta
sectors. As such, this clearly indicates the presence of other anomalous eigenstates in
the model. We note that on this figure, for d = 0 and d = 1 there are N/2 — d visible
towers of states implying a total of N +1—2d in the full spectrum. This is the expected
number for total spin N/2 — d. However, this is not the case for d = 2. We attribute
this to the relatively strong mixing between the representations as d increases. This
mixing is also the reason why we see towers of states instead of a clean top band. It
explains why, even for d = 0, we generally see additional structure below the top band
of states.

Fig. 3.6b shows fp using staggered magnetisation for the PXP eigenstates with
the same momentum as the projected state. We generally see a higher fg for state
displaying high-overlap with our projected states. However, in the rightmost panel the
states with maximal QFI density are not those with maximal overlap on |s,=N/2-2),.
Further inspection reveal that these eigenstates instead display large overlap on the
state |s,=N/2—1),, which is the highest total spin present in that momentum sector.
This illustrates well that the su(2) representations get progressively worse as the total
spin decreases. For fg this effect is further amplified as this quantity scales with total
spin even for an exact algebra.

This deterioration with |S| makes it unclear if these multiple su(2) representa-
tions leave imprints on the system beyond quenches from specific states. To show
that the bulk spectral properties of the PXP model are indeed affected, we consider a
smoothened density of states (sDOS) and spectral form factor (SFF) [19]. The sDOS
is defined as

po2(E) = (1/D)Y" exp(—(E — E,)? /202) /NV2r02, (3.23)

where F,, are eigenenergies, D is the reduced Hilbert space dimension, and o sets the
smoothing interval. Fig. 3.6¢ shows that the sDOS has tiny oscillations in the middle of
the spectrum. These oscillations can be made more prominent by subtracting the sDOS
at low and high variances, Ap = p,2_006 — Po2—0.5, Plotted in the inset. The energy
difference between the peaks in sDOS roughly coincides with the oscillation period in
the SFF, defined as

K(t) =Y e Enmbmt, (3.24)

and plotted in Fig. 3.6d for a range of system sizes. Although the SFF, in general, is
not a self-averaging quantity, the peaks appear converged in system size, and thus they
are expected to persist in the thermodynamic limit.

These other su(2) representations can also be stabilised by the PXPZ perturbation
in Eq. (2.33) with the same strength A = 0.051. This is reflected in the presence
of clearer peaks in the sDOS and by more prominent oscillations in the SFF. More
importantly, it can lead to fidelity close to 1 for initial states |s, = N/2—d), linked to
k,d # 0. In Fig. 3.7, we show the fidelity at the first QMBS revival for d = 0 and
d =1 for various system sizes. For the Néel state (d = 0), the fidelity is always close to
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1 but decreases slowly as IV gets larger due to the Hilbert space size increasing. This
is the usual behaviour in systems with non-exact QMBSs. However for d = 1, where
the initial state is given in Eq. (3.22) with £ = —47 /N, the revivals actually get better
with an increase in system size, at least in the range of NV probed. Based on the data,
it is likely that for larger system sizes the case d = 1 will have very close fidelity and
period to the d = 0 case. We can understand this behaviour by remembering that
in the dimerised model the perturbation stabilises neighbouring spin-1 pairs forming
spin-2 quintuplets. In the case with maximal total spin (d = 0), all pairs form such
quintuplet regardless of system size. While this is not the case for d = 1, the total
deviation from quintuplets is constant while the number of pairs increases with system
size. As a consequence, each pair gets closer and closer to a quintuplet as system size
increases. This explains the increase in fidelity that we observe.
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Figure 3.7: a Fidelity and b period of revivals for two eigenstates of S* projected into the
PXP Hilbert space and evolved with PXP and the PXPZ perturbation. For |S| = N/2 —1 the
revivals get better as system size is increased, and should theoretically match up with those of
|S| = N/2 in the thermodynamic limit.

3.4 Superdiffusive energy transport in the PXP model

While the SFF and DOS are fine probes of special features in the spectrum, they are
not directly accessible in experiment. We now turn towards observables to show that
the multiple su(2) representations also impact their behaviour. In particular, we focus

A N A A

on correlation functions of the type (O(t = 0)Q(¢)) = Tr [O(t = O)Q(t)]. The absence
of any explicit density matrix p means that p oc 1, and so the trace corresponds to
the expectation value at infinite temperature. The prime candidates for demonstrating
non-thermal behaviour are the ones of the approximate su(2) algebra in Eq. 2.44.
Indeed, in the parent Hamiltonian the operators S¥, S¥ and S* obey the usual su(2)
commutation relations. If sufficiently many su(2) representations survive in the PXP
model, we expect the projection of these operators to at least approximately obey the
same commutation relations as well. In that case, we should see

(8Y(£)8Y(0)) ~ (5%(t)S%(0)) ~ cos(wt), (3.25)
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A

provided that the operators are normalised such that (O(0)O(0)) = 1 As the operator
A \2 A N2 o A N2 .

(Sy) + (SZ) =82 — (Sx) commutes with S”, one can also probe if the operator
. . \2 A2 N N

SZ’Z = (Sy> + (Sz) gives rise to <S§,Z(t)S§,z(O)> ~ 1 as expected for a constant of

motion. Fig. 3.8 shows that all these relations are sufficiently well obeyed at short times
in a finite system with 20 sites.

2 (1)52.(0)

Figure 3.8: Time evolution of the various global spin operators projected to the constrained
space. In particular, (S7? _(t)S7 _(0)) remains close to 1, indicating an approximate conservation

~

law. All operators are normalised to satisfy (O(0)O(0)) = 1.

We now turn towards quantum transport as a probe that is agnostic to the exact
form of the approximate algebra. Importantly, transport is also a universal behaviour,
with generic chaotic models typically exhibiting diffusive transport of conserved quant-
ities such as spin [169-175], charge [169, 172] or energy [170, 172, 176-178]. On the
other hand, disorder can give rise to slower than diffusive (subdiffusive) dynamics or
even localisation [27, 171, 179-183].

For the PXP model, as only energy is conserved we study its transport using the
energy-energy correlation function. Intuitively, this setup tracks the spreading of a
small energy “hump” created at the central site of the chain, atop of the infinite temper-
ature density matrix. We probe energy transport via the connected energy correlation
function

A~ A~ ~ ~ A~

(ho(0)he(t))e = (ho(0)he(t)) — (ho(0)) (e (t)), (3.26)

where ﬁg(O) = pg_lérjfpgﬂ is the energy density operator at site ¢, and hy(t) =
etlexetp, (0)e~pxprt Ag before, we set u = 0 and restrict our study to the re-
duced Hilbert space containing no neighbouring excitations. This is a crucial difference
with respect to the earlier studies of particle transport in constrained models, e.g., in
Refs. [184, 185]. In particular, in Ref. [184] a magnetisation-conserving variant of the
PXP model was studied without restricting to a single sector of the Hilbert space. Due
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3.4 Superdiffusive energy transport in the PXP model

to the large number of disconnected sectors and frozen local configurations, this model
displayed localisation, with the initial energy hump never spreading homogeneously into
the whole system. More generally, Refs. [184, 185] have found that kinetic constrains
lead to subdiffusive transport.
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Figure 3.9: a The connected energy autocorrelation function in the PXP model has a short-
time oscillatory regime (I) followed by power-law decay (II). b The inverse instantaneous dy-
namical exponent extracted from the correlation function approaches the ballistic value of one
at t ~ 100, followed by slow decay at later times that appears to saturate to a superdiffusive
value 1/z =~ 2/3. ¢ Double-logarithmic plot of the data in b shows that power-law convergence
to diffusion 1/z = 1/2 is also consistent with the data. Dashed line corresponds to o ¢=0-8
dependence. The data is for a chain with NV = 1024 sites and bond dimension of dyjax = 512.

Accessing energy transport in the thermodynamic limit requires the evaluation of
the connected correlation function (3.26) in large systems at late times. To access the
required system sizes and times, we use a state-of-the-art massively parallel implement-
ation of the TEBD algorithm [61, 186] based on the ITensor library [187], performed
with our collaborators at IST Austria in Ref. [2]. This allows us to simulate operator
dynamics in the PXP model up to times exceeding t = 300, requiring N = 1024 lattice
sites to avoid the operator-spread reaching the boundary of the system.

Fig. 3.9a highlights two distinct regimes in the decay of the connected energy auto-
correlation function for the PXP model. At short times, marked by the shaded area,
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we observe oscillatory behaviour. This is due to due to the multiple su(2) representa-
tions discussed above and the period of the oscillations matches with the ones in the
SFF and the energy spacing in the DOS. As expected, at long times the oscillations
disappear and the correlation function settles to a power-law like decay. This decay is
conveniently probed via the instantaneous dynamical exponent

Loy dIn(ho(0)hg(t)).
2 ()= dlnt ’

that gives the running exponent of the power-law decay. For diffusion we expect 1/z =
1/2, while any larger value implies superdiffusive behaviour. Fig. 3.9b shows that 1/z
first approaches the ballistic value of 1 before relaxing slowly to a smaller value. Despite
the decrease of 1/z, its value remains superdiffusive (1/z > 1/2) even at extremely long
times t ~ 300, at which the correlation function has spread approximately 300 sites
from the centre.

This superdiffusive behaviour is very surprising. Indeed, in contrast to (sub)diffusion,
faster-than-diffusive transport typically rests on the existence of special structures. In
one dimension, integrable models [26] can support ballistic transport since their mac-
roscopic number of conserved quantities may prevent currents from decaying. Fur-
thermore, intermediate behaviour between diffusion and ballistic transport can arise in
integrable models with certain symmetries, where superdiffusive Kardar-Parisi-Zhang
(KPZ) dynamics has been observed [173, 175, 188-198] with an exponent of 1/z = 2/3.
Importantly, all examples of faster-than-diffusive dynamics in short range models rely
on integrability. The same, naturally, does not hold for long-range models where su-
perdiffusion has also been observed and explained by classical arguments using Lévy
flights [199, 200].

As the PXP model is neither integrable nor long-range, the appearance of super-
diffusion with an exponent close to the KPZ one is unexpected. Nevertheless, plotting
the data for 1/z on a log-log scale in Fig. 3.9c, one cannot rule out power-law relax-
ation of z to diffusion at times that are inaccessible to our numerics. We note that
even if diffusion is recovered at long-times, the fact that such timescales are observed
is anomalous in itself.

(3.27)

3.4.1 Stability of superdiffusion to perturbations

Possible origins of this superdiffusion could be the proximity of the PXP model to an
integrable Hamiltonian (as discussed in Chapter 2) and the presence of multiple su(2)
representations. In order to test this, we can use the PXPZ perturbation that can
enhance both depending on the strength. To further probe the relevance of multiple
su(2) representations, we deform the model with the local PXPZ perturbation,as defined
in Eq. (2.33). We chose it over Eq. (2.34) to avoid introducing any long-range coupling
and for its much simpler implementation with TEBD. Previously, it was shown that
A = 0.05 stabilises the highest-spin su(2) representation [67]. Our results indicate that
they also lead to stronger signs of multiple su(2) representations in the sDOS and SFF.
It was also seen that A ~ 0.024 leads to level statistics close to integrability [70].
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Figure 3.10: a Connected energy auto-correlation function for several strengths A of the PXPZ
deformation. Early time oscillations approximately peak at times ¢ € {5.1,10.2,15.3,20.4}
(dashed lines) for the su(2)-enhancing perturbation A = 0.05. b Long time decay is fastest
for A = 0.024, as manifested by the inverse dynamical exponent approaching the value of one
from above. In contrast, large A = 0.5 results in a rapid onset of diffusive dynamics. ¢ Spatial
dependence of the connected energy correlation function at ¢ = 200 in the PXP model with the
PXPZ deformation. In the vicinity of A &~ 0.026, the profile becomes visibly flat. The data is
for N =768 and bond dimensions dy.x = 384 [panels a, b] and dyax = 256 in c.

Fig. 3.10a illustrates its effect on the energy autocorrelation function and the dy-
namical exponent. We observe that the deformation strength A = 0.05 gives the
strongest enhancement of oscillations in the early time regime, further confirming that
oscillations are caused by multiple su(2) representations. However, the long-time value
of 1/z for A = 0 and 0.05 behave nearly identically. In contrast, the value A = 0.024
only weakly enhances the oscillations but yields a much faster decay of the correla-
tion function at late times. The extracted 1/z exponent in Fig. 3.10b overshoots the
ballistic value z = 1 and converges to it from above, consistent with a proximate integ-
rable point. Finally, a large deformation A = 0.5 leads to fast saturation of 1/z =~ 0.5
corresponding to conventional diffusion.

In the vicinity of an integrable point, superdiffusion can appear as a crossover
between nearly-ballistic behaviour at short times and diffusion at late times [172, 201,
202] (see also the review [203]). The intuition is that transport should at first be-
have as in a corresponding integrable model until the system starts to feel the effect
of the integrability-breaking perturbation, which leads to slow quasiparticle decay pro-
cesses. To corroborate this picture of ballistic transport followed by slow decay, we
computed the spatial profiles of the correlation function in the PXP model with the
PXPZ deformation in Fig. 3.10c. As seen in this figure, the profile exhibits a nearly
flat dependence on position. This is similar to what is seen in the same model at the
integrable hard-square point [2].

The proximity of an integrable point naturally explains the observed long timescales
in the dynamics of the PXP model. In order to avoid slow convergence towards the
thermodynamic limit, we must consider stronger deformations of the model. While
a large PXPZ deformation restores diffusion in Fig. 3.10, such a perturbation is not
readily available in experiments. Instead, we focus on the detuning/chemical potential
p introduced in Eq. (2.20) in Chapter 2. As a reminder, this term counts the number
of Rydberg excitations in the constrained Hilbert space. We note this term cannot be
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expressed using the generators of the approximate su(2) structure in Eq. 2.44. As such,
it destroys the peaks in the sDOS already for small values of p and it has been shown
to make the dynamics from the |Zo) state ergodic [204].
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Figure 3.11: Stable superdiffusive energy transport for a large detuning in the PXP model.
a Sufficiently large deformations pu > 0.4 lead to a clear superdiffusive exponent z ~ 1.5. b
Single-parameter scaling of the spatial profiles of the connected correlation function for ;4 = 0.5
shows a collapse for 1/z ~ 0.669 (average value of 1/z in the interval ¢ € [100,200]). The
ballistically propagating peaks at large |x| are expected to disappear as ¢ — oo. The data is
for N = 1024 sites with bond dimensions dyjax = 384 for p = 2 and dyjax = 256 for 4 < 1. For
clarity purposes, data in panel a has been smoothed using a Gaussian filter.

Fig. 3.11a shows the instantaneous dynamical exponent for a range of deformation
parameters p € [0,2]. For weak deformations p < 0.2, the exponent varies slowly,
similar to the PXP model in Fig. 3.9b. However, the effect of a nearby integrable
point diminishes once the deformation is sufficiently strong. Surprisingly, for large
deformations u > 0.4, we observe clear superdiffusive transport with a well-converged
dynamical exponent z ~ 1.5. The robust superdiffusion, observed over a broad range
of 1, suggests that even the PXP model itself may have z = 1.5, although much longer
times may be needed to observe the convergence of the exponent to this value. We note
that other perturbations lead to superdiffusion for small strengths A, but for A > 1.5
diffusion is generally recovered. We do not show these results here, but they can be
found in Ref. [2].

The transport exponent z = 3/2 is one of the hallmarks of the KPZ universality
class, which has recently been observed in integrable quantum systems with certain
symmetries [175, 188, 189, 191, 193]. To further test if Hpxp with u # 0 belongs to
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the same universality class, we analyse the spatial profile of the correlation function in
Fig. 3.11b. The profiles of correlation function at different times show a clear collapse
with a single scaling parameter that matches the average value of 1/z in the interval
t € [100,200]. However, the presence of ballistic peaks visible at the edges of numerically
computed profiles in Fig. 3.11b prohibits us from reliably discriminating between the
theoretically expected KPZ or Gaussian scaling functions.

Finally, we note that this anomalous transport is not a generic consequence of
projecting a free paramagnet onto a reduced Hilbert space. If instead the range-2
Rydberg blockade is used — the constraint now excludes both nearest-neighbour as well
as next-nearest-neighbour up spins — diffusion is quickly recovered, as we discuss in

Ref. [2].

3.4.2 Origin of superdiffusion

Overall, our observations challenge the current understanding of chaotic quantum mod-
els, which are expected to exhibit diffusive (or slower) transport dynamics. In partic-
ular, our findings suggests that certain classes of constrained models, when studied in
the reduced Hilbert space, may provide stable examples of superdiffusive transport.
At present, the explanation for the robust superdiffusive transport observed here is
missing, highlighting the need for the development of a theoretical description of trans-
port in systems with constraints. Indeed, while proximity to integrability seemed like
the obvious candidate, strong deformations with the chemical potential were shown to
move the PXP model away from an integrable point but still gave rise to a broad re-
gime of superdiffusive energy transport. The observed transport exponent, z ~ 3/2, is
tantalisingly close to the value corresponding to KPZ universality class. Nevertheless,
it remains unclear why the PXP model would belong to this class, given the existing
examples of KPZ dynamics in integrable spin chains with SU(2) or higher symmetry.
Furthermore, it is known that higher order corrections can lead to a transient KPZ-like
exponent [176]. However, with perturbations such as detuning, the observed superdif-
fusion remains stable up to long times of ~ 200 in natural units 1/, casting doubt on
the relevance of higher-order corrections. Moreover, it is not clear why the chemical
potential would particularly enhance such corrections.

One potential explanation for superdiffusion in chaotic models could stem from
nonlinear fluctuating hydrodynamics [205], provided additional conserved charges exist
within the reduced Hilbert space. Indeed, KPZ transport has been shown to arise in
a broad class of low-dimensional classical models with particle, momentum and energy
conservation [206]. Our brute-force numerical search did not yield a clear signature
of additional conservation laws in the PXP model, hence it remains unclear whether
its transport fits the framework of Refs. [205, 206]. Another potential explanation for
the unusual transport could be related to the semiclassical aspects of the PXP dy-
namics when the latter is projected onto the variational manifold of matrix product
states [59]. The study of quantum dynamics with translationally-invariant initial con-
ditions in Ref. [64] revealed the existence of large Kolmogorov-Arnold-Moser (KAM)
tori in the classical phase space resulting from the variational projection. Provided
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these tori survive in the absence of translation invariance, they may play a role in en-
ergy transport. Finally, the current capabilities of Rydberg quantum simulators [207]
may allow to probe our predictions experimentally and to gain further insights into the
energy transport, in particular in higher dimensions.

The link between scarring and superdiffusion also remains to be understood. On
the one hand, as we explained above, the chemical potential p destroys the su(2)
structure responsible for scarring from the |Zs) state, while at the same time this does
not appear to affect the late-time dynamical exponent, suggesting the two phenomena
to be unrelated.

3.5 Summary

We have shown that QMBS eigenstates stemming from su(2) RSGA have QFI scaling
quadratically with system size. This means that these states have extensive multipartite
entanglement and so they constitute a valuable resource for quantum metrology. A re-
cent work expands on these results to propose an actual implementation protocol [208].
Using the PXP model as an example, we have demonstrated numerically that scarred
eigenstates also have similar properties when the RSGA is only approximate. However,
in that case, the quadratic scaling breaks down in large systems due to the hybridisa-
tion with thermal eigenstates. Nonetheless, we can still obtain states with large QFI
by quenching from a simple product state that is easy to prepare in experiment. At
intermediate times, the QFI of the time-evolved state displays the desired quadratic
scaling.

In the same PXP model, we have demonstrated that there exists multiple approx-
imate su(2) representations beyond the maximal total spin representation studied in
the previous literature. The origin of these algebraic structures is traced back to the
parent spin-1 model introduced in Ref. [68] and reviewed in Chapter 2. As their total
spin decreases, the number of representations increases but their quality (i.e., how close
to exact they are) gets worse. This makes it hard to quantify the impact of lower-spin
representations on the observable properties of the PXP model. Nonetheless, we can
see that they leave clear spectral signatures in the form of peaks in the DOS and oscil-
lations in the SFF, even at infinite temperature. Beyond this, they also impact energy
transport by inducing oscillations at short times.

Surprisingly, beyond these initial oscillations, the PXP model also shows super-
diffusive transport when restricting to the largest connected component of its Hilbert
space. The long-time behaviour is shown to be affected by a nearby integrable point,
confirming that the PXPZ deformation gives rise to nearly ballistic transport, as sug-
gested by the level statistics indicators [70]. However, while deforming the PXP model
with a chemical potential removes the remnants of integrability, instead of restoring
diffusion it leads to a stable superdiffusive regime with a dynamical exponent z =~ 3/2.
The exact origin of this superdiffusive behaviour is still unknown, and further work on
the topic is needed.
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CHAPTER 4

Realising many-body scars in
Bose-Hubbard quantum simulators

In the previous chapter, we have shown that, under certain conditions, QMBSs can be
useful for quantum metrology. One obvious limitation to their practical usage in that
context is a small number of experimental realisations [43, 78, 136, 139]. In particular,
the only large-scale example of QMBSs stemming from an (approximate) RSGA is
in Rydberg atoms, in the form of the PXP model and its generalisations to higher
dimensions [43, 78]. Therefore, engineering QMBSs in other experimental platforms
is paramount. Moreover, as the previous chapter has demonstrated, many properties
of the PXP model remain poorly understood, such as its energy transport behaviour.
Thus, implementing this model in new experimental setups with different measurement
capabilities could shed new light on these intriguing properties.

In this chapter, we realise the PXP model on a large-scale quantum simulator made
of ultracold bosonic atoms in a tilted optical lattice, designed and operated by our
experimental collaborators at Universities of Hefei and Heidelberg [4]. We first explain
the mapping between the models and contrast our implementation to the Rydberg atom
arrays. We then benchmark our experimental setup by performing quenches from the
Néel state, showing that local fidelity and entanglement entropy can be extracted using
interference between identical copies of the system. One of the notable new findings
of our experiment is that scarred dynamics is not limited to the Néel initial state but
can also be observed in the polarised initial state in the presence of chemical potential.
This result is surprising as the polarised state has previously served as a reference for
ergodic dynamics in the PXP model. We derive a semi-classical description of quantum
dynamics after a quench from the polarised state, and relate it to an approximate
su(2) algebra. Finally, we demonstrate that periodic driving can enhance the scarring
behaviour from both the polarised and Néel initial states.
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4. REALISING MANY-BODY SCARS IN BOSE-HUBBARD
QUANTUM SIMULATORS

4.1 The tilted Bose-Hubbard model

We begin by describing our experimental setup, before showing its effective Hamiltonian
and how it maps to the PXP model. Our experiment consists of a 8’Rb Bose-Einstein
condensate, which is compressed in the z-direction and loaded into a single layer of a
pancake-shaped trap. We then perform superfluid to Mott insulator phase transition
with optical lattices in the x—y plane. In both x and y directions, we have a superlattice
that is formed by super-imposing the “short” lattice, with ags = 383.5 nm spacing, and
the “long” lattice, with a; = 767 nm spacing [209, 210], each can be individually
controlled. We realise independent 1D Bose-Hubbard models in the y-direction by
ramping up the short lattice depth in the z-direction over 40E,., with E,=h?/8ma? the
short-lattice recoil energy, where h is the Planck constant and m is the ®’Rb atomic

mass.
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Figure 4.1: Realising the PXP model in a Bose-Hubbard quantum simulator. a A schematic
of the optical lattice. Deep lattice potential in the z-direction forms isolated chains in the y-
direction, where the linear tilting potential is applied. Spin-dependent superlattices consisting
of two standing waves in each direction can be individually controlled for state preparation and
measurement. At the resonance U~A>J, the dominant hopping process is 11 <> 20. The PXP
excitations, e, live on the bonds between the lattice sites. The doublon configuration 20 in the
Bose-Hubbard model maps to an excitation in the PXP model, while all other configurations
are mapped to an empty site, o. For example, the given state |...cececooce...) maps to the
Fock state |...120201120...). b Emergence of the PXP subspace in the Bose-Hubbard model
at the resonance U~A>>>J. Dots represent Fock states of the tilted Bose-Hubbard model with
5 bosons on 5 sites (restricting to at most three bosons on any site). Lines denote the allowed
hopping processes. The colour scale shows the sum of interaction and tilt energies (U + A>
for each Fock state, and this value is conserved by resonant processes. The PXP dynamical
subspace and its Fock states are explicitly labelled.

The short lattice in the y-direction makes an approximate 4° angle with gravity,
which results in a static linear tilt per site of A;=816 Hz, see Fig. 4.1a. An external
magnetic field gradient Ag may be added to create a tunable linear tilting potential
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A=A,+Ap. The effective Hamiltonian describing each 1D array of the atoms is then

L-1

H=-J% (b bz+1+b+1b) LU+ A, (4.1)
=1

where J is the hopping amplitude and 13, bt are the standard Bose annihilation and
creation operators. The interaction energy is U = (U/2) Y2E | 4; (7 — 1) and the tilt
potential is A = AZZ-LZI(i — 1)n;, with 7; the number operator n; = IA)IIA)l L denotes
the number of sites in the chain with open boundary conditions and we restrict to the
total filling equal to 1, i.e., with the same number of bosons as lattice sites.

4.1.1 Mapping the PXP model onto the tilted Bose-Hubbard model

In order to realise the PXP model in the Bose-Hubbard quantum simulator, we tune
the parameters to the resonant regime U~A>>J [211, 212], which has been studied
extensively in the context of quantum Ising chains [213-215]. In that limit, the energy
spectrum of the Hamiltonian in Eq. (4. 1) splits into bands with essentially constant
expectation value of the diagonal terms, (U +A) ~ const, and the Hilbert space becomes
fragmented. Performing a Schrieffer-Wolff transformation [47] at this resonance, we find
that the first-order effective Hamiltonian is equal to

L—-1
Heg = —JZ (bzbi+16ﬁi716ﬁi+171 + b1+1b15ﬁi726ﬁi+170) +U + A. (42)
=1

This operator only allows the hopping 11 <> 20, as it is the only resonant process that
conserves <U + A) Indeed, moving a particle to the left decreases the energy by A
while creating a doublon increases it by U, leading to no net energy difference when
U = A. We note that due to this limited number of resonant processes, H.g splits the
Hilbert into disconnected sectors beyond the conservation of <U + A>

We focus on the connected component of the Hilbert space containing the Mott
state |111...111). In that sector, the Hamiltonian (4.2) is equivalent to the PXP
Hamiltonian [45, 46], as we show now (see also Ref. [211] for the original derivation of
the mapping in the context of Ising phase transitions and a recent review [212]). As
mentioned before, the only allowed dynamical process is 11 <> 20. Let us now think
of each bond between overlapping pairs of sites as a spin-1/2. We can then say that
setting this pair to 20 is flipping the corresponding spin up, while otherwise it is down.
But if one pair is 20, the neighbouring pair to the left must be 12 or 02 as it shares one
site. It is thus dynamically frozen and cannot be flipped up. The same is true for the
pair to the right which must be 01 or 02. It is straightforward to see that this is exactly
the PXP constraint for the spin-1/2 living on the bonds. The mapping to the usual
notation is simple, with 20 being equivalent to e, while all other possible configurations
(11, 12, 02 and 01) map to o. Note that as we use open boundary conditions, there
is one less PXP spin that bosonic site. We identify the unit-filling state |[111...11)
with the PXP polarised state, |0). The exact mapping to the Néel state depends on the
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parity of L, as for even L it becomes |20 . .. 2020) while for odd L it is |20...20201). The
same is true for the anti-Néel state which is respectively [02...0202) or [102...0202).
Fig. 4.1b illustrates the profound change in the connectivity of the Fock space near
the resonance U~A>>>J, with an emergent dynamical subspace isomorphic to the PXP
model in the sector containing the Mott state.

We now derive the effective Hamiltonian in the PXP formulation. To do that, we
need to account for the diagonal terms U and A. Exactly at the U = A resonance,
their sum is simply equal to AL(L—1)/2 for all states in the sector. But what happens
if we are not exactly at the resonance? As long as U, A > |U — A|, the Schrieffer-Wolff
transformation still holds. Nonetheless, we now need to account for the fact that the
diagonal terms are not equal for all states in the sector. Let us denote the detuning
between them by Uj, such that U = A + Uy. The polarised state (or Mott insulator
state) still has energy AL(L — 1)/2, but now every process that creates a doublon by
moving a boson to the left loses energy A and gains energy U. So each doublon leads
to an increase of energy of Uy on top of the constant energy Ey = AL(L —1)/2. As
the latter is an additive constant, we can get rid of it when restricting to the sector of
interest. This allows to write the effective Hamiltonian in the sector of interest in both
the bosonic and spin languages as

L-1 I

. an L Us

Hor==T3_ | Blbis10n,10n,0 + Babidn, adano | + 5 S (i =), (43)
; v k i +1 i S +1 2 ;5,_/
ﬂPj,l&;FPj+l \/QP]-_lfrj_Pj_H fj=1-P;

In this equation, the index i labels the bosonic sites, while j labels the bonds between
sites. The Kronecker delta functions have been expressed in terms of projectors, ]3J =
|oj)(oj|, and the bosonic hopping terms correspond to the spin raising and lowering
operators, 6;5, on the bond j. Moving a particle to a neighbouring site on the left
corresponds to creating an excitation, moving to the right to annihilating, while the
delta functions act as constraints. Due to this equivalence between creating a doubly-
occupied site and an excitation, the detuning term counting the former can be turned
into a chemical potential term counting the latter.
Finally, the effective Hamiltonian is equivalent to the PXP Hamiltonian in Eq. (2.20)
as
. o . . N-1 N
Hpxp = X1Po + Py 1 XN +Q Z Pj1XPji1+ o Z nj, (4.4)
Jj=2 Jj=1
with Q = —v/2J, uo = Uy = U — A, and N = L — 1. The number operator nj is 1 if
there is an excitation and 0 otherwise. As the last bosonic sites can never be doubly-
occupied using the resonant process, the Uy term acting on it has been dropped. This
shows that it is straightforward to engineer the PXP chemical potential in the Bose-
Hubbard model use a simple detuning between U and A. This will make it possible

to create a time-dependent chemical potential by modulating U. It is important to
note that as = —/2J, it must hold that Uy/J = —/2u/92. While the minus sign is
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4.1 The tilted Bose-Hubbard model

not important for dynamics from the Néel or polarised state, the factor of v/2 must be
accounted for when converting parameters between the two models.

Using numerics we can verify the mapping between the ideal PXP dynamics and the
Bose-Hubbard model. We use exact diagonalisation techniques to obtain the full energy
spectrum of both the PXP and Bose-Hubbard Hamiltonian with L < 12, which allows
us to directly access the system’s eigenstate properties. Unless specified otherwise, we
restrict the occupancy of any site to be at maximum 3 bosons, as our results are found
to be insensitive to allowing more than 3 bosons on any site. In analogy with the PXP
model, the system initialised in the state 2020...201 is expected to oscillate between
this state and the state 12020...20. This is not only the case for the effective model
(4.3) which is exactly equivalent to PXP, but also for the full tilted Bose-Hubbard
model (4.1) at the U = A resonance, as can be observed in Fig. 4.2. This figure also
shows the evolution of the bipartite von Neumann entanglement entropy Syn(t). The
system is initially prepared in the state 2020...201 or the completely homogeneous
state 111...111. As in the PXP model, the entanglement entropy for the 2020...201
state exhibits slow and approximately linear growth in time. In contrast, the entan-
glement entropy for the state 111...111 rapidly saturates, implying that the system
quickly thermalises.
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Figure 4.2: Comparison between the full Bose-Hubbard model at the resonance and the
PXP model. Left: Evolution of quantum fidelity starting from the state |1)o) = |2020...201)
(red) and the amplitude of state transfer with the state |¢)) = |12020...2020) (blue). Right:
Evolution of the bipartite entanglement entropy for the initial states |2020...201) (red) and
[111...111) (blue). The dashed and dotted black lines correspond to the effective model from
Eq. (4.3). System size L = 11, subsystem La = 5, filling factor v = 1.

4.1.2 Higher-order terms in the mapping

The implementation of the PXP model is only exact at U = A — oo. For any finite
values of these two parameters, there will be additional contributions. These correspond
to the higher-order terms in the Schrieffer-Wolff transformation and can be computed
in the same way. We find that the next leading terms are at order 2. To simplify the
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notation we write these terms as sums of range-3 operators, where [111) (120|; denotes
the operator changing sites j — 1, 7 and j + 1 from 120 to 111 while leaving all other
sites unaffected. First, we can identify the matrix elements that take the system out of
the PXP sector. This happens by an appearance of sites with 3 bosons via the operator

a2~ fﬂ

Z (1300) (201], + |201) (300]; + 2[300) (120], + 2[120) (3001, ). (4.5)
The off-diagonal matrix elements connecting states within the PXP sector are given
by:

58 = Z (1120) (201, + |201) (120], ) . (4.6)
There are also additional off—dlagonal matrix elements connecting states various states

outside of the PXP sector, but as they do not directly influence the dynamics out of it
we do not describe them here. Finally, the diagonal operator in this sector is given by

. (o J2 L—-1
s, = =3 (4 [120) (120]; — [111) (111]; + [020) (020]; — [112) <112\j) .
j=2 4.7

2
+ (100 01,y — 1) (ly — 12) (12l ),

where the two-site operator [11) (12[; acts on sites j and j + 1.
In order to see how these second-order terms change the effective model we can
rewrite Eqgs. (4.6)-(4.7) for the PXP model with N = L — 1 sites. We then obtain
Hop ™ =— (ijfff’gllpy 2+Pj717<3f+1pj+2)
Jj=1 (4.8)
2J% 1 . 2J% 1o L A
T (UTU2 Py + 67 6 P3> N (PN*30E—1UN+PN*20N—1U]—~\_{)

(4P] 1Piivj1Pjio — Pj_1PiPj i1 Pjio

+fj1 Py Pa — Pioa P Pjiafijro) (4.9)
_|_

i (4Pyhy Py — PyPy Py—PyPiig+4Py_oPy_1An—Pn_oPy_1 Py

. A J? - foa A
+ An—oPn_17iy) + T (nN—le — PyP, — Pom) ;

respectively. We notice that the off-diagonal correction has the form of a constrained
XY term.
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Now that we have a more complete list of subleading perturbations, a few things
need to be highlighted. First, all terms are local, with a maximum range of 4 sites.
This means that there is no process where hopping to the left on one side of the
chain is compensated by hopping to the right on the other. Thus there will not be
any effective long-range process that could significantly impact the dynamics even at
small strength. Second, all terms have a prefactor J2/U. While this is expected
from perturbation theory, it is important to contrast that with the Rydberg case in
Eq. 2.16. In the latter, higher-order terms are also suppressed with a term proportional
to Q2/Vi. However, there is an undesirable diagonal term at first order NN 12 which
is equal to Vo = V1 /64, and so it increases with Vi. Thus there is always a trade-
off between this next-nearest-neighbour interaction and the Schrieffer-Wolff terms at
higher orders. In other words, one cannot make the blockade more perfect without
increasing longer-range correlations. This is not the case in the Bose-Hubbard model,
where increasing U = A suppresses all terms which are not part of the PXP model.
Thus our implementation has an advantage over the Rydberg experiment in that regard.

4.2 Observation of Z; quantum many-body scars

Equipped with the mapping between Bose-Hubbard and PXP models, we are now in
position to benchmark our quantum simulator against the known results for the |Zsa) ini-
tial state. To prepare the initial state, we first employ an entropy-redistribution cooling
method [209] with the superlattice in the y-direction to prepare a m=2 Mott insulator in
the left (odd) sites, while removing all atoms on the right (even) sites via site-dependent
addressing [210]. This gives us the desired initial state |¢g) =|Z2)=2020...). In the
region of interest, we have prepared 50 copies of the initial state |t¢g) isolated by the
short lattice along the z-direction. Each copy extends over 50 short lattice sites along
the y-direction.

Following the state preparation, we quench the system out of equilibrium by ab-
ruptly dropping the y-lattice depth to 11.6FE,, which corresponds to switching J from
0 to 51(1) Hz. This is done while simultaneously adjusting the lattice depth in the
z and z-directions accordingly, such that the interaction strength matches the lin-
ear tilt with U=A=A,~16J. After evolution time t, we freeze the dynamics by
ramping up the y-lattice depth rapidly, and read out the atomic density on the left
({(N1ett)) and right ((NiRight)) sites of the double-wells formed by the y-superlattice suc-
cessively [210, 216]. This provides access to density imbalance, (M) = ((ipef) —
(NRight))/ ((NLett) + (MRight)), an observable corresponding to the staggered magnetisa-
tion in the PXP model, see Fig. 4.3a. Another observable is the density of excitations
in the PXP model, which is measured by projecting out the even atomic number occu-

A

pancy on each site, then reading out the average odd particle density (Precoda) (1) [216]-
Due to highly suppressed multi-boson occupancy, we have (PM) = <ﬁdoub10n>(1) R
(1 = (Pacodd) (1))/2-

Away from the resonance, the dynamics is ergodic and the staggered magnetisation
present in the initial |Zy) state quickly decays with time, see Fig. 4.3b. In contrast, by
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Figure 4.3: Observation of Zy quantum many-body scars in a Bose-Hubbard quantum sim-
ulator. a Starting from the state |t)g) =|...2020...) — the analogue of |Z3) state in the PXP
model — we utilise gravity to provide linear tilt A=A,. We characterise quench dynamics by
measuring density imbalance and the number of doublons, corresponding to staggered mag-
netisation (M) and density of excitations (]5|.>> in the PXP model. In the detuned regime
A — U= — 2J, the dynamics is ergodic and the system has no memory of the initial state at
late times. b: Tuning to U~A, we observe persistent oscillations in both (M) and (]5‘.>>.
This memory of the initial state is a signature of weak ergodicity breaking due to quantum
many-body scars. ¢, d: Periodic modulation of the interaction U(t) = A 4+ Uy + U, cos(wt)
with Up=1.85J, U,,,=3.71J, w=3.85J X 27 leads to an enhancement of scarring. Panel ¢ shows
the numerically computed trajectory in the sublattice occupation plane for the PXP model
with N = 24 sites, with and without driving. The sublattice occupancies (fires), (Right) are
normalised to interval the [0,1]. The driving is seen to strongly suppress the spreading of the
trajectory. d: Experimental measurements on the driven Bose-Hubbard model show robust
scarred oscillations at all accessible times. In both the static and driven case, experimental
data for (M) and (]5|.>> are in excellent agreement with TEBD numerical simulations shown
by gray and red solid lines. Gray line in the lowest panel shows the modulation U ().

tuning to the vicinity of the resonance, A=U, we observe distinct signatures of scarring:
the system approximately undergoes persistent oscillations between the Néel and anti-
Néel states, as can be seen in the staggered magnetisation profile and the density of
excitations in Fig. 4.3b. The density of excitations does not distinguish between the
Néel and anti-Néel states, hence there is a trivial factor of 2 difference between the
oscillation frequencies of <I:’|.>> and (M,).

The scarred oscillations in Fig. 4.3b are visibly damped with a decay time 7 =
49.61+0.8 ms. Nevertheless, as shown in Ref. [78], by periodically driving the system it is
possible to ‘refocus’ the spreading of the many-body wave-function in the Hilbert space
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and thereby enhance the scarring effect, as we demonstrate numerically in Fig. 4.3c
and experimentally in Fig. 4.3d. Our driving protocol is based on modulating the laser
intensity of the z-lattice, which translates into periodic modulation of the interaction
energy, U(t) = A+ Uy + U, cos(wt), while A is kept fixed. This results in a modulation
of the detuning in the chain, acting as the analogue of the chemical potential in the
PXP model.

Numerical simulations of the PXP model with the driven chemical potential, using
the TEBD method [186] as implemented in TenPy package [217], are shown in Fig. 4.3c.
These results demonstrate the dynamical stabilisation of the Hilbert space trajectory.
We visualise the trajectory by plotting the average sublattice occupations, (fifef) and
(NRight), normalised to the interval [0,1]. The |Zs) and |Z5) states are located at the
coordinates (1,0) and (0,1), which are the lower right and upper left corners of this
diagram, respectively. The polarised state |0) is at the origin (0,0). In the undriven
case [left panel of Fig. 4.3c], the trajectory at first oscillates between |Zs) and |Z5)
states, while passing through a region with a lower number of excitations. However,
as the time passes, the trajectory drifts, exploring progressively larger parts of the
Hilbert space. By contrast, when the driving is turned on [right panel of Fig. 4.3c],
the trajectory approximately repeats the first revival period of the undriven case, even
at late times. Thus, the driving stabilised the scarred revivals without significantly
altering their period.

Experimental measurements on the driven Bose-Hubbard model in Fig. 4.3d find
a strong enhancement of the amplitude of the oscillations in staggered magnetisation
with the decay time 7 increasing to 208 £ 10 ms, while the period remains nearly the
same as in the static case. Optimal driving parameters were determined numerically
using a combination of simulated annealing and brute force search.

We note that the experimental measurement of <Mz> damps slightly faster than
the theoretical prediction, shown by a line in Fig. 4.3b, at late times (¢>60 ms). We
attribute this to an inherent residual inhomogeneity across the lattice, which results in
dephasing between different parts of the system, as well as possible decoherence induced
by scattering of the lattice lasers. To avoid the effect of these undesired dephasing or
decoherence effects, in the following we limit our investigation up to 60 ms.

4.3 Unravelling the details of scarred dynamics via quantum
interference

Now that we have benchmarked our platform by reproducing observable dynamics
after a quench from the Néel state, we can move on to measuring more challenging but
informative quantities. Fidelity and entanglement entropy are key for characterising
scarring behaviour. They provide a window to the evolution of the system’s wave-
function and the spreading of quantum correlations. For a system trapped in a scarred
subspace, thermalisation is inhibited and the system exhibits suppressed entropy growth
and periodic fidelity revivals.

Measuring fidelity and entanglement entropy usually requires brute-force state tomo-
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Figure 4.4: Probing many-body scarred dynamics via quantum interference. a After evolution
time t, we freeze the dynamics in the y-direction, then by interfering two identical copies in the
double wells along the z-direction, we obtain the second order Rényi entropy. b The entropy for
a single site, S(1), shows robust oscillations with the same frequency as in Fig. 4.3b, indicating
a lack of thermalisation. The single-site entropy is a good approximation to the half-chain
entropy, S(r,/2), evaluated numerically using TEBD (grey line). ¢ In the z-superlattice, we flip
all atoms on right sites to the state |1} (red), while keeping atoms on left sites |]) (blue). Then
we apply a magnetic field gradient in the y-direction, creating state-dependent linear tilting
with Ag ) = —2A§ ). The magnetic force almost cancels out gravitational force for |1) atoms,
thus breaking the resonance condition. Fine tuning of the interaction strength makes ||) atoms
undergo scarred dynamics to |1 (t)), while keeping |1) frozen in the initial state |¢g). Finally, we
flip |1) atoms back to |}) and interfere many-body states [¢)g) and |¢(¢)) in the z-superlattice
to read out the average fidelity. d The square fidelity of single-site subsystems EFQI displays
pronounced revivals, indicating periodic returns close to the initial state. The globai fidelity &,
obtained numerically using TEBD, is shown by the grey line.
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graphy, but for our 50-site Bose-Hubbard system with a Hilbert space dimension ex-
ceeding 1028, this approach is generally impossible. However, the superlattice in the
z-direction allows us to probe these observables by interfering identical copies in the
double wells, analogous to the 50 : 50 beam splitter (BS) interference employed in
photonics experiments [218]; see Fig. 4.4a. This is done by freezing the dynamics
along the chains in the y-direction after evolution time ¢, then we interfere copies of
|1)(t)) in the double wells formed by the z-superlattice. After the interference, a parity
projection helps read out the average odd particle density <P§€S’Odd)(1), which gives us
access to the second-order Rényi entropy [219]. We measure the entropy of single-site
subsystems S(;)= —In(Tr(y) [p(¢)%]) = —In(1 — 2(PES 1) (1)), where p(t) = (1)) (¥(t)]
is the density matrix. Entanglement entropy S(j), shown in Fig. 4.4b, grows much
more slowly than expected in a thermalising system. The growth is accompanied by
oscillations with the same frequency as <]3|.>> in Fig. 4.3b, implying that the system re-
turns to the neighbourhood of product states |Z2) and |Z)). Furthermore, the entropy
growth becomes almost fully suppressed by periodic driving, indicating that the scarred
subspace disconnects from the thermalising bulk of the spectrum. Numerical TEBD
simulations confirm that this lack of thermalisation at the single-site level provides a
good approximation for the behaviour of larger subsystems, as demonstrated by the
half-chain bipartite entropy Sz, /2) plotted in Fig. 4.4b. This shows that scarring traps
the system in a vanishingly small corner of an exponentially large Hilbert space.

Furthermore, we demonstrate a protocol for probing unequal-time correlators without
brute-force tomography. Before initiating the evolution, we first transfer atoms on
the right sites of the double wells in the z-superlattice to the hyperfine internal state
1) = |F=2,mp= — 2) while leaving the atoms on the left sites in the state |]) =
|F=1,mp= — 1). By applying the magnetic field gradient, we generate a state-dependent
linear tilt with Ag>: — 2Ag>, see Fig. 4.4c. We fine-tune the gradient strength such

that the total linear potential AT = Ap — |Ag>| < U would avoid resonant pro-
cesses while suppressing the direct tunnelling. This means that the |1) atoms on the
right sites are effectively “frozen” in the initial state |1¢g), while evolving the chains
along the left sites to [¢(t)). After the evolution, we transfer |1) atoms back to
|}), such that all atoms are identical bosons again. We then interfere these copies
of |¢p) and [¢(t)) in the x-superlattice, and thus read out the single-site fidelity with
Fay = Tray [Pop(D)] = 1 = 2(PEE ) ()

A few remarks are in order. First, as our system does not have single-site addressing,
we will measure the average single-site fidelity and single-site entropy over all sites. In
Appendix C we provide a rigorous proof that the single-site fidelity is an upper bound
for the many-body fidelity F = |{¢)0|1())|? and show the different quantities for the
same quench. We also discuss the use of the square average single-site fidelity 9’(21).
While it can fail to act as an upper bound for the many-body fidelity in some cases, we
find through our numerical simulation that this virtually never happens and that this
quantity gives a much closer approximation of it. We will thus use it as a proxy of F(¢).
In Fig. 4.4d, we observe that 3"(21) displays persistent revivals at the frequency of <M 2)s
revealing the system’s periodic return to the vicinity of its initial state. The behaviour
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of frr%l) and F(t) (computed numerically) in that figure is qualitatively identical.

4.4 Emergence of detuned scarring in the polarised state

Up to this point, we have provided extensive benchmarks of our quantum simulator
against the previously known case of Zy quantum many-body scars [43] and shown how
we can measure fidelity and entanglement entropy after quenches. In this section we
demonstrate that our quantum simulator also hosts distinct scarring regimes for initial
states other than |Zz), which are enabled by detuning and can be further stabilised by
a periodic drive. We highlight this finding by observation of scarring behaviour in the
polarised state |0), previously not associated with scars.
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Figure 4.5: a: Fast thermalisation from the unit-filling Mott insulator state in the Bose—
Hubbard chain at U=A resonance. b: Emergence of scarred dynamics in the presence of static
detuning. c¢: Dynamical stabilisation of scarred dynamics in the presence of both detuning and
periodic driving. Panels a, b, ¢ are experimental measurements of the density of excitations,
second Rényi entropy and squared fidelity for a single site. Static detuning is Uy= — 2.38J
and the modulation parameters are U,,=1.54J, w=4.9Jx27. Lines are the results of TEBD
simulations. d, e, f: Exact diagonalisation results for the PXP model. d,e show overlaps of all
eigenstates with the polarised state in the PXP chain on a ring with N=32 sites. The value of
static detuning in e matches that used in b. f shows the spectrum of the Floquet unitary for
the PXP chain with N=24 sites and driving parameters corresponding to c.

We first prepare the unit-filling state |1111...) by transferring |2, 0) to |1, 1) states
in the superlattice [209], which maps to the polarised state in the PXP model. In
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4.4 Emergence of detuned scarring in the polarised state

the absence of detuning or periodic drive, we observe fast relaxation: the density of
excitations, single-site entropy, and fidelity all rapidly relax, with no visible oscillations
beyond the timescale ~1/.J, see Fig. 4.5a. Interestingly, when we bias the system by
a static detuning, Up= — 2.38.J (corresponding to ug = 2.38/v/2 = 1.68 in the PXP
model), we observe the emergence of oscillations in all three observables, accompanied
by a slight decay, see Fig. 4.5b. Finally, if we also periodically modulate the interaction
with amplitude U,,=1.54J and frequency w=4.9J x 27, we find a dramatic enhancement
of scarring, Fig. 4.5c. In particular, both entropy and fidelity now show pronounced
oscillations, signalling robust scar-induced coherence at all experimentally-accessible
times.

The intuitive picture behind our observations is summarised as follows. In the
absence of detuning or periodic drive, the system initialised in the polarised state un-
dergoes chaotic dynamics and rapidly explores the entire Hilbert space. By biasing the
system via static detuning, thermalisation can be suppressed over moderate timescales.
Finally, by periodically driving the system it is possible to ‘refocus’ the spreading of
the many-body wave-function in the Hilbert space and thereby enhance the scarring
effect, similar to the findings of Ref. [78] for the |Zy) state.

Fig. 4.5d, e show the results of exact diagonalisations of the PXP model in Eq. (2.20)
in the presence of static detuning g, which is proportional to the Bose-Hubbard de-
tuning parameter Uy. Fig. 4.5a plots the overlap of all energy eigenstates |E) of the
pure PXP model (o = 0) with the polarised state [¢)g) =|0). As expected, we do not
see any hallmarks of scars, such as ergodicity-violating eigenstates with anomalously
enhanced projection on |[0). On the other hand, when we add the static chemical po-
tential pug = 1.68€2, corresponding to the detuning value in Fig. 4.5b, a band of scarred
eigenstates with anomalously large overlap with |0) emerges; see Fig. 4.5e. The band of
scarred eigenstates pans the entire energy spectrum, but their support on |0) is biased
towards the ground state due to the breaking of particle-hole symmetry by detuning.
Finally, similar to the |Za) case, scarring from the |0) state can be further enhanced
by periodic modulation of the PXP chemical potential, u(t) = uo + pim cos(wt). By
evaluating the corresponding Floquet operator, we find that a single Floquet mode
develops a very large overlap with the |0) state, as shown on Fig. 4.5f. The existence
of a single Floquet mode, whose mixing with other modes is strongly suppressed, gives
rise to robust oscillations in the dynamics well beyond the experimentally accessible
timescales.

A few comments are in order. We note that exact diagonalisation confirms that
the PXP model remains chaotic for the value of detuning used in Fig. 4.5e, and this
detuning is not large enough to trivially fragment the entire spectrum into disconnec-
ted sectors with the given numbers of excitations. Moreover, we confirmed that the
scarred eigenstates in Fig. 4.5e are distinct from the ones associated with the |Zsy)
state. The Hilbert space trajectory of |0) is also very different from that of the |Zs)
state. In the latter case, there is approximate state transfer between two product
states that correspond to the highest- and lowest-weight states of some approximate
su(2) spectrum-generating algebra. This is distinct from the |0) state, where the tra-
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jectory after half the period passes through the highest entropy state along the orbit.
In the rest of this chapter, we focus on understanding scarring from the polarised state.

4.5 Mechanism of scarring in the polarised state

While our experimental results have shown conclusive evidence of ergodicity breaking
at moderate times from the polarised state, we now develop theoretical understanding
of the non-ergodic long-time behaviour. First, we compare the difference between
the predictions of the diagonal and canonical ensembles for an observable such as the
average number of excitations, see Fig. 4.6. These two ensembles are expected to give
the same result if the ETH holds [11] and all eigenstates at a similar energy density yield
the same expectation value for local observables. This diagnostic correctly identifies
that scarring from the Néel state is the strongest at pg = 0 as shown on Fig. 4.6a.
Meanwhile, for the polarised state, Fig. 4.6b shows that the discrepancy between the
two ensembles is the strongest around pg =~ 1.68€), where we observe strong scarring.
For 1o/ close to 0, the polarised state thermalises quickly towards the thermal value
expected for an infinite-temperature states. For very large po/€2, we enter a trivial
regime where the polarised state is close to the ground state and only a few eigenstates
at low energies are relevant for the dynamics. Hence, in this regime, quenching from the
polarised state is similar to quenching from a thermal state at a very low temperature
and the agreement between the two ensembles is again very good. However, in this
regime, only a very small part of the many-body Hilbert space is explored by the
dynamics. This is not the case in the scarred regime that we investigate experimentally,
and this can be demonstrated by studying the relevant classical limit, as shown in the
next section. Finally, Fig. 4.6c conclusively shows that the Néel and polarised states
are highly atypical at 1o/ = 0 and /€ = 1.68 respectively when compared to other
initial states. As the diagonal and canonical ensembles both relate to infinite-time, this
shows that ergodicity-breaking is not limited to oscillations at short time.

4.5.1 Semi-classical limit

In Chapter 2, we have discussed the semi-classical limit that gave a good approximation
to the dynamics from the Néel state. Here, we extend the same approach to the
polarised state. Instead of the parameterisation in Eq. (2.27) given in Ref. [59], we use
the one from Ref. [64] where the MPS matrices describing the state of each site are

ie" % cos(6;
A'(9jv¢j)=<8 0 ) AO(9j7¢j)=<sin((zj)) 8‘) (4.10)

We recall that the full wave-function is obtained from these matrices using Eq. (2.28).
While this parameterisation has a few minor differences from the one in Eq. (2.27)
(e.g., normalisation, the 6; angles being different by a factor of 2, etc.), it encodes the
same type of product state where each site is characterised by 6 and ¢, which is then
projected into the constrained PXP space. As we now consider the polarised state
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Figure 4.6: Difference between the expectation values of the diagonal and canonical ensembles
for the average number of excitations in the PXP model. a Discrepancy after a quench from
the Néel state. As expected, the difference is maximised at pg = 0 for this state. The inset
shows the scaling of |dn| at po/Q =~ 1.68. b: Discrepancy after a quench from the polarised,
for which the difference is maximised at po ~ 1.68. The inset shows the scaling of |dn| at this
point, displaying an increase of the difference with system size. c: Values of dn for NV = 30 for
various initial states. The Néel and polarised states show much larger discrepancies between
the ensembles than all other states.

which is homogeneous in space, we will set all §; = 6 identical and the same for all
¢; = ¢. This means that our Ansatz essentially describes a single large-spin coherent
state. The derivation of the equations of motion and instantaneous leakage out of the
manifold can be found in Appendix D for an infinite system. The equations of motion
are given by

6 = —Qcos(0)cos(9) |1+ sin*(6)], (4.11)
. sin(¢) . .
¢ = m+Q (1~ 4sin?(9) — sin’(6)] . (4.12)

Moreover, this simple Ansatz also allows to determine analytically the important quant-
ities such as the excitation density

1 . sin*(9)
N zj:<"j> ~ 1+ sin2(0) (4.13)
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and the energy density

sin(0)

E(9,¢)/N = T4 sin(0)

(10 5in(0) + 202 cos(0) sin(9) ) . (4.14)

Using these results, we can get a better understanding of the trajectory in the
manifold. In particular, we can get the maximum angle 6 reached for a given value
of po/Q. From Eq. (4.11), we see that the turning point in the derivative of 6 along
the trajectory is governed by cos(¢). A sign flip therefore must occur when ¢ = +7/2.
Energy is exactly conserved along a TDVP trajectory, and for the polarised state we
have that F(0,0) = 0. Setting ¢max = 7/2 in Eq. (4.14) and setting it to zero then
allows us to determine the 6,,,x coordinate of the turning point:

s () = (l10/2 = /(10/2)? + 16 /1. (4.15)

We can compare these analytical predictions against exact quantum dynamics.
While we were not able to find an analytical solution for the equations of motions,
they can be integrated numerically. This comparison is shown in Fig. 4.7 and the
agreement with exact diagonalisation results gets increasingly better with uo/Q. We
note that at gy = 1.68(2 the TDVP numerics already gives a good prediction for short
times, correctly capturing the oscillation period and amplitude.

Figure 4.7: Comparison between the exact quantum results for N = 32 and the semi-classical
prediction for an infinite system for the density of excitation after a quench from the polarised
state. The two agree better as 1/ increases. The horizontal dashed line corresponds to the
analytical value for the maximum excitation density for a given po/Q value.
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4.5 Mechanism of scarring in the polarised state

Finally, as the TDVP approach is variational, it is important to quantify its accuracy
in capturing the quantum dynamics. This can be characterised by “quantum leakage” —
the instantaneous norm of a component of the state vector that lies outside the TDVP
manifold — which was introduced in Eq. (2.26). We find that the analytical expression
for the intensive leakage is

2 2 sin6(0)

T’ (4.16)

v

see Appendix D for the full derivation. The leakage is higher as 0 is increased, corres-
ponding to a larger density of excitations. This can be intuitively understood, as in this
regime the PXP constraint has a strong effect and the spin-coherent state Ansatz does
not faithfully capture the dynamics. On the other hand, for large values of py/€, the
leakage is low but 0 is confined to values near zero, thus the trajectory does not explore
much of the Hilbert space. This corresponds to the trivial case where the dynamics
is confined to very low densities of excitations, rendering the constraint unimportant.
Finally, in the intermediate regime of p /{2 where we observe the scarring, the TDVP
dynamics is able to “avoid” the high-leakage area, as seen in Fig. 4.8a, while at the
same time 6 is not pinned to zero and the dynamics explores a sizeable part of the
Hilbert space.

As the TDVP results are computed for an infinite system, they also allow us to make
prediction about the quantum dynamics in that limit. Indeed, from the instantaneous
leakage rate v one can compute I'y = [ ftzo y(t)dt} ? by doing the integral over a periodic
orbit with period T. I'r then provides an upper bound [64] on the quantum fidelity
density after one period fr = —In(| ((T)[(0))|?)/N, and thus a lower bound on
the fidelity itself. Essentially, I'r gives the fidelity density in the worst possible case
where every part of the wave-function that leaves the manifold never returns into it.
We also compute fr in the thermodynamic limit through finite-size scaling of the
exact dynamics. Both I'r and fr can be seen in Fig. 4.8b. For the value of 1o/Q =
1.68 investigated experimentally, we find fr ~ 0.0268 and I'r = 0.0327, an order of
magnitude closer to zero than the value of — In (%) /N =In (HT\@) = 0.481, expected

for a thermalising state '. This indicates that ergodicity breaking will be present in
the thermodynamic limit for this value of /€.

4.5.2 Algebraic picture

As the Ansatz used in the previous section is a single large-spin coherent state, it hints
at the presence of an approximate su(2) algebra in the polarised state, similar to he
Néel state discussed in Chapter 2. We propose that the parent model in the former
case is simply the unconstrained spin-1/2 paramagnet along the X direction. Once

While our state is restricted to the symmetry sector with zero momentum and +1 eigenvalue under
spatial reflection, the size of this sector grows asymptotically as ¢N/(2N). So —In (%) /N is the same
up to a In(IN)/N correction that will go to zero in the thermodynamic limit.
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Figure 4.8: a: Trajectory in the TDVP manifold for different values of 1/€2. Colour scale
denotes quantum leakage v, which serves as a bound on the accuracy of the TDVP approxim-
ation. The markers are spaced in time by At = 0.15/Q. For the optimal value po = 1.68(Q also
used in experiment, the trajectory avoids the high-leakage region and approximates well the
quantum dynamics, while it is not limited to a small corner of the many-body Hilbert space.
b Fidelity density after one period computed using exact dynamics and its upper bound I'r
computed using the TDVP framework. A smaller value indicates better revivals.

projected into the constrained space, the generator of the algebra are equal to
SN VRS o S SO SIS SPERNE N
= B PXP, = B ]—1Uj G415 = 9 O'] = 9 + ZTL]. (4.17)
Jj=1 Jj=1 Jj=1

Unlike in the Néel state case, it is clear that this projected algebra is poor, as can be
checked from the commutation relation. However, the quality of the algebra actually
depends on the density of excitations. Indeed, in the dilute limit where (n) < N, the
excitations essentially do not see each other and, consequently, the projectors P in the
5% and SY operators effectively act as the identity. Thus we recover the usual su(2)
commutation relations and the dynamics can be well described as the precession of a
big spin. As the density of excitation gets larger, this is no longer the case and the
algebra drifts further and further from being exact. As this happens, the wave-function
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can no longer be described as a large spin and the TDVP description breaks down. The
effect of the detuning p /2 can be easily understood in that context. As it is equivalent
to the global $* operator (up to an irrelevant constant factor), changing o/ is akin
to tilting the axis of precession of the spin. This is the same effect that the staggered
magnetisation had in the Néel state case, as was showcased in Fig. 3.5 a. This changes
the trajectory on the Bloch sphere and brings the antipodal point closer to the initial
state. In the Néel case, the algebra is good in the entire Bloch sphere and revivals can
be witnessed for all values of the staggered magnetisation (see Appendix B). For the
polarised state, the algebra is only good in the lower portion of the sphere. As such, the
axis needs to be sufficiently tilted in order for the trajectory to avoid the upper part,
corresponding to a high density of excitation. This is shown schematically on Fig. 4.9.

Rydberg
constraint

Rydberg

Rydberg
constraint

constraint

|oo~~~o>

Figure 4.9: Representation of scarring from the polarised state as precession on a Bloch sphere
with additional effects from the Rydberg constraint. Panels a to d represent the trajectory for
increasing values of /S, corresponding to an increasingly tilted precession axis. The orange
colour scale indicates the areas of the sphere where the spin coherent state approximation
breaks down, which is essentially equivalent to the leakage in Fig. 4.8a. Panels a and b lead
to thermalisation due to this. Panels ¢ correspond to the scarred regime while panel d is the
trivial regime where only low-energy physics occur.

79



4. REALISING MANY-BODY SCARS IN BOSE-HUBBARD
QUANTUM SIMULATORS

4.6 Summary

We performed a quantum simulation of the paradigmatic PXP model of many-body
scarring using a tilted Bose-Hubbard optical lattice. We demonstrated the existence
of persistent quantum revivals from the |Zg) initial state and their dynamical stabil-
isation, opening up a new route for the investigation of scarring beyond Rydberg atom
arrays. By harnessing the effect of detuning and periodic driving, we observed a dis-
tinct scarring regime associated with the polarised initial state. As the latter state is
spatially homogeneous, its preparation does not require a superlattice, which makes
further investigations of scarring phenomena accessible to a large class of ultracold
atom experiments. The versatility of such platforms allows to directly probe the link
between many-body scarring and other forms of ergodicity breaking phenomena, such
as Hilbert space fragmentation and disorder-free localisation, as the latter can be con-
veniently studied in our setup by varying the tilt.

Our methods for probing unequal-time correlators allow for state-of-the-art monit-
oring of non-equilibrium dynamics and its applications in quantum technology. Not-
ably, this protocol can be used to probe the global fidelity, as well as the unequal-time
correlations between arbitrary quantum states, e.g., |(1(t1)[¢(t2))|?, with the help of
single-atom resolution quantum gas microscopes [219, 220]. This would empower de-
tailed experimental studies of exotic quantum phenomena such as dynamical quantum
phase transitions [221]. Moreover, the observation of long-lived quantum coherence
due to scarring and its controllable enhancement via periodic modulation, lays the
foundation for applications such as quantum memories and quantum sensing [143].
The dynamical manipulation of a many-body system employed in this work can be
directly used to prepare states with extensive multipartite entanglement [1] discussed
in Chapter 3, thus lending itself to novel protocols for phase estimation and quantum
metrology.

Finally, our discovery of scarring in the |0) state highlights the ubiquity of su(2)
algebraic structures in the PXP model. Indeed, we have shown that scarring from that
state can be captured by a semi-classical Ansatz corresponding to the precession of a
single large spin. We have also proposed that the origin of this is an unconstrained
paramagnet which leaves a strong imprint in the PXP model for sufficiently low density
of excitations. By adding a strong enough detuning, the system can be kept in this
regime, where remnants of the algebraic structure of the unconstrained paramagnet are
relatively well preserved.
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CHAPTER 5

Graph-theoretic approach to quantum

many-body scarring in tilted
Fermi-Hubbard chains

In the previous chapter, we have emphasised the need for engineering QMBS on different
experimental platforms, and we have demonstrated that the emblematic PXP model
itself can be simulated using a Bose-Hubbard simulator with a tilted potential. A
natural question, in particular in view of solid-state material realisations, is whether
this construction can be generalised to systems described by a Fermi-Hubbard model.
We will now show that we can use the same mechanism — linear tilt potential — to
create a constrained effective model in the Fermi-Hubbard chain. However, in contrast
to the Bose-Hubbard case in Chapter 4, the effective Hamiltonian will turn out not to
be equivalent to the PXP or any other previously-known QMBS model. Nevertheless,
we will show that the new model exhibits familiar QMBS phenomenology, including
revivals from simple product states. We will explain the mechanism of scarring from a
graph-theoretical point of view by visualising the Hamiltonian as an adjacency graph,
where each computational basis state represents a graph vertex. The origin of scarring
is traced back to a subset of this graph which is isomorphic to an integrable system,
whilst being weakly coupled to the rest of the Hilbert space. The graph picture will
also allow us to directly identify the reviving initial states, as they are the only vertices
belonging to the integrable subgraph which have no edges connecting them to the
remainder of the graph representing thermal states.

The model studied in this chapter is motivated by a recent experiment [222], which
demonstrated the existence of Hilbert space fragmentation in a tilted Fermi-Hubbard
optical lattice. The study of QMBSs in that system would allow to investigate its
interplay with both fragmentation as well as Stark many-body localisation [223-225],
which can similarly be induced by a strong tilt.
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5.1 The tilted Fermi-Hubbard model

The 1D Fermi-Hubbard model is given by the Hamiltonian

H= %" —Jel &1 +he + Ajijo+ U g, (5.1)
= ;

where é;  denotes the usual electron creation operator on site j with spin projection s,
Njs = éj <Cj,s is the density operator, J and U are the hopping and on-site interaction
terms, respectively. Tilt of the optical lattice is parameterised by A, which can be
experimentally implemented via an electric field gradient and we assume it to be spin-
independent [222]. Note that tilting has the structure of a dipole term, ~ jn;. Below
we impose open boundary conditions on the model in Eq. (5.1), and restrict to the
electron filling factor v = 1, i.e., with N/2 fermions with spin 1 and N/2 fermions with
spin | on a chain of N sites (assumed to be even). We also set J = 1 for simplicity. We
label the Fock states using 1 to denote a fermion with spin up and | with spin down,
while 0 stands for an empty site and § denotes a doublon.

As in the previous chapter, we focus on the regime A ~ U > J. In this case the
sum of the dipole moment and the number of doublons is effectively conserved. The
dominant contribution to the Hamiltonian (using a Schrieffer-Wolff transformation at

first order [47]) is then given by

Hep = =73 el o160y 5(1 — ) + hee+ (U = A) Y fjagy, (5.2)
J»s J

where j is summed over all lattice sites while s is summed over the spin values |
and 1, and s denotes opposite spin from s. As in the bosonic case, in this effective
Hamiltonian hopping to the left (which decreases the total dipole moment by 1) is only
allowed if it increases the number of doublons by the same amount, which is enforced
by the projectors. While this might seem identical to the Bose-Hubbard case, the
exclusion principle affecting fermions and their spin result in a completely different
model. Indeed, creating a doublon is only possible with fermions of opposite spins.
Thus, configurations like [11) and |])) are dynamically frozen. Meanwhile, |J 0) is
connected to both |1]) and [{1). This means that each link between fermions can no
longer be mapped to a spin-1/2 and we need to keep track of the fermion spins.

In order to simplify the computations, we perform a Jordan-Wigner transformation
to express the Hamiltonian in terms of Pauli spin operators 6%, 6% = (6, £ i6,)/2.
As we have two species T, | of fermions, each species therefore gets mapped to a
corresponding Jordan-Wigner spin 6%, 6{". In order to minimise the confusion between
the spin of the original fermions and the Jordan-Wigner spins, we will reserve the term
“spin” to exclusively refer to the original fermion spin. For the Jordan-Wigner spins,
we will describe the physics in term of “excitations”, e.g., the action of (T;.l is to create
an excitation on site j with spin down. Furthermore, as a Jordan-Wigner convention,
we will set that the spin-down fermions are located “on the right” of the up-spin ones.
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For open boundary conditions the resulting Hamiltonian of the effective model is:
ﬁHJW:—JZ6+&~_ f; (1—]3 )+JZ&+&# A (1_15. )
. — TG LT ~ 7517541475 JHE) s (5.3)
J J

where P and # are projectors respectively on the non-excited and excited state of the
Jordan-Wigner spin. The two subscript on the & operators denote the site and spin of
the fermion.

5.1.1 Largest connected component of the Hilbert space

The action of the Hamiltonian (5.2) within the v = 1 sector fragments the Hilbert
space beyond the simple conservation of U + A. In this work we focus on the largest
connected component, which is the one containing the state with alternating 1 and |
fermions. From this state, neighbouring | and 1 fermions can always be exchanged
through the J 0 configuration. Thus, all possible configurations of fermions with no
doublons must be in the same sector. On top of this, we also have states with a 0
instead of neighbouring 1 and |. Meanwhile, the other sectors all contain at least one
frozen site through which 1 and | fermion cannot be exchanged. This splits the chain
into multiple disconnected fragments, leading to a reduced number of states.

The dimension of the largest connected sector can be computed analytically by
relying on the similarity of its structure to that of the PXP model. Indeed, while the
spin of the fermions means that the mapping used in the Bose-Hubbard model is no
longer correct, it still captures some of the characteristics of our effective Hamiltonian.
In particular, we can start with it and then add the action of the fermionic spin on top.
As for the Bose-Hubbard case treated in Chapter 4, let us put a spin-1/2 on each link
between fermions. Let N = 2M be the number of fermionic sites, the effective PXP
model then has 2M — 1 sites. We can map any link between [} 0) as an excitation while
other configurations corresponding to unexcited PXP sites. This captures all possible
configurations of doublons in the effective model, but now for each of these there are
multiple ways to arrange the remaining fermions depending on their spin. If there are
n doublons/PXP excitations, then we are left with 2(M — n) fermions. Half of them
have spin up and the other half spin down, and they live on the 2(M — n) remaining
sites. As such they can take exactly (2(]{‘4/[__:)) different configurations. For the PXP
model with N — 1 = 2M — 1 sites, it has been shown in Ref. [226] that the number of
configurations with n excitations is

Noxp(20 — 1.1) = <2M—1—n> N <2M—1—n> _ <2M—n>’ (5.4)

n n—1 n

with n taking any value between 0 and M. This leaves us with a total number of states
in the effective Fermi-Hubbard model of

M
Dy =Y <2Mn_ n) <2(j\]\j__:)> (5.5)

n=0
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which, after some combinatorial manipulations and using a change of variable k =
M — n, can be written as

RO (O

where Py(3) denotes the Legendre polynomial of degree M evaluated at the point
x = 3. This also allows us to use the recursion relation for Legendre polynomials to get
32M —1)Dpr—1 — (M —1)Dpr—o

Dy = = , (5.7)

which makes it straightforward to compute Dj; numerically using only integers. It
also allows to analytically get the asymptotic behaviour of Dj;. Let us use the Ansatz
Dyr = oM. Then in the M — oo limit, we can rewrite Eq. (5.7) as

oM =6aMt — M2, (5.8)

Dividing this by o™ ~2 and solving the resulting degree-2 equation leads to o = 3+2v/2.

5.1.2 Symmetries of the model and level statistics

In order to verify that the effective Hamiltonian in the largest connected sector is
chaotic, we first need to identify and explicitly resolve the various symmetries of the
model. The full model in Eq. (5.1), has two symmetries linked to the fermionic spin.
Namely the SU(2) spin symmetry and a Zy symmetry related to spin-reversal [227].
The latter is given by

i = H e—iw%(z’é;iéj,T—ié;Téj’i)' (5.9)

J

After the Jordan-Wigner transformation, this symmetry cam be simply formulated
using the joint action of the doublon parity operator and the spin inversion operator.
The doublon parity is diagonal in the product basis and gives +1 if there is an even
number of doublons and -1 otherwise. The spin inversion simply changes the excitations
between up spin and down spin. The symmetry can then be expressed as

N AZ AZ
2= ‘]—[1(—1)’1’””3"T (ﬁﬁ?ﬁ@ﬁjﬁﬁ%) ’ (5.10)
j=
This is equivalent to Eq. (5.9) up to an overall spin-rotation and some charge-dependent
phase factors.

In the largest Hilbert space sector, the Hamiltonian (5.2) has an additional sym-
metry related to spatial inversion and particle-hole exchange. In the fermionic language,
it can be written as

go = [[(~1)"1 ™4 PR, (5.11)
J

84



5.1 The tilted Fermi-Hubbard model

a c
¥ 1.009

0.751 N e Poisson
) L S B (VG
b 1824 &, 0.501

103-.5:(17 1) "
Q 102'52(1,—1> ] 0.251

o Z=ELY

1004 2= L= 1) 0.00-

012345678
Total spin S

Figure 5.1: Level-spacing statistics for the effective Fermi-Hubbard model in Eq. (5.2) for
N = 16. a Average r value in all sectors in the relevant Hilbert space sector. The black dotted
line is at (r) = 0.39 (expected value for Poisson statistics) while the red dash-dotted line is at
(r) = 0.53 (expected value for Wigner-Dyson statistics). b Number of states in each symmetry
sector. Overall we find that in all sectors with at least D ~ 10% states, (r) is very close to 0.53
c Full distribution of the energy level spacing after unfolding [19] in the sector Z = (1,1) and
total spin S = 2. We again find good agreement with the Wigner-Dyson ensemble.

using the particle-hole operator P and spatial-reflection operator R defined by the
adjoint actions,

Pl = cjysﬂs, SAQC;S = c}r\,_j_LSﬂA{. (5.12)

The particle-hole operator also has a non-trivial action on the vacuum state

P10y =TT clsct, 10). (5.13)
J

After the Jordan-Wigner transformation, the second symmetry generator can be ex-
pressed as

N/2 1—6%.6% .

A At At A— A— 7,8 —7j—1,s

72 = H H (Uj,SUN—j—l,s + 05 sOIN—j—1,s + 9 ) (514)
j=1 s

The spatial inversion swaps sites j and [N — j, while the particle-hole conjugation places
an excitation in every empty site and vice-versa.

As our numerical results are obtained using the spin formulation, we will specify
the symmetry sectors by Z = (z1, 22) = (£1, £1), where z; and 29 are the eigenvalue of
the operators in Egs. (5.10) and (5.14) respectively. After resolving these symmetries,
we find the level statistics parameter (r) [24] to be close to 0.53 for all symmetry
sectors with large numbers of states (> 10%). From these values which coincide with
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the Wigner-Dyson statistics [19], we expect the model in Eq. (5.2) to be chaotic. In
Fig. 5.1, we further probe the full distribution of level spacings after unfolding for one
sector. Once again, we recover extremely good agreement with Wigner-Dyson. Of
course, it will turn out that our model does not represent a completely generic chaotic
system, as it contains special QMBS eigenstates in its spectrum. We next outline an
intuitive approach based on graph theory that allows us to identify QMBSs in the
model (5.2).

5.2 Embedded hypergrid subgraph

One of the main difficulties of identifying weak ergodicity breaking is that its effect is
restricted to a small class of initial states and cannot be detected using global quantities
such as the level spacing statistics. As a brute force search from all product states
is numerically demanding, we propose here an approach to find the reviving states
based on the graph of the model. In this graph each vertex corresponds to a basis
state (usually in the Fock basis), and two vertices are connected by an edge if the
Hamiltonian matrix element between their respective basis states is non-zero. We next
show, by examining the adjacency graph of the model in Eq. (5.2), that we can identify
a subgraph, weakly coupled to the rest of the Hilbert space, which contains the reviving
initial states and leaves a strong imprint on the scarred eigenstates. This leads to a
transparent manifestation of scarring in the original Fock basis, in contrast with the
PXP model. In the latter case, the subspace which is weakly coupled to the rest of
the Hilbert space has a much more complicated structure, leading to the wave-function
spreading across the entire adjacency graph [54] before refocusing onto the Néel state.

In order to reduce the Hamiltonian to its connectivity, it is desirable for it to be
purely off-diagonal, and to have all its non-zero matrix elements of equal sign and
magnitude. This means that the corresponding graph can be treated as an unweighted
graph. In the case of the tilted Fermi-Hubbard chain, the off-diagonal condition is
satisfied for the effective Hamiltonian in Eq. (5.2). However, it is clear that there are
both positive and negative matrix elements. We show that a simple basis transformation
is enough to get rid of all minus signs in the Hamiltonian. These occur only when
moving a spin down excitation. Here we propose the following convention for fixing
the signs: we assign to each product a sign equal to the parity of the number of
spin down excitations on the even sites. This corresponds to a change of basis using
the diagonal matrix T = E;V:/f(—l)P i+, If a spin up excitation is moved, this does
not change this quantity and it follows that both states connected by this move have
the same sign. Whether it is +1 or -1 is irrelevant as the matrix element will get a
factor equivalent to their product, which is always +1. On the other hand, if a spin
down excitation is moved, this parity number will always change by 1, and the states
connected by the move will have opposite signs. From this, it follows that all the
matrix elements of 7' I;[eﬁf7 sw1 are equal to +1, thus we can view the model in terms
of an undirected, unweighted graph. Alternatively, the same result can be obtained
by choosing a different convention for the Jordan-Wigner transformation. Instead of
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interleaving the fermions with a different spin-projection, one can first place all up-spin
fermions and then all down-spin ones with a simple linear order for each species. This
has the effect of ensuring that each of the ‘hopping’ terms never takes a fermion past
another. Then, all these matrix elements are equal and can be brought to 1 by the
choice of the coupling constant J.

In Fig. 5.2 we plot the adjacency graph of the Hamiltonian in Eq. (5.2) for a
small system. We recall that each vertex corresponds to a Fock state, and two states
are connected by an edge if the matrix element between them is non-zero. As the
Hamiltonian (5.2) (for U = A) has no diagonal elements and the spectrum is symmetric
around zero, all product states effectively belong to the infinite temperature ensemble
and thus are expected to thermalise quickly. As we will confirm numerically below,
there are two important exceptions.

® |—+)[+-)
® [[21)[12])
@® Hypergrid

@® Other states

Figure 5.2: Adjacency graph of the effective model in Eq. (5.2) for N = 6. Red vertices denote
the states belonging to the hypergrid, with the black vertices corresponding to the states |—+)
and |+—) defined in the text. Green vertices are the isolated states || 2 1) and |12 ) which
live on the tails of the graph. For this graph, the hypergrid contains 27 vertices out of 63.

First, as highlighted in red colour in Fig. 5.2, there is a regular subgraph which has
the form of the hypergrid — a Cartesian product of line graphs (in our case, of length 3),
i.e., the hypergrid is isomorphic to an adjacency graph of a free spin-1 paramagnet. This
mapping can be understood by looking at the state [{1/1T]1 ...). Each cell of two sites
(comprising sites 2j — 1 and 2j with j = 1 to N/2) can take the values — =|1, 2 =] 0
or + =1, leading to a three level system. Note that the configuration 0  is omitted,
as doublons can only be formed by hopping to the left. On the other hand, hopping
between two neighbouring cell will break this mapping and take the system out of the
hypergrid subgraph. Inside the hypergrid, we identify two states for which the cell
alternates between — and +. These are the state |—+) = |—+—+...) = [T .. 0)
and its spin-inverted partner, |+—) = |[+—+—...) = [T{I{T1LIT...). The states |—+)
and |+—) for N = 6 are shown in black colour in Fig. 5.2. These two states are the only
corners of the hypergrid (state with only + and — cells) with no edges going out of it. As
we show below, both of these states shows persistent oscillations in quench dynamics,
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undergoing robust state transfer to their spin-inverted counterpart. While other corners
of the hypergrid also show revivals, they are much smaller in amplitude and decay
faster due to the leakage out of this substructure. The second example of a reviving
state is [L 2 1) = [ ... 13077 ... 1) (and its spin-reversed partner |1 2 |)), which is
situated on a tail-like structure of length 3 (independent of system size) with minimal
connectivity to the rest of the Hilbert space (green points in Fig 5.2). Similar tail-like
structures occur in constrained spin models such as the quantum East model [228].

5.3 Scarred dynamics

Having identified candidate states for quantum revivals in the hypergrid picture, we
now scrutinise their quench dynamics using large-scale exact diagonalisation simulations
of the effective model in Eq. (5.2). Making use of various symmetries present in the
model, we have been able to exactly simulate dynamics for up to N = 22 fermions. For
convenience, the simulations were performed in the spin representation of the model.

Fig. 5.3a shows the time dependence of the entanglement entropy Sent(t) when
the system is quenched from various initial product states, such as |—+), |} 2 1) and
a few randomly-chosen product states. Sent is defined as the von Neumann entropy
of the reduced density matrix for one half of the chain. In all cases, entropy grows
linearly in time, consistent with thermalisation of the system. However, the coefficient
of linear growth is visibly different for |—+) and || 2 1) states, and it is smaller than
that of random states, indicating non-ergodic dynamics. The long-time value of the
entropy is also different for the |—+) state, hinting that the wave-function is still not
completely spread into the whole Hilbert space. The hallmark of many-body scars are
the oscillations superposed on top of the linear growth, as seen in the scarred dynamics
in the PXP model [50]. Rapid growth of entropy at short times is a consequence of the
bipartition being located in the middle of an two-site effective cell.

Entropy oscillations mirror those of the wave-function return probability F(¢) in
Fig. 5.3b. For the isolated state || 2 1), only a single revival is clearly visible as the
return probability decays rapidly once the wave-function leaks out of the tail of the
graph. The revival time can be accurately estimated by assuming the tail is completely
disconnected, leading to the period 7/v/2. In contrast, the state |—+) displays several
revivals with the sizeable weight of the wave-function ~ 40% returning to its initial
value. The fidelity density at the first revival, % In(F), shown in the inset, converges
as 1/N to a value of —0.058. In contrast, the inverse Hilbert space dimension, D!,
expected for a random state leads to a fidelity density of —0.855 —an order of magnitude
higher. The scarred dynamics in this case can be visualised as the state bouncing
within the hypergrid between |—+) and its partner |[+—), illustrated by the dotted line
in Fig. 5.3b. From the hypergrid analysis, we expect the revival period to be /27,
coming from the 27 period of free precession and the spin-1 matrix elements v/2. This
prediction closely matches the revival period observed in Fig. 5.3b.

The importance of the hypergrid for scarred dynamics is illustrated in Fig. 5.3¢
which plots the probability to remain in the hypergrid, Pag(t) = (¥o|e™!t Page 4t |yy),
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Figure 5.3: Dynamics in the effective model (5.2) for N = 18 for |—+), [{ 2 1) and randomly
chosen initial states. a Entanglement entropy Se, for an equal bipartition of the system.
Entropy grows linearly in time for all states, consistent with thermalising dynamics, but for the
special initial states it shows QMBS oscillations. |¢) ¢ HG and |¢) € HG denote the average
over 10 random product states outside or within the hypergrid, respectively, and the shading
represents standard deviation. b Fidelity dynamics for the same initial states as in a. Inset
shows the finite-size scaling of the fidelity density = In [(¢ole=**|1)p)|? at the first revival for
|—+) state, demonstrating a value much higher than < In(1/D) (with D the dimension of the
Hilbert space derived in Section 5.1.1), expected for a random state. Blue dotted line shows
the amplitude of state transfer between |—+) and |+—) states. ¢ Probability to remain within
the hypergrid over time is much higher for |—+) than other states.

where Pyg is the projector onto the subspace spanned by product states belonging to
the hypergrid. For the initial state |—+), we observe that the wave-function remains
concentrated inside the hypergrid, even at late times. This is in stark contrast with the
PXP model [54], where the wave-function spreads across the entire graph by the time it
undergoes the first revival. Finally, for this initial state after a long time Pyg converges
to a non-zero value which is higher than expected from the relative size of the hypergrid
in the Hilbert space, hinting that the subgraph has additional structure that prevents
states from leaking out. This is important, because in the thermodynamic limit the
hypergrid occupies a vanishing fraction of the Hilbert space. Indeed, as the hypergrid
has dimension 3"/2 while the Hilbert has dimension (3 4 v/8)"/2, the fraction of states
in the former decreases exponentially with N. The fact that this higher-than-expected
value is only witnessed for |—+) state and not for other random states within the
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hypergrid confirms that this state occupies a special position within this substructure.

t |¢)€HG
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102 100 102 104 6 8 10 12 14 16
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Figure 5.4: Signatures of the non-trivial embedding of the hypergrid in the effective tilted
Fermi-Hubbard model. a Expectation value of the projector on the hypergrid states over time
for various system sizes with the initial state |—4). The dotted black lines show the average
of this projector at long times. Panel b shows these long-time value compared to the expected
value from the relative size of the hypergrid for various system sizes. ¢ Entanglement entropy
as a function of time for different initial states and system size N = 16. |¢) ¢ HG and |¢) €
HG denote the average over 10 random product states, respectively outside of and within the
hypergrid, that have been projected into the symmetry sectors in which the |—+) state has
support. This was done to remove the influence of these symmetries in the entanglement
entropy. The shaded area corresponds to the standard deviation. Panel d shows the long-time
value for different initial states as a function of system size. For the system sizes investigated,
all states except |—+) converge towards the same entropy value.

In Fig. 5.4, we perform similar quench dynamics but now for much longer times
and for a range of system sizes. The same kind of behaviour of Pyg as in Fig. 5.3 is
observed. This is also true for the long-time value of the entanglement entropy. For
a large enough system, most states saturate to the same entropy but for |—+) this
saturation value is lower, showing that the wave-function is not entirely spread into
the entire Hilbert space. This lower saturation entropy is not visible for generic states,
even the ones picked from within the hypergrid. This is consistent with our picture of
the wave-function being partially trapped in the hypergrid when the system starts out
in |[—4) state. These long-time results show that our previous results are not merely
a prethermal regime. While the scaling with system size does not allow us to make
decisive prediction on the fate of scarring in the thermodynamic limit, it at least hints
that we can expect similar infinite-time results for several tens of atoms.
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5.4 Eigenstate properties

Properties of eigenstates of the model (5.2) are summarised in Fig. 5.5. The projec-
tion of eigenstates onto the |—+) state, shown in panel a, displays prominent tower
structures reminiscent of other scarred models. The existence of towers implies that
eigenstates tend to concentrate around certain energies in the spectrum, causing an
ETH violation. The separation between the towers is approximately AE ~ /2, as
expected from the embedded hypergrid. Note that the eigenstates have been classified
according to the conserved total value of spin S; in contrast, the |—+) state is not an
eigenstate of S2. One can show that for this state, (S?) = N/2, thus |[—+) is predom-
inantly supported by S = 1 and S = 2 eigenstates for N = 16 used in Fig. 5.5 . The
S =1 eigenstates are indicated by red points in that figure.

® Total spin S#1 @ Total spin S=1

oo

Figure 5.5: Eigenstate properties of the effective model (5.2) for N = 16. a Overlap of
eigenstates with the |—+) state as a function of their energy E. b Entanglement entropy Sent
of the eigenstates. Red dots correspond to eigenstates with total spin S = 1, while the blue
ones ones mark all other spin values. The squares indicate the eigenstates sitting at the top of
each tower of states. These towers have an energy separation of approximately v/2, as expected
for the spin-1 hypergrid.

Similar ETH violation can be seen in the entanglement properties of eigenstates,
shown in Fig. 5.5b, showing that eigenstates of similar energy have very different
amounts of entanglement. This broad entanglement distribution, however, can mostly
be attributed to the eigenstates belonging to different spin sectors S, giving rise to
multiple bands that do not fully overlap at the system size shown in Fig. 5.5b. The
distribution of entropy in S = 1 sector [red points in Fig. 5.5b] is relatively narrow
apart from two “outliers” shown at energy E ~ 4+/2. These two outliers have high-
overlap with |—+) and sit at the top of their respective towers of states when restricting
to the sector S = 1. The states at the top of each tower are indicated by squares, but
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unlike the PXP model [54] these states are not well separated from other states in the
same tower.

In a fully ergodic system, one expects the support of an eigenstate on a subset of
states to be approximately equal to the ratio of the number of states belonging to this
subset and the total dimension of the Hilbert space. Performing this computation for
the effective model and choosing the hypergrid subgraph as the subset shows anomalous
concentration of some eigenstates — see Fig. 5.6. As the overlap with the |—+) state
forms a lower bound to the support on the hypergrid, we find the same kind of towers
of states, located at the same energies, in this plot. However, where the maximum
overlap with |—+) was approximately 0.011 for N = 16, the maximum support on the
hypergrid is instead close to 0.76 for the same size. This confirms that the hypergrid
subgraph still leaves a large imprint on the eigenstates, even when it only comprises
less than 2.5% of the Hilbert space for N = 16. This means that there are special
eigenstates that are concentrated within the hypergrid, and especially onto the |—+)
state. As a consequence, the |—+) state has a large overlap within these states, leading
to a permanent concentration of its time-evolved wave-function within the hypergrid.
This explains the quench results shown previously.

¢ S=0 ¢ S=1 *S5=2 eS5=3 eS5=4 ¢S5=5 *S5=6 ¢S5=7 *S=8

X

X @ 0o

Figure 5.6: Expectation value of the projector onto the hypergrid for the eigenstates at N = 16.
The colours indicate the value of total spin for each eigenstate and the dashed line is the average
value of Py for the system. Crosses are the states with highest overlap on the |—4) state
around their energy, irrespective of spin.
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5.5 Algebraic structure and scar-enhancing perturbation

From the graph picture, we can easily develop the su(2) algebra behind scarring. The
raising operator is

N/4 N/4
Al =v2Y eh ) eajinagaa(l—ugs) + V2D e} ceajaaiag_1 (1 — faj))
j=1 Jj=1
N/4 N/4
+ V2 e gfaranfagin g (L= Rujeeg) + V2 Y 2l e gfage (1 - fujrag),
j=1 j=1
(5.15)
from which the lowering operator can be derived as H 4. Finally, the Z operator is
| VA 1 /4
=5 > lfaj1p = Rgjory + gy — gl + 2 D lajiry = Ragerg + Ragrag = Ragra,]
j=1 Jj=1

(5.16)
While these formulas are rather complicated, their interpretation is actually simple.
Essentially, the raising operator H ;;f acts as a spin-1 raising operator by generating the
transition |[—) — |0) — |+) on odd cells and |+) — |0) — |—) on even cells. Similarly,
the HZ; operator acts as [+) (4| —|—) (—| on odd cells and | =) (—|—|+) (| on even cells.
This means that the |—+) state is the ground state of H? and repeated applications of
ﬁ:;f on it will lead to the |[+—) state. Thus, the algebra is that of a free spin-1, with
the correct sign that ensures |—+) and |+—) are the ground and, respectively, ceiling
state of H -

One notable difference from the PXP model is that the operator H. g = (ﬁ e H C_ﬁ) /2

is not proportional to the effective Hamiltonian. Indeed, H* only encompasses hopping
within cells, and not between them. The effective Hamiltonian is then

f{eff = _J\@ﬁgff - ﬁPert,effa (517)

where ﬁpert,eff generates hopping between cells and is defined as

N/2—-1
HPert,eﬂ = JZ Z égj’séngrl,sﬁgj’g(l — ’fZQjJrLg)—I—h.C.. (5.18)
j=1 s

As such, it is natural to use ﬁpermeﬂ as a perturbation to Pfeﬁ, and vary the correspond-
ing perturbation strength A to tune the scarred revivals. For A = 1, the hopping term
between the cells in the Hamiltonian and in the perturbation cancel each other. As a
result, the hypergrid becomes completely isolated from the rest of the Hilbert space,
resulting in perfect wave-function revival. This is confirmed in Figure 5.7. These results
also show that the perturbation has a very weak effect on the period of the revivals,
but only modulates their amplitude.
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Figure 5.7: Fidelity revivals for the perturbed effective model for N = 14. At A = 1 the
hypergrid subgraph is completely isolated from the rest of the Hilbert space and the revivals
from the |—+) state (and from any other of the hypergrid corners) become perfect.

5.6 Experimental implications

The effective model studied above is exact in the limit U = A — oo. For experimental
realisations, it is important to ascertain that the same physics persists for accessible
values of U, A. First of all, we can analytically compute the leading order corrections
to the effective model at U = A using the Schrieffer-Wolff transformation framework.
We find that, at second order, there are both diagonal and off-diagonal terms that
affect the Hilbert-space sector of interest. These can be written respectively as

JQN 1
=5 2 (1090 + 1) (131 + D) (1
j=1 (5.19)
+10D) O +104) (0] - %( [14) (1] + [41) (1)
and
N 72
ob = Zmo GO+ N0 T0d+ 55 Zm (IMl+He.  (5.20)

In order to have a more compact notation, we described the system after the Jordan-
Wigner transformation, where all plus and minus signs due to fermionic commutation
relations are written explicitly. The indices of all kets and bras have been kept implicit,
and we use the convention that the leftmost site is 7 and the subsequent ones are to its
right. This means that (0 J1| describes sites j, j + 1 and j 4+ 2. As expected, all terms
are local and have a prefactor of J?/A, meaning that they can be efficiently suppressed
provided U and A can reach large enough values.

Importantly, unlike in the Bose-Hubbard case, these second-order terms do not
create leakage out of the Hilbert space sector we have investigated. To show that, we
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first recall what differentiates terms in this sector to disconnected terms with the same
value of <U + A) In the former, all occurrences of doubly-occupied sites must have an
empty site on their right. Meanwhile, all states that violate this must be in a different
sector. We can look at the different off-diagonal terms individually. Terms in Eq. (5.20)
of the form |13 0) (3 0 1| move a | 0) block but do not separate its components. As
[11) (41| terms only shuffle sites with a single fermion, they also cannot destroy |] 0)
blocks. So the Hilbert space sector we investigate is still disconnected at second order.
In other sectors, additional terms are present such as |0 {1) (1 0 J|. However, they act
as identically zero in the sector of interest and so we do not describe them in detail.
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Figure 5.8: Signatures of scarring in fidelity after quenches from the |—4) state in the full
Fermi-Hubbard model for N = 12. a Maximum revival fidelity in the full model between ¢t = 1
and t = 10 for a wide range of U and A values. The revivals show an increasingly better fidelity
on the U = A diagonal as the value of these parameters get larger. The high fidelity in the
top left corner corresponds to the high-tilt regime investigated in [222], where a large number
of states show revivals due to Hilbert space fragmentation linked to the conservation of the
dipole moment. We emphasise that in this regime the large fidelity is not due to scarring but
to Hilbert space fragmentation. b Fidelity after a quench for different perturbation strengths
Aand U = A = 5. As for the effective model A = 1 gives the best revivals for the this state.

In our analysis of the effective model, we looked at the fidelity of wave-function
revivals; here we show that they are also visible in the full model for a relatively broad
range of parameters U and A, see Fig. 5.8 a. As the origin of scarring in the full model
should still be the presence of the hypergrid, the perturbation in Eq. (5.18) can also be
used. In that case it takes the form

N/2-1
Hpew =J Y Y6 ojrs +hec. (5.21)
j=1 s

As shown in Fig. 5.8 b, the optimal value of A for the first peak of the fidelity revivals
is also at A = 1, but the revivals are no longer perfect (the first peak reaches ~ 70%).
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Furthermore, unlike in the effective model, looking at the second revival peak gives an
optimal value of lambda closer to 0.3. This is likely caused by interactions between the
perturbation and the high-order terms in the Schrieffer-Wolff transformation. The fact
that this perturbation still significantly improves the revivals in the full model strongly
suggests that the oscillatory dynamics is still due to the imprint of the hypergrid in
this case.

Finally, as fidelity is generally not accessible in experiment, we now show that scar-
ring can also be detected using local measurements. We demonstrate this in Fig. 5.9
for the full model in Eq. (5.1) focusing on the regime U, A < 10. Panel a shows the
dynamics of imbalance on the even/odd sublattices, J = (N, — Neo)/(No + Ne), where
Ne/o is the total number of fermions on the even or odd sites. This observable was
chosen as it was used in Ref. [222] to witness Hilbert space fragmentation. The imbal-
ance is bounded between -1 and 1. We see robust oscillations in J with the frequency
matching half the wave-function revival frequency in Fig. 5.3b. The amplitude of the
imbalance revival remains close to the infinite-limit value for U = A 2 6.

~A=3  —=A=6 -|g)

Figure 5.9: a Occupation imbalance in the full model in Eq. (5.1) with N=12 for various values
of U=A for the initial state |—4), and for U=A=6 for the initial states |¢o) = |41 -+ 1))
(within the hypergrid) and |¢1) = 13013030130 1) (outside of it). b U — A phase diagram
showing the scarring regime near the diagonal (dashed line). The colour scale represents the
value of the first peak of the imbalance for N=12.

5.7 Scarring at half-filling in the large-tilt limit

Up to this point we have exclusively focused on the U = A resonance. We will now
show that other regimes can lead to similar constrained models which display scarring.
In particular, we will investigate the high-tilt regime A > U, J that was investigated
experimentally in Ref. [222]. In that limit, the dipole term is effectively conserved and
one can similarly write down an effective Hamiltonian. However, unlike in the U = A
case, here the leading term appears only at third order. The corresponding effective
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Hamiltonian was derived in Ref. [222] and can be written as, up to constant terms,

i . 4.J? 5 Ao
A% = JOTy 4 U(1 - F) S ijgigy + 203 Ty + 2783 0y s (5.22)

€
j78
where

2
JG) = %, T3 = Z 6@86;[“786;[_,_175@”275 +H.c., Txy= Z éz,géiﬁ-l,gézﬂ,séiﬁ’
1,8 1,8

(5.23)
The T term acts as a "squeezing® operator that creates transitions of the form || 0 1) +
|07 0). The other dynamical term, Txy, engineers an XY-type interaction that ex-
changes fermions of opposite spin between neighbouring sites. Finally, the two poten-
tial terms count respectively the number of doubly-occupied sites and the number of
neighbouring sites occupied by fermions of different spin.

Due to the rather peculiar form of the dynamical terms, the Hilbert space shows
further fragmentation than predicted purely by the conserved quantities (expectation
value of the tilt and filling factor). We will now focus on a particular sector characterised
by a filling of fraction of v = 1/2 (with N/4 fermions with spin down and N/4 with spin
up). This sector contains the charge-density wave (CDW) state [0, 010,071 ---0),
with fermions of alternating spin on every other site. The effective Hamiltonian pro-
jected to the sector of this state can be further simplified by noticing that some terms
exactly vanish. The Ty operator only allows to squeeze two fermions with opposite
spin to create a doublon between them. As all fermions are originally separated by
an empty site it is impossible for this operator to reach a state with neighbouring
fermions: they will always be either on the same site or with an empty site between
them. Hence, the operator T'xy and the potential terms 7 s7 ;41 5 are always zero. As
the doublon-counting term is diagonal, the only term that allows for hopping between
product states is Ts. By studying the effect of this operator in a 4-site cell we will show
that it leads to the same constrained Hilbert space structure as the sector studied at
filling ¥ = 1 in the U = A limit.

For v = 1 with two sites we have the possible states |1]) + |3 0) < |[J1) forming
a three level system. For v = 1/2, the operator T3 also only allows 3 states but now
for four sites as [1T0] 0) <» [0300) « [} 01 0). In both cases, in each "cell“ there
are two fermions with opposite spin, and there can only be interactions between cells
if fermions of different spin are at the boundaries. As all actions of the Hamiltonian
can be understood in terms of these cells, it ensues that both models have exactly the
same off-diagonal matrix elements if N,_; o = 2N,—1. The |[—+) state we investigate at
filling 1 can be directly mapped to the half-filling case by inserting empty sites between
every fermion. This is illustrated on Fig. 5.10, which shows equivalent configurations
between the two different filling levels and how their respective dynamical operator
engineer identical moves.

As a consequence, we can also expect to see scarring in the A > U, J and v = 1/2
regime. One main difference is the presence of an additional diagonal term counting
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Figure 5.10: Mapping between the v = 1/2 and v = 1 sectors of the tilted Fermi-Hubbard
model with N = 12 and N = 6 respectively. Blue and red circles denote fermions with down
and up spin respectively, while black dots denote empty lattice sites. A sequence of states that
can be induced by the effective Hamiltonian of each model is displayed. In all cases, we see
that the order of the fermions is identical.

the number of doublons in that case. To better grasp the consequences of this poten-
tial term, it is useful to rewrite the effective Hamiltonian in Eq. (5.22) without the
redundant terms (i.e the one that are identically zero in this sector) and with the J(®)
prefactor in front. This leads to the compact expression

N A2
75+ (ﬁ —4) ) ﬁmﬁjyil . (5.24)

As the Hamiltonian in Eq. (5.22) is only valid for A > U, J, this is also the case for the
one in Eq. (5.24). However, it is easy to see that as A/J increases, the potential term
will dominate the dynamics. Thus, there is no way to obtain the Hamiltonian T on its
own. Set A too low and the higher order terms in the Schrieffer-Wolff transformation
will not be negligible, set it too high and the potential term will dominate the dynamics.
Thus, we conclude that the conditions A > U, J and v = 1/2 will generally lead to
worse scarring compared to v = 1 case we focused on. However, v = 1/2 may have a
practical advantage in that it requires only one large parameter instead of two. Most
importantly, this analysis clearly illustrates there are many possibilities for engineering
very complex kinetically-constrained models by playing with electron spin, filling factor
and parameter regimes of the Fermi-Hubbard model.

: ) AN~ o ®)
Hepw = J T3+U(1_F)anﬁn]}i:‘]

5.8 Summary

In this chapter, we have proposed an experimental realisation of QMBSs in the regime
U = A of the tilted Fermi-Hubbard model. We have identified product states |—+),
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|[+—) at filling factor v = 1 which give rise to scarred dynamics and reveal towers
of ergodicity-breaking many-body eigenstates. To understand the origin of QMBSs
in this model, we have developed a new approach inspired by the graph structure
of the Hamiltonian matrix, which highlighted the presence of an integrable subgraph
isomorphic to that of a free spin-1 paramagnet. This integrable subsystem provides a
new type of scarring mechanism that extends beyond the PXP model. Furthermore,
the graph picture also allowed us to devise a perturbation that improved the revivals
in the quantum dynamics, both in the effective model U = A = oo and in the full
model, at experimentally relevant values of U and A. We then showed that QMBS
oscillations could be directly probed using observables that are routinely measured in
current experiments, such as the density imbalance. Finally, we demonstrated how an
analogous subgraph-induced scarring can be observed in a different parameter regime
of A > U, J at filling factor v = 1/2.

These results show that the tilted Fermi-Hubbard is a promising model for future
investigations of scarring. Our theoretical predictions could be directly tested in current
setups, such as the one in Ref. [222] which uses potassium-40 atoms trapped in an
optical lattice. In addition, the presence of other ergodicity breaking phenomena such as
Hilbert space fragmentation [222] and localisation would allow to study their interplay.
Nevertheless, one potential problem is the preparation of the initial state. Indeed, unlike
the PXP model (both with Rydberg atoms and in the Bose-Hubbard implementation)
where the scarred initial states have period 1 and 2, the |—+) state has period 4, thus
it cannot be prepared using two optical lattices with wavelengths A and 2\. Given that
most setups are currently limited to this type of lattice/superlattice combinations, it
makes probing scarring from the |—+) state more challenging than other proposals in
this thesis.

We note that subsequent studies have also found relations between subgraphs and
QMBSs [229, 230]. In particular, Ref. [230] found that sampling random graphs and
their corresponding Hamiltonians led to the appearance of many scarred eigenstates.
However, these are generally linked to tail-like structures like the || 2 1) state discussed
in this chapter.
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CHAPTER 6

Tunable many-body scars on a
superconducting quantum processor

In the previous chapter, we argued that QMBSs could be engineered using ultracold
fermionic atoms trapped in optical lattices. The main idea was to employ the reson-
ance between the tilt potential and the Fermi-Hubbard interaction, in order to create
an effective model with kinetic constraints. The resulting QMBS states stem from
a subgraph of the Hamiltonian adjacency graph, which has two important features:
it is a highly regular graph on its own and it is weakly connected to the rest of the
Hilbert space. Both features were directly enabled by the constraints of the effective
model. In this chapter, we will show that a similar subgraph mechanism can be used
to create QMBSs in unconstrained models implemented on a superconducting (SC)
quantum processor. SC qubit arrays are now widely used for both digital and analogue
quantum computing and show impressive capabilities [231, 232]. For quantum simu-
lation, they have advantages over cold-atom systems such as compact integration and
a high level of control [233, 234]. This granular tunability of the coupling parameters
allows to emulate many models with a single device (e.g., the Heisenberg and Ising spin
models [235], among others). Moreover, the readout of the SC platform enables direct
measurements of important quantities beyond population-related dynamics, such as
the entanglement entropy [236], out-of-time-ordered correlation [237, 238|, and energy
spectrum information [239].

In this chapter, we will explore QMBS phenomena on SC chips with fully tunable
XY coupling between nearest-neighbour qubits, fabricated and operated by our exper-
imental collaborators at Zhejiang University [7, 8]. We will focus on two classes of
models that host QMBS states. The first type of model draws inspiration from the
topological structure of the Su-Schrieffer-Heeger (SSH) model of polyacetylene [240],
which features alternating strong and weak XY couplings. Similar to the previous
chapter, we will utilise this structure to create a nearly decoupled subgraph with the
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structure of a hypercube, that will give rise to emergent QMBS phenomena. Signatures
of QMBSs will be confirmed in experiment, with circuits consisting of up to 30 qubits
and a Hilbert space dimension of (?g) = 155,117,520. In contrast to optical lattice
experiments in Chapter 4, the capabilities of the SC platform will allow us to perform
full quantum state tomography on a subset of 4 qubits. With this, we can extract the
subsystem many-body fidelity and entanglement entropy, extending beyond the single-
site observables in Chapter 4. Furthermore, going beyond 1D geometry, our second
model will allow to create tunable QMBSs in a ladder geometry. This will be achieved
using a different mechanism — the rainbow scar construction discussed in Chapter 2.
The versatility of the rainbow construction will allow to create QMBS eigenstates that
are not only robust to disorder, but that can be tuned by it.

6.1 Experimental device and the effective XY model

We use a SC quantum processor in a flip-chip package, see Fig. 6.1 for an illustration.
The processor contains a square of 6 x 6 transmon qubits (Q;), with 60 couplers (Q.),
each inserted in-between two neighbouring qubits. Each qubit (coupler) is effectively
a quantum two-level system with ground state |o) and excited state |e), whose energy
separation can be dynamically tuned in the frequency range 4.3 — 4.8 GHz (4.9 —
6.0 GHz). Each qubit has individual microwave (XY) and flux (Z) controls and is
capacitively coupled to a readout resonator for state discrimination. Each coupler has
an individual flux (Z) control and remains in the ground state during the experiment.
We use high-precision synchronised 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 7 pulses are applied to half
of the qubits, (2) multi-qubit interaction stage where the nearest neighbouring qubit
couplings are programmed by adjusting the frequencies of the couplers, and (3) the
measurement stage where all qubits are jointly read out. The mean values of the singe-
qubit energy relaxation times and Ramsey dephasing times are respectively 77 = 53.4
pus and T35 = 1.9 ps, while the mean of the single-qubit randomised benchmarking
fidelities is 0.993.

We first derive the effective spin-1/2 XY model describing our experimental SC
processor. The full Hamiltonian of the SC system with both qubits and couplers is
given by [241]

where w; (w.) is the frequency of the ith qubit (cth coupler), l;f ((A)z_) is the creation
(annihilation) operator of Q;, gi; (gic) is the coupling strength between @; and @Q; (Q.),
and the rotating wave approximation is imposed on the qubit-coupler and qubit-qubit
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Figure 6.1: Experimental superconducting circuit of Device I with qubits and couplers in a
square geometry. Light gray dashed rectangles represent dimers that constitute the chain with
intra coupling J,, inter coupling J., and small cross coupling J,.

couplings. The subscripts “i,j” and “c” represent the indices of qubits and couplers,
respectively. (i, j) or (i,c) stands for a nearest-neighbour qubit-qubit or qubit-coupler
pair.

While each qubit can technically hold more than one photon (which are the ex-
citations in our system), in our experiment the anharmonicity 7; is much larger than
the couplings between the nearest neighbouring qubits (typically 7;/g;; > 50). As a
consequence, any double occupancy is strongly suppressed. The degrees of freedom can
therefore be treated as spin-1/2, and we can replace the bosonic creation and annihil-
ation operators by the Pauli operators 67 and 6. The full Hamiltonian (6.1) then
reduces to the XY Hamiltonian:

H =3 wiof o7 +) weol 60+ 9407 07 + 6760+ 0ie(67 60 +6768). (6.9)
d ¢ (6,5) (i,c)
We apply the Schrieffer-Wolff transformation [47] U = €" to the Hamiltonian with

W=y Aot —aial), (63)

since all qubits are far detuned from the couplers with |A;.| = |w; — we| > |gic|. The
effective Hamiltonian can then be approximated as
I:IeﬁzZJija O’ + 667 +ZQ 6767, (6.4)

where the effective coupling strength and transition frequencies are, respectively, given
by
J; L, d Q= e 6.5
j—gz]"‘zgzcg]c[Aw‘FAjJ an i—wi‘f‘zC:Aic- ( . )
The strength of the indirect coupling can be tuned by adjusting the coupler frequency, so
the net coupling strength for J;; can be dynamically tuned over a wide range, typically

Jij/QT(' € [-15,1] MHz.
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6.2 One-dimensional XY model

We consider the model described by Eq. (6.4) where the qubits follow a “snake”-like
layout shown in Fig. 6.1. This layout allows us to accommodate a 1D chain of length
L of up to 30 qubits on the given device. The qubits 2¢ — 1 and 2i (with ¢ =1 to L/2)
are grouped into dimers, with the intra-dimer coupling J; ;11 = J,, @ € odd, set to be
slightly stronger than the inter-dimer coupling J; ;41 = Je, @ € even. This pattern of
couplings along the chain reproduces the structure of the SSH model [240], with the
Hamiltonian

Lj2 L/2—1
H=J, Z(?fz}-_ﬁz@ + a—;j_la—;j) +Je Y (62—].&2+j+1 + &;j&5j+1). (6.6)
j=1 j=1

We consider an even number of sites, such that the Hamiltonian is invariant under
spatial reflection that takes site i to site L + 1 —1i. Eq. (6.6) also conserves the number
of excitations, and we will restrict our study to half-filling, meaning that there are L/2
excitations. In that case, as all couplings are of XY type, the model is also invariant
under particle-hole transformation o <+ e.

The chain above only features hopping between nearest-neighbours, hence it maps
to a fermionic model with only quadratic terms. As such, the model Eq. (6.6) is
integrable and it can be expressed in terms of free fermions. Nonetheless, recent studies
of the quench dynamics from certain initial states, such as the fully polarised and Néel
states [242, 243], have shown that the integrability of the model generally does not
imply persistent revivals. Below we will show that it is possible to identify, based on
the graph structure of the Hamiltonian, other initial states that do exhibit quantum
revivals, even after we make the system interacting and break integrability. Indeed, on
top of the nearest-neighbour couplings J, and J., there is also non-negligible hopping
between qubits placed diagonally from each other in Fig. 6.1. These couplings are also
of XY type and are essentially random in strength in a range J, /27 € [0.3,1.2] MHz.
This breaks integrability and spatial reflection in the physical device.

6.2.1 Embedded hypercubic subgraph and signatures of scarring

Beyond the free-fermionic limit, there is another limit in which the SSH chain turns into
a non-interacting model. In the limit of J, > J, each dimer only weakly interacts with
its neighbours. The dynamics is dominated by intra-dimer hopping, i.e., transitions
between |d;) = |eo) and |d_) = |oe). If we start in a state with a single photon in
each dimer, we will have very low connectivity to any state with dimers containing
zero or two photons. The relevant part of the Hilbert space is the span of all states
with a single photon per dimer. Each dimer then acts as a two-level system (|d4)
and |d_)), and the Hamiltonian is isomorphic to that of a free spin-1/2 paramagnet,
i.e ﬁfree =2, o7 Such a Hamiltonian is known to lead to perfect state transfer and
revivals from many initial states. But this effect is not “many-body”, as the dimers
do not interact with each other. Another useful property of this Hamiltonian is the
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structure of its adjacency graph. As in the previous chapter, let us use one vertex
for each Fock basis state and draw an edge between two of them if there is a non-zero
matrix element between them in the Hamiltonian. For the non-interacting Hamiltonian
in the J, > J. limit, this adjacency graph takes the form of a hypercube of dimension
N = L/2, as each dimer can have two states and there are L/2 of them.

When we move away from the limit J, > J, the assumption that the dimers are
non-interacting is no longer valid and we have to consider the entire Hilbert space. The
adjacency graph of the full Hamiltonian acquires a non-trivial structure, but it still
contains the hypercube as a subgraph. Note that as we have coupling with strength
Jq and Je, the graph is now weighted. The hypercube has many edges connecting it to
the rest of the Hilbert space (all with weight J.), which has a negative effect on the re-
vivals from most states inside the hypercube. Typically, we find the dynamics becomes
ergodic, with the wave-function spreading into the entire Hilbert space. However, not
all states with one photon per dimer have the same leakage out of the hypercube. Two
states that are very anomalous in this respect are the states

) = [dyd_dyd_---), and |IT') =|d_dyd_dy ). (6.7)

These states are located at opposite corners of the hypercube and have the unique
property of only having intra-dimer couplings. This can be seen by explicitly writing
out the action of the Hamiltonian on pairs of dimers

I?|d+d—> = Hleooe) = J, (Josos) + [e0e0)) = J, (|d-d_) + [d4d)), (6.8)
Hld_dy) = Jo(ld=d-)+|dydy)). (6.9)

In both cases, the dimers always have a single photon. This property strongly reduces
the leakage out of the hypercube and allows the revivals from these two state to per-
sist outside of the trivial regime J, > J.. We note that, in contrast to the model
investigated in the previous chapter, the existence of states with no leakage outside the
hypercube is not due to strong kinetic constraints. It can instead be understood simply
from the locality of the hopping and the geometry of the lattice. As such, the same
kind of subgraph persists in other lattice geometries, e.g., the comb geometry [7].

To quantify the impact of the hypercube on the dynamics, note that the sum of the
hypercubic-thermal couplings (inter dimer and cross couplings) gives the decay rate T’
of the hypercube to the thermal parts. The summation of intra hypercubic couplings A
is given by the number of hypercubic edges, A = N2¥~1J,. Their ratio A/T converges
to a finite value for different values of J,/J., see Fig. 6.2 a, which shows that the
hypercube is not trivially disconnected from the rest of the Hilbert space. At the same
time, while other parts of the Hilbert space are frustrated by the irregular J, couplings,
no two states within the hypercube are linked by them. Thus these couplings lead to
increased leakage out of the hypercube, but do not disturb the dynamics within it.
Indeed, as the J, connect sites with a distance of at least two in the chain, they cannot
be intra-dimer. As a consequence, if we start from a state in the hypercube and act
with a J, coupling, it will take a photon from one dimer to another dimer. Hence, we
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Figure 6.2: a Ratio A/I" as a function of the system size L evaluated numerically for different
ratios of J,/J. and the experimentally measured values of J,. b Schematic of the bipartition of
the system. Tomography is performed on the first four qubits forming subsystem A. ¢ Quantum
state tomography for the four-qubit fidelity F4(t) and entanglement entropy S4(t) in a 30-qubit
chain for thermalising initial states, |oeoce . ..ceeo) (labelled as “i”) and |ceocoe ... ecceeceeo)
(“ii”) and the QMBS state II' (green). The couplings are J, /27 = 1.5J. /27 ~ —9 MHz. The
inset shows the Fourier transform of the four-qubit fidelity with the peak at wq /27 =~ 21 MHz.
The dashed grey line in the bottom panel represents the maximal thermal entropy for the
subsystem, equal to 4In(2). d: Same as c, but for different couplings J, /27 = 2.5J. /27 ~ —10
MHz from Device II and w} /27 ~ 22 MHz.

will no longer be in the hypercube, which is characterised by all dimers having a single
photon.

After these theoretical considerations, in Fig. 6.2c-d we present the experimental
observations of QMBS states in our SC processor. With the high-precision control
and readouts, we were able to perform tomography measurements to directly ob-
tain elements of the reduced density matrix of subsystem A, p4, which determine
the fidelity dynamics of the subsystem F4(t) and the bipartite entanglement entropy
Sa(t). The fidelity and entanglement entropy of a subsystem are respectively defined
as Fa(t) = Tr[pa(0)pa(t)] and Sa(t) = —Tr[pa(t)logpa(t)]. The complexity of such
measurements grows rapidly with the size of the subsystem A and below we consider A
to be four qubits, as schematically illustrated in Fig. 6.2b. We emphasise that although
we consider a relatively small subsystem here, the four-qubit fidelity F4 mirrors the
behaviour of the full fidelity. The data points in Fig. 6.2c give, for a 30-qubit chain,
the time evolution of the four-qubit fidelity for the collective state |II') and two typical
thermalising states. The fidelity of the QMBS state exhibits revivals with the period
of about 50 ns and the peak value of the first revival can be as high as 0.5, while no
such revivals occur for the thermalising states.

In the bottom panel of Fig. 6.2c we measure the time evolution of the entanglement

106



6.2 One-dimensional XY model

entropy S4(t) for the same states as in the upper panel. Compared to the thermalising
states, scarred dynamics leads to a slightly slower growth of entanglement entropy, su-
perposed with oscillations whose frequency is twice that of fidelity revivals. This double
frequency is due to the fact that the system oscillates between the |II') and |IT) states.
Thus, entropy is locally minimised or maximised (depending on the choice of subsys-
tem) when the system is near either of these states, while the fidelity only measures
the return to its initial state |[II'). In our experiment, both scarred and thermalising
states ultimately approach the Page entropy 41n(2) of the 4-qubit subsystem.

We note that scarring, and in particular the difference in rate of entanglement
entropy growth between the scarred vs. thermalising initial states, can be improved by
increasing the coupling ratio J,/J, to 2.5, as experimentally demonstrated by Fig. 6.2d.
This ratio controls the coupling of the hypercube to the rest of the Hilbert space, as we
emphasised above. For the data in Fig. 6.2d, we have used a second superconducting
chip (Device II) with a similar design as the first. Indeed, some couplings in Device I
could not be tuned to large enough frequencies to engineer the ratio J,/J. = 2.5 on 30
qubits. The geometry and design of both devices are identical, with device II showing
longer single-qubit energy relaxation time 77 = 101.0 us.

6.2.2 Integrability-breaking perturbations

In order to show that |II), [II') are bona fide QMBS states, it is crucial to demonstrate
that revivals from |II), |II') states are not trivially due to the integrability of the SSH
chain in Eq. (6.6). Thermalisation in our setup is naturally induced by the irregular
cross couplings J, with strengths J;(7,j)/2m € [0.3,1.2]. The exact values of these
couplings have been measured in Device I and are given in Fig. 6.3. Due to their
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Figure 6.3: The dominant cross coupling values J, /27 in MHz from experimental measure-
ments.

random nature, it is clear that they break any spatial symmetry of the circuit as well
as making it non-integrable. Indeed, due to their long-range nature (they connect sites
with labels j and k with |j — k| > 1) they cannot be mapped to quadratic fermionic
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operators due the Jordan-Wigner string of 5% that should be present between the two
sites. As such the system is expected to thermalise.

To confirm thermalisation, we numerically compute the average energy level-spacing
ratio (r) for various system sizes and strengths of the J, couplings. For a chaotic
system, we expect (r) ~ 0.53. For an integrable system, the usual value given is
(r) ~ 0.39. However this assumes that all energies are independent, which is usually not
the case in non-interacting models. Indeed, as the many-body spectrum is composed of
combinations of the single-body spectra, its structure can actually favour degeneracies.
This leads to an average level-spacing ratio lower than 0.39. As we are only interested in
distinguishing the integrable and non-integrable regimes and not in the precise structure
in the integrable case, we will treat all values of (r) smaller than 0.38 as equal to
0.38. Using this convention, the results for (r) are shown in Fig. 6.4 and confirm our
expectation: as the mean J, gets larger, we see a rapid transition from integrability
to chaos. At the same time, large J,/J. ratio brings us closer to integrability because
the system becomes essentially a set of non-interacting dimers. As the system size gets
larger, it becomes more sensitive to perturbations, requiring a larger J,/J ratio and
smaller J, to be close to integrability. Already at L = 16, we see that the regime used
in the experiment is deep in the chaotic phase with (r) ~ 0.53. This means that at
L = 30 there should be no effect due to proximity to integrability.

a L=12 J=- MHz] b L =14, J, = —6 [2rMHz] c L =16, J,=—6 [2rMHz]

6 [2rMHz

vV “ 054
| & )
| ) 038

Average cross couphng Ty [27TMHZ

3

Coupling ratio J,/J.

Figure 6.4: Average energy level spacing parameter (r) as a function of the coupling ratio
Jo/J. and average cross coupling J, for system sizes a 12, b 14 and c 16 qubits. For clarity
the values of (r) are limited to the range [0.38,0.54], meaning that any value below 0.38 is set
to 0.38 and any value above 0.54 is set to 0.54. J. /27 is fixed at —6 MHz. The white dashed
lines denote the average value of J, in our experiments.

As conclusive evidence that revivals we see are not linked to the integrability of
the SSH chain, we devise a regular perturbation that enhances revivals while breaking
integrability. For that we turn on the next-next-nearest-neighbour couplings J,, =
Jii+3, such that the following Hamiltonian is added to the SSH chain:

Hnn = Jmn Z (A+AJ_+3 + 0']+30' ) (610)
j_

Note that this perturbation is translation-invariant (i.e., there is no disorder) and pre-
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serves the reflection symmetry as well as the particle-hole symmetry. Fig. 6.5a shows
that for J,/Je. = 1.5, scarring is present for a relatively broad range of values of Jyy,
and that it is most prominent not at Jy, = 0 but at Jy,/J. ~ —0.21. Meanwhile,
Fig. 6.5b shows that a small J, is enough to break integrability. As for the J, coup-
ling, the Jy, terms induce long-range hopping and so cannot be mapped to quadratic
fermionic operators. Thus the perturbed model no longer maps to free fermions and is
not integrable. The values of (r) smaller than 0.39 that can be seen on Fig. 6.5 b at
Jun = 0 are due to the system being non-interacting at that point, as discussed in the
previous paragraph.
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Figure 6.5: SSH chain with H,, perturbation and no cross coupling J,. The parameters used
are J,/2m = —9 MHz and J./27 = —6 MHz. a, Fidelity at the first revival peak F(t;) for
the |IT) and |eo) = |eo. .. e0) states for different systems sizes L and perturbation strengths in
units of J.. b, Average level-spacing ratio for the same data in the sector with eigenvalues +1
for both spatial reflection particle-hole exchange. The vertical dash-dotted line indicates the
optimal points for revivals from the |II) state, while the horizontal dashed lines indicate the
expected value of (r) for Poisson and Wigner-Dyson distributions.

While it is easy to see how the Jy, perturbation breaks integrability, at first glance
it is unclear why it should improve the revivals. Indeed, it induces hopping between
different dimers, and as such creates additional leakage out of the hypercube. In par-
ticular, it induces leakage out of the initial states |II) and [II'). However, if we look
at other states during the dynamics we will see that it can cancel the leakage induced
by Je. Let us consider an example with L = 4. If we start from the |II) state and
only consider the wave-function within the hypercube, after a quarter of a period the
wave-function should be approximately (|eo) + i |ce))(|eo) —i|oe))/2 up to an overall
phase. Acting on this state with inter-dimer hopping (which acts between sites 2 and
3) gives J.(|eeco) + |ocee))/2. Meanwhile, acting with the Jy, perturbation (which
acts between sites 1 and 4) will give the same term J,,(|ee®co) + |ocee))/2 but with a
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different prefactor. It is then clear that setting Jy, = —1 will exactly cancel the leak-
age from this state. So the optimal value of Jy, is a trade-off between the additional
leakage from certain configurations and the enhanced leakage from other ones. While
we were not able to analytically derive the value of —0.21J, found numerically, it is
coherent with this picture of leakage that predicts an optimal J,, between —J, and 0.
It also explains why fidelity decays monotonically for Jy,/J. positive, as this increases
leakage from all configurations.

6.2.3 Population dynamics

Now that we have shown that the revivals are caused by genuine many-body scar-
ring, we provide additional experimental data on qubit population dynamics. Such
measurements are more time-saving than tomography, and this allows us to further
probe thermalisation of the entire many-body system by randomly choosing many ini-
tial product states. The evolution of the occupation probability for individual qubits
in a 30-qubit chain is shown in Figs. 6.6a and 6.6b, which contrasts the evolution of a
scarred initial states with a typical thermalising state. The former exhibits remarkable
oscillations which are absent in the latter.

In order to define a global marker of thermalisation, we turn towards the generalised
population imbalance

I(t) = 7 > (67 (0))(57 (¢)- (6.11)

For any Fock state, this observable acts as an indicator of the memory of the initial state.
Indeed, I(t) will be exactly one only for the initial Fock state and should thermalise to
a value of 0 as photons should be on any site with equal probability. For the scarred
initial states, I(t) is expected to display the same type of oscillation as the many-
body fidelity, while for a thermalising state it should quickly decrease towards 0. The
imbalance dynamics I(t) is plotted in Figs. 6.6¢ and 6.6d, which reveals more clearly
the differences between two initial states. In general, for the thermalising state, after
about 30ns the population is nearly half photon in each qubit, meaning there is no
imbalance.

The distinct features of QMBS states can be further highlighted through the overlap
between the product states and the eigenstates |(«|E,)|?. For scarred initial states,
we expect to see towers of states with approximate equal spacing. Meanwhile, for
thermalising initial state this overlap should homogeneous among all eigenstates. While
this quantity is not accessible in experiment, we can probe it indirectly by looking at
the Fourier spectrum of the imbalance. This is shown in Figs. 6.6e and 6.6f for the |II)
state and thermalising states respectively. For the former, there is very sharp peak in
the squared Fourier amplitude g,(w) at w1 /27 ~ 20 MHz indicating that the towers of
states have approximately that spacing. In the case J, = 0, we would expect the peak
to be at 2.J,/21 ~ 18.6 MHz, so we see that the presence of the rest of the Hilbert
space has an influence on the energy spacing. For a thermalising state, we see no
clear peak in the Fourier amplitude, as expected form the lack of periodic behaviour
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Figure 6.6: Qubit population dynamics observed in experiment on Device I. a-b, Contour
diagrams of the experimental qubit population as a function of the interaction time for a scarred
state and a rapidly thermalising state, respectively. c-d, Generalised imbalance I(t) extracted
from plots a and b as a function of the interaction time. Insets: imbalance dynamics from
experiments (circles) and numerical simulations (solid curves) in a 20-qubit chain. e-f Fourier
transform amplitude of the imbalance in c-d, which characterises the squared overlap between
the initial states and the energy eigenstates. The time window for the fast Fourier transform
is extended to 4 us with zero padding. g Fourier peak as a function of the coupling ratio
Jo/Je in a chain of L = 20 from experimental measurements (green hexagrams) and numerical
simulations (solid curve). h The squared Fourier amplitude g2 (w = wy) of |a) for 120 randomly
chosen initial product states, including two QMBS states (green hexagrams) that clearly stand
out from the rest of thermalising product states (yellow squares). The simulation parameter
values in panels c-f are J, /27 = —9.3 MHz, J./27 = —6.1 MHz and J, /27 € [0.3,1.2] MHz.

of the imbalance. We also test 120 random initial product states and find that their
squared Fourier amplitudes gg (w = w1) are unambiguously distinct from those of the
IIT) state, as shown in Fig. 6.6h. Note that, for the cases in Figs. 6.6a-f, full numerical
diagonalisation of the system is not possible due to the large Hilbert space. To validate
the experimental data numerically, it is necessary to use a smaller system size, say
L = 20, whose results are shown in the insets in Figs. 6.6 c-f, where the agreement
between numerical and experimental results is excellent.

The advantage of our experimental system — the tunable effective couplings between
two nearest-neighbour qubits — allows us to systematically probe the stability of QMBS
states as the ratio of intra- and inter-dimer couplings J,/J. is varied. As shown in
Fig. 6.6g, both the numerical and experimental results indicate that QMBS states
emerge consistently in the regime of J,/J. 2 1. Also, even for a chain with uniform
nearest-neighbouring couplings (J,/Je=1), the value of gr(w1) ~ 0.008 is significant
compared to the average value of thermal states around 0.0035 in Fig. 6.6h. This
implies that scarring is not trivially induced by the unbalance between intra-dimer
and inter-dimer couplings since this value difference ~ 0.0045 is significantly above the
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measurement standard deviations. In the regime of large coupling (J, /27 > 12 MHz),
the effective Hamiltonian describing our system [see Eq. (6.4)] is no longer accurate
due to the population leakage to couplers.
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Figure 6.7: Scaling behaviour of the first revival peak F4(t; =~ 52ns) of the subsystem A,
Fourier amplitude grr(w1), and the inverse Hilbert space dimension 1/D versus the system size
for J,/2m ~ —9 MHz and J./27 ~ —6 MHz. The light blue area denotes the regime where
classical simulations using exact diagonalisation is feasible.

To verify the persistence of the QMBS states for different system sizes, we perform
experimental measurements of chains of sizes L = 12 to 30. Time evolution of the
imbalance, entanglement entropy, and the four-qubit fidelity were found to behave
consistently for different system sizes, thereby establishing the robustness of scarring
in collective states |II) and |II'). The relatively small variations between the imbalance
and entanglement entropy for different system sizes are due to the difference in the cross
couplings and the couplers. The Fourier amplitude grj(wy) and the four-qubit fidelity
F4(t1) at the first revival plateaus for L > 16, as shown in Fig. 6.7, whereas the inverse
of the Hilbert space dimension characterising the scaling of a random state shows an
expected rapid exponential decrease with the system size. The plateaued behaviour
in the scaling suggests that QMBS states persist in the regime of large system size
approaching the thermodynamic limit.

On fig. 6.7, we also show that our experimental results go beyond system sizes
where exact diagonalisation is currently possible. While this numerical method is not
the only one available for this problem, we argue that alternative options are not ideal
for studying QMBS in large systems. Methods based on Krylov subspace and matrix-
product states can clearly access the dynamics from the IT and II' states beyond 24
qubits. However, to show scarring requires studying the dynamics from a large number

112



6.3 XY model on a ladder with tunable couplings

of initial states. In contrast to exact diagonalisation, these two methods require an in-
dependent computation for each initial state. Furthermore, for MPS methods, it would
also be costly to simulate the dynamics of thermalising states as their entanglement
entropy quickly grows. 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 faithfully capture the dynamics would rapidly become
large. Due to this, we believe that producing data like what is presented in Fig. 6.6h
is best suited to a quantum simulator.

6.3 XY model on a ladder with tunable couplings

In the previous section, we have used part of the tunability of the couplings in our SC
chip to engineer the SSH chain in 1D. However, this could also be done in a cold atom
quantum simulator by using a superlattice. In the remainder of this chapter, we fully
utilise the capabilities of our SC setup. To do that, we go beyond the 1D chain geometry
and study a 2D ladder. We also use the tuning of each individual coupling to realise
quenched disorder. Despite this increased complexity, we will be able to create QMBSs
as well. More importantly, the scarred states themselves can be deterministically tuned
by the disorder. In order to achieve that, we no longer rely on generating a weakly-
coupled subgraph, but take inspiration from the rainbow scar construction [114, 115],
reviewed in Chapter 2. We will show that our model hosts several distinct families of
QMBS states and entanglement structures. While the first family is a direct realisation
of the rainbow construction, the second family emerges from a hitherto unexplored
mechanism: it is obtained by acting on the first family with the Hamiltonian of a
single subsystem. By making the couplings spatially inhomogeneous, we can then turn
these states into disordered QMBS states whose exact wave functions and entanglement
structure can still be written down in analytic form. Unlike their energies, the structure
of these exact eigenstates can be explicitly modulated via the disorder profile, allowing
to tune their properties. We experimentally observe the two types of entanglement via
their distinct ergodicity-breaking signatures in quantum dynamics at late times.

We consider a system which contains N = 2M qubits arranged in a ladder config-
uration, with two horizontal chains containing M qubits each. Similar to the previous
experiment in this chapter, we make use of a flip-chip SC quantum processor, now
hosting 2 x 20 frequency-tunable transmon qubits in a ladder configuration, depicted in
Fig. 6.8. The properties of the sample and the Hamiltonian governing it are similar to
the devices used in Sec. 6.1. One notable difference is that the XY couplings between
a pair of nearest-neighbour transmon qubits can be tuned in the range [—8,8] MHz
and [—8, —2] MHz for the parallel and vertical couplings, respectively. This means that
couplings can now be tuned to large positive and negative values, which will be essential
to the appearance of rainbow QMBSs, as we will discuss below. The mean values of
the singe-qubit energy relaxation times and Ramsey dephasing times are respectively
T) = 26.6 pus and T3 = 1.34 us, while the mean of the single-qubit randomised bench-
marking fidelities is 0.993. The anharmonicity is equal to n/27 ~ —175 MHz. Finally,
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the estimated values of the J, cross-couplings are in the range J, /27 € [0.10,0.45]
MHz. We note that, unlike in the 1D case, the model we study is chaotic even if the
J couplings are set to zero.

PR PO B
LS i ddo XS
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Figure 6.8: Micrograph of the superconducting quantum processor in a ladder configuration.
The tunable couplings, J, and J., between nearest-neighbour qubits, belonging to the same or
opposite rows, are indicated. Blue and red curves illustrate the disordered coupling strengths
+J.. i, carrying opposite signs in the two rows.

The qubits belonging to the top row are described by a4% Pauli matrices (with a =
x,y, z), while d are Pauli matrices acting on the bottom-row qubits. The Hamiltonian
can be written as

H=H,91+1® Hq + H, (6.12)

where the top/bottom row and inter-row Hamiltonians, respectively, are given by

. M-1 J f M
Apmua = Y+ (6rt ooy, ) + D widi,
k=1 k=1
X Mo . N
Hu = Y 5 (afai+ajdy). (6.13)
k=1

Here, the intra-layer coupling amplitude J, ;, and the frequency wy, can be site-dependent,
allowing for the possibility of disorder, as sketched in Fig. 6.8. We assume the inter-row
couplings J, to be uniform.

The exact nature of the couplings is chosen in order to satisfy the rainbow scars
construction. As discussed in Chapter 2, this construction relies on splitting the system
into two subsystems that have opposite spectra. Here, subsystem 1 is the top row of
the ladder while subsystem 2 is the bottom row. The transformation relating their
Hamiltonians is

M
M= (H €1§> Pacsu, (6.14)
k=1

where ﬁ)dﬁu is the operator exchanging the top and bottom row and the term between
parentheses is a particle-hole exchange. The (Aiﬁ operators will not affect the XY terms,
but they will change the sign of the Elz This is why we require the J. . to be of opposite
signs but the wy, to be of identical sign between the two chains. Before discussing QMBS
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states in detail, we will first show that the model we study is chaotic and identify its
symmetries.

6.3.1 Symmetries of the model and level statistics

The model in Eq. (6.12) possesses a U(1) symmetry corresponding to the conservation
of total magnetisation along the z-direction and, unless specified otherwise, we will
restrict to its largest sector with zero magnetisation (or half-filling). Interestingly, the
exchange rules of the Hamiltonian give rise to an additional, more subtle, symmetry.
To formulate this symmetry, we will first express the Hamiltonian in a basis of non-
overlapping dimers. This will also be convenient when discussing the structure of
QMBS states. For each rung of the ladder, we can use a basis formed of doublons,

holons, triplets and singlets defined respectively as
° o 1 o) ° 1 o °
>7 ‘H> = O>7 ‘T>:ﬂ<.>+ O>)7 ‘S> :ﬂ(.>_ O>>
(6.15)

[ )
While at first glance this new basis is not useful since the action of the Hamiltonian in
it is non-trivial, it will greatly simplify the description of QMBS states and symmetries

of the model.
In order to write down the Hamiltonian in the dimer basis, it will be more convenient

to split it as

|D) :=

M-1 | M
] 7 L
H="% hppq+ > hi (6.16)
k=1 k=1
with
iL” _Je,k AL AT AY Y axax ayay
kk+l = 9 (ukUk+1+ukuk+1— kGk+1 9 k+1) ) (6.17)
. J, A A A . :
hie =5 (afdf + afdy) +wi (0f + 7).

We recall that 6 and d® are Pauli matrices acting on the top and bottom rows,

respectively. Terms in fz,ﬁ act perpendicular to the ladder and so act on a single dimer,

while terms in ﬁg 41 act parallel to the ladder, and act on two dimers.

Let us start by analysing the action of ﬁé‘ It is straightforward to see that every
state in the dimer basis is an eigenstate of hli with

hi H) = —2w; [H),  hi |D) = 2w, |D),

) ) (6.18)
h%|T> = Ja|T>v hkL|S> = _Ja|S>'

The action of il',lk 41 1s more complicated and requires looking at two neighbouring

dimers. The first thing one can notice is that lAzQ’k_H |oo) = 0 for any 0 = H,D, T, S.
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The non-zero terms are then

Al ITS) = J.(HD) — [DH)),  hl,., [HD) = J,(/TS) - [ST)),
’3}1 i1 [TH) = —J [HS), L ji1|TD) = J.|DS), (6.19)
k‘ k41 ‘SH> _']6 ‘HT> ) k,k+1 ’SD> = Je |DT> .

The missing combinations can be obtained by flipping the two sites under consideration

on the right- and left-hand sides. Importantly, this leads to the following combinations

of states being annihilated by hl RE

B g ITS) +IST)) =0, k., (HD) + |DH)) = (6.20)

Fig. 6.9a summarises the action of Al on neighbouring dimers.

(¢
7 HD ~ SD<=DT DS<~~TD 100{ R
ST TS
N i< SH<~~HT HS<=TH
TSSSTS
b HDSHTD
/TSSSHD \
TSSHTD HDHTTD
TSTSHTTD HSTTTD~"
THTTTD

Figure 6.9: Properties of the model (6.12) on the SC ladder. a Schematic of the Hamiltonian
action on neighbouring dimers. b Example of a sequence of states obtained using only allowed
processes. The colour of the singlet and triplet states indicates if they have been “exchanged”
an even (blue) or odd (red) number of times. This exactly corresponds to the parity of the
sum of the number of holons and doublons to their left. If one gets +1 for all blue triplets and
red singlets, and —1 for all blue singles and red triplets, then for all states in the sequence the
sum is the same and gives Q=—2, illustrating the conservation of this charge. ¢ Distribution
of energy level spacings s = F,+1 — E, for the model in Eq. (6.12) with N=20 sites. Data
is for half filling and @=0, with 25 disorder realisations. The level statistics displays excellent
agreement with the Wigner-Dyson ensemble. The inset shows the average consecutive spacing
ratio (r) for each realisation, which is very close to the expected value of 0.53 for a chaotic
system. Data is for J,=3 and Je € [2,2.5], wy € [0.5,1.5] drawn from a uniform distribution.

Now that we have established the action of the Hamiltonian in the dimer basis,
we can discuss the additional U(1) symmetry. Consider a simple configuration like
TSSSTS. The Hamiltonian rules dictate that we can only exchange TS or ST into
HD or DH. Through this, we can exchange any neighbouring TS into ST and so
reach any configuration with the same number of singlets and triplets as in the initial
state. Therefore, a natural guess for the conserved quantity would be the difference
between the total number of triplets and the number of singlets. This can be expressed
as the operator Zk(fk — S“k), where 7] i and Sk are projectors on the triplet and singlet
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configurations of dimer k. This works perfectly until we start having configurations with
neighbouring dimers like SH. In that case, we can turn it into HT and thus change
Zk(T = S’k) However, for that to happen it means that we first created HD and
that the dimer that was switched between S and T must be surrounded by H and D.
Effectively, the Hamiltonian creates domains inside which all T and S are “exchanged”.
Thus, we can keep track of how many times such exchanges have occurred for a given
dimer by counting the number of doublons or holons to its left. Fig. 6.9b shows an
example of this process. We can write the conserved quantity in a compact way in the

dimer basis as
k—1

M
Q= (T = $) [T (-1, (6.21)
k=1 I=1

where 7 ks S’k, Dy and Hj, are projectors on the respective dimer state at the given
site k. This operator has M + 1 sectors with eigenvalues Q = - M, —M +2, —M +
4...M -2, M.

While we focus on the half-filling sector, we briefly note that Q is a symmetry at any
filling. The interplay of Q and filling leads to a large number of disconnected sectors.
Some of them are of small dimension and similar to the ones studied in Ref. [244].
Nonetheless, for large sectors we find good agreement with random matrix predictions,
as shown on Fig. 6.9 c. All individual disorder realisations show (r) close to 0.53.
Their average also does, and displays a very close agreement with the Wigner-Dyson
distribution.

Finally, beyond the symmetry Q, at half-filling the Hamiltonian anti-commutes with

M
C = Pasu [] GFdid; (6.22)
k=1

where ﬁ’dﬁu is an operator exchanging the top and bottom rows. C is related to a
particle-hole transformation along with a swap between the top and bottom row and
an additional phase. In the dimer picture, C simply switches T and S as well as D
and H, with a (—1) phase for every D present. Note that, as we are at half filling,
there are always the same number of D and H, so C = CT and C% = 1. As it also
anti-commutes with Q, C exchanges the sectors with Q = g and Q = —q. For M-even,
we have a sector with ¢ = 0; in that sector the spectrum is symmetric around E=0
because of C , however, this is not the case in other sectors.

6.3.2 Two families of rainbow scars

We are now in position to identify rainbow QMBS states in the model (6.12). As the
Hamiltonians of the upper and lower chains have opposite spectra and are related by
the transformation M in Eq. (6.14), the following rainbow state is a zero eigenstate of
their sum:

yI>z\EM):(§\}§<;>+‘f>>z\TTT...TT>. (6.23)

J=1
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The fact that the state of each atom in the lower chain is always opposite to that of
its counterpart on the upper chain is directly caused by the presence of d* in M. The
form of this state reveals the structure of Bell pairs formed between the two rungs of
the ladder. Importantly, upon addition of Hiy, the rainbow state |I) remains an exact
eigenstate with energy M J,, thus becoming a rainbow scar of the full model. However,
the rainbow construction is not limited to a single state. Two different families of scars
can be built from it using operators that commute with the half-system Hamiltonian
ﬁu, as we show next.

First family of scars

To construct the first famlly of QMBS states, we use the operator Z = Zk 1 Gf, which
clearly commutes with H, as the latter conserves z- magnetisation. The powers of Z are
linearly independent up to M , thus we can apply Z up to M times. The Z operator
simply converts triplets into singlets and vice versa. The resulting states |M — n,n)
will be symmetric superpositions of all states with a fixed number n of triplets and
M —n singlets. The QMBS states of the first family are precisely these states, up to
normalisation:

A\ 2
|En) = < ) |M—n,n) o ]52%_1\42 |Ent1) (6.24)

n

where n ranges between 0 and M — 1 and |E)s) = |I). The second equality illustrates
that we can build |E,,) recursively from |E,,11) by making use of the projector qu on
the sector of Q with an eigenvalue ¢q. The projector qu is introduced for convenience
as it simplifies the recursion, since acting with Z on |Ey) creates a superposition of
|En—1) and |Ey11). As every singlet (triplet) gives eigenvalue —J, (+J,) under Hipg, it
is easy to verify that the state |E,) is an eigenstate of H with energy E,, = Jo(2n—M).

We note that the underlying structure of this first family of scarred states |E,,) is
the RSGA [102], introduced in Chapter 2. This is seen by noting that its states can

be built by the raising operator St = "M | |T}.) (Si|. If we define S~ = <§+)T we get

that St + 8~ « Z. So this algebraic structure is directly linked to the rainbow scar
construction. We can then equivalently express the first type of scar states as

) = 5:(87)" |Eo) = 5.(8%)" 185 ..8) (6.25)

where N is a normalisation constant. We recognise that these scarred eigenstates are
built in a similar way to previously known examples, e.g., in the spin-1 XY model [108].
In Appendix. F we compute their entanglement entropy for the bipartition perpen-
dicular to the ladder, and we find that the eigenstate at zero energy has S; | =
0.5 + 0.5In(wM/8), in the limit M — oco. From our discussion in Chapter 3, we
note that the su(2) algebraic structure of these states implies they have extensive mul-
tipartite entanglement [1, 208].
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Second family of scars

While symmetry generators come to mind when we look for operators O that commute
with Hy, we can build a different family of QMBS states by using Hy itself as the
generator. The second scar family can be built recursively from the first family that
way. Specifically, the second type of scar states are given by raising from |E,_1)
according to

A A Wk: A
|E}) <Py, [Hu— (Z M) Z} |En-1), (6.26)
k
or, equivalently, by lowering from |E,41) as
~ A w ~
B} <Py s, [Hu— (Z A;) Z] |Ent1) (6.27)
k
with n = 1,2,...,M — 1. The second term in the square bracket automatically or-
thogonalises the states \E’ ) with respect to the first family of scars. The projectors
PQ once again isolate |E;, ;) from |E] ;). In order to write the states |E}) in a more

e_xphmt form, let us deﬁne ensembles of sites A = {1,2,... M}, Ay, = {k,k + 1} and
A = A\ Ap. With this, we can express |E},) as

M-1 M
Je k 1 L
Bl = Z2N (IHD),, +|DH), )@|M-n-1,n-1)5, + N (;1 Tka) M —n,n),,
(6.28)
withn =1,2,... M—1,&; = w;— ﬁ Zé/lzl wg, and |a, b) 4 the symmetric superposition

of all states with a singlets and b triplets on sites in the ensemble A. More details about
the construction of these states and the proof that they are eigenstates of the model is
given in Appendix E, where we also derive the normalisation factors N,,. As the holons
and doublons are annihilated by Hiy, only the triplet and singlets will give a non-zero
energy contribution. And since the state |E/) has M —n —1 singlets and n — 1 triplets,
the second family of QMBS states have energies E], = J,(2n — M), which are identical
to those of the first family |E,).

To the best of our knowledge, there is no su(2) algebraic construction for the second
family of scarred states |E/), despite their equal energy spacing. Indeed, the latter are
generated by acting with an operator on |E,,_1) or |Ey,41), and not on |E}, ;) or [E], ;).
Moreover, the second type of scarred eigenstates depend sensitively on the parameters
Je i and wy, of the model. Therefore, the entanglement of these states is not fixed, like in
the first family of scars, as we discuss in detail in Appendix F. For a cut perpendicular
to the ladder, the second type of scarred states generally possess entanglement entropy
that scales logarithmically with subsystem size. While we were unable to formally rule
out the possibility of volume-law entanglement scaling, our analytical and numerical
results strongly suggest that, in the large M limit, the second type of scarred state with
zero energy has entanglement entropy S| o that obeys S| 1 < 51 2 < S| 1+In(4). This
suggests it should always be possible to find a low-entangled state which has overlap
only on the scarred stats of the second family, regardless of the values of parameters.
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Comparison between the two families of scars
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Figure 6.10: Schematic representation of entanglement structure for a a thermalising state, b
the first family, and ¢ second family of scars, respectively. The shaded blue region in a indicates
large entanglement between all qubits in the thermalising case. In b and ¢, dark curves depict
the Bell pair entanglement of neighbouring qubits, with dimers locally forming |T) or |S)
states. The tetramer configurations denote doublon-holon entanglement (|DH) + [HD)) /v/2,
characteristic of the second scar family.

It is instructive to contrast the two families of scars. Their structure is shown
schematically in Fig. 6.10. While both families occur at the same, regularly spaced
energies throughout the spectrum, the total number of states in the second family is
smaller by two than in the first family. Furthermore, there are stark differences in
entanglement structures. The states belonging to the second family explicitly depend
on disorder through their dependence on J.; and wy, unlike the first family. The
states in the first family contain only singlets or triplets, with no doublons or holons,
Fig. 6.10b. By contrast, the second family has overlap with states involving a symmetric
superposition on a single doublon-holon pair |...DH...)+|.. . HD...) with weight J, /2
on top of a background of M —n—1 singlets and n—1 triplets, Fig. 6.10c. They also have
overlap with all states with M —n singlets and n triplets, with prefactors depending on
the wy, and on the location of the triplets. The dependence of |E},) states on wy, and J,
allows to tune their properties, such as entanglement entropy or overlap with special
initial states.

The properties of both families of scars can be contrasted with those of thermal
eigenstates. This is particularly clear when looking at the entanglement entropy Sa,
where A denotes the subsystem of interest. The rainbow entanglement manifests as
a striking difference in entropy depending on the type of bipartition that defines the
subsystem A, and we will consider two types illustrated in Fig. 6.11a. For the parallel
cut between the two rows of the ladder, i.e., when A comprises qubits {u1, ug,...,up},
the entanglement is large, as the bipartition cuts through an extensive number of Bell
pairs. By contrast, for the bipartition perpendicular to the ladder, i.e., when A =
{ur,di, .. upgya,dage} = {k = 1,2,---, M/2}, the entanglement is much lower. As
seen in Fig. 6.11b-c, this distinction is maximal for the |Ep) and |Ej) states, which
have exactly mazimal entropy M In(2) in the case of a parallel bipartition but zero
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entanglement in the case of a perpendicular bipartition. More generally, we find that in
the middle of the spectrum both types of scarred state display logarithmic entanglement
growth with M for a perpendicular cut (see Appendix. F).

While the dependence of entanglement on the cut clearly shows the presence of
scarred states, it is difficult to do in experiment as preparing high-energy eigenstates
is an arduous task. We will thus turn towards dynamical signatures of the scarred
eigenstates that can be probed on our superconducting chip. Before proceeding to that,
we briefly discuss an additional property of the half-system Hamiltonian H,. Indeed,
this Hamiltonian is in 1D and only contains nearest-neighbour hopping and onsite
potential. As such, it can be mapped to a free-fermionic model using a Jordan-Wigner
transformation and is integrable and non-interacting. This means that this Hamiltonian
technically has many conserved quantities, and one could wonder if this is what causes
the presence of the second family of scars. We argue that this is not the case, as the
rainbow states formed by the individual free-fermionic modes are not eigenstates of
Hiyi. We have also studied a similar model but with next-nearest neighbours hopping.
This destroys integrability in a single chain, but the ladder still holds two families of
rainbow scars generated by the same operators Z and Hy,.

Figure 6.11: a Schematic of the ladder with dashed lines indicating two types of bipartitions.
The parallel cut splits all entangled pairs in the rainbow state, while the perpendicular cut
does not affect them. b-c Bipartite entropy of eigenstates in different @Q-symmetry sectors
for the two cuts shown in a. The two families of scarred states are highlighted by red circles
(first family) and blue diamonds (second family). Their rainbow nature is revealed by the fact
that they move between minimal and maximal entropy, depending on the cut. Coloured cross
sections represent different sectors labelled by the values on the @ axis. Data is obtained by
exact diagonalisation with N = 18 qubits, J, = 4, and J. i, € [4,4.5], wy € [0.5,1.5] drawn from
a uniform distribution.

6.3.3 Dynamical signatures of the two scar families

Both families of scarred states are evenly spaced in energy with spacing 2.J,, hence
they can lead to persistent revivals following the quench from a suitably chosen initial
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state. Here we identify such initial states for the two scar families. To probe the first
scar family, we will use the state |[II) given by:

1) = "‘--'>. (6.29)

[O)Ne] O

This state must undergo perfect revivals due to the exact su(2) algebraic structure,
as we now explain. From the raising operator S* = Y, |T)) (Sk|, we can infer S% oc

S+ 4+ (81 or, equivalently,
O o [ ] [}
SINEI

5% x Z (
k

which we recall is proportional to the action of Z as discussed in Sec. 6.3.2. The
corresponding S% operator is given by S = 3, |T%) (Tk| — |Sk) (Sk|, which is easily
seen to have the same action as Hiy in this subspace. Hence, if we prepare the system
in the lowest-weight state of er’ it will undergo perfect precession around an effective
field in the z-direction. It is easy to see that our state |II) in indeed the lowest weight
state of Eq. (6.30). The precession that starts out in [II) state will result in perfect
state transfer to the highest-weight state [II') =|g 7 --- 7).

The existence of revivals from the |IT) initial state can be shown more explicitly
by computing the overlap |(II|E,)|? with eigenstates of the first scar family. First, it
will be important to observe that we obtain a simple product state when all possible
combinations of singlets and triplets are summed up:

)k : (6.30)

M

M
Y IM —n,n) = Q(T) +S)) = 2/
n=0

k=1

°0, (6.31)

where in the second equality we made use of |T) + [S) = /2[J). Since |E,) =

(]\7{)_1/2 |M —n,n), it is easy to see that

o o M (M)
) =1, ) =2\ 5ir [Bn)- (6.32)
n=0

The same procedure can be applied to the |II) state by noting that |T) —[S) = v/2?).
This means that there is now a factor of —1 for each singlet present, such that

[ ] [ ] M (M)
)y =1, )= 2D A7 ) (6.33)
n=0

Thus, the |II) and |II') states only have overlap on the first family of scarred eigenstates.
As the latter are regularly spaced in energy, the dynamics initialised in |II) or |II')
exhibits perfect revivals.

For QMBS states belonging to the second family, the identification of the reviving
initial state |¢r) is more subtle as the eigenstates now depend on disorder realisation
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and there is no apparent algebraic structure. However, we can once again appeal to
the fact that the sum of all singlet and triplet configurations can be written as a simple
state in the Fock basis. For any n, |E/) contain terms

QN (|HD> T ]DH)Ak)®|M—n—1,n—1);\k , (6.34)
with N;, the normalisation factor given in Eq. (E.18) of the Appendix. Recall that Ay
denotes sites k and £+ 1 and Ay denotes all sites except k and k+ 1. As a consequence,
summing all |E!) with a prefactor N,, as >N, |E") gives

M M—-1
3 ;’k(|HD> +DH), )@Y [M—n-1,n-1)3 (Zwka>Z\M n,n),
k=1 n=1

M

e7k M—-2 O (e] o~ M/2 ’
5- (D), + [DH), )@ 277 | o )+ (gwm) (2M/2 1) — | Eo) — | En) )

k=1

M M

M—4 o (¢] N

=272 ZJak(\HDMJ‘DHMk)@’."'.>/—\ + 2M/2 <Zwka> 'y,
k=1 g

k=1

(6.35)
where we recall that 7" is the projector on the triplet state. Between the second and
third line, |Ep) and |Ej;) were discarded as they are annihilated by Y122, @, 7). This
is trivial for |Ep) since it has no triplet, while for |E)s) each site is a triplet and so the
overall prefactor ends up being S0, @y = 0, as W; = w; — ﬁ M wg.

In order to simplify this state and to make the orthogonality with |E,) obvious, we
will drop the last term in Eq. (6.35) and consider the initial state

1 M o o 1 ®0O0 o X X o
/ — P — PR PR
6) =3 D Jes(HD) - [DED, )5 s Z(Je,l gl )
X XeXe o coeo o o ceo o coce
+ Je2 >+JeQ >+Je,M—1 >+J5M NS >>7
ee0e ° ecee ° ° Y ° ece
(6.36)

with the normalisation factor Z = /2 Z]k,w: _11 J er As the |¢/;) state only has overlap
with states containing one doublon and one hole, it has zero overlap with the scarred
states of the first family that have neither of those. As such, any non-trivial dynamics
after a quench from this state must come from scarred states of the second family. We
can compute this overlap exactly:

(M72) M-—1 J2

_ k
(BN = Shs k=l e (6.37)
M (ot 2 2t @)

which leads to

M- M-1 72

Z (b |E/ _ k=1 Je k (6 38)
J — . .

n=1 (Zﬁif JZ+2 0L, W%)

123



6. TUNABLE MANY-BODY SCARS ON A SUPERCONDUCTING
QUANTUM PROCESSOR

It is important to notice here that it is not the wy that enter this equation but their
counterparts w; = w; — ﬁ ch\il wg, with the mean removed. Thus, if we draw the J,
and wy, from the same distribution [A — 0, A + 4], if A > § then we will have that
J2k > w2 as the former is at the scale of A2 but the latter at the scale of 62. In that

case the state |¢/;) will have total overlap of order (1 + %) ~ on the QMBSs of

the second family, making these states the only relevant ones.

We can also define |¢;) with the same structure as |¢;), but with the top and bottom
chain swapped. We expect that a quench from this state will lead to approximate state
transfer to |¢/;) and vice versa. It obeys the same |(¢;|E})|? as Eq. (6.37), but with
additional minus signs

(0s1Ep) = (=)M (| Ey). (6.39)
a a0 @000, d —Rand. —|II)
o * ) 14 an |TT) - |ér
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Figure 6.12: Properties of special initial states in the XY ladder. a-c Overlap between the [II),
|¢s) and |¢r) states and the eigenstates of the model in Eq. (6.12). Pentagrams and squares
denote scarred states of the first and second family respectively, while each colour correspond to
a sector of Q. ITT) only has overlap on the scarred eigenstates of the first family, while |¢ ;) and
|¢) have no overlap on them. For both of these states the scarred states of the second family
dominate. d-f Fidelity and bipartite entanglement entropy over time following the quench from
various initial states indicated in the legend. The thin black lines are randomly chosen Fock
basis states at half filling. For [II) and |¢ ;) there is no visible growth of entanglement entropy,
while for |¢1) the growth is strongly suppressed. For all three state the entanglement entropy
heavily depends on the cut. All data is for N =18, J, = 4 and J. € [4,4.5], wr € [0.5,1.5]
drawn from a uniform distribution.

Finally, for experimental implementations, it is preferable to use an initial state
that requires fewest gates to prepare. Because of this, we will consider a state that is
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only a superposition of two states in the Fock basis and which is defined as

1 eo e . cee °
|¢L>_N<|.OO”.O>+|O.O”‘O>>. (640)
For this state, the overlap with the scarred states of the second family is
M—2
(a=t) Jei

fz)L E' 2 _ 2 .
(OulEnT = 5312 (St 242500 @)
To confirm our analysis above, we numerically compute the overlap of states [II),
|¢s) and |¢r) with eigenstates of the model in Eq. (6.12) in Fig. 6.12 a-c. All the states
have predominant support on scarred eigenstates, either of the first family (|II) state)
or the second family (|¢s) and |¢r) states). We emphasise that, as scarred states of
the first family have no doublons or holons, they are ezactly orthogonal to |¢;) and
|¢r). Thus, persistent revivals from the latter states provide unambiguous evidence
for the second type of QMBSs. Indeed, Fig. 6.12d-f shows that the initial states [II),
|ps) and |¢r) lead to revivals of the wave function and slow growth of entanglement
entropy when compared to random Fock basis states — clear signatures of scarring. The
rainbow nature of |E,) and |E]) is also apparent in the dynamics, as the growth of
entropy shows a stark difference between two different cuts, shown in Figs. 6.12 e-f.

(6.41)
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Figure 6.13: Improving the revivals by modulating the hopping strength on the first site
according to Je 1 = Jeo’l + A;. Monotonic increase of revival peaks can be seen as Aj is
increased. Data is for N = 16, J, = 4, Je, € [4,4.5], wy € [0.5,1.5] drawn from a uniform
distribution.

While the revival fidelity from the |¢1) initial state in Fig. 6.12 is not particularly
high, we can leverage the tunability of the second family of scarred states to enhance
it. Indeed, from Eq. (6.41) it directly follows that the projection of |¢1) state on the
set of scarred eigenstates |E)) is given by

M-—1 ) J21
Z |<¢L|El >| = =M—-1 - M o (6'42)
n—=1 ! et S22 k= oy
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Thus, in the limit of J. ;—00, we recover perfect revivals. To illustrate the effect of J. 1
on the dynamics, in Fig. 6.13 we compute the fidelity dynamics as J 1 is modulated
by an amount A; € [0, 8]. Setting A; = 4 — which amounts to approximately doubling
Je,1 — leads to a two-fold increase of the first revival peak, with the increase being even
more pronounced at the second revival peak. This shows that the tunability of the
initial state can be obtained with experimentally realistic values of the parameters for
which the model remains chaotic.
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Figure 6.14: a-c Signature of the first family of scars in a ladder with N = 10 qubits. The
plots show the measurements of a population imbalance, b the 4-qubit fidelity, and c the
4-qubit entanglement entropy, specified in the text. The inset in ¢ shows the entropy of a
subsystem consisting of 2 qubits, sketched on the left. Purple dots with error bars stand for
the average and standard deviation over 8 disorder realisations of J. , randomly selected from
an interval as Je /27 € [1,3] MHz. For reference, we also show a typical thermalisation case
with an initial state |3 22 ). The lines are the results of numerical simulations for the same
parameters, including the additional cross couplings J, /27 = 0.3 MHz and nonlinearity of
qubits 1/2m &~ —175 MHz, present in the physical device. d-g Signature of the second family
of scar in a ladder with N = 16 qubits. d Circuit diagram for generating the entangled initial
state |¢r) used to probe the dynamics of the second scar family. Symbols “+” “H” and “X”
stand for CNOT, Hadamard, and Pauli-X gates, respectively. e Absolute values of the reduced
density matrix elements pr—12 at ¢ = 0, with the colour bar denoting their phase. f-g Fidelity
and entanglement entropy dynamics of a 4-qubit subsystem for initial states |II) and |¢ ), which
overlap with the first and second family of scars, respectively. The clean couplings are set to
values Je /27 = J,/6m = —2 MHz in all plots.
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6.3.4 Experimental realisation of the two scar families

To observe signatures of scarring on our SC chip, we utilise an established diagnostics
of QMBSs [43]: the evolution of local observable expectation values in quench dynamics
of the circuit, consisting of two contiguous rows with up to 8 qubits each.

We first focus on the first family of scars and chose |II) as our initial state. Fig-
ure 6.14a shows the dynamics of population imbalance, which is defined as I(t) =
(1/N)SM, > o—u.a(07(0))(67(t)). The population imbalance exhibits remarkable os-
cillations that persist up to time scales ~1pus. This is in contrast with typical therm-
alising states, for which the population imbalance rapidly decays to zero by ~50 ns.
A salient feature of the first family of scars is their insensitivity to the disorder in the
Hamiltonian couplings. Thus, we expect the coherent dynamics from the |II) state to
be unchanged when inhomogeneity is introduced in J, j couplings. This signature is
clearly confirmed by experimental observations in Fig. 6.14a.

Furthermore, we utilise quantum tomography to obtain the reduced density matrix
of the subsystem consisting of the 4 leftmost qubits A = {k = 1,2}, which gives us
additional information about the dynamics beyond local observables. The subsystem

fidelity, v/Fa4 = Tr {\/\/ﬁA(t)ﬁA(O)\/ﬁA(t)], and entanglement entropy, Sp—12, are

shown in Figs. 6.14b-c. For the initial state |[II), the subsystem fidelity dynamics
undergoes persistent revivals, implying that the initial information is restored many
times, with a period of about 80 ns. Meanwhile, for generic initial product states,
Fj—1,2 quickly decays towards a value close to the inverse of the subsystem Hilbert
space dimension, as shown in Fig. 6.14b. The growth of entanglement entropy also
shows a stark contrast between initial states. Compared to the thermal states, the |II)
state exhibits a slow linear growth with superposed oscillations. The small oscillations
are in correspondence with the peaks and valleys observed in the fidelity dynamics,
with roughly half the period of the latter. Furthermore, we show the entropy dynamics
with different subsystems {u1,us} and {u;,d;} in the inset of Fig. 6.14c, confirming
the rainbow entanglement structure previously sketched in Fig. 6.10 b.

We note that, unlike in our initial numerical simulations on Fig. 6.12, Fig. 6.14
shows a weak population and fidelity decay, along with a slow growth of entanglement
after a quench form the [II) state. This is due to the presence of the J, cross-couplings
and of a less strong suppression of the third level on each site. effectively, this means
that the full Hamiltonian in our superconducting chip is given by

ﬁexp:ﬁ+ Ax+‘77
A M_l A A
Hy/2m = J, ofd,,, +dfa,_, +he),
k=1 ( ) (6.43)
n M
" — stata—a— | A3+3+3-3-
V/27r—2kz::1(ukukukuk +dfdfd;dy; ).

Here, H denotes the Hamiltonian of Eq. (6.13), which has been reformulated in terms
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of bosons to allow multiple photons on a single site. The operators G and d* are then
the bosonic raising/lowering operators on the upper and lower chain respectively.

When simulating these perturbations, we will consider a maximum of 2 photons
per site as triple occupations are highly suppressed. The last two terms represent the
experimental imperfections due to the cross coupling J, between the diagonal qubits
and anharmonicity 7 of the transmon qubits [7]. Numerical simulations accounting for
these additional terms, shown by lines in Fig. 6.14, confirm that these perturbations
capture the main sources of decay of local observables and entanglement growth. The
effect of these perturbations, however, is sufficiently weak such that clear signatures of
the two families of scars can be observed.

To probe the second family of scars, we use the state |¢r). It can be prepared
using the circuit schematically shown in Fig. 6.14d, which is composed of a few single-
qubit and two-qubit gates. By utilising high-precision tomography measurements, we
then obtain the reduced density matrix of the subsystems {k = 1,2} or {k = 2,3}.
Its value at ¢t = 0 is visualised in Fig. 6.14e, demonstrating that the entangled state
|¢r) is successfully prepared. To reveal the difference between the first and second
family of scars, we focus on the subsystem A’ = {k = 2,3}, whose fidelity Fj—23(t)
and entanglement entropy Si—s3(t), are plotted in Figs. 6.14f-g. The choice of the
subsystem is motivated by the fact that it leads to entropy In(2) for the |¢r) initial
state, while the entropy is still trivially zero for the |II) state (up to the influence of the
cross-couplings). This distinction is verified in our experiment, as shown in Fig. 6.14d.

6.4 Summary

We have presented the first experimental realisation of QMBS states in a solid-state SC
platform. Our circuit emulates the quantum many-body systems effectively described
by the hard-core Bose-Hubbard model — a model of particles freely hopping on a lattices
— with local interactions. This is in contrast with previous realisations of QMBSs in
ultracold atomic systems [4, 43], which relied on particles being kinetically constrained.
In the 1D circuit example, scarring was engineered by utilising a regular subgraph
intrinsic to the Hilbert space and taking advantage of the high level of control of our
SC platform to reduce the connectivity of the subgraph to the rest of the Hilbert
space. This is essentially the same mechanism that we proposed in Chapter 5 to
engineer scarring in the tilted Fermi-Hubbard model. We have also provided an in-
depth characterisation of QMBSs using quantum state tomography on multi-qubits
subsystems. By observing the population dynamics and entanglement entropy, we
distinguished the weak ergodicity breaking associated with QMBS initial states from
the conventional thermalising states.

In a 2D circuit, we have used the rainbow scar method to realise two families of non-
thermalising states. Our construction allows to write down exact wave functions for
these states, even in the disordered case. The existence and stability of QMBSs in the
presence of disorder have recently attracted much attention in theoretical studies [75,
79, 112, 245, 246]. Beyond demonstrating experimentally that scarring can survive in
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the presence of disorder, our model actually allows to uniquely tailor the structure of
QMBS states through the disorder realisation. To the best of our knowledge, this is
the first model with such a capability. Similar to the 1D experiment, signatures of
rainbow entanglement were observed on our SC device by performing quantum state
tomography of a many-body state of the ladder following the quench from special initial
states, confirming the expected hallmarks of QMBS behaviour.

While throughout this chapter the disorder strength was assumed to be sufficiently
weak such that the system overall remains chaotic, the versatility of our setup allows
direct access to strong ergodicity-breaking regimes, where many-body localisation was
recently proposed to give rise to new types of “inverted scarring” phenomena [130-
132]. More generally, our work bridges the gap between theoretical studies of QMBSs,
which place the emphasis on exact constructions of scarred eigenstates [90, 91], and
experimental realisations, e.g., in Rydberg atom arrays [43, 78] or optical lattices [4],
in which the scarred states are not known exactly (apart from a few exceptions [72]).
In contrast, our model in Eq. (6.12) hosts exact scars. While our experiment contains
additional perturbations, they were shown to be sufficiently weak in our device to allow
unambiguous observation of scar signatures. It would be interesting to study in detail
their effects on the stability of QMBS states in larger circuits or higher-dimensional
geometries that would rapidly exceed the capability of classical computers.
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CHAPTER 7

Conclusions and outlook

Unravelling how quantum systems thermalise is one of the great challenges of quantum
mechanics. A major leap in understanding was the formulation of the Eigenstate
Thermalisation Hypothesis (ETH) [13, 156], that relates the late-time behaviour of
observables with special properties of eigenstates. However, although the ETH was
put forward in the early 1990s, special cases of its violations are still being discovered,
like many-body localisation (MBL) and quantum and many-body scars (QMBSs). The
latter are quite special, as unlike MBL or other non-ergodic systems like integrable
ones, they only weakly violate the ETH. This translates into dynamics from most ini-
tial states displaying thermalisation, with a few specific states leading to long-lived
coherent oscillations. This new discovery generated some excitement as a way of pro-
tecting quantum information from scrambling, even in a chaotic system. Following
the original observation of QMBSs, a plethora of theoretical realisations have been
formulated. However, experimental realisations of QMBSs are still largely confined to
the Rydberg atom platform in which they were first observed. This scarcity of new
experimental realisations, along with difficulties of taking advantages of their special
properties, means that QMBSs are currently still rarely used in quantum technology.

In this thesis, we have tackled this problem by developing new realisations of QMBSs
inspired by the current generation of quantum simulators. In particular, we have tar-
geted the popular platforms of ultracold atoms in optical lattice (with both fermions
and bosons) and superconducting qubits. Through close collaboration with experiment-
alists working on these devices, we have conclusively demonstrated that our theoretical
proposals lead to strong QMBS signatures in the lab. For example, in Chapter 4 we
have realised the PXP model in a Bose-Hubbard model using ultracold bosons. Beyond
making this model available to a much broader class of experimental devices, this new
realisation also has advantages over its Rydberg atom version. Indeed, in both cases
the PXP model is the leading order term driving the dynamics, but the additional
couplings at higher orders are different. Importantly, in the Bose-Hubbard case it is
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possible to suppress all unwanted terms provided the experimental device can produce
high enough values of tilt and on-site interaction. Meanwhile, in the Rydberg case there
is always a trade-off between a perfect blockade and next-nearest-neighbour interac-
tions. Thus, our new implementation provides a way to create a more pristine version
of the PXP model. Similarly, the models we proposed in Chapter 6 for superconduct-
ing (SC) qubit systems also offer important advantages over the other platforms, the
most obvious one being the high tunability of individual couplings. Beyond that, the
SC qubit processor also supports larger coupling amplitudes that directly drive the
coherent dynamics. These are of the order of ~10” Hz in the SC platform, compared
to ~10% Hz for Bose gases [247] (and only around 50 Hz in Chapter 4) and ~10° Hz for
Rydberg atom [78]. This means that the SC platform can process the same quantum
information in a shorter amount of time.

In order to create scarring in these different platforms, we have relied on a few
different mechanisms. One common theme in our approach was using resonances to
engineer effective models with kinetic constraints in otherwise unconstrained models.
This provides a relatively simple way to recreate models like PXP in a multitude of
systems. While kinetic constraints do not automatically imply QMBSs, through a
graph-theoretic approach, we have revealed how the link between the two can emerge.
While we have not included it in this thesis, we have studied this relation in more detail
in a variety of models in Ref. [229]. In addition, we have used the same graph approach
in an unconstrained model in Chapter. 6. We emphasise that our construction is one
of the very few known ways to create non-exact scars in quantum systems and is an
important addition to the various mechanisms reviewed in Chapter 2.

Beyond making scarring more widely available, we have also made several advances
that make this phenomenon easier to use in quantum technology applications. This
has been achieved by demonstrating conclusively that QMBSs offer an advantage for
entanglement-enhanced metrology. Moreover, we have utilised the high-level of control
of the SC platform to show that it is possible to tune the entanglement structure of
scarred states. This opens many possibilities of dynamically controlling which states
are protected from thermalisation, adding a new tool to trajectory-steering techniques
based on QMBSs.

While the main focus of this work has been quantum many-body scarring in general,
Chapters 3 and 4 have explored many facets of the PXP model in particular. In these
chapters, we have uncovered several important — and hitherto unknown — properties of
the PXP model, such as the presence of scarring from the polarised initial state, the
existence of multiple approximate su(2) representations, and superdiffusion in energy
transport at late times. We have shown that the polarised state dynamics can be un-
derstood from the same approximate algebraic structure as the Néel state, with the
difference that the quality of the algebra depends on the number of excitations. For
the multiple su(2) representations, their origin can be traced back to the spin-1 parent
model from Ref. [68], however this still leaves many questions open. For example, the
resilience of spin-1 eigenstates to the perturbations naturally present in the PXP model
remains a puzzle. Moreover, the consequences of these multiple algebraic structures are
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also largely unexplored. The oscillations that can been seen in the spectral form factor
and energy transport in an infinite temperature Gibbs state imply that stronger signs
of ergodicity breaking should be visible at finite temperatures. This could lead to
scarring being actually resilient to finite temperatures, which would be very useful for
experimental realisations. Finally, there is still much to understand regarding the an-
omalous transport in the PXP model. Most importantly, it remains an open question
if the model is truly superdiffusive at all times, or if diffusion is eventually recovered at
very late times. Furthermore, the origin of the observed superdiffusion is also unclear.
While proximity to integrability provides a compelling narrative, the observed robust-
ness of this behaviour to detuning makes it unlikely. Further study of these properties
is needed, especially to understand the role of the constraints in their appearance and
if they can be found in other similar models. As the results are currently only numer-
ical, observing this anomalous energy transport in an actual quantum simulator would
confirm these findings and show their robustness to experimental perturbations.

The implications of our findings for other interpretations of the PXP model should
also be considered. As we have mentioned in Chapter 2, the PXP model is equival-
ent to a spin-1/2 regularisation of a U(1) lattice-gauge theory [80]. This provides an
interesting interpretation of scarring as a “string-inversion” mechanism. It also opens
a way to explore generalisations of the PXP model to higher values of spin in a way
that is different from previous studies [59]. In our works [81, 82], which we did not
discuss in this thesis, we have found that scarring actually survives for these higher-spin
regularisations. The staggered magnetisation, which we mentioned in Chapter 3 as a
mechanism for improving the revivals in the PXP model, has a particularly interest-
ing interpretation in the lattice gauge theory language: it corresponds to the potential
which induces confinement of pairs of particles and anti-particles. This implies that con-
finement can make scarring stronger, as we have numerically demonstrated in Ref. [3].
The interplay between scarring and confinement is currently not well understood and
it is also unclear if this enhancement persists for higher spin values. As classical simu-
lation becomes harder with increasing spin, developing a way to simulate these models
on quantum hardware would likely provide an advantage already for small system sizes.

Beyond the PXP model, there are still big gaps in the overall understanding of
QMBSs. Most mechanisms leading to exact scars can be unified using the commut-
ant algebra framework [118-121], which also describes Hilbert space fragmentation
and usual symmetries. However, this construction is not applicable to cases where
the scarred subspace is not fully isolated from the thermal bulk. More generally, few
formal results have been derived for non-exact scars, despite them forming the ma-
jority of experimentally relevant models. This means that there is no simple way of
comparing different scarred models or of predicting their thermalisation timescale. The
consequences of this lack of quantitative results are perhaps best illustrated in the PXP
model with its multiple approximate su(2) representations. While the level statistics
are that of a chaotic model with level repulsion, which suggest that most states obey
the ETH and that any randomly picked product state will thermalise at infinite-time,
the spectral form factor and transport properties still shows anomalous behaviour way
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beyond the expected thermalisation timescale. These global non-ergodic signatures in
a system that obeys the weak ETH call for markers of thermalisation that do not solely
rely on infinite-time properties. Alternatively, it also questions the relation between
weak and strong ETH violations. This could be explored for example in the interplay
between many-body localisation and quantum scars, as made possible by our rainbow
scars construction in the SC qubit device.

Finally, another major open question that was brought into focus by QMBS research
is the lack of a general procedure for defining a classical limit for general many-body
systems, in a way that has been achieved for single-particle scars. While such a limit
has been found in the PXP model [59] and it can be generalised to other systems [142],
it is a rather ad hoc procedure that requires prior knowledge of the scarred dynamics.
Quantum field theories offer a promising way of going beyond that as they admit a well-
defined classical limit and QMBSs have recently been found in these systems [248, 249].
Importantly, as some quantum field theories have direct links to microscopic quantum
many-body models, this could provide a direct way to establish classical limits for the
latter as well.
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APPENDIX A

Infinite-time average of the quantum
Fisher information

In this Appendix, we derive the long-time value of the quantum Fisher information
from the diagonal ensemble. In particular, we focus on the case of the PXP model that
we then use in Chapter 3.

As discussed in Chapter 2, if the spectrum of the Hamiltonian used for time-
evolution is non-degenerate, then for an operator O the long-time average obeys the
diagonal ensemble prediction as

/\

T—)oo

where O;; = (E;|O|Ej), ¢n = (En|t), and |E;) is the eigenstate of H with energy
E;. In the case of the PXP model we also need to consider the large number of “zero
modes” [53, 54, 226] and treat them separately, leading to

(0) = lim —/dt DIORE) = 3 [en20nn + S hiemOnm. (A.2)

T—oo T
n s.t. n,m s.t.
En#0 En=Epm=0

To simplify the notation, we introduce the diagonal ensemble density matrix p,
such that pn,, = ¢,cnd(Enm — E,). In that case we simply have <O>Oo =Tr {EOA}
For the PXP model this allows to compute the infinite-time average of the staggered
magnetisation Mg and of its square M g However in order to get the QFI we also need

A2
the infinite-time average of (O) . Explicitly computing this quantity leads to the more
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complicated expression

Th_rgof/dt Z crcpCrcdOabOc.d hm /dte” (Ea—Ep+Ec—Ea)

a b C, d (A_3)
= Z cacchcha7bOc7d(5(Ea —Ey+ E. — Ed),
a,b,c,d

with the Dirac delta now holding 4 energies instead of 2. Fortunately, as the number
of combinations that satisfy it is relatively limited, this is still tractable numerically.
The simplest case is F, = Ep, E. = E4, which can be rewritten as

> |ca|2\cc|20a,aoc,c=(z |ca|2oa,a)<z \cc|2ocvc> = (:[50]) = (10).)" (a9

We note that for brevity, the first two terms are shown assuming no degeneracies in the
spectrum. To include the degeneracies would require keeping the four indices a to d and
adding §(E, — Ep)d(E. — Eq), leading to a bulky expression. Nonetheless, expressing

this term as (Tr {[)ODQ takes into account the degeneracies and that is what we will
use in the final expression. The other cases will be treated in similar fashion.

Another possibility to satisfy the Dirac delta is to have E, = E4 and E, = E.. In
that case we have

S leallen0usOna=3 (04| Ba) (Eal O|En) (Eplo) (0] Ey) (Ey|O|Ew) (Ealw) =Tr [p070]
a,b a,b
(A.5)
Finally, as in the PXP model the spectrum is symmetric around E=0, the last
possibility is E,= — E. and Ey= — E;. However for MS in the momentum sectors k=0
and k=7 (where the Néel state has support) we can take advantage of the eigenstates,
the operator, and the initial state being real. Indeed, as the Hamiltonian projected to
one of these sectors is real and symmetric, the eigenvectors themselves can be chosen
to be real. In that case ¢, = ¢ (as all initial states are real in the Fock basis) and
(Ms)ap = (Ms)pa since the matrix is symmetric (as it is both real and Hermitian).
We can then rewrite

A

Z chbcc*lcbOa,banb = Z chgOmbOb,a Z |Ca|2‘cb’20a,b0b,a =Tr [ pO OA} (AG)
a,b
which is the same as the contribution with F,=F,; and Ey=F..
Summing all these contributions together, we can compute the long-time average
of the QFI in the PXP model in the sectors k = 0 and k = 7 for a real-valued operator
O, and from a real initial state [¢), as

Jim o [ aea (WOI0%0(0) - (01010’

A

(A.7)
= 47Tr [50?] —4(Tr [ﬁOD ~87Tr [p0p0) .

—
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APPENDIX B

Effect of staggered magnetisation on the
PXP model

In this Appendix, we investigate the effect of adding staggered magnetisation to the
PXP Hamiltonian. More precisely, we study the Hamiltonian

N N
Asiag = 03" 163 Py +x 3 (—1)767. (B.1)
i=1 j=1

To simplify the notation, we will keep 2 = 1 and thus y will be expressed in units of €.
This Hamiltonian has previously been studied in Ref. [250] in the limit of x > Q. In
this regime, the Hilbert space fractures and an emergent symmetry appears due to an
approximate su(2) algebra. It has also been studied when driven [85]. Here we instead
investigate the experimentally relevant regime where the staggered magnetisation is
time independent but with strength x of the same order as 2.

We recall that the staggered magnetisation is equal to 25% in the spin-1 parent
Hamiltonian while the PXP itself is akin to \@5’“, recall Eq. (2.44). Using the spin-1
representation, Eq. (B.1) can be expressed as

(\/iéx+f{1+f{2) +2xS7 = Hepag @ H1, (B.2)

where the exact form of H | is unimportant as it acts in the complement of the PXP
subspace. Without H; and Hjy, the Hamiltonian in Eq. (B.2) would be a free spin-1
model. There would then be perfect revivals from the Néel state (|— —--- — —) in the

spin-1 language) with a period
2
T=—"" (B.3)

Va2 42
This can be understood from a spin precession point of view, as discussed in Sec-
tion 3.2.1 and illustrated in Fig. 3.5a. Without H; and Hs, there would be perfect
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revivals for all values of x. As we know that in the actual PXP models revivals are not
perfect at x = 0 and that the fidelity F(¢) will be identically 1 for y — oo, we naively
expect that the fidelity will increase monotonically as x gets larger. However, for a large
value of y, this is no longer due to scarring but only to the dynamics being restricted to
one of the edges of the spectrum. This manifests itself by a large fidelity even between
the revivals. We will denote the first revival peak of the self-fidelity by F1, and the
self-fidelity at half that time by & /5. The signature of QMBSs therefore is 1 ~ 1 and
F1/2 = 0. Hence, we will use the quantity 1 — F; /5 as a probe of QMBSs, where it
expected to take values close to 1. This quantity distinguishes QMBSs from the trivial
situation where the initial state is close to an eigenstate, in which case F(t) =~ 1 at all
times and the fidelity difference is strongly suppressed, F1 — F;, < 1.

& 10 P— | 0-1a

-5 0
X E — (Y| H|)

Figure B.1: Effect of staggered magnetisation on the Néel state in the PXP model with N = 26.
a The first fidelity peak JF; is large for all values of y, indicating the presence of revivals.
However, as x becomes large, the Néel state effectively becomes an eigenstate, leading to an
increase of J /o and therefore a decrease of F1 — J1 5. The vertical dashed line is at x =1 / V8,
corresponding to the prediction of perturbation theory for the maximum. b The revival period
T is in good agreement with the prediction based on spin precession, 2w/1/2 4+ 4x2. The red
dashed-dotted line labelled Ef shows the period according to perturbation theory. c-e The
non-monotonic behaviour of F as a function of x can be related to changes in the structure
of the overlap between the Néel state and the energy eigenstates |E), here plotted for x = 0,
x = 0.3 and x = 1.52. The value of x corresponding to each plot is also indicated on panel a.

In Fig. B.1a, we plot both F; and 1 — & /3 as a function of staggered magnetisation
for the PXP model with the Néel initial state. We observe interesting non-monotonic
behaviour as a function of y. Fig. B.1b shows the period of the revivals, and displays
pretty good agreement with the prediction in Eq. B.3. The effect of x can also be
seen in the overlap between the Néel state and the corresponding PXP eigenstates, as
shown in Fig. B.1c-e. The top band of scarred states is always visible. However, as
X is increased, the eigenstates with the highest overlap shift from the middle of the
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spectrum towards its left edge, where the ground state resides.

While the precession picture, discussed in Chapter 3, gives a relatively good ap-
proximation of the revival period, it also predicts the revivals would increasingly get
better as x becomes larger. Indeed, as S* starts to dominate, the relative contribution
of H; and Hy becomes weaker, until we reach the limit y = oo where the model be-
comes integrable. This is in stark contrast with the observed non-monotonic behaviour,
in particular with the strong revival enhancement around y ~ 0.342. To explain this
behaviour, we will use perturbation theory to more precisely compute the action of
H; and H, on the eigenstates of ﬂ§“’+2xgz . This approach predicts a maximum in
fidelity at x = 1/v/8 ~ 0.353, close to the observed value as shown in Fig. B.1a. It also
gives a better approximation of the revival period, see Fig. B.1b.

a

Ql.O —x=0.15 —x =028
L0l —y =034 —y=1,
X X
0.0 ——= : : .
0 10 ; 20 30
b = x=0000 * y=0300 - —0.013+1.00 % exp(—t/118.7)
© x=0150 ¢ y=0600 - 0.161-+0.84 % exp(—t/73.7)
L W (1 XYM | (—/380.7)
= B B ALY/ e T A N A N A Ve Wbl
=
<
=05
0.0- .
0 10 20 30 40 50 60 70 80
/

Figure B.2: a Bipartite von Neumann entanglement entropy after a quench from the Néel
state for N = 26 and various values of x. The entropy growth is strongly suppressed around
x = 0.34. b Excitation density on odd sites for N = 32 and various values of x and their
exponential fit. Only times for which the expectation values are converged in system size are
used. Once x > 0.5 oscillations are visible in the peaks and an exponential decay no longer
describes their behaviour with time.

Before using the perturbative approach, let us first verify that other hallmarks of
scarring are also present around x ~ 0.342. We find that the growth of entangle-
ment entropy is highly suppressed near that point, as shown in Fig. B.2a. This non-
monotonicity in the post-quench behaviour as a function of x can also be witnessed
in local observables, measurable in experiment. For a local observable, we choose the
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excitation density %(ﬁo) on the odd sublattice, where fi, = >, 5qq 7. In order to
avoid finite-size effects, we consider only the times where the dynamics is converged in
system size for N = 32. As the sublattice density oscillates in time, we first identify
the local maxima and then fit its envelope. The results are shown in Fig. B.2b for
several values of y. Overall, we find a clear enhancement of QMBS revivals around
X = 0.3 compared to other values. The decay time 7 shows an approximately 3-fold
increase around x = 0.3 compared to case with xy = 0 (see legend). Finally, we see that
for x = 0.6 the peaks themselves show an oscillatory behaviour and are no longer well
approximated by a decaying exponential. We emphasise that this is not a finite-size
effect but rather a sign that we enter the low-energy regime where only a handful of
eigenstates participate in the dynamics. The oscillation in the maxima is then a beating
frequency linked to the mismatch in the energy spacing of these eigenstates.

a N d 1
10 12 14 16 18 20 22 24 26 10 ="Neel ! +2O Rand. states
e — .01 !
= 0.0 *Pol. =ka .
~ = .l (] " b
— ® Ny ™ H Egm® ®
&5 —0.21 ' kS 0.5 ...°++++*
g i
—= —0.41 t
0.4 X = 0.342 0.0  seecertitt! N — 24
b ——Néel —50 Rand. states| ¢ 0.59 i 0.541 x = 0.342
0] ‘__‘Pol_ X:0342, N=26 = 0.537, e o °
0.501 | o2
— N | 24 26 28 30 32
K 0.5 =045 i N
—N={28
s 040- R :i
0.01, . : , N 530 , ,
0 10 20 0.0 0.5 1.0
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Figure B.3: Ergodicity of the PXP model with staggered magnetisation. a Fidelity density
after a quench from the Néel state. The data is converged with system size already at small
values of N. b Quench from various initial states at y = 0.342. ¢ Maximum return fidelity
after quench from various states for a wide range of values of y. The non-monotonic behaviour
is only visible for the Néel state. d Average level-spacing ratio for different system sizes and
values of x. At x = 0.342, (r) ~ 0.53 as expected from a chaotic system. The system becomes
more ergodic as the system size is increased, as shown in the inset.

Near the optimal y, we also verify that the oscillations are stable in system size.
To do that, we study the fidelity density log,q(F(¢))/N, shown in Fig. B.3a. The
agreement between different system sizes is almost perfect. We check the fidelity after
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quenches from different states to assess to which extent the Néel state is atypical, as
shown in Fig. B.3b-c. While the polarised starts showing revival with a small fidelity at
x = 0.342, it is nowhere near that observed for the Néel state. Furthermore, randomly
chosen states still thermalise as expected. Finally, to make sure that the system is still
chaotic and is not fragmented due to x being too large, we compute the average level
spacing ratio (r) for various values of x and system sizes. This is shown in Fig. B.3d
and demonstrates good agreement with the Wigner-Dyson value at y = 0.342. Based
on these different metrics, we can conclude that what we observe in our numerical
simulation is genuine quantum many-body scarring and investigate the origin of this
behaviour.

In order to understand the non-monotonic behaviour, we construct the states |Sy),
which are the eigenstates |Sy,) of the spin-1 operator v/28%+2xS* (with Ey=k+/2 + 4x2)
projected into the constrained PXP space, with k = —N/2,—-N/2 +1,...,N/2. For
simplicity, let us denote the number of sites in the spin-1 model by N, = N/2. In
Chapter 2, we have reviewed how these states provide a good approximation at y = 0 as
found in Ref. [68]. By computing the energy variance of these approximate eigenstates,
one can get a qualitative picture of how close the projected states are to the true PXP
eigenstates. The lower the variance, the better the agreement and so the better we
expect the spin-precession picture to hold. Formally, we define the energy variance
for these states as, O'%k = (Sk|H3xp|Sk) — (Sk|Hpxp|Sk)?. The variance is shown in
Fig. B.4a, where we observe very different behaviours depending on the value of k. In

1.0 0
= —2
~E /
b 0.0 —6 -
<0.41
~k _8
S
02 ~10
N 12
0.0+ : : : =
0.0 0.5 1.0 1.5 2.0

X

Figure B.4: Energy variance of the |Sy) states in the PXP model with N = 26. a Data for
individual states. b Data weighted by the overlap with the Néel state, which accounts for their
relevance in the dynamics. The non-monotonic behaviour in y with local minima at y = 0 and
X — oo is clearly visible. This explains why these points are local maxima of revival fidelity.

order to pick out the relevant states, we need to understand their overlap with the Néel
state. At x = 0, the Néel state can be written as a superposition of the |Sj) states
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as [68]
Ny
2Ny
Zy) = di S di = : B.4
For arbitrary x, a similar expansion holds with the weights given by

2 (%) (vVax — san(k) /T 2x2)2H

4Nb (14 2x2)M

(B.5)

A simple argument as to why this is possible is that the Néel state is the highest-weight
eigenstate of S% in the spin-1 picture. This implies that it also has maximal total spin,
and the |Sy) always form a basis of maximal total spin states. We can then use this to
compute the average of the a%k weighted by it. This is shown in Fig. B.4b, where we
observe a non-monotonic behaviour in y. The local minima at y = 0 and y — oo are
visible, and this explain why as we go away from these points the fidelity of the revivals
starts to decay. However, there is no local minimum visible around y = 0.34 here. To
understand its appearance, a finer analysis is needed that also accounts for the energy
spacing of the eigenstates.

For that we need to compute the perturbation of the energies of the |Sy) states due
to the presence of Hj in the full Hamiltonian in Eq. (B.2). We can completely disregard
Ho, as it it will not lead to an energy shift because PHy = 0 (see Section 2.4.3). Thanks
to the simple structure of the [Sy), it is possible to compute analytically the first-order
correction as AEy = (Sk|H;|Sk). Our derivation follows closely the one in Appendix
D of Ref. [68]. To match the notation used in that work, we will temporarily change
the indexing of the [Sy) (with k = —Nj, to Np) to |S,,) with n =0 to 2N, = N. As the
Hamiltonian of which the |S,,) are eigenstates is the same as for y = 0 up to a rotation
around SY, the |S,,) will also be identical up to a rotation. The eigenstate n will have
energy F, = (n — Ny)y/2 + 4x?. The construction from Ref. [68] is not fundamentally
modified, meaning that the state |Sy_,,) can still be computed by applying a lowering
operator on |Sy). We can then also target a pair of spin-1 sites and decompose it in
the basis of the local v/2S% + 2ng operator with total spin equal to 2. Let us denote
these local eigenstates as \Tg, m), where m is the magnetisation quantum number. It is
straightforward to compute de™ = —(Ty, m|(|+,0) + [0, =)) (+, —| |T2, m), and we get

2
By = B, = Y2 ] SE) = —0E_ = V2 «x

e, — X $Ey=0.
8 (1+2y2)3/2 2 (1+2x2)3/2 0

(B.6)
The next step is to compute the coefficients ¢, that describe the weight of the state

ISy_n) on [Ty, m). Since this computation only depends on the number of times the
lowering operator has been applied, it is completely unaffected by the rotation. Hence
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we get the same values as in Ref. [68]:

Np—2
2 = H a(Np, M), (B.7)

M=Np—n—1

Np—2

a=2n [[ alN.M), (B.8)

M=Np—n

Np—2
co = Von(n—1) [ a(N,, M), (B.9)
M=Np—n+1
Np—2
c_1 = 2n(n—1)(n—2) [] a(Ny, M), (B.10)
M=Np—n+2
Np—2
c_y = n(n—1)(n—2)(n=3) [ [ a(Ne, M), (B.11)
M=Ny—n+3

with a(Ny, M) = /(Np—1)(Np—2)—M (M —1). The overall normalisation of the state
is also unaffected and is given by

Nvon= ] [Ne(Np+1)— MM —1)]. (B.12)
M=Np—n+1

To simplify computations, we can perform an additional step that is not used in
Ref. [68]. These products can be recast is a more similar way, that allows to get cancel-
lations between their terms. Indeed, by performing the change of variable M = N, — K
we get
n—1
Nyon= ] (K +1)@2N - K). (B.13)
K=0

Similarly, using M = N, — 2 — K we get

n—1 n—1 n—1 n—1 n+3
leo* = [ (K+1)= ] (K+1) [] @N-K—-4)= [] (K+1) [[ @N-K), (B.14)
K=0 K=0 K=0 K=0 K=4

which leads to the simple expression

2N — K —n

‘02‘2 _ H
Ny_n Koo 2N — K

(B.15)
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The same kind of transformation can be done for the other ¢, to get

|co? f[ ON - K —n

(B.16)
Nyv-n pgi 2N-K
|e1)? 4n 2 ON—-K-—n
= B.1
NN_n 2N—31£0 N — K (B.17)
2 — — —n—
|co _ 6n(n 1)(32]\7 n)(2N —n —1) (B.18)
NN-—n [Tx=0(2N — K)
12 4n(n—1)(n—2)(2N —
e _ dn(n— 1)(n - 22N 519
Ny -—n [Tx=0(2N — K)
le_o]? ﬁ n—K
—_— = —_—. (B.20)
Nyen oo 2N—-K

This simplification allows to directly compute the overall energy shift of |Sy_,,) for any
Np, n and x as

(n—Np)[1+n2—3Ny—2nNp+2NZ —8n(n—2Np) x?]
4V2(1+ 2x2)32(N, — 1)(2N, — 1)
(1-3Ny)+(Np—n)2(1-8x%)+ N2 (1 + 8x?)

4v2(1 4 2x2)3/2(Ny — 1)(2N, — 1)
(B.21)

0E,,=

:(H—Nb)

This finally allows to get

(1—-3Np)+(n—Np)2(1-8x?)+N2(1 + 8x?)
4v/2(1 +2x2)3/2(Ny — 1) (2N, — 1)

AE,=— (n—N) (B.22)

We can perform a change of variable to recover the label k for the energies as
k = n — Ny, where k runs between — N, and +N,. The state k then has energy E}, with
the correction AFEj given by

(1—3Np)+k2(1-8x2)+NZ(1 + 8x?)
= ky/2 + 42 d AE.=-—k . B.23
VEEAE ad A= e, N, )

In general, this cannot be factorised further. However, in the special case y = 1//8,
we find it reduces to —2k/(5v/10). This is a remarkable result: for any state |Sy), at
first order its energy will be given by

5 2 23k
Ek:k[\@—g)m]:wﬁ. (B.24)

As a consequence, the energy spacing between two consecutive eigenstates will simply
be s \ﬁ’ which is independent of both k and N,. Thus, at first order, all scarred states

are exactly equidistant for any system size. This means that any superposition of these
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states will have good revivals, which explains the peak in fidelity around this value of
X-

This special property of the spacing at x = 1/4/8 is linked to a change in the
behaviour of AEy. Namely, for |x| < 1/v/8, AEj is larger near the middle of the
spectrum, while for |x| > 1/4/8, AE} is at its largest at the edges of the spectrum.
This becomes much clearer after taking the thermodynamic limit, N, — oco. We can
define s = k/Ny, where s € [—1,1], to get

(14 8x2) + s2(1 — 8x?)

AE; = —Nys B.25

T 8201+ 22 (B2
Adding the nominal reference energy of sNy+/2 + 4x2, we get
15 + 562 + 64x* — s2(1 — 82

B, = s, 12 E 00 60 = 57(1 = 8x7) (B.26)

32(1/2 4 x?)3/?

It is straightforward to see that the sign of the only term non-linear in s (which causes
unequal spacing in the spectrum) switches at y = 1/ V8. As the period of revivals
is determined by the energy difference between the eigenstates, we need to compute

Ey1 — Ey which becomes the derivative Nibd(ﬁs, leading to

g LdE 15+ 56x2 + 64x* — 352(1 — 8x?)
SNy ds 32(1/2 + x2)3/2 ‘

(B.27)

Finally, in order to predict the revival frequency, we need to target the value of s
which maximises the overlap with the Néel state. Eq. (B.5) gives us the overlap with
|Sk); this is not the same as |Sk), however the difference between the two is polynomial
in NVy. As we will show later, this means we can neglect this as a subleading correction
in the limit Ny — co. In the same limit, we can use the Stirling approximation

2Nb - 672NbH(%)
k+Ny) /(N + k)1 — k/N,)

(B.28)

where H(z) = —zln(z) — (1 — 2)In(1 — z) is the Shannon entropy function. We can
then rewrite the di using s = k/N, to get

2 NI (Vi —sen(s) VT T 2x)N
5T /AN (1 — s2) (14 2x2) M '

Let us first focus on the case xy > 0. In that regime, v2y — /1 + 2x2 goes to 0 as x
becomes large while /2y + /1 + 2x2 increases with y. This is expected as the Néel
state gets closer to the ground state for larger positive x. A consequence is that for
positive x the maximum value will always be in the range [—1,0]. We can then restrict
to this range and drop the signum function and absolute values. In the end, this allows
us to rewrite

(B.29)

9 eiNbf(s)

ds =
AN (1 4 2x2) Ve /TNy (1 — s2)’

(B.30)
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B. EFFECT OF STAGGERED MAGNETISATION ON THE PXP
MODEL

with
F(s) = (14 8) (1 +5) + (1—)In(1 — s) +2s1n (ﬂx /14 2X2> . (B3

We recognise here that in the thermodynamic limit the most important term is the
exponential e No/(5) and we use a saddle point approximation. This means that the
maximum of d? will simply be the minimum of f(s), which yields

2x2 + V2¢/1+2x?

S0 = — . B.32
22+ V21 + 22 (B-32)

This justifies why we can neglect the difference in norm between the |Sy) and |Sg): as
it is polynomial in Ny and s, it will irrelevant in the thermodynamic limit and lead to
the same sg.

A quick sanity check shows that Eq. (B.32) correctly yields sp = 0 at x = 0 and
sop — —1 as x — o0o. A similar derivation can be done for x < 0, yielding the same
formula but without the minus sign in front. This allows us to estimate the frequency
of oscillations for a given x after a quench from the Néel state by plugging sy into
Eq. (B.27) and using T' = 27/ E7 . While this derivation is done in the thermodynamic
limit, Fig. B.1b shows that this formula leads to a good agreement with numerical data
for finite systems.

To conclude, the non-monotonic behaviour observed with x is due to two factors.
On the one hand, the projected states |Sg) stemming from the spin-1 free paramagnet
are closer to true eigenstates of the PXP model at y =0 and x — +o00. On the other
hand, the energy shift caused by H; is the most homogeneous at y = 1/4/8, leading
to almost equal energy spacing of scarred states and better revivals. This explains the
local maxima in fidelity at x = 0, x = +1/y/8 and y — #oc. The case y = +1/V/8
is the most useful, as it provides a way to amplify dynamical signatures of scarring
compared to x = 0 using a perturbation that is simple to implement in an experiment.
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APPENDIX C

Single-site fidelity

In this Appendix, we discuss the relation between two measures of similarity that we
use to characterise scarring in the Bose-Hubbard quantum simulator in Chapter 4. One
measure is the standard quantum fidelity

F(l9) . [¥)) = [{olw)%, (C.1)

i.e., the global overlap between two pure states. This measure is very convenient for
numerical simulations and theoretical analysis, but hard to measure in experiment.
For this reason, we also consider a different measure consisting of an average of local
measurements. In a system with L sites, it is defined as

1 L+1—r

_ N
Folo) W=7 ]21 T |91 1Par] (C.2)

where 1 < r < L is the range of the measurements and

P i1 = T e [16) (6] (C.3)

is the density matrix obtained by performing the partial trace on all sites except sites
jtoj—1+4nr.
Both quantities, F and J;), are real and obey

0S?(’¢>7‘¢>)7?(r)(‘¢>7‘w>) <1 <C4)

and

Ty (19):19)) = Ty (1) s 19)),  F(l9), |9) = F(|1) , |9))- (C.5)

It is also important to note that

Fay(lo), 1)) = Tr [|g) (el (¥l] = () * = F(lg), [¥)).
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C. SINGLE-SITE FIDELITY

While for arbitrary states ¥, is neither an upper bound nor a lower bound of ¥, it
does not mean that this is never the case. We are now limiting our study to the case
where the state ¢ is a product state. The consequence of that is that the reduced
density matrix ﬁij 4r_1 Will correspond to a pure state for any r. We can then chose a
basis for each site such that |¢) is a product of local basis states, and so a Fock basis
state for the whole Hilbert space. Let us then denote the orthonormal states of this
basis by |«).

This allows us to rewrite the reduced density matrix as ﬁi jrr—1 = |05 54r—1) (D) j+r—1l,
where |¢; j+r—1) corresponds to the state ¢ for sites j to j +r — 1 (remember that we
can only do this because |¢) is a product state). This formulation implies the following
simplification

1 L4+1—7r

F (19 )= 2 T 1Py
=1
1 Lilfr
[ > T [|¢j,j+r—1> (D5.5+r—1] ﬁfﬁ,ﬂ_l}
=1
1 Lj—l—r
= (o (195 4r-1) (Djjtr—1| @ 1) [) (¥]e)
L+1—r ]2 % 9,9 +r—1/ \Pjj+r—1 (C.6)
Lt1—r j+r—1
L+1 Z| aly)[? Z H (o] Pr)
. Lidorjirot
=l(@l)I*+ L+1 Zr )3 H (ol x)
) #|¢) j=1  k=j

>[(l)* = F(|9) W>),

where (ag|¢g) is 1 if the site &k of |a) and |¢) is in the same state and 0 otherwise. This
means that |(a|y)|? contributes to Foy(|#), [¥h)) with a weight of ﬁ each time r
consecutive sites are in the same state in |a) and |¢). This simple rule allows us to
not only derive this inequality between F and F,), but also to assess the effect of r
on Fy. Indeed, let us suppose that for a given r, a basis state |a) has a weight of
#, meaning that we can find n instances of r consecutive sites in the same state in
|a) and |¢). Let us now consider the case with » — 1. If n > 0, the minimum number
of r — 1 consecutive sites in the same state in |a) and |¢) is n 4+ 1. As such, |a) has
a minimum weight of LT;T. In addition, there are a total of L + 1 — r possibilities
for the r consecutive sites, leading to the inequality n < L + 1 — r. This implies that
T ﬁﬂn < LTQ‘ir. If n = 0 then for r — 1 the same state cannot contributes less, and so
for any n it contributes more or the same amount. Hence we can conclude that

Fuy([8) [¥)=F ) (18) , [¥)=. .. Fry(9) s [¥)=F(|6) . [)). (C.7)
Finally, it is important to note that the inequality + ﬁ_r < L’fgir is saturated if

and only if n = L+ 1 —r, meaning that |«) and |¢) are the same. This is important as
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Fry(19) ;1)) is a weighted sum of all the |(«|)|* with weights equal or smaller to 1.
In order for F,(|¢) ,[1)) to be equal to F,_1y(|9), |¢)), all weights corresponding to
a non-zero |(alt)|? must stay the same. But the only weights that are not increasing
are either the ones that stay equal to zero or the one of |a) = |¢) which stays equal to
one. This implies that all inequalities of Eq. C.7 are simultaneously saturated if and
only if [¢)) = |¢) (in which case they are all equal to one) or F(1)(|$), |¢)) = 0 (in that
case they are all equal to 0). It is also possible for some of them to be saturated. This
can only happen if all consecutive subsets of length m of |¢) and [¢) are orthogonal,
meaning that all F(,) are equal to 0 for all r > m.

In the experimental setup we only have access to the single-site fidelity F(;), which
already mimics the behaviour of the real fidelity F (see Fig. C.1). While it bounds F
from above, that bound is fairly loose. If we instead look at its square 3"(21), we can see
that it approximates ¥ much better as it takes a lower value when JF is close to zero.
While 3"21 is not guaranteed to be an upper bound of F, our theoretical simulations
indicate that it still effectively acts as one for the conditions we study. Our simulations
also show that the single-site second Rényi entropy S(;) shows a very similar behaviour
to the bipartite half-chain second Rényi entropy S. While it is limited in the range of
values it can take, S(y) is clearly able to distinguish between the two regimes we are
seeing in our setup: rapid entropy growth until a plateau is reached, and very slow
entropy growth with oscillations on top.
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C. SINGLE-SITE FIDELITY

— Bipartite - Sa)

0.0 2.5 5.0 7.5 10.0
tJ

Figure C.1: Comparison between global and local quantities for the polarised state in the
tilted Bose-Hubbard model introduced in Chapter 4. Panels a-b are without and panels c-d
with periodic driving. Both the single-site fidelity and the single-site entropy effectively capture
the behaviour of their global counterpart. In both the undriven and driven cases, the squared
single-site fidelity 3”(21) provides a better approximation of F than F(;) while still acting as an
upper bound. Data is for the tilted Bose-Hubbard model in Eq. (4.1), J =1, A = U = 16,
L =11, Ly =5, driving parameters Uy = —2.38, U,, = 1.54, w = 4.90.
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APPENDIX D

Derivation of TDVP equations of motion
and quantum leakage in the PXP model

In this Appendix we first derive the TDVP equations of motion and then compute the
instantaneous leakage rate for the TDVP Ansatz in Eq. (4.10) for the PXP model.
These derivations follow Appendices A and C of Ref. [64].

D.1 Equations of motion

To reproduce the spatially homogeneous structure of the polarised state, all 6; = 0
are set to be identical and the same is true for all ¢; = ¢. For convenience, we split
our Hamiltonian into two terms as flpxp = H x + ﬁuo and express (o in units of
Q (effectively setting Q@ = 1). Throughout this section we will consider mixed MPS

transfer matrices, denoted by

T8 =Y B ®C°, (D.1)

where B and C' are arbitrary MPS tensors. The MPS transfer matrix for the PXP
ansatz chosen in the main text takes the form

cos? 6 0 0 1

A_ 4 | cosfsingd 0 0 0
Ti=T= cos@sinf 0 0 O (D-2)

sind 0 0 O
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D. DERIVATION OF TDVP EQUATIONS OF MOTION AND
QUANTUM LEAKAGE IN THE PXP MODEL

The dominant left and right eigenvalues of the transfer matrix are equal to 1, and the
corresponding eigenvectors are

1
cos fsin 6
IR) = cosfsinf |’ (Z] _( ool )’ (D-3)
sin? 0
which obey (L|R) = 1 + sin?6. Using the mixed transfer matrix expression, it is
straightforward to compute

00 0 —2

(278" R) 25in” ¢ 000 0
= —iN =N ith 7994 = D.4
f= (L|R) cos20 — 3’ ta 000 0 (D4)

00 0 O

Next we compute the expectation value of the Hamiltonian. We first find

N (L‘ﬁX‘R) 2 cos? fsin fsin ¢
H =N-—F—"—~-=N . D.
(v|fx|w) (LIR) 11 sin20 (D-5)
We then get
(L ‘Zj i R) sin? 4
WIS aylo) = N = N g (D.6)
leading to
A sin? §
(g = Npso o (0.7)

The total expectation value is given by the sum of Egs. (D.5) and (D.7), which yields
the energy density

sin 6

_ . 2, .
E0,¢)/N = T+ sin20 (MO sin @ + 2 cos® 0 sin <Z>> . (D.8)

To get the equations of motion for § and ¢, we need to compute

sin 20
=0gf = —4N———. D.9
K of (cos? 6 — 3)2 (D-9)
From there the equations of motion are given by
1 N . 1 N
0 = 53¢<¢!H|¢>7 ¢ = —%39(¢|H|¢>7 (D.10)
which lead to
6 = —cos@cos¢(1+sin2 9) , (D.11)
L sing Lo,y
¢ = po+ 0 (1 4sin” 0 — sin 6’) . (D.12)
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D.2 Instantaneous leakage

D.2 Instantaneous leakage

The instantaneous leakage quantifies how much of the wave-function escapes from the
TDVP manifold, and is given by

A(0,¢) = [||Ph) — iH|y)]”
= (0| v), — 201 ((owvil) )
+ (0)* Re ((99v|001).) — 26 Tm ({Dpv|HIw) )
+(9)* Re ((054104¢),.) + 200 Re ((950109%)..) (D.13)

Due to the gauge choice, the leakage depends on connected correlators defined as

(0p10|0g¥) e = (Dp10|0pg10) — (Dgtp|1) (10| D).

In order to evaluate these connected correlators, we introduce the projector on the
dominant subspace, P = |R)(L|/(L|R), and its complement Q = 1 — P. We also
introduce T, which is obtained by re-summing the contribution of the non-dominant
subspace of T'in >302, T and is defined from T-! = 9(1 — QT9)~'Q. Finally, we will
use the following shorthand for a 3-site local Hamiltonian term contracted with MPS
tensors on every site:

Ho=FH0 = D AT AT ATRGL02T5 AT A5 A%, (D.14)

g4

Let us now evaluate the various terms involved in the instantaneous leakage. Taking
each term one by one, we find that:

N O A 1O A | Op Aee— 99 A
<39¢\39¢>c:m(L|Ta:A FTo AT TP + TRAT Ty 4 — Tip sPTH Y R), (D.15)

which after a straightforward calculation evaluates to

N

(09| 0p)c = 11 sm2g’ (D.16)

Turning our attention to the term <89¢|E[ |zp> , we find that this evaluates to
c

N B _
o] (L[5, + HT T Thh 4 + TihaT1H = 3HPTH | R) (D.17)

which yields

cos@sin 6

(1+sin26)* (D-18)

<89@ZJ|I§T|@ZJ>C = —iNcosfcos¢p+ N
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D. DERIVATION OF TDVP EQUATIONS OF MOTION AND
QUANTUM LEAKAGE IN THE PXP MODEL

As we are only interested in the imaginary part, we can discard the second term and
are left with

m (<891/)|I:I|¢)>C> = —Ncosfcos¢ = 1+sj\1rn269 (D.19)

The expressions containing the derivatives with respect to ¢ can be calculated similarly.
Starting with (0y1|04%). which we compute as
AR At S P Pt

5 59 +T8¢A7 |R) (D.20)

L|R (
Evaluating this term, we find

cos? fsin? 6
Opt0|0pt0)e = N —m— .. D.21
(Op1|040)) (11 sn20)° (D.21)

The next term to compute is the cross-term

N

Tm (L|Tyey + T4 AT T+ TOAT 1Ty, 4 — Ty, sPT%A|R). (D.22)

(0g1)|0g1)) =

The result after evaluating Eq. (D.22) is

cos fsin @
0| 0p))e = —IN————, D.23
(051009). (1 +sin20)? (D-23)
however, because its real part is identically zero, we get no contribution from this term.
We now compute <8¢¢\fll¢> as
C

(O H1) = (L1300, + 9T Ty T AT~ 0~ 39PTy, 0l B). (D24

(LIR)
We find this can be expressed as:

A . cos?fsin? 6
<a¢w|H‘7/J>C = NCOSHCOSQD“"LNsz (D25)

We now move onto the terms involving the square of the Hamiltonian, H2. The con-
nected correlator in this case is

(L ‘J{(Q) L OHT g — 5:}(?9{‘ R)

(D.26)
(L|R)

(v|@v), =

where H?) is the product of two overlapping local Hamiltonian terms. As the local
Hamiltonian spans three sites, the two terms will both act upon one, two, or three
shared sites. Evaluating this expression, we obtain

(v

A

e _ Nsin®f N cos? 6 sin? 0(4)? N ()2

= . D.2
7’Z)>c 1+ sin%6 + (1 + sin? 9)3 + 1 4 sin?6 (D-27)
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D.2 Instantaneous leakage

Substituting each of these into the equation for the leakage, we finally arrive at:

sin® 6

AN=N—
1+ sin% 6

Rescaling this by the system size yields the intensive expression for the leakage

9 sin% ¢

= . D.2
1+ sin26 (D-28)

v
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D. DERIVATION OF TDVP EQUATIONS OF MOTION AND
QUANTUM LEAKAGE IN THE PXP MODEL
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APPENDIX E

Structure of rainbow scars

In this Appendix we derive the exact form of the scarred states of the second family in
the superconducting ladder discussed in Sec. 6.3. We then prove that both families of
rainbow states are eigenstates of the Hamiltonian in Eq. (6.12).

E.1 Building scarred states of the second family

Scarred states of the second family |E/) are obtained by acting on scarred states of the
first family with Hy— (3", wi/M) Z. Let us first derive the action of this operator in
the dimer basis. To this end we define

5 ek (e g
hll",;rl = % (u}ﬁuiﬂ—l—uzuzﬂ) . (E.1)
From there it is straightforward to see that
Wi M-1 H M
2 = 7 ,u —
Ho— > 2= hypo + Y wiuj, (E.2)
k M k=1 k=1

where Wy, = wip— (3, wi/M). As we will only apply this operator to scarred states of the
first family, which contain no |D) or |H), we can ignore any configurations containing

them. The action of hgz 41 and uj, on dimers is then

1 1

Mkt |TT) = 5.Jk([HD) + [DH)) by}, [SS) = —5.J. x([HD) + [DH)),
B, ITS) = J4((HD) — [DH)), A2, ST) =~ J.4(HD) - [DH)), (E3)
Wy [S) = —w [T), wg |T) = =i [S) .
From there, we immediately see that
Wk (ITS) + [ST)) = 0. (E.4)
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E. STRUCTURE OF RAINBOW SCARS

To represent symmetric superpositions of triplets and singlets, we recall the notation
where |L—n,n) is the (non-normalised) symmetric superposition of all configurations
on L sites with L — n singlets and n triplets. We also remind that the scarred states of
the first family can be written directly using this notation as

B=xM-nm =5 Y 19, (15)

|¢)e(M—n,n)

We now compute explicitly Eq. (6.26), where |E!) is obtained as by acting with
Pﬁ_% [f[u— (X 55) Z] on |E,_1). For brevity, we will first work out what happens

when we apply h” 12 to [Ep—1) (the same is true for any BQEH)

||7u

WS | Eaer) = ;\f |M—n+1,n—1)

[[-u
h12

[(yTs> +[ST)) | M—n,n—2) +|TT) | M—n+1,n-3) + [SS) [M—n—1,n-1) ]
Je Je
=5 (HD) + |DH)) [M—n+1,n-3) — 2 (HD) + |DH)) [M—n—1,n-1),

(E.6)
where we used the condition (E.4) to cancel the contribution of the first term. Applying
the projector PM 9, Singles out one of the terms:

Py by |Bne1) = =55 ((HD) + [DH)) [M—n—1,n—1). (E.7)
Next, we look at the action of wiG7:
w1u1 CUlul

14 | Eyy)= |M—n+1,n—1) = [IT) [M=n+1,n-2) +|S) |M~n,n—1) |

:T L[18) IM=nt1,n-2) +|T) [M—n,n—1)].

(E.8)
Applying the projector in this case gives
~ . w
PY_, 010F |Ep )= — Wl IT) |M—n,n—1). (E.9)

The result is similar if we act on another site k, with a prefactor @w; and a triplet on
that site. Ultimately, we end up with a collection of all states with M — n singlets and
n triplets, but each of them has a prefactor that depends on the location of the triplets.
Let us introduce the operator T} that gives 1 if this site is a triplet and 0 otherwise.
We can then write

M M

" A 1 L

P Y @ROG | Ent) = — 5 ( Tkwk> |M—n,n). (E.10)
k=1 1
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E.1 Building scarred states of the second family

To write down the scarred states of the second family, we now simply need to
gather the terms from Egs. (E.7) and (E.10). We also remove the overall minus sign
and normalise the state. Let us introduce the ensembles of sites A = {1,2,... M} ,
Ap={kk+1}and Ay =A—Ap={1,2...k—1,k+2,k+3,... M}. They represent,
respectively, all sites, sites k and k£ + 1, and all sites except k and k+ 1. This allows us
to write |E)) as

M—1 M
Je ke 1 L
|El )= 223\[ (HD),,+|DH),, )®|M—n—1,n—1)5 —|—N—n (;; Tkwk> IM —n,n),,
(E.11)
with n = 1,2,..., M — 1. As an example, let us write out the case for M = 4 and
n=1:
1
|E}) = N [Je71(|DHSS> + |[HDSS)) + J.2(|]SDHS) + |SHDS))
1
+ Je3(|[SSDH) + [SSHD))| (E.12)

1
o (@1 |TSSS) + @, [STSS) + w3 [SSTS) + @, [SSST) |.
1

Finally, let us show that the same result is obtained if we generate |E! ) by “lowering”
from |E, 1) as discussed in Eq. (6.27). We have

A J

Py oy | Eni1) = 355 (IHD) + [DHD) [M—n—1,n—1). (E.13)
and _
PO, @107 [Epyy) =—1 [S) [M—n—1 E.14
QB0 B 1) = o [8) M 01, (E14)
From the latter equation, we can derive that
. M -1 (&
P]\372n Zwkﬁi ’En—1> :ﬁ (Z Skwk> |M—n, TL> , (E15)
k=1 k=1

where Sy, gives 1 if this site is a triplet and 0 otherwise. Now we can notice that
|M—n,n) is composed entirely of triplets and singlets. Consequently, (T}, + Sk) =1y
when acting on that state. Moreover, we know that the @ must sum to 0 by construction.
This allows us to state that

M
Zwk Si+Ty) |M—n,n) (Z wk> |M —n,n)=0. (E.16)

k=1 k=1

From there we can conclude that

1 (&
M n Zwkuk |En-1) (Z Wk:) |M—n,n) = N <Z Tkwkz> |M—n,n).
k=1

k=1
(E.17)
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E. STRUCTURE OF RAINBOW SCARS

Gathering the results of Egs. (E.13) and (E.17) we find the same result as in Eq. (E.11).
As we have the exact wave-function for the scarred states of the second family, we
can also compute their normalisation factor N,,. It admits a simple expression

M—92 1M—l M
N, = J ( ) [2 YR+ Wi (E.18)
k=1 k=1

n—1

This expression does not contain any cross-term w;w; because all possible combinations
of k # j appear and we can then express them as

M-1 M

1
> Wiy =~ ws, (E.19)
k=1 j=k+1 k=1

by using the fact that 2%:1 wr = 0 and as such
M 2 M M-1 M
0= ( wk> = wi+2 > wrw;. (E.20)

E.2 Proof that rainbow scars are eigenstates

Now that we have discussed the exact wave-function of both types of scarred states, we
prove that they are actually eigenstates of the model in Eq. (6.12). We first address the
straightforward cases of n = 0 and n = M. We then show the proof for the slightly more
complicated n = 1 case and finally demonstrate that the same arguments generalise to
arbitrary n.

E.2.1 7n =0 and n = M scarred states

For n = 0, the only scarred state present belongs to the first faAInily and is |Ep) =
|SS...S). From Eq. (6.18) we know that |S) is an eigenstates of hi- with energy —J,
and from Eq. (6.19) that |SS) is an eigenstate of BLl,kH with energy 0. Thus, |Ep) must
be an eigenstate of H with energy —M.J,. Similarly, |T) is an eigenstate of Bﬁ with
energy J, and |TT) is an eigenstate of I}u’kﬂ with energy 0. Thus, |Ey/) = |TT...T)
must be an eigenstate of H with energy M .J,.

E.2.2 n =1 scarred states

For n = 1 we will prove the eigenstate property by considering a 2 x 3 ladder and then
show that the same holds for larger systems. Consider the state

|)=p, ([HDS) + [DHS)) +; ([SHD) + [SDH)) +0; |TSS) +as |STS) +as3 |SST) .
(E.21)

160



E.2 Proof that rainbow scars are eigenstates

Applying the Hamiltonian to this state and after some algebra, we obtain
H )= = Ja 1) + [281 (w1—w2) +Je1 (a2—0a1)] (DHS) — [HDS))
+ [252 (LUQ—CU3) —|—J672 (Oég—ag)] (|SDH> — ‘SHD)) (E.22)
+ (Je2B1 — Jeaf2) ((HTD) — [DTH)) .

For |[¢) to be an eigenstate, all prefactors must cancel and so the coefficients must obey

2ﬁ1 (wl—wg) —|—Je’1 (042—011) =0, (E23)
2035 (w2—w3) +Je72 (043—012) =0, (E.24)
Je281 — Je1 B2 = 0. (E.25)

In general, we have 5 unknowns but only 3 equations. The normalisation of the state
provides a fourth equation, leaving room for two solutions. The first option is to set
all a;; to be equal and all 3; to zero:

Qj = 1, ﬂj =0. (E26)

From Eq. (E.21), it is straightforward to see that this corresponds to the scarred state
of the first family, |E1). The other solution is given by the scarred states of the second
family that obey (up to a normalisation factor)

1 Je
= wj — i Zwk =Wk, Bj= ;’j . (E.27)
k

This is easy to see from Eqs. (E.23)-(E.25) as Wy — Wgt1 = wg — wWg+1. The reason
why the @y, are used instead of the wy is to guarantee that the two families of scars are
orthogonal as their overlap is given (up to their normalisation factors) by > j1xw; =0.
This completes the proof for the special case of M = 3. However, generalising this to
an arbitrary M is now straightforward. The general state is

[v) = 81 ((HDS...S)+|DHS...S)) +32 (|S...SHDS) +|S...SDHS))
+...4Br—2(]S...SHD) +|S...SDH)) +3/_1 ((HDS...S) + |DHS...S))

a1 |TS...8) 4 |STS...S) +... +an [S...ST) — (M—2)J, |4)).
(E.28)
Now we have M different a; and M — 1 different 3;, so 2M — 1 unknowns in total. For
each block of 2 x 2 sites we get an equation similar to Egs. (E.23) and (E.24). Thus,
for j =1to M — 1 we have

28 (wj—wjt1) +Jej (ajr1—aj) = 0. (E.29)

For each rectangular block of 2 x 3 sites we get an equation similar to Eq. (E.25).
Hence, for j =1 to M — 2 we have

Jejt1Bj — JeiB+1=0. (E.30)

For a chain with 2M sites, this yields (M —1)+ (M —2) = 2M —3 equations. Adding the
constraint of normalisation, this always leaves us with two scarred states with energy
—(M — 2)J, (assuming the equations are linearly independent). It is straightforward
to check that the two solutions given in Egs. (E.26) and (E.27) are still valid.
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E.2.3 Other values of n

While we treated the case n = 1 on its own to provide a simple example, the recipe is
exactly the same for general n (except for n = 0 and n = M that were already proven).
We use the same Ansatz in which we only consider states with one DH + H D pair in
a background of n — 1 triplets and M — n — 1 singlets and states with n triplets and
M — n singlets.

We first restrict our investigation to an arbitrary location k, k + 1 for the hole-
doublon pair.

[Y)=6; (... XHDY...)+|...XDHY ...)) +arg|... XTSY ...)+agr|... XSTY ...),
(E.31)
where X and Y denote either S or T. For ]AlL, the contribution on all other sites except
k and k 4 1 is diagonal and equal to J,(2n — M). Therefore, to prove that states
are eigenstates with this energy, we need to prove that the action of the rest of the
Hamiltonian annihilates the state. For IA’Llllk 41 we only have to care about the action on
sites k—1 to k4 2. Indeed, the rest of the state is composed of triplets and singlets. For
any other pair, if it is SS or T'T, then it is annihilated by the action of the Hamiltonian.
If, instead, it is T'S, then there exists another state in the superposition, with the same
weight, that has ST instead. Therefore, their superposition is also annihilated by the
Hamiltonian.
First, we can look at what happens if we act on the middle pair. This leads to

25]‘ (wj—wj+1) (‘ ..XDHY .. > — ’ .. XHDY .. >)

+Jo; (asr—ars) (... XDHY ...} — |... XHDY.. ), (E.32)

and so
20 (wj — wjs1) + Jej (s — arg) = 0. (E.33)

We get a unique equation for every of the M — 1 pair of sites and for every of the (]\f__f)

possible background configurations, where n = 1 to M — 1 is the index of the scarred

states.
Now we still need to look at the effect of Al on XD, XH (as well as HY and DY).
For that, we need to also consider the DH and HD pair placed one site to the left:

Bi—1(|...HDXY...)+|...DHXY...)) +8; (|... XHDY...)+|... XDHY .. .)).

(E.34)
Applying the Hamiltonian to these states leads to
Bj-1Jey (|- HXDY..) ~|... DXHY ...} )
—BiJejr (|- HXDY..) +|... DXHY ..)), '
where X = T if X =S and X = S if X = T. Hence we get an equation
Bj-1dej — Bjdej—1 =0, (E.36)
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E.2 Proof that rainbow scars are eigenstates

for j =1 to M — 2. Thus, for the § coefficients, we always have M — 1 unknown and
M — 2 equations. Furthermore, these equations take the form of Eq. (E.36) and are
identical for any value of n. Once again we recognise that setting all a equal and all g
to 0 is a valid solution, and so the first family of scarred state is indeed an eigenstate.
As for the n = 1, we also recognise that Eq. (E.36) admits ; = J. ;/2 as a solution.

For the a, if we add a contribution of @; for each site that has a triplet on site j as in
the second family of scars, we recognise that agr and apg have the same contributions
outside of site k and k+1. It is then straightforward to see that cgr —ars = Wj1 —w;
and that Eq. (E.33) is satisfied, concluding our proof.
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APPENDIX F

Entanglement entropy of rainbow scars

In this Appendix, we discuss the entanglement entropy of the two families of scarred
eigenstates in the XY ladder of Sec. 6.3. Due to the su(2) algebra, the eigenstates of
the first family have the structure of angular momentum eigenstates. As a result, they
have entanglement entropy scaling as o In(M). In fact, it is straightforward to compute
their entanglement entropy analytically. Let us assume that M is even and equal to
2R. For simplicity, we will concentrate on the state with n = R which has exactly zero
energy, as it has the highest entanglement entropy among all scarred states. We will
make heavy use of the state |a,b), which as we recall denotes the superposition of all
states with a singlets and b triplets. Using this notation, it is easy to decompose the
state |ER) as

=

RR) 1

\/W a2 Z\R k.k)® |k, R — k)= Zﬁlm ® |ok), (F.1)

R =

|ER) =

where |1 k), |12) are the normalised versions of |R — k, k) and |k, R — k), respect-
ively. From the last expression, we recognise the prefactors as the Schmidt coefficients.
Therefore, the entanglement spectrum has R+ 1 = M/2 + 1 non-zero values with

(F.2)

for k=0,1,..., R. In the large-M limit, one can perform a saddle-point approximation
to arrive at the result S; | = 0.5+0.5In(wM/8), demonstrating the logarithmic scaling
with system size.

For the second family of scars, the computation is more arduous as the entanglement
entropy depends on the disorder realisation. Here we provide an exact computation
for a few extremal cases. While we do not have proof that these are the cases with
maximum and minimum entanglement entropy, they match with the results of our
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F. ENTANGLEMENT ENTROPY OF RAINBOW SCARS

numerical optimisations. First, we can focus on the |J. | > |w| case, in which we
assume that the wy are negligible. Let us also set all J,j equal to 1, except for the
middle one which we set to J, g = J.. We can then find the Schmidt decomposition of
this state as

R— R-2
E}) H) |k, R—1—-k) + b k+1, R—1—k
|ER) = N ) @ [H) [k, R—1—Fk) + 2NR,§)|ka>®| +1L, R )
J. R 1 R-2
QNszouz 1—k, k) |H) ® D) |k, R—1— k>+TZ|k+1R 1-k) ® o)
(F.3)
with 1
|91k) Z<|DH +|HD>AJ-)®|R—2—7€J€>XJJ
7j=1
o (F.4)
(o) =Y (|DH), +[HD), ) ®|R-2k,k)z ,
j=R+1

where A; denotes sites j and j + 1 while Kj denote all other sites in the same half-
system. To find the Schmidt coefficient the only step left is to normalise each ket in
the decomposition. We already see that we have at most 4R — 2 = 2M — 2 non-zero
coefficients, showing that a state of this form can have, at most, entanglement growing
as In(M).

Let us first write down Ng from Eq. (E.18) as

N = \}id (25_12> (J2+ M —2). (F.5)

Consequently, the contribution to the entanglement spectrum in the first two sums are
identical and given by

DH HD __ J2 (Rk 1)

Similarly, the third and fourth sums have the same coefficients given by

(R—-1) ( )(k+1) _

1 k
(J2+M-2) (32

P =D =

(F.7)

The maximal entanglement entropy is obtained for J, = J* which scales as v M. In
that case, we find numerically that SY* = S; | + In(4) in the large-M limit. It is
easy to understand how this additive factor can appear. For the first family of scarred
states, we have R + 1 non-zero values in the entanglement spectrum, while in this case
we have 4R — 2. For R very large, this is a fourfold increase of the number of non-zero
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Figure F.1: a Entanglement entropy computed from the analytical formula of the entanglement
spectrum. The gray and black lines represent the expected large-M limit and they are in good
agreement with the data already for M ~ 20. b Difference between the data and the large-M
prediction. For all three cases, the difference approximately decays as a power-law. We find
that the slope is approximately —1, indicating a decay of |AS, | as ~ 1/M.

values. As they have a similar distribution, this leads to a simple additive factor of 4
due to the log involved in the calculation.

The case with minimal entanglement entropy is in the limit of a single J. (with
k # R) being much larger than all other ones. For simplicity, let us consider Je y = 67 j.
Then the state can be decomposed as

|Ep) = LRX_:Q |([DH) + [HD)) ® |[R—2—k, k) | @ [k+1, R—1-k).  (F.8)
2(2112%—_12) k=0

This gives us only R—1 Schmidt values, and the entanglement spectrum can be written
down as R R
Gl
(i)
In the limit of large M, we recover the same result as for scarred state of the first family
énf = 51,1 =0.5+0.5In(wM/8). This can, once again, be understood simply from the
number of nonzero values in the entanglement spectrum as their distribution is similar
in both cases. As they have, respectively, R — 1 and R + 1 such values, they become
identical at leading order in the large M limit. For all three cases, we can compute the
entanglement entropy efficiently from the analytical form of the entanglement spectrum
for systems with hundreds of sites. Fig. F.1 displays this along with the expected large-
M behaviour. We find very good agreement between them already at M ~ 20, with
the difference between them decreasing as 1/M.

Pk = (F.9)
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While we do not have a proof that the cases treated are the true maximum and
minimum of Sp | we now illustrate numerically that they provide excellent bounds in
the large N limit. Fig. F.2a shows the entanglement entropy obtained for multiple ran-
dom realisations with different ranges of parameters, and for numerical minimisation
and maximisation over all J.j and wj; parameters. For the minimum we find exact
agreement between our analytical and numerical results. For the maximum case, we
find that in smaller systems, realisations with large disorder can have slightly higher
entanglement entropy than our analytical Ansatz. Nonetheless, the difference between
the numerical and analytical maxima quickly decreases as N gets larger. This is con-
firmed by looking at the entanglement spectrum. In all states obtained by numerical
maximisation of entropy, there are exactly N = 4R nonzero values in it. This pre-
cludes them from being volume-law states. Asymptotically, this will also be equivalent
to the 4R — 2 nonzero values in our analytical Ansatz, up to 1/N corrections. For these
reasons, we believe that the scarred states of the second family cannot be volume-law
entangled and that our analytical Ansatz provides an upper-bound in the large N limit.

a | - Rand e Min. numerical
31 -== Min. analytical = Max. numerical
Max. analytical
4|
wn 2
1< S———mm——mm——mmmm s é
24
b ® 1st kind
31 ® 2nd kind
— °
w, | s e,
1+ : i : : * , , i ,
—7.5 —5.0 —2.5 0.0 2.5 5.0 7.5

Figure F.2: a Entanglement entropy of the scarred state of the second family with
E = 0 for random realisations, for the analytical formulas, and from numerical minimisa-
tion/maximisation. As N increases, the analytical and numerical results converge. b Entangle-
ment entropy of eigenstates in the @@ = 0 sector for N = 12 in the parameter regime found to
maximise the entanglement entropy of the scarred state of the second family. The non-scarred
eigenstates concentrate around an arc, as is typical from chaotic systems. This shows that high
entanglement entropy can be obtained without getting close to a fine-tuned point where all
parameters are identical.

The maxima of entanglement entropy obtained numerically are also useful to show
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that it cannot only be reached by fine-tuned cases where many parameters are identical.
As these case might be integrable or have additional symmetries, they are usually not
trivially chaotic. Meanwhile, the numerical maxima do not have degenerate parameters
and generically show characteristics of ergodic systems. This can be seen for example
in the N = 12 case, for which the entanglement entropy of eigenstates is plotted in

Fig. F.2b. The concentration of points around an arc is typical of systems obeying the
ETH.
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