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Abstract

In this Thesis, we study problems in quantum thermalization and quantum metrology in inter-
acting spin systems, using the quantum Ising model as a prototypical spin model. Both the
research areas have been rapidly growing due to the experimental progress in observing and
engineering non-equilibrium dynamics in highly isolated quantum systems. The phenomenon
of thermalization has been ubiquitously demonstrated in unitary quantum dynamics, leading to
developments in the theoretical investigation of the underlying mechanism as well as non-trivial
exceptions. Quantum metrology offers ways to improve the sensitivity of measurements by ex-
ploiting many-body entanglement, which is generated but also disturbed by internal interactions
in the probe system. Exploring the systems that avoid thermalization will deepen our under-
standing of quantum thermalization as well as will give us hints to design new approaches for
realizing entanglement-enhanced sensing with interacting spin systems.

First, we show the emergence of non-ergodicity in Ising models in a weak transverse field.
While quantum thermalization of the transverse-field Ising models (TFIMs) is a fundamental
problem of statistical physics, it remains unsolved in higher than one dimension because of
the models’ non-integrability. Here, we adopt an effective model describing the dynamics and
rigorously demonstrate the emergence of a nontrivial fragmented structure of the Hilbert space
that prohibits thermalization. We show that this mechanism, which is called the Hilbert-space
fragmentation (HSF), is due to a kinetic constraint arising from the conservation of the domain
wall emerging in the TFIM in a prethermal regime.

Second, we propose a novel entanglement-enhanced sensing scheme for magnetic field sens-
ing in a strongly interacting inhomogeneous Ising model in two dimensions. Although interac-
tions between qubits are crucial for creating entanglement in quantum metrology, they can also
destroy relevant entanglement due to thermalization. Our strategy here is to tailor coherent dy-
namics employing the HSF by constructing a quantum state that is useful for sensing a weak
transverse magnetic field but is stable against strong Ising interactions. Our method is robust
against various perturbations, such as changes in the lattice structure and inhomogeneity of the
couplings, and realized without any active control. From analytical calculations, we show that
the Heisenberg-limited sensitivity can be achieved by using our state.

Third and finally, we propose another entanglement-enhanced sensing scheme for magne-
tometry. Existing sensing schemes so far have often required accurate control of the probe
system, which can be challenging in practical applications. We here utilize a propagation dy-
namics of spin flips in an Ising chain with homogeneous interactions for generation and readout
of the GHZ-type entangled states. Our scheme does not require long-range interactions, en-
tangling gate operations, or switching on/off the interactions among qubits. It only requires fast
thermalization of the probe, two projective measurements on a single qubit, and switching on/off
uniform magnetic fields. We also numerically show that the sensitivity of our scheme beats the
standard quantum limit even under the effect of realistic decoherence.
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Chapter 1

Introduction

1.1 Introduction

Last decades have witnessed remarkable progress in experimental techniques for observing and
controlling quantum many-body systems. Ultracold atoms and trapped ions provide good plat-
forms for simulating physics in a variety of models [1]. Thermalization is one of the commonly
observed phenomena even in isolated quantum systems. Advances in theoretical studies of quan-
tum thermalization have attracted attentions not only from condensed-matter physicists, but also
from high-energy physicists and researchers in other fields [2, 3]. There are also significant
progress in quantum-based technologies due to continuing efforts in controlling quantum sys-
tems including superconducting qubits, nitrogen-vacancy (NV) centers in diamonds, and pho-
tonic systems. Quantum metrology is one of the technologies, which were only theoretical
proposals a several decades ago but are now beginning to be used in real-world applications
[4]. Further developments in the technology to create and manipulate quantum entanglement in
many-body systems would provide, for example, quantum magnetic-field sensors with dramati-
cally high sensitivity [5]. These two areas of active studies, namely quantum thermalization and
quantum metrology, will be advanced by expanding our knowledge of non-equilibrium dynam-
ics of quantum many-body systems.

In this Thesis, we theoretically study quantum thermalization and quantum metrology us-
ing the quantum Ising model, which is one of the paradigmatic models of quantum many-body
systems. By focusing on dynamical features which arise specifically for strong Ising couplings
in the model, we give analytical results that offer some new insights into the two fields of re-
search. Specifically, we will reveal the emergence of novel physics in the quantum Ising model
called the Hilbert space fragmentation (HSF), which serves as a mechanism for the absence of
thermalization. The study of such non-equilibrium physics in quantum many-body systems is
also relevant for quantum technologies that make use of a large collection of interacting parti-
cles. In this regard, in the latter part of this Thesis, we focus on the application of knowledge
found in quantum Ising models to the area of quantum metrology. We will propose new schemes
for entanglement-enhanced sensing of weak magnetic fields by utilizing the HSF or so-called
quantum domino dynamics that emerges in Ising models in a weak transverse field.

In this Chapter, we provide an overview of the two areas of quantum thermalization and
quantum metrology to describe the motivation behind our research in each area, followed by a
brief introduction of the the quantum Ising model. We then present the organization of the The-
sis. In addition, using the remainder of this Chapter, we review important concepts underlying
our studies.



1.1.1 Quantum Thermalization

Thermalization in isolated quantum systems has been studied for a century mainly in the con-
text of deriving statistical mechanics from quantum mechanics. It is widely observed that a
macroscopic system evolves towards an equilibrium if left alone, regardless of the details of its
initial state. In general, the final equilibrium state is described within the framework of statis-
tical mechanics using thermal equilibrium states. The goal of this field is to understand how
this final equilibrium states manifest themselves in non-equilibrium quantum many-body sys-
tems. Important questions include the followings: which systems do thermalize?; how do the
systems thermalize?; more specifically, in what way does thermalization take place under the
unitary evolution? One of the most important achievements on the last question is the eigenstate
thermalization hypothesis (ETH) [6, 7, 8]. This is a conjecture that all energy eigenstates are
locally “thermal” in generic many-body systems in the sense that each of them is locally indis-
tinguishable from the thermal state with the same energy. ETH provides a sufficient condition
for thermalization in isolated quantum systems and its validity has been examined and supported
numerically in a wide range of systems [8, 9, 10, 11, 12, 13, 14, 15]. While several analytical ar-
guments imply that thermal eigenstates are indeed ubiquitous [16, 17, 18, 19, 20, 21, 22], it is in
general not yet clear that for what systems the ETH is validated as there are obvious exceptions,
e.g., models with integrability and localization.

Recently, there has been increasing interest in models that fail to thermalize, which is a
promising direction in investigating conditions for quantum thermalization. Well-known classes
of such models include integrable systems [23, 24], which possess an extensive number of local
conserved quantities, and systems with many-body localization (MBL) [25, 26], which pos-
sesses localized eigenstates due typically to disorders in the system. Systems with so-called
quantum many-body scar (QMBS) states [27, 28] are another class of models. They are actively
studied after the recent discovery in the cold-atom experiment [29, 30]. In systems with QMBS
states, the ETH is violated despite being non-integrable and translationaly invariant, and certain
initial states fail to thermalize. The QMBS states appear as exceptional nonthermal eigenstates
in the high-energy spectrum of systems that typically thermalize and seemingly satisfy the ETH.
Numerous mechanisms have been proposed and advanced our understanding, including those
in which algebraic relationships play an important role [31, 32], but unified understanding of
QMBS states 1s rather missing.

The Hilbert space fragmentation (HSF) [33, 34, 35, 36] is another new type of mechanism
that prohibits thermalization even in non-integrable systems, without relying on the translation
invariance and fine-tuning of the Hamiltonian, in stark contrast to typical models hosting QMBS
states. In fractonic systems [37, 38], for example, kinetic constraints impose restrictions on
the dynamics, leading to a fragmented structure of the Hilbert space with exponentially many
invariant subspaces. Consequently, the equilibration dynamics strongly depends on the choice
of the initial state, even among the states having the same conserved quantities, which is an
indication that the ETH is violated. For many previous models showing the HSF, relevant kinetic
constraints were attributed to the presence of at least two conserved quantities and the locality
of the interaction [27, 28, 39]. To gain better understanding as to what mechanism suppresses
thermalization, it may be helpful to investigate other models that allow us to study the HSF
analytically. In the present Thesis, we will explore a novel example of quantum systems in
which the HSF emerges.



1.1.2 Quantum Metrology

Improving the sensitivity of measuring observables in physical systems is of fundamental im-
portance in both science and engineering. Quantum metrology, which investigates the ulti-
mate precision for sensing that can be achieved given a finite resource, such as the number of
probe particles, has been shown to be beneficial in many areas including magnetometry [40, 41],
atomic spectroscopy [42, 43], and gravitational wave detection [44, 45]. One important goal in
this field is to materialize sensors that exploits quantum nature and achieve the sensitivity be-
yond classical limits. In this Thesis, we focus on quantum metrology in measuring strength of
magnetic fields using an ensemble of probe qubits.

A key observation in quantum metrology is that entangled states can give a better sensitivity.
Typically, quantum sensing schemes for external fields consist of preparing the probe spins in a
specific quantum state, exposing the state to the target field, and performing measurements on
the probe system [46]. It has been shown that the estimation error scales maximally in N~1/2
when we use separable states as the initial state, where N denotes the number of probe spins.
This type of scaling is called the standard quantum limit (SQL). On the other hand, the scaling
can be improved to N~! when we use entangled states. This scaling is called the Heisenberg
limit (HL), which shows an N~/2 enhancement over the SQL [47]. The Greenberger-Horne-
Zeilinger (GHZ) is known to be a promising probe state for acchieving the HL [48], and the
Heisenberg-limited sensitivity is demonstrated experimentally using such non-classical states
[42].

There are various obstacles in realizing highly sensitive quantum sensors on a large scale.
The major challenges include precise generation of useful entangled states, accurate measure-
ments and controls on the probe system, and the suppression of noises arising from interactions
between the probe and environments or interactions among probe spins. For example, the envi-
ronmental noise, or the decoherence effect, generally deteriorates the scaling of the sensitivity
from the HL to the SQL as N goes to infinity [49, 50], while some improved scalings survive
for certain types of the environmental noise [51, 52, 53, 54]. In practice, probe systems consists
of finite number of probe spins in experiments and the dominant noise depends on the settings.
If a quantum sensing is performed in a time that is much shorter than the timescale of decoher-
ence, the environmental noise can be made negligible. Therefore, the sensitivity in the quantum
strategies can beat that in classical strategies in some cases even when the probe system is not
isolated from the environments completely.

However, preparation and readout of entangled probe state and suppression of the noises
from internal interactions remain as challenges for interacting probe systems, especially when
the controllability of internal interactions is limited. Importantly, the probe states that achieve
the HL should possess appropriate entanglement [55, 56], which are usually generated employ-
ing internal interactions. However, these interactions, if exist during the interrogation step, can
cause unwanted dynamics, such as quantum thermalization, and would spoil the sensitivity [57].
In some experimental settings, such as when a dense ensemble of solid state qubits are used as
the probe system, dynamical control of interactions or precise tuning of the coupling strengths
should be difficult. In this case, one would have to suppress the interactions by, e.g., implement-
ing a large number of pulses [58]. In the latter part of this Thesis, we consider quantum sensing
schemes in the presence of always-on internal interactions among probe spins. In particular, we
discuss entanglement-enhanced sensing schemes using the probe system with Ising interactions.



1.1.3 Quantum Ising model

In this Thesis, we consider systems of interacting qubits, i.e., interacting spin-1/2 particles,
arranged mainly on hyperqubic lattices with Ising-type couplings under a homogeneous trans-
verse field. Such systems are described by the quantum Ising model, or the transverse-field Ising
model (TFIM), whose Hamiltonian is given by

I:ITFIM = ﬁint + Hr, (1.1)

Hyy ==Y J;6767, (1.2)
(i.3)

H,=h, Y &7, (1.3)

where ¢! (u = x,y, z) denotes the Pauli spin operators at site ¢ and (7, j) indicates that the sites
¢ and j are neighboring. In Eq. (1.2), J;; denotes the Ising coupling strength between spins and
in Eq. (1.3), h, denotes the strength of the transverse field. We will change the notation of the
transverse field strength in some chapters according to the physical meaning. Throughout the
Thesis, we set b = 1. In Chapters 2 and 3, we consider lattice systems in d > 2, while in
Chapter 4 we consider the case in d = 1, where d denotes the spatial dimension of the system.

Despite that solving it is challenging in general, the quantum Ising model allows for ana-
lytical treatment under certain conditions and is widely used as a textbook example of quantum
many-body systems in condensed-matter physics and statistical mechanics. For d = 1, the
model becomes exactly solvable [59, 60, 61] and serves as good a example of quantum phase
transition as it undergoes a phase transition at zero temperature at a certain value of h, [62].
However, it is highly non-trivial to solve the model in d > 2. If h, is set to zero, the model is
reduced to the Ising model, and all the energy eigenstates can be obtained as computational basis
states with macroscopic degeneracy. Statistical properties of the classical Ising model including
a finite-temperature phase transition are also well investigated [63]. On the other hand, quantum
tunneling takes place due to the transverse field for a finite h,, and analytically exact calcula-
tions on individual eigenstates or thermal equilibrium states become difficult. Since numerical
simulations are often limited to systems with a few dozen sites, it is generally challenging to
investigate the dynamics of the quantum Ising model in d > 2.

The study of the quantum Ising model is motivated not only by theoretical interests, but also
from its experimental relevance. To begin with, it is said that this model began to be widely
studied after the introduction by de Gennes to consider dynamics in chemical substances [64].
This model is also important for examining magnetism and ferroelectrics [65, 66]. Ising-type
interactions are realized for example in cold atoms [67], trapped ions [68] and super-conducting
qubits [69], and the quantum Ising model is also used as a fundamental model for experimental
devices in adiabatic quantum computations [70, 71, 72, 73]. Advancing our understanding of
this model has a potential to impact a wide range of research areas.

The present Thesis focuses on this model (1.1). In particular, we consider the parameter
regime of |h,| < |J;;| in studing quantum thermalization and quantum metrology. As will be
reviewed in Sec. 1.3 and illustrated through the Thesis, the model shows notable features in
this regime, although exactly solving its dynamics remains difficult for finite values of A, in
d > 2. For quantum thermalization, we reveal the emergence of non-thermalizing behavior in
this model. For quantum metrology, we consider using the Ising model as a probe system. In
the latter case, the transverse field serves as a target field to be estimated in Chap. 3 while it acts



as an external control field in Chap.4.

1.2 Organization of the thesis

Motivated by the problems in quantum thermalization and quantum metrology, which we overviewed
in the previous sections, we investigate the following three issues in this Thesis: relaxation
dynamics in the quantum Ising model in higher than one dimension (Chapter 2), protecting
metrologically useful states for estimating magnetic fields in the presence of internal interac-
tions (Chapter 3), and preparing and reading-out entangled states for quantum sensing with low
controllability on the interacting probe spins (Chapter 4). Interactions among spins generally
cause chaotic dynamics that often leads the system to eventual thermalization. Nonetheless,
when certain types of interactions become dominant in the quantum system, new physics can
emerge. In this Thesis, we particularly focus on exploring and employing dynamical properties
of the quantum Ising models under weak transverse fields, where Ising interactions dominate
the system.

Chapter 2 is based on Ref. [74]. Here, we investigate equilibration properties of the d-
dimensional quantum Ising models (transverse-field Ising model, TFIM) with d > 2. Specifi-
cally, we study the effective model which describes dynamics of the TFIM in a weak transverse
field in an intermediate timescale. We demonstrate that the Hilbert-space fragmentation (HSF)
occurs in this effective non-integrable model due to a kinetic constraint arising from the domain-
wall conservation. The model serves as a novel analytical example of the appearance of the HSF
with only one conserved quantity. We will present results that imply the existence of nontrivial
initial-state dependence of non-equilibrium dynamics of the TFIM in a weak transverse field.

Chapters 3 and 4 are devoted to discussions on entanglement-enhanced sensing schemes us-
ing systems with always-on nearest-neighbor Ising interactions. Chapter 3 is based on Ref. [75].
In this Chapter, we construct a quantum state that is useful for sensing a weak transverse mag-
netic field but is stable against strong Ising interactions with a spatial inhomogeneity. Here,
we utilize our finding on the HSF in Chapter 2 and mainly consider the two-dimensional TFIM
that possesses modest non-uniformity in the Ising couplings. From analytical calculations, we
show that the Heisenberg-limited sensitivity can be achieved by using our state. The sensing
scheme that we illustrate here provides a new approach to entanglement-enhanced sensor with
interacting probe systems without requiring dynamical controls during the interrogation step.

Chapter 4 is based on Ref. [76]. Here, we propose another quantum sensing scheme which
uses a homogeneous Ising interaction for generation and readout of the GHZ-type entangled
states. Unlike in Chapter 3, we consider using a one-dimensional Ising model as the probe sys-
tem to estimate a weak longitudinal field. A propagation dynamics called “quantum domino”
dynamics, which occurs in the Ising chain under a weak transverse field, plays an important role
in our scheme. This enables us to design our sensing scheme, which only requires initialization
of the system, projective measurements on a single spin, and control of global magnetic fields.
We also consider the effect of an environmental noise in this Chapter and numerically demon-
strate that an improved sensitivity beyond the standard quantum limit can be achieved even in
the noisy case.

Finally, in Chapter 5, we give a conclusion of this Thesis and future perspectives of our stud-
ies. We also have Appendix A, which provides a full proof for the theorem about the timescale
on the effective description of the model in Chapter 3.



1.3 Preliminaries

In the remainder of this Chapter, we review important concepts on underlying this Thesis.

1.3.1 Thermalization in isolated quantum systems

In the following two subsections, we briefly review basics of quantum thermalization in iso-
lated quantum systems and introduce the eigenstate thermalization hypothesis (ETH) [11, 77].
Throughout the Thesis, we consider finite-dimensional quantum systems on discrete lattices.
We use N to refer to the number of the sites in the system.

In isolated quantum systems, the time-evolving state of an initial pure state at time ¢ is
described as

(1)) =Y cne™ B, (1.4)

where |E,,) denotes the eigenstate of the system Hamiltonian H with its eigenvalue £, and
¢, denotes the expansion coefficient of the initial state with respect to |E,), i.e., [1(0)) =
>, Cn | Ey) with Y- |c,|? = 1. Typically, we are interested in measuring local observables or
their spatial correlations in experiments. Below, we restrict obserbles of interest to a set of local
observables, which either have a strictly finite support on the lattice or are extensive summations
of them.

Intuitively, thermalization describes a process in which, after a certain relaxation time, the
expectation values of such observables attain those obtained by microcanonical ensemble aver-
age, i.e.,

O(t) == (1) O [Y(t)) — Omers := Tt [ﬁmc,EO] (1.5)
with
1
ﬁmc,E = |En> <En‘ ) (16)
NE"SE ESE;ME

where E = ((0)| H [1(0)) denotes the energy which defines the microcanonical energy shell
Hme,E> the state pr, g denotes the microcanonical ensemble in Hy,c g, and N, £,sr denotes the
number of the energy eigenstates in H,,. z. The width of the energy shell 6 £' is taken appropri-
ately so that it may become subextensive, i.e., 0 E = o(/N), while keeping the number of states
in H g large, i.e., N, s > 1. In fact, thermalization in isolated quantum systems have been
observed in various experiments [78].

1.3.2 Quantum thermalization and equilibration

Generally, quantum thermalization is formulated using combination of the following two condi-
tions.

(A) The temporal expectation value O(t) coincides with its long-time average for almost all
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the time ¢, i.e.,

O(t) ~ O(t) := lim l/Tdt()(t). (1.7)

T—o0

(B) The long-time average O(t) coincides with the microcanonical expectation value for the
same energy £ when we igonore the subextensive deviations, i.e.,

O(t) ~ Oe.p- (1.8)

If both conditions are satisfied for arbitrary local observables, a system is said to be quantum
thermalized.

The condition (A) of quantum thermalization, namely equilibration, can be assured to be
satisfied under some assumptions [79, 80, 81, 82, 83, 84]. For example, when the system Hamil-
tonian satisfies a non-resonant condition, that is, £, — F,, = E) — Ej if and only if n = k and
m = lorn = m and k = [, one can show that the temporal fluctuation of O(t) is bounded as
[79]

el I (6]
AOQ) = (O(t) - O(t)) < , (1.9)
Deff
where || - || denotes the operator norm. Here, the effective dimension D.g is defined as Deg :=

1/>" lea|*, which evaluates the effective number of the energy eigenstates involved in the
initial state. Therefore, when D.g is large, which is expected since the number of energy levels

grows exponentially in N [85], the temporal value O(t) becomes almost always close to O(t).

On the other hand, the condition (B), which is a crucial part of quantum thermalization, is
in fact not trivial compared to the condition (A). (When the second condition is satisfied for
any initial states, quantum systems are called ergodic or thermal.) One can easily see that the
long-time average W described in Eq. (1.7) can be written as

O(t) =" |eal* (B, O |E,) (1.10)

from Eq. (1.4), assuming no degeneracy in the Hamiltonian of the system. Equation (1.10) shows
that O(t) always keeps its initial state information through |c,|?, which seemingly contradicts
with the expectation that thermalization is not sensitive to the detail of the initial state.

Before introducing a possible explanation of this contradiction in the next section, we briefly
remark on prethermalization phenomena [77]. Even if the equilibration is guaranteed for a
system, the time scale that is required to reach the final equilibrium can become longer than
the experimentally reachable time in some cases [86, 87]. In such systems, we can observe
prethermalization, which indicates the appearance of a quasi-stationary non-equilibrium state
before reaching the final equilibrium. In Chapter 2, we will consider and discuss thermalizaion
properties of the effective model that describes dynamics of the quantum Ising systems in the
prethermal timescales .
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1.3.3 Eingenstate thermalization hypothesis

The idea of eigenstate thermalization is said to be initiated by von Neumann [88, 89], then es-
tablished by J. M. Deustch [6] and M. Srednicki [7] independently while there are other notable
studies [90, 91, 92], and started to gain significant attentions following studies by M. Rigol
[93, 8]. Roughly, it states that all the energy eigenstates are already thermal and locally indis-
tinguishable from the thermal ensemble in the corresponding energy expectation value. Here,
we introduce the eingenstate thermalization hypothesis (ETH) in the following form: for all the
energy eigenstates | E,,),

(Eo| O|E,) =~ O, (1.11)

holds, when we ignore the subextensive deviations for any local observables O, where £/ ~ E,,.
The ETH is believed to hold for generic non-integrable systems, especially if we focus on the
energy eigentstates away from the edge of the spectrum. Specifically, the above notion of the
ETH is called the strong ETH, while there are weaker version of the ETH, so called the weak
ETH. The weak ETH relaxes the condition of “all” to “almost all” and allows vanishingly small
fraction of the eigenstates to break Eq. (1.11) [19, 20, 21].

The strong ETH serves as a sufficient condition for thermalization, in particular the condition
(B). This can be seen from combining Eqs. (1.10) and (1.11) as follows. We consider initial
states that have subextensive energy fluctuations. This is a reasonable assumption since for most
of the states prepared in quench experiments have at most O(N'/2) energy fluctuations [11].
Then, the dominant contribution of the summation in Eq. (1.10) is given by eigenstates with
energies close to the energy expectation value £, and we have

S el (Ba O1E,) = > len*One, (1.12)
~ Ome,p Y _ |cnl? (1.13)
= Ome,E5 (1.14)

where we used Y |c,|* = 1. This shows that the long-time average O(t) is reduced to the
microcanonical average for any initial state with sufficiently small energy fluctuation. We note
here that the weak ETH does not guarantee thermalization since Eq. (1.14) is invalidated if we
choose an initial state that has a large overlap |c,,|> with exceptional non-thermal energy eigen-
states. This explains why, despite the weak ETH being demonstrated under general conditions
independent of the integrability, many integrable systems fail to thermalize [94, 93, 24].

1.3.4 Integrable systems

We briefly explain the integrability of quantum systems at this point. For classical systems, the
integrability is defined by the existence of many integrals of motion whose number coincides
with the number of degrees of freedom. On the other hand, the definition of quantum integra-
bility is somewhat ambiguous. Generally, a quantum system is called integrable when there are
an extensive number of local conserved quantities and all energy eigenstates can be specified
using those conserved observables [95, 96, 97]. Systems that are solved using the Bethe ansatz
or that can be mapped to non-interacting systems are commonly seen as prototypical examples
of integrable systems, the latter of which includes the models that will appear in this Thesis.
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One important diagnostics of integrability or non-integrability that is widely used is the
statistics of the energy-level spacings [11]. For integrable systems, the statistics is expected
to be given by the Poisson distribution, while for non-integrable systems, the distribution is
expected to follow the results from random matrix theories [98]. In particular, when the system
does not have certain types of symmetries, the distribution is given by the so-called Gaussian
orthogonal ensemble (GOE) [99].

We note here that the GOE distribution is obtained typically only after resolving apparent
symmetries, whereas the Poisson-like distribution often appears when symmetries such as in-
version are unresolved [100, 101, 11, 102]. For example, when a model has the particle-number
conservation, the energy-level statistics is calculated after specifying the particle number and
then considered to be non-integrable if the GOE distribution is observed [103, 104]. This is also
the case when the ETH is numerically checked in non-integrable models, i.e., the validity of
Eq. (1.11) is usually examined for energy eigenstates after resolving symmetries [11, 105, 106].

1.3.5 Hilbert space fragmentation

The Hilbert space fragmentation (HSF), or Hilbert space shattering, refers to a phenomenon in
which the Hilbert space of a non-integrable system is divided into a large number of invariant
subspaces [27, 28, 39]. In general, this can be characterized as the appearance of exponentially
many Krylov subspaces. A Krylov subspace is defined by

Hyg = span{|¢), H |¢), H*|$), ...}, (1.15)

where H denotes the system Hamiltonian and |¢) is called the root state of this subspace. Typi-
cally, the dimension of H 4 becomes comparable to that of the entire Hilbert space of H when
we take |¢) as a product state. However, in some systems [34, 107, 35, 36, 108, 109, 110, 111,
112, 113, 114, 115, 116], the dimension of exponentially many Krylov subspaces can become
small, or even one, for simple root states. In other words, the Hamiltonian matrix of H is diag-
onalized into many blocks by taking appropriate product states as the basis states. Since each
block is disconnected, the initial state that is taken from one of the subspaces is confined into
each subspace and fails to thermalize.

We note here that a similar structure of the Hilbert space can be also found in integrable
systems with mutually commuting conserved quantities. In this case, each subspace, or energy
eigenstate, is characterized by the local conserved quantities. On the other hand, most of the
models showing the HSF exhibit many subspaces despite having only a few number of appar-
ent local conserved quantities and thus considered to be non-integrabile. In these models, each
sector that is characterized by the conventional symmetries further fractures into many nontriv-
ial subspaces, which is in stark contrast to generic non-integrable models that possess a few
conventional symmetries.

An important example of the HSF is found in the spin models with conservations of the
charge and associated dipole moment [35, 36, 113], which can be mapped from fermionic sys-
tems with conservations of the particle number and the center of mass [117, 34]. It has been
shown that the interplay between the two conservation laws and the locality of the interaction
leads to the HSF [36]. More concretely, there appear many configurations of spins which cannot
transition to each other via dynamics of the Hamiltonian due to constraints that are induced by
the conservations of the charge and the dipole moment. In many of the models showing the
HSF, the presence of dynamically frozen regions of spins leads to appearance of dynamically
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disconnected subspaces [34, 36, 35, 112, 113].

Another interesting characteristic that is often found in models of the HSF is the appearance
of subspaces with different equilibration properties. For example, models with conservations of
the charge and dipole moment [35, 36] exhibit subspaces that are non-integrable, integrable, and
those that can be mapped to the PXP model, the last of which is a prototypical non-integrable
model of the system with QMBS states [30]. Notably, it has been numerically observed that
some non-integrable subspaces obey the ETH, albeit that the thermal states here are defined
within the restricted Krylov subspaces [34]. Such appearance of non-integrable and integrable
subspaces in a single Hamiltonian is also found in some other models [33, 108], and can be
regarded as an important characteristic that often emerges in models with the HSF. This suggests
that, even if the model is non-integrable, dynamics specific to systems with integrability or
QMBS states can be observed, and thermalization does not always occur depending on the
initial states.

Although the HSF is a nontrivial phenomenon, it has actually been realized experimentally
and seems not limited to very specific settings [118, 119]. Therefore, it is important to explore
other examples that can be discussed analytically in order to build a unified understanding of
when and how the HSF occurs. In Chapter 2 of the present Thesis, we will identify the existence
of a previously unknown origin of this phenomenon, i.e., the emergence of the HSF in strong
relation to the conservation of the domain-wall number. Notably, we reveal that this novel
HSF emerges in one of the fundamental quantum models, namely the quantum Ising model, by
considering the first-order approximation in the weak-field limit of this model.

1.3.6 Ramsey measurement

In the following three sections, we introduce basic concepts on quantum metrology that we
use in this Thesis. Here, we review one of the standard sensing scheme, called the Ramsey
measurement (or the Ramsey interferometry), which we use in Chapters 3 and 4. Our goal is to
estimate the strength of an unknown static magnetic field w. We will consider using ensemble of
spins that are coupled with this target field as a probe system. The Hamiltonian of the coupling
to the target field is described by

N
~ w s
H, == ;1: 62 (1.16)

In this section and in Chapter 4, we consider the case in which the target is a longitudinal field,
while in Chapter 3 we will consider the case for a transverse field.

Typically, quantum sensing schemes consist of the following four steps: (i) arrange the initial
probe spins in a metrologically useful state; (ii) let them be exposed to the target field; (iii)
perform a projective measurement on the system and obtain an measurement outcome; and (iv)
estimate the value of w from the outcomes after repeating these procedures. Figure 1.1 (a)
illustrates these steps for estimating an external field using one spin.

In the standard Ramsey measurement using a single spin, the procedures (i)—(iv) are sum-
marized as follows. In step (i), we initialize the probe spin 1 in the state [¢)) = (|0), +[1),)/V/2,
where |0), (|1),) denotes the eigenstate of 67_, with the eigenvalue +1 (—1). In step (ii), let |¢))
evolve according to H,, for an interrogation time T}, and obtain |1)(Tjy)) = eTnt/2(]0), +

A

e~@Thnt |1),)/v/2. In step (iii), we perform a projective measurement P = (1 + 6¥)/2 on
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Figure 1.1: (a) Basic steps in a quantum sensing scheme. Repeating the sensing steps (i)—
(iii) for M times, we obtain measurement outcomes, which is used to estimate the unknown
target field w. (b) Error propagation in the estimation of w from outcomes of measurements
P. Since the expectation value P of P is determined by the target field w, we can estimate w
from P, as illustrated in the figure, when a one-to-one correspondence of w and P is guaranteed.
However, due to the quantum fluctuation in the measurement results, the estimated value of P
has the uncertainty that decreases as AP/+/M, where M denotes the number of outcomes and
the square root dependence comes from the central limit theorem. This uncertainty gives rise to
the uncertainty of the estimated value we;, which is obtained by dividing AP/+/M by |0P/ouw|.

|1)(Tiny)) and obtain a binary outcome. In step (iv), after M times of the repetition of (i)—(iii),
we evaluate the expectation value of the measurements in the form

P = (1+sinwTiy)/2, (1.17)

from which we estimate w. In particular, for small w, the presence of the target field leads to
a linear change in the average of outcomes as w ~ (2P — 1)/T},, and thus we can obtain the
estimated value of w from the average of the measurement outcomes.

We note here that the relative phase in Eq. (1.17) has an ambiguity, i.e., w and w &+ 27wm /Ty
are indistinguishable in the above scheme with m being integers. When there is no information
on the range of the target field strength, another phase estimation algorithm is usually employed
to resolve this 27-phase ambiguity in P [120, 121, 122, 123]. In contrast, when we a priori
have an approximate value of w, we can estimate w using the Ramsey scheme. In this Thesis,
we consider the latter case. In this case, the relative phase is usually tuned to be close to zero
because the slope |0P/0w| is maximized at w7}, = 0 and hence the presence of a finite but
small value of w with 0 < |w| < 1 can be efficiently detected from P [48, 46].

The uncertainty of the estimate of w is evaluated by considering an error propagation as in
[124] as

AP
|52 VM

where AP = /P(1 — P) denotes the standard deviation of P; see Fig. 1.1. The square-root
dependence on M can be regarded as a consequence of the central limit theorem. For a total
available time Ty, the number M is calculated as M = T,/ Tensing, Where Tiensing denotes a
combined time of the three procedures (i)—(iii), 1.€., Tyensing := Tprep + Lint + Tread- Here, Threp
denotes the duration time for initializing the probe system and 7.4 denotes the time to perform
the projection measurement. For simplicity, in this section, we take Tiensing = Zint by assuming

dw (1.18)
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that 7iy 1s much longer than 7}, and 7T,c.q. We will use the expression Eq. (1.18) in Chapters
3 and 4.

If we perform the Ramsey measurement using N uncorrelated spins, the number of the
measurement outcomes is enhanced from M to NM . Then, the uncertainty is estimated as
6w = N7V2(T,yTin)~/2, which shows the scaling N ~'/2 in the number of probe spins. In fact,
it is known that this scaling is the optimal if we use separable states, which is called the standard
quantum limit (SQL.).

1.3.7 The GHZ state in quantum metrology

Here we briefly review the use of the Greenberger-Horne-Zeilinger (GHZ) state [125] in quan-
tum metrology. The GHZ state is expressed as

IGHZ,) := <® ), + & !—>n> V2, (1.19)

where |+)  denotes the eigenstate of 6 with the eigenvalue +1, respectively, and the subscript
x in |GHZ,) here indicates that the state is specifically designed as the superposition of the two
basis states of ) | &7. This state is one of the prototypical states that have been used to realize
entanglement-enhanced sensing in quantum metorology [46]. In this Thesis, we consider using
the GHZ-type states in the Ramsey measurement.

The GHZ state can be employed to achieve a better scaling in N over the SQL for magne-
tometory without noise. Consider preparing the GHZ as our probe state in step (i) in the Ramsey
measurement that we introduced in the previous section. In this case, the state after step (ii) is
given by

N N
W}(Tmt» — einTinc/2 <® |+>n + e~ WNTing ® |_>n) /\/5 (1.20)
n=1 n=1

In contrast to the case in which we use separable states, this state (1.20) acquires the phase
difference that is enhanced with N. This phase can be read out by performing a projective
measurement P’ = |GHZ',)(GHZ' | with

IGHZ',) = <®\+>n+z’®y—>n> /V2 (1.21)

in step (iii), where the expectation value of the measurements is evaluated as
P’ = ((Tine) | P'|¢(Tine)) = (1 + sin NwThy ) /2. (1.22)

Then, the slope |0P’/dw| is enhanced with NV in this case, leading to the improved uncertainty
of 6w = N™Y(T,y T ), which is N~1/2 times better than the case of separable probe states. This
scaling N1 of the sensitivity is called the Heisenberg limit, which is the optimal sensitivity in
the standard quantum metrology [48].

Here, we note that the projective measurement of P’ can be replaced with a parity measure-
ment. Specifically, the expression (1.22) can also be obtained by replacing P’ with a parity mea-

surement (1+] [, 6¥)/2 and applying a single-spin rotation exp [i(ly — 1)7&¥, /4] on |1(Tint))
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before the measurement, where the integer /,, denotes the remainder obtained by dividing N by
4.

The preparation of the GHZ states has been studied in numerous works. Experimentally, cre-
ation of the GHZ states using tens of spins have been demonstrated [126, 127]. The Heisenberg-
limited sensitivity using a GHZ state of a few spins is also demonstrated [42]. One simple
example of the state preparations is to perform a sequence of entangling gates to a product state
[128, 129]. This is usually feasible when the interactions among constituent spins are dynam-
ically controllable. For systems in which the interactions are always present, other techniques
can be employed, e.g., adiabatic transformations [130, 131, 132]. In Chapter 4 of the present
Thesis, we propose a new approach to create a GHZ-type state using dynamics in the quantum
Ising chain without dynamical control of the interactions between spins. We will also show that
by utilizing the same dynamics, we can perform the measurement in a simple manner, which
usually requires another gate operations or alternative methods.

1.3.8 Effect of decoherence

Entangled states including the GHZ state are generally vulnerable to various types of noises. So
far, we have assumed that the probe systems do not experience any decoherence due to the noise
from environments. In reality, any probe systems are affected by decoherence, although there
has been intensive studies attempting to delay the decoherence both theoretically and experi-
mentally. The GHZ state is fragile against noise such as dephasing, which is the most common
type of decoherence in solid-state devices. Unfortunately, it has been found that no improvement
of the scaling over the SQL is realized using the GHZ states in the presence of spatially uncor-
related Markovian noise [49, 50]. This suggests that infinitesimal noise is enough to degrade
the scaling of the uncertainty from O(N~') to O(N~'/2) in the asymptotic limit of a large N.
(Note that the HL can still be observed for a finite N especially when the decoherence timescale
is sufficiently long compared to the time required for sensing procedures.)

However, the situation changes when specific types of noise models are assumed. For exam-
ple, if the probe spins are subjected to spatially correlated noise, the HL can be recovered in some
cases by utilizing the so-called decoherence-free subspaces [53, 133]. Furthermore, when the
noise is time-ithomogeneous, it has been found [51, 52, 134] and experimentally demonstrated
[135] that the scaling of the uncertainty can be improved up to the Zeno scaling, which gives
Sw = O(N~3/1), even if the noise has no spatial correlation. These works suggest that we can
still experimentally achieve the sensitivity that is beyond the reach in any classical schemes. In
the Thesis, we will mainly focus on the unitary noise due to internal interactions, while Chapter
4 includes discussion of the effect of decoherence under time-inhomogeneous dephasing.

1.3.9 Dynamics in quantum Ising models

In this last section of the preliminaries, we review notable dynamical properties of the quantum
Ising models that have been revealed in previous studies.

Dynamics of the quantum Ising models have been investigated typically by resorting to
numerical calculations or effective descriptions, except for the case in which analytically ex-
act calculations are available. First, in the case of d = 1, the model becomes solvable by
mapping to a free fermionic system under the Jordan-Wigner transformation [136]. There
are also studies which focus on a weak transverse-field regime of the quantum Ising chain
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[137, 138, 139, 140, 141]. It has been found that so-called “quantum domino dynamics” oc-
cures in the strong homogeneous coupling limit [137], where the Hamiltonian at the leading
nontrivial contribution for small h,/J;; (see also Egs. (1.1)—(1.3)) becomes solvable by using
the Kramers-Wannier transformation [142]. Quantum domino dynamics refers to a sequence of
spin flips which is induced by a spin flip in a chain of spins that is initially arranged in the same
z direction. We will consider utilizing this dynamics to quantum sensing in Chapter 4. Finally,
we note that adding a longitudinal field breaks the integrability of the quantum Ising chain. In-
terestingly, the appearance of the HSF has been found in this case when a large limit of the Ising
interaction and the additional longitudinal field are taken [108].

In the case of d > 2, the quantum Ising models become non-integrable in general and
numerical calculations are often used. For d = 2, in particular, the ETH is numerically checked
[143, 100] especially away from the integrable point, i.e., h, = 0, where finite-size effects
become significant. However, it is also reported that the model fails to thermalize for a certain
initial conditions from numerical calculations [144]. In addition, a recent study in Ref. [145]
pointed out that QMBS states perturbatively appears in the TFIM on a two-dimensional ladder
system in a weak field. In Chapter 2 of the present Thesis, we analytically show the absence of
thermalization for d > 2 dimensional quantum Ising model in the prethermal timescale due to
the emergent HSF in a weak transverse field.
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Chapter 2

Emergence of Hilbert space fragmentation
in Ising models with a weak transverse

field

In this Chapter, we investigate a novel dynamical feature of the quantum Ising model in d > 2
spatial dimensions. In particular, we demonstrate for the first time that novel Hilbert space
fragmentation (HSF) occurs in the effective non-integrable model for Ising models with a weak
transverse field as a consequence of approximate global conservation law of the domain-wall
number. Our results indicate the emergence of non-thermal behavior in Ising models with a
weak transverse field in a prethermal regime.

This Chapter is organized as follows. After the introduction, we introduce the model of our
interest in Sec. 2.2. We then show that our effective model exhibits the HSF in Sec. 2.3 due to
the appearance of frozen regions. We also provide some numerical evidence of non-ergodicity,
i.e., the breakdown of the strong ETH, in this model and present some remarks in Secs. 2.3.2
and 2.3.3. In Sec. 2.4, we investigate dynamical properties of some of the fragmented subspaces
of the model in two dimension, and summarize our findings and outlook in Sec. 2.5. We also
have appendices as Secs. 2.A-2.E to add details on our discussion in Secs. 2.2-2.4.

2.1 Introduction

The quantum Ising model, or the transverse-field Ising model (TFIM), serves as a minimal model
among quantum many-body systems as we have reviewed in the previous Chapter. Despite
its simplicity, the TFIM is quite difficult to investigate in higher-than-one dimensions because
of its non-integrable nature. It is particularly important for foundation of quantum statistical
mechanics to elucidate dynamical properties of the model, where little is understood due to
the rapid growth of their Hilbert-space dimension against the system size. Indeed, its quantum
thermalization has recently been investigated in relatively large systems [143, 100, 146, 147,
148]. It was found that the model does not always thermalize in some quenches with numerical
experiments [ 144] and that non-thermal eigenstates appear in a two-dimensional ladder system
for the first order perturbation in the weak transverse field[145].

The search for understanding quantum thermalization and the conditions behind it has been
expanded substantially with the progress in experimental techniques [94, 23, 86, 149, 78, 150,
151, 152]. One of the most important achievements is the eigenstate thermalization hypoth-
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esis (ETH) [6, 7, 8], which conjectures that all energy eigenstates are thermal and provides
a sufficient condition for thermalization in isolated quantum systems. While the ETH has
been confirmed numerically in various systems [8, 9, 10, 11, 12, 13, 14, 15], there is also
growing interest in models violating the ETH. The emergence of non-thermal eigenstates has
often been attributed to extensively many local conserved quantities due to, e.g., integrabil-
ity [93, 153, 96, 154, 24] and localization [155, 25, 156, 157, 26].

The Hilbert space fragmentation (HSF) has recently attracted much attention as yet another
mechanism of invalidating the ETH in non-integrable models [107, 34, 35, 36, 108, 109, 110, 27,
111, 112, 113, 114, 115, 116, 28]. In some models such as fractonic systems [37, 38], kinetic
constraints impose restrictions on the dynamics [34, 36, 35] and create frozen regions which
dynamically divide the systems. This generates a fragmented structure of the Hilbert space with
exponentially many nontrivial subspaces. In these cases, initial states cannot access the entire
Hilbert space and fail to thermalize. For many previous models showing the HSF, the presence
of at least two conserved quantities and the locality of the interaction were the origin of relevant
kinetic constraints.

In this Chapter, we show the emergence of non-ergodicity in a prethermal regime for Ising
models with a weak transverse field on a hypercubic lattice in dimensions higher than one. In
particular, by analytical calculations, we reveal for the first time that the effective model for the
TFIM in limit of a weak transverse field exhibits the HSF for d > 2. Notably, this effective
model has only one global conserved quantity namely, the domain-wall (DW) conservation.
The locality of the Hamiltonian and the DW conservation law leads to a kinetic constraint in
the model (Fig. 2.1 (a)), and to the appearance of frozen regions. Due to the frozen regions,
the Hilbert space is separated into exponentially many subspaces (Fig. 2.1 (b)). Consequently,
the ETH breaks down and the effective model shows non-thermalizing behavior depending on
the initial state. The emergence of frozen regions in our model is distinct from the ones in the
previously studied models which require several conserved charges for exhibiting such frozen
regions [34, 36, 35, 112]. For d = 2, we further demonstrate that rich dynamical properties are
found in subspaces inside the DW sectors, including those found in non-integrable, integrable,
and quantum many-body scarred systems [30, 27, 39].

2.2 Model

In this Chapter, we consider the TFIM on a d-dimensional hypercubic lattice. The Hamiltonian
is described as

[:[TFIM = [:IDW + hy Z o (2.1)

with
Hpw ==Y 6767, (2.2)
(i.3)
where 6% (u = x,y, z) denotes the Pauli spin operators at site 7, (i, j) indicates that the sites

1 and j are neighboring, and h, denotes the strength of the transverse field. While the DW
number, i.e., the eigenvalues npw of ipw == > . j>(1 — 0705)/2, is not conserved under the

time evolution by H TriM for finite h,, it is approximately conserved for exponentially long time
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Figure 2.1: (a) Schematic picture of the kinetic constraint arising from the projection operator
Qi in the Hamiltonian Eq. (2.4), where we take the dimension d as two. Each spin at site ¢ on
a square lattice is flipped only when its two nearest neighbors are up and the other two spins
are down. (b) Fragmented structure of the effective Hamiltonian. In addition to the block struc-
ture due to the conservation of the domain-wall number npw, the Hamiltonian matrix for an
appropriate basis is further block diagonalized, namely fragmented. (c) An example of frozen
regions (non-shaded) and melting regions (blue-shaded), where d = 2 and the periodic bound-
ary conditions are assumed. Red and blue arrows on each lattice site represent up and down
spins in 07 basis, respectively. The areas surrounded by dashed lines and labeled A and D ex-
emplify prototypical spin configurations in frozen regions and those labeled B and C indicate
one-dimensional melting regions which correspond to the PXP and XX models, respectively.
Frozen regions percolate the system, so that every spin in these regions is guaranteed to have at
least three nearest-neighboring spins with the same sign. [Reproduced and modified from Fig. 1
in Ref. [74].]
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if h, is sufficiently small [158]. Indeed, from a first-order perturbation theory, we obtain the
following effective Hamiltonian [145, 159]:

Heg := Hpw + ho Hy (2.3)
with

where the operator Qi projects all spin configurations onto the state space in which the sum of
the z components of the 2 x d spins surrounding the site 7 is zero (see Fig. 2.1 (a)). For example,
the projector (); for d = 2 is explicitly given by

2
.5 1 2\ 3 .

j€Engbh(i jEngbh(7)

where ngbh(7) denotes the nearest-neighbor sites of the site i; see Appendix 2.A for the expres-
sion for other spatial dimensions.

The effective Hamiltonian Hg approximates the dynamics of local observables governed by
the original Hamiltonian (2.1) for a certain time scale that goes to infinity as h, — 0 [160, 161].
In Appendix 2.B, we provide numerical estimation of the timescale over which our effective
model works well.

In general, the effective Hamiltonian ﬁeﬁ can be obtained as the first-order contribution in
the degenerate perturbation theory based on the Schrieffer-Wolff transformation (SWT) [162,
163, 158, 164]. In this method, the first-order contribution is formally given by projecting the
perturbative term in the Hamiltonian onto the degenerate blocks of the unperturbed Hamiltonian
[164]. This is equivalent to taking the time-independent part of the perturbative term in the
rotating frame, i.e., the secular part of the perturbative term in the interaction picture; see e.g.,
Ref. [137] for the derivation of the effective Hamiltonian for the TFIM in d = 1. In this Thesis,
we only focus on the first-order contribution. The second-order contribution is estimated to be
O(hZ/J) in our case, where J denotes the strength of the Ising coupling, which is taken as J = 1
in this Chapter. (The error bound for the dynamics in the effective description up to the first order
is obtained in Refs. [161, 160], which showed that the deviation from the actual dynamics grows
in time at most ~ O(h2/.J)t.) We note that the explicit form of the second-order correction to

~

our effective Hamiltonian H.g is obtained in Refs. [165, 166].

Since H 1 commutes with ﬁDw, Hamiltonians H 1 and Fleff lead to the same dynamics when
we specify a DW sector. Thus, we focus on the Hamiltonian H, in the following. The Hamil-
tonian H 1 1s non-integrable as we will discuss later; it conserves the DW number and is block
diagonalized accordingly. Apart from spatial symmetries, such as inversion, the Hamiltonian
also has global chiral symmetry, i.e., H, anti-commutes with I1,67 (v = v, 2). This symme-
try produces non-zero energy eigenvalues in pairs with opposite signs. While the Hamiltonian
also has global Z, symmetry (i.e., H, commutes with I1; 7). we confirm that this symmetry is
irrelevant for the emergence of HSF.
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2.3 Hilbert space fragmentation

We now demonstrate the Hilbert-space fragmentation of the Hamiltonian H, in Eq. (2.4). We
show that each sector characterized by the number of DWs is further divided into many sub-
spaces (see Fig. 2.1 (b)), leading to the absence of thermalization in this model.

2.3.1 HSF due to appearance of frozen regions

We first show that the kinetic constraint induced by Q, forms regions where the spin dynamics is
frozen. More specifically, let us consider a product state |F) = [, |s;) forming a sub-region
JF on the entire lattice A, where |s;) is one of the eigenstates of 67. If |F') satisfies the following
condition, we call F a frozen region: Q;(|F) ® |M)) = 0 for Vi € F and any | M) defined on
A/F. The frozen regions remain unchanged under the time evolution by H, (as well as H.g).
Meanwhile, non-frozen regions, which we call melting regions, are isolated from one another
and separated by frozen regions. Nontrivial dynamics occurs only in the melting regions. Below
we will focus on the case with d = 2 although most observations here hold for d > 3 too.

Figure 2.1 (c) exemplifies a possible spin configuration and associated frozen and melting
regions. One simple example of the frozen region is a ladder-like region along the lattice with
all spins aligning up in the z direction, percolating the system from one end to the other (the
area A in Fig. 2.1 (c)). Another example is a wider region in which not all the spins are aligned
in the same direction (the region between the areas B and C in Fig. 2.1 (c¢)) and surrounds some
melting regions. A spin configuration in a frozen region can also exhibit a checker-board pattern
(the area D in Fig. 2.1 (c)). In all of the cases, every spin is arranged in such a way that at
least (d + 1) of its nearest-neighbor spins have the same direction, which set the value of Ql to
zero. Because this condition prohibits a frozen region from having corners under the periodic
boundary conditions, we conjecture that all frozen regions percolate the system from one side to
the other; see Appendix 2.C.

Because of the frozen regions, the Hilbert space has exponentially many subspaces. For
example, a spin configuration having a frozen region cannot change into another spin configura-
tion having a different frozen region by the Hamiltonian dynamics. This splits the Hilbert space
into subspaces. Moreover, even when the arrangement of frozen regions is the same, there are
many ways in which the DWs are spatially distributed over separated melting regions. Since the
density of DW within each melting region is conserved over time, the Hilbert space is broken
up into even smaller subspaces. Each subspace is therefore characterized by the configuration
of the frozen regions and the spatial distribution of the DW density for melting regions.

2.3.2 Numerical demonstration of the absence of thermalization

The emergence of the dynamically fragmented subspaces suggests that the relaxation dynamics
of the system strongly depends on the details of the initial state. When we take an initial state
from one of the subspaces in a given DW sector and let it evolve, the state remains in this sub-
space. Let us consider, for example, two initial product states |);) and |t¢5) shown in Fig. 2.2 (a),
which are slightly different in their spin configurations but have the same energy in a DW sec-
tor. Figure 2.2 (b) shows the dynamics of the expectation value of the magnetization density
from these two initial product states according to the effective Hamiltonian Heg. Throughout
this Chapter, we perform numerical calculations under the condition that the spins constituting
the system are surrounded by fixed frozen spins pointing down. Due to the frozen region in the
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middle of the lattice, which emerges only in the state |1)5), the magnetization relaxes to substan-
tially different values for the two initial conditions, which indicates ergodicity breaking. This
example highlights that a frozen region covering a large area of the system can be converted into
a melting region with a small change in the initial configuration in this model. Similar behavior
can be also observed under the time evolution by I:[TFIM with a weak transverse field h,; see
Appendix 2.B.
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Figure 2.2: (a) Spin configurations of the two initial states for a N = 3 x 6 lattice. We assume
that the system is surrounded by fixed spins pointing down. Regions with blue shades show
melting ones. (b) Magnetization dynamics starting from the two initial product states. Time
evolution of the expectation value (M. (t)) := (4(t)| (1/N) >, 067 ]1¥(t)) shows that a slightly
different initial condition results in substantially different stationary states. [Reproduced from

Fig. 2 in Ref. [74].]

The non-ergodicity due to the HSF in this model is deeply related to the violation of the
ETH. The fragmented structure yields exponentially many non-thermal energy eigenstates. A
simple example of such non-thermal states is a variety of product states with all spins being
frozen, which constitute fragmented subspaces with the dimension one. We hereafter refer to
the states with all frozen spins as frozen states. As detailed in Appendix 2.D, we show that the
number of frozen states increases exponentially in the system size, indicating the emergence of
the HSE. We note that Ref. [145] also finds a similar frozen state for an effective model of TFIM
on a pseudo-one-dimensional ladder, but no HSF was discussed there. As another example, we
find eigenstates which have spatially inhomogeneous DW density owing to frozen regions that
act as a wall to separate different melting regions.

Figure 2.3 (a) shows the entanglement entropy of all the energy eigenstates of H; in a fixed
DW sector for a N = 3 x 6 lattice. (When numerically diagonalizing the Hamiltonian for
Figs. 2.3 (a) and (c), we added perturbative random longitudinal fields with average strength
1075, This is due to avoid ambiguity caused by exact degeneracy originating from unwanted
symmetries such as inversion.) We evaluate it by computing the von-Neumann entropy of the
left half of the system. In generic systems obeying the ETH, eigenstate entanglement entropies
are close to one another for close eigenenergies. In Fig. 2.3 (a), we demonstrate the violation of
the ETH in this model, that is, a broad distribution of the entanglement entropy even for close
eigenenergies and the presence of eigenstates with low entanglement. Due to the existence of
frozen regions that divide the system into isolated parts, there are many eigenstates with zero
bipartite entanglement.
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Figure 2.3: (a) Entanglement entropy of all the energy eigenstates in a DW sector fora N = 3x6
lattice. At its boundaries, the system is surrounded by fixed frozen spins pointing down. In all
panels (a)—(c), we take npw = 20 out of the possible range of 0 < npw < 36. We find that
the entanglement entropy exhibits a broad distribution even for a fixed energy, indicating the
breakdown of the ETH in this DW sector. (b) Distribution of the consecutive energy-gap ratio
r, [99] for the subspace without frozen regions. The statistics is calculated after resolving the
two spatial inversion symmetries along the x and y directions; see Sec. 1.3.4. Dashed line shows
the Poisson prediction and the solid line shows the GOE prediction. (c¢) Entanglement entropy
of the energy eigenstates in the subspace without frozen regions (extracted from the panel (a)).
[Reproduced from Fig. 3 in Ref. [74].]
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2.3.3 Remarks

We comment here on some features and implications of the findings in this section. First, let us
emphasize again that the kinetic constraint in H, is associated with the conservation of the DW
number npw alone. We have shown that frozen regions appear due to this constraint, leading
to the appearance of exponentially many frozen states in our model. The appearance of many
frozen states is often found in the previously studied models [28] as a consequence of more than
one conserved quantities [34, 36, 35, 115, 109, 112]. Our finding here demonstrates that such
nontrivial physics can occur even when there is only one apparent conserved quantity.

Second, consequences of the percolation behavior of frozen regions depend on the dimen-
sionality d. For d = 2, the system is always divided into isolated parts by frozen regions that
percolate the system and act as walls. In contrast, for d > 2, frozen regions do not always
divide the system because their shape can be, e.g., a square prism which percolates only in one
direction along the lattice. It is also worth mentioning that the Hamiltonian (2.4) for d = 1 does
not yield many frozen regions and the resulting HSF, while we show that it does for d > 1.

Finally, let us comment on implications of the possible appearance of frozen regions in
our model H 1 for the validity of the ETH in DW sectors. First, we emphasize here that the
eigenstates with frozen regions can be found in every DW sector of H, as long as the system is
sufficiently large. This implies that the non-ergodic behavior due to frozen spins can be found
for specific initial states with any finite energy density with respect to the effective Hamiltonian
Heff = H pw + Ay H 1 as well as to the original TFIM in a weak transverse field. Nevertheless, we
note as follows that the possible appearance of frozen regions, although it indeed results in the
breakdown of the strong-ETH, does not always imply the breakdown of the weak-ETH (see also
Sec. 1.3.3). In fact, most of the eigenstates do not possess frozen regions and may be thermal.

Importantly, states without frozen regions typically belong to a single connected subspace
that dominates the DW sector in the thermodynamic limit. In fact, we numerically observed
that there appears a single dominant subspace consisting of states without frozen regions among
the fragmented subspaces in a typical DW sector of Hi. On the other hand, the other, still
exponentially many, subspaces occupy only a vanishingly small fraction of this sector. The latter
subspaces consist of states having frozen regions including frozen states. This has been pointed
out and examined in Ref. [165]. Specifically, it is numerically shown that every DW sector,
except for sectors with sufficiently low, or high, DW densities, possesses a single subspace that
dominates the sector in the thermodynamic limit. A sector with this property is also called
“weakly fragmented”, while a sector in which the size of the largest subspace in the sector is
vanishingly small is called “strongly fragmented” [35, 167, 36]. Reference [165] showed that
our model H is typically weakly fragmented except for a vanishingly small parameter range of
the DW density at which the system becomes strongly fragmented.

One can then question whether the dominant subspace is thermal or not. Notably, as we
will show in the next section, the most of the eigenstates in the dominant subspace in a typical
DW sector seems thermal. That is, the level statistics and the distribution of the eigenstate
entanglement entropy for the eigenstates are consistent with those found in thermal eigenstates
of ergodic systems. This implies the validity of the weak ETH in the dominant subspace as well
as in the sector to which it belongs. Nevertheless, we will also demonstrate in the following the
emergence of atypical eigenstates in a dominant subspace that are melting but non-thermal. This
suggests that the ergodicity breaking in the system H, does not always rely on the appearance
of frozen spins.
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2.4 Subspace properties

Now we investigate properties of the fragmented subspaces of H,. The dynamics for each
subspace is observed only in the melting regions, being characterized by their shapes and their
boundary conditions. Here we specifically consider the case for d = 2 and show that there is a
rich variety of dynamics in melting regions, including those found in non-integrable, integrable,
and quantum many-body scarred systems.

2.4.1 Non-integrable subspace

The Hamiltonian H; itself is presumably non-integrable. To demonstrate this, let us choose
a subspace without any frozen regions in a DW sector. (We numerically find that, such a
subspace, if exists, becomes the only subspace occupying the largest Hilbert-space dimen-
sion in the DW sector.) In Fig. 2.3 (b), we perform the analysis of energy-level statistics
for this subspace. Specifically, we calculate the distribution of the consecutive energy-gap
ratio r, = min (8, /0p_1,0,-1/0,) with §,, := FE,,1 — E,, where E,, denotes the nth en-
ergy eigenvalue in the subspace [99]. The statistics of this ratio in Fig. 2.3 (b) shows a good
agreement with the prediction based on the Gaussian Orthogonal Ensemble (GOE), Pgogr(r) =
27/4)(r+r3)/ (1 +7r+ 7“2)5/2 ©(1 — r) (solid line in Fig. 2.3 (b)), which is distinct from the
Poisson prediction, Ppyisson () = 2/(1+7)*0(1 —r) (dashed line in Fig. 2.3 (b)), where O is the
Heaviside step function. This result indicate that this subspace as well as the entire Hamiltonian
H is non-integrable.

Additionally, in the subspace without frozen regions, we numerically find the eigenstates
with low entanglement in the bulk of the spectrum. The appearance of such states is a typi-
cal characteristics of systems with quantum many-body scar (QMBS) states [30, 27, 39]. In
Fig. 2.3 (c), most of the other eigenstates with similar energies have similar values of entan-
glement entropy, in accordance with the ETH. Meanwhile, a small number of low-entangled
eigenstates appear around specific values: E = 0, %1, ++/2 and ++/6, which we thus regard
as QMBS states. The origin of these states cannot be attributed to frozen regions as they are
excluded in this subspace. We find that some of them originate from specific local structures of
the adjacency graph of the Hamiltonian [168, 169]; see Appendix 2.E for details.

2.4.2 Subspaces with Integrability and quantum many-body scar states

Interestingly, we find that the one-dimensional PXP model and the XX model can be embedded
as melting regions of the model H,. First, let us discuss the emergent PXP model (see the area B
in Fig. 2.1 (c)). In this one-dimensional region, all sites are adjacent to the frozen sites with up
spins. Therefore, in this region, every spin can be flipped only when its two nearest neighbors
are down due to the kinetic constraint. Hence, the system is effectively governed by

' Azl Az Az
Hp = Za i (1-67,) (1-62,). (2.6)

This is the one-dimensional PXP model, a well-known non-integrable model for hosting quan-
tum many-body scars [29, 30, 170, 171, 172]. This implies that one observes a long-lived os-
cillation of an observable in this one-dimensional region if we prepare an appropriate initial
configuration.
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Second, let us briefly discuss the XX model (the area C in Fig. 2.1 (c¢)). In this region, the
direction of the spin neighboring on the right side is opposite to that neighboring on the left side.
We then find that the following Hamiltonian governs the dynamics in this region:

. 1
Ho=>" ot5 (1—67,67,). 2.7)

This is the same as the effective Hamiltonian of the Ising chain in a weak transverse field [173]
and is mappable to the XX chain [142], which is exactly solvable and thus ergodicity is broken
due to the integrability. This implies that some subspaces become integrable when they only
have a specific type of melting region.

2.5 Conclusion and outlook

In this Chapter, we have rigorously demonstrated that the effective model obtained from the d-
dimensional Ising model in a weak transverse field on a hypercubic lattice exhibits the HSF for
d > 2. In particular, the kinetic constraint, which is attributed to the emergent conservation of the
DW number in this model, forms frozen regions that percolate the system. Consequently, each
DW sector fractures into exponentially many isolated subspaces, leading to the violation of the
ETH. We furthermore showed that there appear subspaces with integrability or non-integrable
subspaces with the QMBS states.

Our results indicate that nontrivial initial-state dependence is observed for prethermal dy-
namics of the Ising models in a weak transverse field. Because the TFIM in two and three
dimensions are experimentally realizable [73, 68, 174, 146, 67, 175, 176, 177], we believe that
the model serves as a novel platform for observing the signatures of the HSF, which is distinct
from previous experiments that required, e.g., tilted potentials [118, 119]. It is also worth men-
tioning that dynamically frozen spins can survive even if we consider higher-order corrections
in our effective model as is discussed in Ref. [165], implying a long prethermal life-time of
the nonergodicity in the TFIM. We leave it for future work to investigate the robustness of the
transient non-ergodicity under long-range Ising interactions, which often arises in experiments.

There are other future directions. First, given that H,g is obtained as the perturbation in
the weak-field limit of the TFIM, it will be interesting to see how properties of the Ising model
without the transverse field, such as (classical) integrability and finite-temperature phase tran-
sition, affect physics in our model. Second, it is important to explore more about dynamical
features of our effective model, for example, transport properties in the system. In fact, some
other models with the HSF are shown to exhibit non-standard hydrodynamics physics [178].
We note, however, that the domain wall density in our effective model is observed to typically
show the ordinary diffusion in Ref. [165], using a cellular automaton dynamics technique [179].
References [166, 180] considered the effective model in the presence of an additional weak
longitudinal field and analytically investigate dynamics of smooth interfaces between regions
with up spins and down spins, i.e., domain wall, by mapping the dynamics of the interfaces to
that in one-dimensional integrable models. In this case, it has been shown that isolated domain
walls show localization, oscillation and ballistic propagation depending on the initial configu-
ration and the strength of the additional longitudinal field. Third, our findings are also relevant
to quantum technologies. For example, absence of thermalization can be utilized for quantum
sensing [181]. Indeed, in the next Chapter, we show that the HSF we find here can be employed
to perform entanglement-enhanced sensing in an interacting system.
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2.A  Appendix: Expression of the projector Q;

Here, we present formal expression of Q; in arbitrary dimensions. Let us consider the system
on a hypercubic lattice in d dimensions. The operator QZ projects all spin configurations onto
the state space in which the sum of the z components of the 2 X d spins surrounding the site 7 is
zero. Then Ql can be formally given by

Q=] (2n)2—< > J) /(2n)2. (2.A.8)
(i

n=1 j€ngbh(e

For d = 2, for example, this expression is reduced to

2
5 1 2\ 3 .
Qizg_ﬁ( Z | j> +3 H . (2.A.9)

j€Engbh(i j€ngbh(7)

and therefore the Hamiltonian H; = > 6;“@1- in Eq. (2.4) contains five-body interaction on the
square lattice.

2.B Appendix: Time evolution in the Ising model in a weak
transverse field

The effective Hamiltonian Hg (as well as H;) describes the prethermal dynamics of the Ising
model in a weak transverse field. Here we show the time evolution of observables according to
the original Hamiltonian ﬁTFIM (2.1) with a finite transverse field h, and compare it with the
time evolution for Hg (2.4). Note that, in the other Appendices in this Chapter, we perform
numerical calculations on the system governed by ﬁeﬁ, not HTFIM.

1/~Jl> and
Fig. 2.B.4 (a). These states have the same energy expectation value of Hrppy. In Fig. 2.B.4 (b),
we show dynamics from these two initial product states according to the two Hamiltonians
HTFIM and Heff, where we take h, = 0.3. Specifically, we calculate the time evolution of the
expectation value of the magnetization density. There is a good agreement between the dynamics

with the original Hamiltonian and that with the effective Hamiltonian for a time range that we
have adopted.

Let us consider two initial product states

¢2> in a system of size 3 x 4, as shown in

We also see from Fig. 2.B.4 (b) that the relaxation of the magnetization in the TFIM shows
a strong dependence on the initial states. In the dynamics governed by H.g, there are only two

melting sites and the other sites are frozen in ‘@El> as shown in Fig. 2.B.4 (a). On the other

hand, the entire system is melting in ‘152> This indicates that the two initial states belong to

different subspaces in the fragmented Hilbert space of H.z. We can observe the emergence of
the fragmented structure of the Hilbert space through the distinct behavior of the magnetization
dynamics in the TFIM by preparing two different initial states.

As we decrease h, to a smaller absolute value, the Hamiltonian H.g can approximate the
dynamics of the TFIM for a longer time. To see this, we calculate the approximation error of

29



@ ) [y,)

9
(b) 0.2+ |§a), Hest  —— |§), A |§2), Hest  —— 1§2), F
~~
£ 0.04
N
S
~
_0.2_
0 5 10 15 20 25 30
hxt/h

Figure 2.B.4: (a) Spin configurations of the two initial product states for a N = 3 x 4 lat-
tice, where four spins are up and the others are down. Regions with orange shades show the
melting regions with respect to the effective Hamiltonian H,g. Sites surrounded by broken lines
indicate the location of the spin which we consider in Fig. 2.B.5. We assume that the system
is surrounded by fixed spins pointing down. (b) Time evolution of the expectation value of the
magnetization M, := (1/N) > , 07 starting from the two initial states. Solid thin lines describe
dynamics according to the TFIM’s Hamiltonian H trmm With b, = 0.3 and solid thick lines show
those of the effective Hamiltonian I:Ieff. [Reproduced from Fig. S1 in Ref. [74].]

the time evolution of a spin 67,
€(67,t) == 1(a7(t))rrmm — (07 (1)) ], (2.B.10)

where (67(t))rrmv and (67(t)) denote the expectation values which are evolved by the Hamil-
tonians HTFIM and _Heﬁ‘, respectively. We observe that the error ¢(6Z,¢) grows more slowly as
we decrease the transverse field h, as shown in Fig. 2.B.5 (a). In Fig. 2.B.5 (b), we show the
time evolutions of the approximation errors that are rescaled by a power of the strength of the
transverse field, i.e., (h,) “€(oZ,t). We find that the rescaled errors collapse clearly when we
take o = 2, especially for a relatively small time range. The linear or slower rate at which the
errors grow in Fig. 2.B.5 (b) implies that the approximation works well within a timescale that
grows with ~ 1/h,” as we decrease h,. This is consistent with the fact that the generic upper
bound on the error in Refs. [160, 161] as well as the bound that we introduce in the next Chapter
increase as ~ t/h,* (< t/h,”) for small |h,| < 1.

2.C Appendix: Frozen regions and percolation

We here discuss that the frozen regions should percolate the system by observing that they cannot
have corners. As we explain in Sec. 2.3.1, a frozen region F satisfies the following condition:
Qi(|F)®|M)) = 0forVi € F and any | M) defined on A/ F, where |F) = [Lc 7 |si) is a product
state forming a sub-region F on the entire lattice A and |s;) denotes one of the eigenstates of &7.
We argue that a region with corners cannot be a frozen region.

Let us focus on a corner spin at site ¢ belonging to a region with corners G as exemplified in
Figs. 2.C.6 (a) and (b) and consider its 2d adjacent sites. Among the adjacent sites, we assume
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Figure 2.B.5: Time evolution of the approximation error €(67,t) starting from the two initial
1;1> (three solid lines) and ‘1;2> (three broken lines) given in Fig. 2.B.4 (a) with different
values of the transverse field, h, = 0.1, 0.2 and 0.3. We calculate the errors for a spin (at the site
¢ = 5) in the middle of the system which is indicated by the dashed squares in Fig. 2.B.4 (a).

The lower panel (b) shows the same data in the panel (a) but are rescaled by the square of the
strength of the transverse field, i.e., (h,) “e(cZ,t). [Reproduced from Fig. S2 in Ref. [74].]

states
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that 741, ..., joq belong to G while 71, ..., 74 do not belong to G (see Figs. 2.C.6 (a) and (b)).
If G were a frozen region, the spins on 7, jg.1, . . . , jo¢ Would point fixed directions (up or down
in the z direction), whereas ji, ..., jq; would belong to a melting region. Since the melting
region is described by a superposition of various different spin configurations under the time
evolution by H.g, the spin directions at every site j, (1 < k < d) can be opposite to those at
the corresponding sites jj. 4 in one of the spin configurations, and the sum of the 2 components
of all adjacent spins can be zero in this particular case. This means that the spin at site ¢ can
flip with a finite probability. This contradicts our assumption that G is frozen. In conclusion,
the above discussion indicates that if a region has corners surrounded by melting regions, the
region generally cannot be frozen. Figure. 2.C.6 (c) illustrates an example of melting of spins
on a region with corners. Even if all spins are aligned down in a region with corners (see gray-
shadowed region in Fig. 2.C.6 (c)), given that the region is surrounded by up spins, the spin flip
will occur from the corners of the region, and the spin-flip region gradually spreads. Due to
the condition on frozen spins, any frozen region should percolate the system. For a system with
d = 2 under the periodic boundary conditions, they wrap around the torus in the = or y direction.

() (b)

(©)

Figure 2.C.6: Spins around a corner of a region G (gray shaded) (a) for d = 2 and (b) for d = 3
(panel (b)). (c) Example of melting of an aligned region with corners. [Reproduced from Fig. S3
in Ref. [74].]

2.D Appendix: Exponentially many frozen states

In this section, we demonstrate that the number of fragmented subspaces increases exponentially
in the system size. In Sec. 2.3.1, we show that this system has not only frozen states but also
subspaces with both frozen and melting regions, and that it leads to the fragmented Hilbert
space. Here, we show that the number of frozen states as well as the subspaces with both
frozen and melting regions increases exponentially. First, we illustrate one way of constructing
many frozen states for a given DW number npw = 40:/V, where oy, denotes DW density
with 0 < ayor < 2, and NV denotes the system size with N >> 1. For brevity we consider a two-
dimensional system with its total sites N = L? and assume L/l € N for an odd integer [ = O(1)
in the following. First, we divide the system into N/I? subregions as we show in the rightmost
figure in Fig. 2.D.7. Second, we consider embedding either spin configuration (p1) or (p2) into
each divided subregion, where (pl) denotes an example of an almost staggered configuration
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and (p2) denotes an example of an all-up configuration as shown in Fig. 2.D.7. The DW density
for each configuration (p1) and (p2) is given by a1 = 2 — (81 — 10)/1? and a,y = 0. In this
case, the total number of all possible combinations of the embedding is estimated as

(N/I(KN(N/I*> — k)!) = exp[O(N)], (2.D.11)

where k = O(N) satisfies ot N = ayikl® + e (N — ki?). This indicates that the number of
frozen states constructed in the above procedure increases exponentially in the system size NV in
any DW sectors with finite DW densities.

We extend the above discussion to the case of the subspace with both frozen and melting
regions. The configurations (pl) and (p2) should be replaced following the discussion below.
Asin (pl) and (p2), we consider the configurations that consist of the inner part where each spin
can point up or down and the outer frozen part surrounding it where the spins always point up.
Here, it is guaranteed that the outer spins are freezing because the spins always point up on the
edges of the adjacent subsystems in our configuration. Then, if we want to create subspaces that
are partially frozen and partially melting, we can replace (p1) or (p2) with another configuration
in which the inner parts are melting.

In addition, we can easily extend the above construction to the three-dimensional case. In-
stead of a square, we can consider a cube whose surface consists of frozen up spins. For the inner
parts, the same discussion as the two-dimensional case can be done for the three-dimensional
case.

Finally, it should be noted that the configurations illustrated here are just possible examples,
and that there are indeed far more diverse and numerous possible subspaces associated with
configurations of frozen or melting regions. We also note that Ref. [165] gives a similar analyt-
ical discussion on the number of disconnected subspaces in the entire Hilbert space, while our
discussion above focuses on the number of subspaces in each DW sector.

LR JeS e e

(P2)

Ix1

Figure 2.D.7: Construction of frozen states. (p1) and (p2) describe possible spin configurations
for subsystems with [ x [ sites. We can construct frozen states by embedding either spin config-
urations (pl) [almost staggered configuration] or (p2) [all-up configuration] as the subregions of
the total system in the rightmost figure, which is divided into separated subregions. [Reproduced
from Fig. S4 in Ref. [74].]
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Figure 2.E.8: (a) Schematic picture of a zero-entanglement eigenstate |¢) with the energy 1
in Fig. 2.3 (c). Red and blue arrows on each lattice site represent up and down spins in o7
basis, respectively. The green arrow represents the spin pointing to the x direction, i.e., the
eigenstate of o7 with the eigenvalue +1, and the spins surrounded by the yellow broken line
form a spin-singlet state. (b) Schematic picture of local structure of the adjacency graph that
generates the localized eigenstate |¢). Black arrows indicate that the two spin configurations are
connected by the off-diagonal elements of the Hamiltonian matrix. The states |7.) and |7f) are
connected with other states in the bulk of the graph which are not shown here. (c, d) Examples
of local graph structures that give rise to localized energy eigenstates. The graph in (c) describes
the same graph structure as in (b). Red nodes represent the basis with non-zero amplitudes in a
localized energy eigenstate with the eigenenergy £/ = 1 [E = /6] for (¢) [(d)], and the numbers
associated with the red nodes represent the actual values of the amplitude (before normalization).
[Reproduced and modified from Fig. S5 in Ref. [74].]
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2.E Appendix: Atypical states in the subspace without frozen
regions

In Fig. 2.3 (c), we find that some eigenstates show zero bipartite entanglement even in the
subspace without frozen regions. They have specific energies £ = 0, +1, ++/2, and ++/6 in our
calculation in Fig. 2.3 (c). Here we discuss the origin of these states. We specifically focus on the
eigenstates with non-zero energies. For the energy eigenstates with zero energy, the analysis is
difficult due to the large degeneracy. In fact, it is known that the presence of the chiral symmetry
and spatial inversion symmetry together induces exponentially many zero-energy eigenstates
[182]. However, we numerically observe that the degeneracy is not always lifted by the addition
of longitudinal random fields, which breaks the symmetries. We leave investigation of these
zero-energy states for future work.

We find that the origin of some atypical states in Fig. 2.3 (c) is well captured by an adjacency
graph of the Hamiltonian H,, where the nodes represent the computational-basis states and the
edges between the nodes describe the connections by the off-diagonal elements of the Hamilto-
nian (see Fig. 2.E.8). The atypical eigenstates correspond to wave functions that are localized
on a part of the adjacency graph, which we call localized energy eigenstates. We use the word
of “localized energy eigenstate” in order to refer to an eigenstate composed of superpositions of
a small number of computational basis states. Similar states with low entanglement which are
associated with the structure of the adjacency graph have been discussed recently [168, 169].
Localized eigenstates in a similar setting are also studied for example in Refs. [183, 184, 185],
where the graph in these context is defined on the real space.

Figure 2.E.8 (a) describes one of the localized eigenstates with // = 1. In this case, the
state |¢) in Fig. 2.E.8 (a) is identified as a superposition of four computational basis states.
These basis states are connected to other basis states in the subspace on the adjacency graph
as we illustrate in the diagram in Fig. 2.E.8 (b). The part of the adjacency graph is described
in Fig. 2.E.8 (c), where red nodes represent the basis states with non-zero amplitudes in the
localized energy eigenstate |¢). (Note that the diagram in Fig. 2.E.8 (b) represents the same
state described by the graph in Fig. 2.E.8 (c).)

In general, when H; acts on one of the basis states, it becomes a superposition of several
basis states. However, the state |¢) is still localized on the graph due to a destructive interfer-
ence on the other nodes, which allows |¢) to be an eigenstate of H;. Such eigenstates that are
expanded by only a few number of basis states have only limited amount of entanglement and
even show zero entanglement entropy when the bipartite cut is set suitably.

There are various types of local structures of the adjacency graph which allow for localized
eigenstates. Figure 2.E.8 (c) and (d) show two examples of such structures. As is exemplified by
the state |¢), localized eigenstates appear when a part of the adjacency graph of the Hamiltonian
has a structure that induces the destructive interference. Indeed, low-entangled eigenstates with
E =+1,+v2,and £v6 (and a part of the eigenstates for £ = 0) in Fig. 2.3 (c) are identified as
localized eigenstates on the adjacency graph with local structures described either in Fig. 2.E.8
(c) or (d).

Finally, from numerical simulations, we observe oscillatory behavior associated with the
localized eigenstates, which is a typical signature of quantum many-body scarred systems [29,
30, 170, 186, 187]. In Fig. 2.E.9 (b), we show dynamics of the magnetization starting from two
initial states in Fig. 2.E.9 (a). Specifically, we calculate the time evolution of the expectation
value of the magnetization density for a system surrounded by fixed down spins. For typical
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initial states such as the state ’E> in Fig. 2.E.9 (a), the system rapidly relaxes to a steady state.
However, for the initial state |%> in Fig. 2.E.9 (a), namely the state |7,) in Fig. 2.E.8 (b), which
has a large overlap with the localized eigenstate |¢), we observe a long-time oscillation; see
Fig. 2.E.9 (b). This result, combined with the other results in this Chapter, suggests that our
model possesses various types of quantum many-body scar states in some subspaces such as
localized eigenstates and those mappable to the PXP model [30, 170, 171, 172].
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Figure 2.E.9: (a) Spin configurations of the two initial states. We take the fixed boundary
condition surrounded by down spins. Note that the state ‘@) corresponds to the state |7,)
in Fig. 2.E.8 (b). (b) Magnetization dynamics for two initial product states according to H,.
We numerically calculate the evolution of the expectation value of the magnetization M, =
(1/N)> .67 fora N = 3 x 6 lattice. [Reproduced from Fig. S6 in Ref. [74].]
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Chapter 3

Quantum Metrology Protected by Hilbert
Space Fragmentation

In this Chapter, we consider a new approach to perform quantum sensing using a probe systems
with always-on interaction. Specifically, we propose an entanglement-enhanced sensing scheme
that is robust against spatially inhomogeneous always-on Ising interactions. Our strategy is to
tailor quantum coherent dynamics by employing the Hilbert-space fragmentation (HSF) in the
quantum Ising models, which we have studied in the previous Chapter. We analytically show that
the emergent HSF enables us to design a stable state in which a part of the spins is effectively
decoupled from the rest of the system. Using the decoupled spins as a probe to measure a
transverse field, we demonstrate that the Heisenberg limit is achieved without being obstructed
by thermalization.

This Chapter is organized as follows. First, we give the introduction of this Chapter in
Sec. 3.1. Then in Sec. 3.2, after introducing the model and notations in this Chapter, we discuss
how the presence of interactions affect sensitivities of conventional sensing schemes. We intro-
duce our quantum sensing scheme in Sec. 3.3, which uses the HSF that approximately appears
in a weak transverse field to protect desired coherence in the probe state. Section. 3.3.2 briefly
discusses the sensitivity of our scheme for a finite target transverse field in an analytical way. We
then mention applicability of our scheme and propose an approach for the state preparation in
Sec. 3.4, before concluding this Chapter in Sec. 3.5. We also have appendices as Secs. 3.A-3.C
to give analytical derivations on our evaluations in Secs.3.2.2 and 3.3.2

3.1 Introduction

Taming entanglement and coherence of a multiple qubit system is a crucial task in today’s
quantum technology. One of the most notable applications featuring quantum advantage is
quantum metrology, in which entanglement enables enhanced sensitivity in evaluating exter-
nal fields [188, 189, 46]. For a given number N of probe spins to measure the fields, the un-
certainty in the estimation can be reduced in proportion to N~! for entangled states, which
is called the Heisenberg limit (HL). In contrast, the corresponding scaling for separable states
becomes only N ~1/2 which is known as the standard quantum limit (SQL). Due to the funda-
mental and practical interests, quantum metrology has extensively been studied both theoreti-
cally [190, 191, 192,49, 193, 194] and experimentally [195, 196, 197, 198, 199].

One major challenge for quantum metrology is to precisely control the dynamics of many-
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body interacting systems. On the one hand, interactions among qubits are necessary for prepar-
ing entangled states. On the other hand, complicated interactions, which are in general spatially
inhomogeneous in actual experiments, make the many-body system thermalize. In fact, recent
studies on quantum dynamics elucidate that even isolated system can thermalize due to the
eigenstate thermalization hypothesis (ETH) [6, 7, 92, 8], which states that every energy eigen-
state becomes locally thermal. This effect of thermalization [57] would spoil the sensitivity
more severely when target magnetic fields become weaker than the interactions.

To overcome this unwanted effect of interactions, several approaches have been proposed.
One possible approach is the dynamical decoupling, in which we actively perform a sequence
of pulses to eliminate unwanted terms in Hamiltonians [200, 201, 202, 203, 58]. In general,
this method demands a large number of precise pulses applied to the probe system. Another
recent approach [181] that does not involve active operations is to utilize quantum many-body
scars [29, 30, 204, 39, 205], which are non-thermalizing eigenstates in certain interacting Hamil-
tonians. However, the approach is based on Hamiltonians with fine-tuned interactions and hence
susceptible to, e.g., spatially inhomogeneous perturbations.

Hilbert space fragmentation (HSF) is another novel mechanism that prohibits thermalization
in interacting non-integrable systems and has gathered recent attention [34, 35, 36, 27, 28, 116,
39]. In some models with kinetic constraints, the Hilbert space is fractured into exponentially
many invariant subspaces, which leads to non-ergodicity (see also Sec. 1.3.5). This phenomenon
also appears in an effective model that describes the transverse-field Ising model (TFIM) in
the limit of a weak field [74, 165, 166], as we have shown in the previous Chapter. In this
model, eigenstates can involve “frozen regions,” in which spins in the z direction cannot be
dynamically flipped. The eigenstates with frozen regions appear due to a constraint arising from
the emergent conservation of the interaction energy in the weak-field limit and break the ETH
and thermalization. Notably, the structure of the HSF does not rely on the translation invariance
and fine-tuning of the Hamiltonian.

In the present Chapter, we propose a novel entanglement-enhanced sensing scheme in a
strongly interacting inhomogeneous Ising model, in which the emergent HSF protects the rele-
vant quantum coherence against interactions. Our strategy is to design a metrologically useful
state arranged as in Fig. 3.1 (a,b), in which the probe spins are embedded in the ancillary spins.
This state belongs to one of the fragmented subspaces in the TFIM in the weak-field limit, where
the HSF emerges as shown in Fig. 3.1 (c) for the leading order approximation, and thus evades
fast thermalization. More concretely, the probe spins undergo tailored coherent dynamics just
with additional bias fields, being decoupled from the ancillary spins that are dynamically frozen.
We rigorously show that our scheme reaches the Heisenberg-limited sensitivity in estimating the
target transverse field for sufficiently strong interactions. Our method is robust under various
perturbations, such as inhomogeneity, additional longitudinal fields, and certain changes in the
lattice structure and spatial dimensions.

3.2 Quantum sensing in an interacting system

3.2.1 Model and the Ramsey sensing scheme

We consider a system of spin-1/2 particles (qubits) with always-on Ising interactions between
them. We here assume that the spins are arranged on a square lattice, although generalization
to higher dimensions and other types of lattices are straightforward. The system is exposed to
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|ﬂ\p> - Ancillary spins

© @

Figure 3.1: (a) Schematic of how we split the system into probe spins and ancillary spins for
our quantum sensing scheme. The blue sites surrounded by the dotted lines represent the probe
spins, and the other gray sites correspond to the ancillary spins. (b) Spin configuration around
a probe spin in (a), which induces dynamical freezing of the ancillary ones. Each ancillary spin
is an eigenstate of o7, which corresponds to either spin-up or down state. (¢) Schematic picture
of the emergent Hilbert space fragmentation (HSF) in our transverse-field Ising model in the
weak-field limit. Emergent conservation law of the number of domain walls block-diagonalizes
the Hamiltonian, which is further block-diagonalized due to the HSF. (d) Illustration of the
GHZ state on a square lattice, which is used as a probe state in the conventional approach.
[Reproduced and modified from Fig. 1 in Ref. [75].]
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a weak target magnetic field with magnitude w,, which we try to estimate by quantum sensing.
The Hamiltonian is then given by

Hrypng = [:Iwz + ]:Iinta (3.1)
A Wy nz
H,, = o 2% (3.2)
Hy ==Y J;6767. (3.3)
(4,5)

where (i, 7) indicates that the sites ¢ and j are nearest neighbors and we set i = 1. Here,
Jij = J + AJ;; denotes the Ising coupling constant, where J does not depend on (i, j). We
assume that |AJ;;| does not exceed |J|/2, i.e., max; ; 2|AJ;;|/|J] =: k < 1. Without loss of
generality, we consider the ferromagnetic case hereafter, namely .J > 0.

Throughout this Chapter, we adopt the Ramsey scheme [46] summarized as follows: (1) we
prepare initial probe spins in a metrologically useful state; (ii) we let them exposed to the static
target field, whose Hamiltonian is given by ﬁwz, for an interaction time 7;,; (iii) we perform a
projective measurement described by an operator P, and obtain an outcome; and (iv) we estimate
the value of w, from the outcome obtained by the repetition of (i)-(iii). The uncertainty in the
estimation of w,, under this scheme is calculated as

AP,
P,

VM

Owg

, (3.4)

0wy =

where P, = <155> denotes the expectation value of P, which corresponds to the probability for
the projection onto the desired basis to successfully occur. Here, AP, = / P;(1 — P;) denotes
the standard deviation of f’s and M denotes the number of repetitions of the measurements [5].
For a total available time Ty, the number M is calculated as M = Ty /Tiensing, Where Tiensing
denotes a combined time of the three procedures (i)-(iii) of the sensing scheme. For simplicity,
below we take Tiensing = Tine by assuming that 7i, for (ii) is much longer than the duration for
(1) and (iii).

To begin with, let us consider quantum sensing in the absence of the interaction Hiye. In this
case, we can estimate w, with the HL by preparing the Greenberger-Horne-Zeilinger (GHZ) state
|GHZ,) := (®;V:1 +);+ ®;V:1 |—);)//2 as a probe state [125, 206] in (i), where |+); denote
the eigenstates of o7 with eigenvalues 1 and N denotes the number of spins. After this initial
state acquires the relative phase w, NT;,; through (ii), we perform a projective measurement
P! = |GHZ',)(GHZ',| with |GHZ',) := (®;V:1 |+); + Z®§V:1 |—);)/V/2 in (iii), and finally
we estimate w, from the relation (P!) = (1/2)(1 + sin (w, NT}y)). Throughout this Chapter,
we assume that the target field w, is weak and satisfies w, NT},;, = O(N 0) < 1. We also
assume T, = O(N?) unless otherwise mentioned. The uncertainty dw, of the estimation is
then calculated from [Eq. (3.4)] as dw, = N~ (TiyTun)~ /2. This demonstrates that the HL is
achieved by using the GHZ state in the absence of the internal interaction Hint.
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3.2.2 Sensitivity in a conventional sensing scheme in the presence of the
interaction

However, the sensitivity decreases when H,yy is taken into consideration. Due to the flipping of
spin states from |£);|+£), to |F);|F); caused by Ising-type interactions of H,,, the probe state
after (ii) no longer remains in a simple superposition of ®§V:1 |+); and ®§V:1 |—),. To show the
destructive effect of the interaction, we show in Fig. 3.2 (a) the time evolution of the dynamical

. . 3
fidelity Fy(t) := |(GHZ,|efeste—iHrrnat|GHZ, )| , which quantifies the difference between the

ideal state evolved by H,, and the actual state evolved by F[TFIM with nonzero interaction Flint.
The rapid decay of F(t) in Fig. 3.2 (a) implies that the probe state is unstable under the effect of
the interaction. The decay rate increases as the interaction becomes stronger. This implies that
naive sensing with the GHZ states, as illustrated in Fig. 3.1 (d), will be challenging, especially
under the strong always-on Ising interactions.

(a) 1.0f (b)
0.8 I—A]im State | Scaling of dw| Name
g 0o — 0 ||GHZ,) N1 HL
“ 0.4
|GHZ,) | Jl2N-3/4 Zeno
0.2 £ 0
0.0t |¥) (aN)~! HL

Figure 3.2: (a) Decay of the dynamical fidelity F;(¢), which compares the time evolutions
from the GHZ state |GHZ,) with respect to f[wz and Hrpppy for three values of J. We use
an N = 3 x 4 square-lattice system surround by fixed down spins. Spatial fluctuations of the
interaction AJ;; are generated from Gaussian random variables by setting the mean and the
variance as zero and 0.3.J, respectively. We fix the transverse field w, = 0.4 in all of the cases.
(b) The asymptotic dependence of dw, on N and the interaction strength .J for three Ramsey
schemes. We compare the sensing schemes using initial states that are explained in the caption
of Fig. 3.1, where we take |4 ) = |GHZ?) for the state | W) here. [Reproduced and modified
from Fig. 2 in Ref. [75].]

We note that it is possible to achieve a sensitivity beyond the SQL but below the HL with
our model using the GHZ state. The idea is to appropriately tune the interaction time 7i,; in
the step (ii) so that the effects from the interaction are minimized. Specifically, if we decrease
T as Tiy = (’)(j “IN-V 2) for increasing N, the uncertainty in the estimation scales as dw, =
O(JY2N=3/%); see Appendix 3.A for more detail. This scaling is called the Zeno scaling [207,
208, 198]. While the scaling exceeds the SQL, it is still unsatisfactory since the sensitivity
becomes severely worse as the interaction strength increases.
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3.3 HSF-protected quantum metrology

3.3.1 Description of our sensing scheme

We now illustrate our entanglement-enhanced sensing scheme that is robust against strong always-
on-Ising coupling with spatial inhomogeneity. Instead of using all spins as a probe (see also
Fig. 3.1 (d)), we design a state such that a fraction of probe spins are embedded in the ancillary
spins as shown in Fig. 3.1 (a). Specifically, we take the following initial state in step (i):

0) = [¢] pe) ® |F4) (3.5)

Here, [¢ ) denotes a state of &l probe spins, and |F*!) denotes that of (1 — o) N ancillary
spins, where we take a constant « as « = 1/11. The superscript P (A) indicates that the state
is defined on probe (ancillary) spins. Figure 3.1 (a) illustrates how we divide the system into
these two groups of spins. Each probe spin is interspersed among the ancillary spins that are
in the eigenstates of 67. Figure 3.1 (b) illustrates the spin configuration of the ancillary spins
around each probe spin in Fig. 3.1 (a). Each probe spin is surrounded by ancillary spins with
two up spins (see the sites 7; and j3 in Fig. 3.1 (b)) and two down spins (see the sites j, and j,
in Fig. 3.1 (b)).

Notably, our model exhibits the HSF in the weak-transverse-field limit, which makes |¥)
a non-ergodic state with | ) being a frozen region and leads to the coherent time-evolution

of W;DrobJ in step (ii). Here, “frozen” means that the spins cannot be flipped under the time

evolution. In particular, we show that the following approximation holds for any observable P,
with large J /w,:
<\I} | eiﬁtotaltpse_iﬁtotalt | \I}> ~ <\Ij | eiﬁfztpse_iﬁfzt | \If) s (36)

~ _f TP
where Higa1 = Hrrmv + Hp e and

~ w
P ._ T AT
i &7, 3.7)
i€probe
‘TP L ZAaz
Hepig == — E hio;. (3.8)
i€probe

Here, “7 € probe” indicates that the sum is taken over all probe spin sites. As detailed below, we
tune h? in H” . so that we can cancel out effective longitudinal fields on probes that arise due to
Hin. Equation (3.6) suggests that the probe spins are decoupled from the rest of the interacting
but dynamically frozen spins and exposed only to the target field H fw

To understand Eq. (3.6), we first note that a spin flip by I:Iww with small w, is suppressed
when the flip causes a large change in the energy due to Hin, + I:Igfﬁft. For simplicity, let us
start from the case with AJ;; = hf = 0 and w,/ J — 0. In this case, the large interaction
H., leads to a constraint that a spin can flip only when two surrounding spins are up and the
other two surrounding spins are down. This constraint results in the occurrence of the HSF
as studied in Refs. [74, 165]; the effective Hamiltonian has a block-diagonal structure by the
emergent conservation law of the domain-wall (DW) number fipw = >_, (1 — 6707)/2,
which is further fragmented nontrivially as shown in Fig. 3.1 (c). This suggests non-ergodicity

even within each sectors.
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We next argue that a similar HSF emerges for AJ;; # 0 and that |U) corresponds to a state
in one of the fragmented subspaces. More concretely, | ) constitutes a frozen region; from
the construction given in Fig. 3.1 (b), every ancillary spin is always surrounded by at least three
down spins. Then, the action of ﬁwz is energetically suppressed on this region even for nonzero
AJ;;, since the magnitude of the fluctuation AJ;; is assumed not to exceed J/2. Thus, |F4)
becomes dynamically stable in the limit of w,/J — 0, independent of the state of the probe
spins |1/)1§0be>. Due to the constraint, such a frozen region appears in other configurations as
well, leading to exponentially many invariant subspaces, which means the occurrence of the
HSF. Our designed initial state |¥) then belongs to one of such subspaces and time-evolves
only within it; see Figs. 3.1 (a) and (c). Note that this is in contrast to the GHZ state of all
spins, i.e., |GHZ,) := (®;V:1 |4+); + ®;V:1 |—);)/V/2, which contains a superposition of many
computational basis states that spread across the fragmented subspaces; see Figs. 3.1 (c) and (d).

We now discuss the origin of I:Ifz in Eq. (3.6), focusing on probe spins. Since each probe
spin is surrounded by two up and two down frozen spins, the probe spin is effectively exposed to
an effective longitudinal magnetic field ﬁf = —AJ;;, +AJij, — Adij, + AJjj,; see Fig. 3.1 (b).
Assuming that fzf is known from calibration, we can cancel the effective field by choosing i} =
—hZ in Eq. (3.8). Therefore, Hyo acting on our state |¥) is reduced to HZ;Z for |w,/J| < 1
(specifically under the first-order approximation in the degenerate perturbation theory based on
the Schrieffer-Wolff transformation (SWT) [162, 163, 158, 164]; see Sec. 2.2 in the previous
Chapter).

In our scheme, we perform the Ramsey sensing (i)—(iv) with the following two modifica-
tions. First, we only use the probe spins as a resource of metrology and make the other spins

ancillary. In other words, we prepare |¥) with |17, ) = |GHZ?) in (i) and readout outcomes

by using a projective operator P, = |GHZ”)(GHZ'”| @ I* in (iii). Second, we additionally
apply the shift field f[gflift to the probe spins during the exposure (ii). This shift field is used
to cancel out the effective fields on probe spins originating from interactions with the ancillary
spins, which are dynamically frozen for w,/J — 0. In this limit, Eq. (3.6) is exact, and the
uncertainty is calculated as 6w, = (aN)™' (T Tan)~ /2, which demonstrates the Heisenberg-
limited sensitivity. Our scheme does not require turning off the interactions or controlling 7},

during the interrogation process.

The table in Fig. 3.2 (b) summarizes three schemes that we introduced in this Chapter. The
sensing scheme that uses the state |GHZ,) of all spins would not achieve the HL in the presence
of the Ising interactions although it can show an entanglement-enhanced sensitivity. In contrast,
our scheme that uses |¥) (the state |[GHZ”) only for probe spins) can indeed achieve the HL
under large enough couplings .J/w,. (Note that the Zeno scaling for the case with Hin # 0
and the state |GHZ,,) is achieved by shortening the duration of time 7}, as N or J increases, in
contrast to the other two cases, where 7}, is assumed to be a constant.)

3.3.2 Stability for finite w,/.J

While the freezing of the ancillary spins discussed above is exact only for w,/J — 0, we here
analytically show that the HL is still achieved in our scheme even for sufficiently small but finite
w,/J. To see this, we first evaluate the uncertainty of w, by taking account of the deviation €(t)
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from the appoximation in Eq. (3.6) (see Appendix 3.B for the derivation):

) A 1/2
(5wx 1 <<Ps>actual<1 - <Ps>actual) + |€(,—Tint)‘2> , (39)

" aNThy M

where €(t) := <158)act9a1—<]53>eff denotes the difference between <155)actua1 = (\If]emwtaltlsse_mwtalt\\I/>
and (P,)eg := (W|e1lut Pe=ME1|T), When €(Ty,) = O(NP), the uncertainty dw, scales as
O(N~') and the HL remains to be achieved.

Now, we can analytically show that ¢(T};) = O(N°) from the following inequality (see
Appendix 3.C for the derivation):

2Nw,
()| < =

+2 (N /s — 1) Nw, T, (3.10)

g

where J, = min; [4j— D icti) ]2AJij]] > 4(1 — k)J > 0 is evaluated from the min-
imum energy change associated with flipping of ancillary spins (remember the assumption
max; ; 2|AJ;;|/J =k < 1). Since Nw, Ty, = O(N°) < 1and i, = O(N?) are assumed here
as a typical setting in Ramsey-type sensing with GHZ states, we have ¢(t) = O(N"). Further-
more, the deviation becomes |e(7i,)| < 1 for Nw, < J,;, which shows that strong interaction
is beneficial. We note that the bound in Eq. (3.10) is derived by generalizing the error bound
discussed in Refs. [161, 160, 209]. Equation (3.10) also shows that the effective description of
the dynamics in the subspace becomes valid for the intermediate timescale for a weak target
transverse field. That is, our sensing scheme exploits the HSF that emerges in a prethermal
regime [ 158, 77] before evolving into the final equilibrium.

3.4 Discussion

Our scheme leads to better sensitivity for stronger interactions, in stark contrast to conventional
methods as summarized in Fig. 3.2 (b). Importantly, our scheme is robust against the inhomo-
geneity of the interaction. The mechanism of the approximate freezing is also applicable for
finite-range farther-neighbor interactions, cubic or triangular lattices, as well as the additional
presence of weak longitudinal fields. This is due to the broad applicability of the mechanism of
the suppression of spin flips under a weak transverse field and strong Ising interactions. There-
fore, our HSF-protected sensing scheme can be generalized for these situations.

Finally, we describe a possible procedure for creating the entangled state |GHZ§> ® |F4)
as follows. We first prepare the GHZ state |GHZ, ) using the entire spins. by, e.g., adiabatically
transforming a trivial state into the state |GHZ,) as suggested in Refs. [130, 132, 210] and then
rotating every spin by the angle 7 /2. Note that the state |GHZ,) corresponds to a superposition
of the two ground states of the system Hamiltonian Hyy in the ferromagnetic case. Then we
obtain our desired state after performing the projection Py = I” ® |FA)(F4| to |GHZ,), which
is equivalent to measurement feedback control on the ancillary spins; we measure the ancillary
spins in the z basis and then apply single-spin rotations in the direction that depends on the
measurement results.
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3.5 Conclusion

In this Chapter, we have proposed a quantum sensing scheme for a system with spatially non-
uniform always-on Ising interactions. Specifically, we show that we can robustly perform
entanglement-enhanced sensing by designing a tailored state that evades thermalization due to
the emergent Hilbert-space fragmentation (HSF). In this state, the entangled probe spins are de-
coupled from the rest of the system. This decoupling is due to a kinetic constraint that approxi-
mately emerges in the prethermal regime for strong Ising couplings and allows us to measure a
transverse field stably. Our scheme establishes a novel approach to realize quantum sensing in
a quantum many-body system with spatial inhomogeneity by using no dynamical controls. It is
rigidly applicable even when the lattice shape and spatial dimensions are altered as long as the
HSF structure offers us a way to control coherent dynamics without thermalization.

Here, we have introduced a concept of designing quantum states that avoid many-body ther-
malization by the HSF. Beyond quantum metrology, this HSF-protected manipulation of quan-
tum dynamics would be advantageous for other quantum technologies as well, for which re-
taining entanglement in the presence of interactions is crucial. Finally, it is worth mentioning
that although we assumed perfect state preparation in this chapter, preparation of the macro-
scopically entangled state is still another challenge in quantum metrology, especially under the
presence of always-on interactions. In the next chapter, we will discuss an approach that ad-
dresses this problem in a slightly simpler setting, assuming again that the Ising interactions are
always present among the probe qubits.

3.A Appendix: Derivation of the Zeno scaling

We discuss a way to obtain the sensitivity better than the standard quantum limit (SQL) in our
system just by controlling the interaction time 7},;, which turns out to be below the Heisenberg
limit (HL). Specifically, we show that by sufficiently shortening 7}, we can suppress the effect
of the residual interaction Hmt and obtain the Zeno scaling dw, o< N— 3/4 1207, 208, 198].
Although this scaling of N~%/* is worse than the HL, it is better than the SQL. We consider
preparing a state |GHZ,) and let it evolve for time T}, according to H in [Eq. (3.1)]. Assuming
that T}, is sufficiently small and that the perturbation series converge, the expectation value of
the projective measurement P, in this case is evaluated up to the second order in the form

STo Y T+ O(Tay). (3.A.11)

Note that we can make the approximation 3 Z G o Jg J2?N for simplicity. The expression
(3.A.11) shows that the expectation value of the measurement outcomes is affected by the pres-
ence of the interaction term A, int- On the one hand, as this additional term due to the interaction
increases quadratically in time T}, the standard deviation \/ Ps(1 — P) increases for large T}y,
which contributes to the deterioration of the sensitivity. On the other hand, as we increase the
interaction time, |0Ps/0w,| becomes large, which contributes to the enhancement of the sensi-
tivity. These suggest that there is an optimal interaction time 7}, for the sensitivity dw,.

Now we evaluate the optimal sensitivity by shortening the interaction time 7},;. Let us take
T = TNV/278J-17 where T, [ and ~ are constants with 7 < 1. First, we can see that
if either 5 or v were negative, the second-order term in Eq. (3.A.11) would diverge as we take
either N — oo or J — oo. Therefore, we take B,y > 0 below. To make the situation similar to
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the main text, we again assume that w, = O(N ') and set w, = woN !, where wy is a constant.
Then we can evaluate the uncertainty using Eq. (3.4) and Eq. (3.A.11) as follows:

2 (1 - 1, -
0wy, = _T1/2 (ZT_lJl_”’N_?’/Z_B — ZwSTJ_lﬂN_WHB
all
1/2
+ wor2 JIYN 2 J1+3773N—3/2+35) . (3.A.12)

For large NN, this is minimized when we take 5 = 0. In this case, v = 0 gives the optimal sen-
sitivity. Noting that the first term in the parenthesis dominates in Eq. (3.A.12), we can estimate
the optimal scaling of the uncertainty as

Swy = (J)7T) AN T3/ = O(N—3/1), (3.A.13)

which demonstrates the Zeno scaling. Note that the uncertainty increases as .J becomes larger
in this case. This is consistent with our observation in Sec. 3.2.2, which shows a faster decay of
the dynamical fidelity for a larger J in case of using the state |GHZ,) as the initial state.

3.B Appendix: Derivation of the uncertainty Eq. (3.9)

We evaluate the uncertainty dw, by taking into account the deviation in the approximation
Eq. (3.6) with finite w,, / J. For this purpose, let us remind that w,, in our scheme is estimated from
a sequence of measurement outcomes. Suppose that we obtain M/ outcomes by repeating the step
(i)—(iii) using our scheme. Let us define {my, my, - -- ,my} with m; € {0, 1} as the sequence
of the measurement outcomes and Sy, = (1/M) Z]Ail m; as the average of m,;. We estimate the
unknown parameter w, from Sy as follows. When M goes to infinity, the average Sy is given by
the quantum expectation value of the measurement (P, actual := (W]etHtomTine P o=illora Tine | §)

Although calculating the w,-dependence of ( P;).ctua1 analytically is difficult in general, we made
the approximation Eq. (3.6) in the main text, which can be recast to the following:

(P, actuar = (1/2) (1 4 sin (aNw,Tint)) + €(Tine ) (3.B.14)

where €(Ty) = (158>actua1 — (]53>eff is the deviation in the approximation due to finite w,/J
and we substitute 7}, for ¢t in Eq. (3.6). As discussed in the main text, when Nw, < J,
¢(Tint) becomes small. Assuming Nw, < T, as well, we can approximate Eq. (3.B.14) as
(]55>actua1 ~ (1/2) (1 + aNw,Ty). Let us introduce w, 55 = (1/aNTiy)(2Sy — 1), where
w, 5 denotes the estimated value of w, in our scheme. Importantly, in the limit of large M and
J, we obtain w, = w55, On the other hand, w, 55" does not necessarily coincide with the actual

w, when €(t) or M is finite. Below we consider this case and evaluate the uncertainty. Assuming
Nw, T < 1, we obtain w, ~ (2<J3S>am1 1 2€(Tint)> /(@NTiu) from Eq. (3.B.14), and
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then the uncertainty is calculated as [211, 212]

5("}2 = <(wm?\jt - wx)2>stat (3B15)
A 2
2SM -1 2<Ps>actual —1- 26(7’int)
= — .B.1
< < AN T AN Tt tat G40
- = Su — (P, S (T 3.B.17
- CV2N2TE¢ M — < s>actual + 6( int) - ( Db. )
4 <Ps>actual(1 - <ps>actual> 2
= T B.1
a2N27f1t < M + 6( 1nt) ’ (3 8)

where (-)qat i the statistical average of the outcomes m;. In the last line, we used (m;) =

stat
(Ps)actuar and (m;my) . .. = 0 for i # j to derive

<(SM — <Ps>aCtual>2>stat = <Z Z (m’L — <ps>actual> (mj — <ps>actual>> /M2

! J stat
(3.B.19)
A 2
= <(1/M) Z (ml - <Ps>actual) > /M (3B20)
i stat
= <Ps>actual(1 - <ps>actual)/M- (3B21)

This evaluation means that dw, consists of the statistical error coming from finite M and the
systematic error coming from finite €(7}, ).

3.C Appendix: Derivation of the error bound Eq. (3.10)

[Note: The key idea of the proof in this section is obtained by Dr. Ryusuke Hamazaki. ]

Here we show how one can derive the upper bound given in Eq. (3.10). We introduce the
following theorem, which is a generalized version of the bound in Ref. [160].

Theorem 3.C.1 (Universal error bound) Consider a Hamiltonian H= I:|0 +V of a quantum
system, where Ho is regarded as a non-perturbed part and V is a small perturbation. Let Hp be
a certain energy eigenspace of I:IO and write P as the projection operator on Hp. Suppose that
another energy eigenspace Hg (Hp N Hr = ¢) of the Hamiltonian HO satisfies the following
[see Fig. 3.C.3]; (I) PV(1 — P) + (1 — P)VP = PVR + RVP, where R is the projection onto
the energy eigenspace Hg; (Il1) Energy spectra of Hp and Hg are separated by a finite energy
gap Apr > 0, where Apr := mingepp |pyens |E — E'|. Then, starting from an initial state
belonging to Hp, we have the following error bound between the original dynamics described
by H and effective dynamics by Hp = PHP :

e(t) = H|5 (ei“tée*"”t - ei“Ptée*i“Pt) ﬁH (3.C.22)
4|V . .
SM +2 (eQ"V”/APR - 1) V||t (3.C.23)
PR
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for any O with ||O|| = 1, where || - || denotes the operator norm.

In contrast to the bounds in Refs. [161, 160], which rely on the energy gap between Hp and
the rest of the spectrum, our theorem does not require that the eigenspace Hp is isolated in the
energy spectrum of Ho; see Fig. 3.C.3. This means that when V and P satisfy the conditions (I)
and (IT), €(t) is still bounded by using the energy gap between Hp and a part of the spectrum
Hg, which is connected from Hp via V. In fact, the upper bound in Ref. [160] corresponds
to the special case in which R = 1 — P. In this section, we only give the outline of the proof
while emphasizing the difference from Ref. [160] for brevity and we leave the full proof of the
theorem to Appendix A.

EEE,

Figure 3.C.3: Energy spectrum of Ho. The energy eigenspace Hp does not need to be isolated
from the rest of the spectrum with an energy gap. Another eigenspace Hg C Ho \ Hp is
connected via V from Hp, where H denotes the total Hilbert space of HO We assume that Hp
and Hg are separated by a finite energy gap Apg = min{ Agg , APR . [Reproduced from Fig. S1
in Ref. [75].]

Our theorem can be derived just by following the proof in Ref. [160] with a slight modifica-
tion. The proof is divided into two parts. In the first step, we derive

e(t) < AT+ 22T = 1)|v]e. (3.C.24)
Here, T is an anti-Hermitian operator T (i.e., T = —T) that satisfies
[T, Ho] = —Vegr (3.C.25)

with Vo := PV(1 — P) + (1 — P)VP. The derivation is obtained and explained in Section II-B
in Ref. [160] (see especially Egs. (23) and (30)). In the second step, which is different from
Ref. [160], we derive an upper bound on || T|| as follows:

o < IVerll _ VI
Tl = ||Ter|| < —+ < —. 3.C.26
T = I Teel < 000 < 0 (3.C26)

Here, the matrix Tpg is the solution for the Sylvester equation
Hop Tpr — TprHor = Ver, (3.C.27)
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where Vpr = PVR Ter = PTR Hopp = PHOP and HOR = RHOR Our observation here is
that we can take a solution T of Eq. (3.C.25) as T = PTR + RTP under the condition (D). In
this case, Eq. (3.C.25) is reduced to Eq. (3.C.27), which is different from the one in Ref. [160].
Using the condition (IT) on the spectra of Hop and Hgr, we can adopt known relations for the
Sylvester equation [160, 213] to obtain || Tpr|| < |[Verl|/Apr. [See also Eq. (29) in Ref. [160]].
In addition, using a similar argument given in Eq. (25) in Ref. [160], we arrive at Eq. (3.C.26).

~ Now, we explaln how we adopt the theorem to our system. By takmg HO = Htotal sz,
V = sz, and P = Py = |W) (U] (see Egs. (3.7) and (3.8)) we have HV|| = Nw,/2, Apg >

min; [47 - 3, |2AJU|}, and

~

Hp = Py Hyoiu Py = (I” @ |FAY(FA) Hyopat (17 @ [FAY(FA)) (3.C.28)
= H” @ |FY(F4, (3.C.29)

where I” denotes the identity operator on the probe spins. Below we explain how we evaluate
Apgr. The eigenspace Hg in this case, which is connected to Pq; via the action of Hw ,

formally expressed as Hg := span{|¢u)) @ (67|F4)) : |ow) (k =1,2,..2°Y) are elgenstates
of probe spins; ¢ is any site on ancillary spins}. In other words, Hpg is spanned by computational
basis states whose configuration includes the same configuration as |F!) except for any but
one ancillary spin whose state is flipped from |F“). Then the energy gap between Hp and
‘Hr 1s obtained by finding the minimum energy difference in Hioal — I:Iww caused by flipping
one ancillary spin in | ). Using the condition that every ancillary spin in |} is surrounded
by at least three neighboring spins in the down states, we can evaluate Apg as Apr > J; =

min; (4] — Zje(m»
fluctuations of the interaction are relatively weak such that |AJ;;| < J/2.

|2AJ;;||. Note that J; is always positive since we assume that the spatial
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Chapter 4

Entanglement-enhanced sensing with the
one-dimensional Ising model using
quantum domino dynamics

In this Chapter, we propose another entanglement-enhanced sensing scheme using a dynamical
property of the quantum Ising model. We again consider using the Ising model as the probe
system. In contrast to the scheme in the previous Chapter, in which we focused on the interro-
gation step in the Ramsey sensing scheme and assumed the target field to be a weak transverse
field, in this Chapter we mainly focus on the other steps in the sensing scheme, namely the state
preparation and readout, and assume the target field to be a weak longitudinal field. In particular,
we consider making use of the so-called quantum domino dynamics for quantum sensing that
arises in the Ising chain with a weak transverse field. In addition, here we perform a numerical
calculation taking into account the effect of environmental noise.

This Chapter is organized as follows. First, we give introduction for this Chapter, starting
again from a broad perspective. In Sec. 4.2, we review the Ramsey sensing scheme while in-
troducing the notation that we specifically use in this Chapter, with particular attention to the
use of entangling gates for state preparation and readout. We also review the quantum domino
dynamics, which plays a key role in our scheme. In Sec. 4.3, we illustrate our scheme in an
analytical way and compare it with the conventional scheme, and then numerically calculate
the uncertainty of the estimation of the target field in the absence of environmental noise. In
Sec. 4.4, we take into account the effect of dephasing as a realistic environmental noise and nu-
merically investigate the performance of our scheme in the presence of noise. After discussing
a possible approach to applying our scheme for a large system in Sec. 4.5, we summarize this
Chapter in Sec. 4.6.

4.1 Introduction

The improvement of the sensitivity is a key objective for sensing technologies. Recent devel-
opments have enabled us to perform high precision sensing in a variety of areas, such as in life
science [214, 4], investigation of semiconductor devices [215], and study of the condensed mat-
ter physics [216]. In particular, the detection of a weak magnetic field with the use of quantum
technologies has been attracting great attentions.

Quantum metrology using spins (qubits) [217, 188, 194, 46] is an essential technique to
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improve the estimation precision. Typical sensing scheme consists of the three procedures:
preparing the probe spins in a specific quantum state, exposing the state to the target magnetic
field, and performing a measurement for the readout. It is well known that the standard quantum
limit (SQL) bounds the sensitivities when we prepare separable states for the probe spins [188].
On the other hand, by exploiting quantum properties of entanglement among the probe spins,
the bound can be upgraded to the Heisenberg limit (HL) [218, 42, 194].

The challenge of the entanglement-enhanced sensing is to develop a practical method of
preparing useful entangled states between the probe spins. For the entanglement-enhanced sens-
ing of a magnetic field, we need both a strong coupling with the target magnetic field and con-
trollability of the spins. The former is essential to achieve a better sensitivity, while the latter is
crucial for the creation of the entangled states. However, as the coupling with the target mag-
netic field is increased, decoherence rate of the spin due to the unavoidable coupling with the
environment typically increases, resulting in poor controllability of the spin. This means that
it is difficult to accurately control the spins for the magnetic field sensing. Because of this dif-
ficulty, although a great number of methods requiring high controllability have been proposed,
practical entanglement-enhanced sensing is still challenging in this area.

One of the typical entangled states for quantum metrology is the Greenberger-Horne-Zeilinger
(GHZ) state [125, 206]. The GHZ state can be created by using a sequence of gate operations
[219, 195, 220, 221, 128, 222, 129]. However, entangling gate operations including controlled-
NOT (CNOT) gates require an accurate control of the interaction between spins. Such a require-
ment of the high controllability could be a bottleneck for the practical entanglement enhanced
sensing.

In this Chapter, we propose an entanglement-enhanced sensing scheme to measure a mag-
netic field with an always-on nearest-neighbor interaction. Our scheme does not require either
entangling gate operations or switching on/off the interaction among spins. More specifically,
we consider a one-dimensional spin chain with a nearest-neighbor ferromagnetic Ising interac-
tion accompanied by the homogeneous transverse magnetic field for control. In our scheme,
performing a single-spin measurement on one of the edges of the chain at equilibrium induces
unitary dynamics due to the intrinsic Hamiltonian of the system, which generates an entangled
state suitable for quantum metrology. When we expose our probe spins to the target magnetic
field, the interaction is still on; we just need to turn on/off global magnetic fields. Furthermore,
the readout for the estimation of the target magnetic field can be implemented with a single spin
measurement on the edge of the chain. Complicated operations, such as turning on/off the in-
teractions are not required in our scheme, which is in stark contrast to the conventional scheme
with GHZ states that requires precise control of the interaction.

4.2 Setting

In this section, we review ideas of quantum sensing and quantum domino dynamics, which we
use in our sensing scheme.

4.2.1 Ramsey measurement scheme with separable states

For completeness, we start by briefly reviewing the Ramsey measurement scheme using L sep-
arable spins [46]. Our target magnetic field in this Chapter is a longitudinal field, whose Hamil-
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tonian is described by

L
= % Z:: (4.1)

where w, denotes the strength of the static and homogeneous target magnetic field and n denotes
the sites of the probe spins. The sensing scheme is summarized as follows. First, we prepare a
separable probe state ®§:1 |[+),,. where |+), denotes the eigenstate of 67 with the eigenvalue
+1. Here, 6%, v € {x,y,z} denotes the Pauli spin operators on site n. Second, we let the
state interact with the target field for time 7},,. Third, we perform a projective measurement
}5; , = (67 +1)/2 on each spin. After repeating these three steps, we estimate w. from the
distribution of the outcomes.

The uncertainty of the estimated value of w, for each spin is commonly obtained as

P(1-P)
\/M’

O = (4.2)

Ow

where P = (1 + sinw, T}, ) /2 denotes the expectation value of f’,j v and M denotes the number
of experimental repetition [46, 212]. For a total available time 7}, the number M is calculated
as M = Ton/Tiensing, Where Tyensine denotes a combined time of the three procedures of a sensing
scheme, i.e., Tyensing = 1; reset + Torep + Tint + Tread- Here, Treset denotes the time it takes to
initialize the probe system, 7},., denotes the time it takes to generate a metrologically useful
state from this initial state, and 7}..q denotes the time to readout the phase information acquired
in the quantum state during the exposure to the magnetic field. In this section, we assume
that the interaction time 7;,; accounts for a large fraction of the sensing time, i.e., Tsensing =~
Tint- Then, the uncertainty of the estimation of w, using L separable spins is calculated as
ow, = (LTauTint)_l/ ?_which shows the SQL. The scaling of dw, can be improved to L~! if we
appropriately exploit an entanglement among the spins as we describe below.

4.2.2 Quantum sensing with the GHZ state

Next, we illustrate a quantum sensing scheme with the GHZ state using entangling gates. For
the sake of the notation, we define a CNOT gate between spins on site n and site n + 1 as

CNOT, i1 = [1 =67+ (L+67)6%.4] /2. (4.3)

In Fig. 4.1, we show a schematic picture of the conventional scheme which we describe below.
A typical scheme to generate the GHZ state by gate operations is summarized as follows [46].
(i) We prepare an L-spin state ~_, |0) , where [0), and |1) denote the eigenstate of 67 with
the eigenvalue —1 and +1, respectively. (ii) We implement a Hadamard gate on the first spin
and perform a sequence of CNOT gates between adjacent spins in order to create the GHZ state

[¥). ie.,

= % (@ 10),, + ) 11>n> : (4.4)
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Figure 4.1: Schematic picture of required operations in the conventional scheme (i)—(v). The
initial state |¢) in the picture is |¢g) := ®%_, |0),. We assume that the system has nearest-
neighbor Ising interactions and gate operations consist of a sequence of CNOT gates, which can
be expressed as in Eq. (4.11). [Reproduced and modified from Fig. 1 in Ref. [76].]

Here, the gates of CNOT; 5, CNOTy3, - -+, and CNOT_, ;, are performed in sequence. (iii)
We expose the state to the target magnetic field (4.1) for time 7;,; and obtain the state with a
phase shift, i.e.,

Wy L,Tint/2

L L
9(T)) = (@ 0), e () |1>n> - 45)
n n=1

=1

(iv) implement a sequence of CNOT gates again on the spins and obtain a disentangled state
eiLWz:T'int/2

% ) ® ® 0, (4.6)

Here, the CNOT gates are performed in the reverse order compared with the case in the step (ii).
More specifically, the gates of CNOT;_ f, CNOTL 9.—1, - » and CNOT 5 are performed
in sequence. (v) We measure the first spin in the 6 basis and obtaln an outcome of either +1 or
—1. The combination of the steps (iv) and (v) effectively measures the probability of projecting

[(Tw)) in Eq. (4.5) to (@1, 10),, +1 Q1 [1),) /V2.

By repeating these steps, we generate a histogram of the outcomes, which let us estimate the
value of w,. The probability of obtaining the outcome of +1 in the ¢ basis is then calculated as

U (Tint)| P " 10 (Tine)) 4.7)
+ 5 sin L. Th. 8)

|w/(ﬂnt>> = (|0>1 +e —iLw;Ting

P =

—~

DN | —

Using Eq. (4.2), the uncertainty of the estimated value of w, is now obtained as dw, = L~! (TimTaHYU 2,
This is the HL, which is L~/? times smaller than the SQL.

Evaluation of the time for state preparation using the entangling gates

Let us estimate here the required time for the GHZ state generation when we use gate operations.
To implement a gate of CNO'T,, .41 to spins in a system with nearest-neighbor Ising interactions
and magnetic fields, we can use Hadamard gates and a CZ (CPHASE) gate. These correspond
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to the unitary dynamics induced by Hamiltonians of
Y = hu(67 +62)/V2 (4.9)

and
rr(n,n J ~Z ~AZ\AZ
He" ™ = S =6+ (L4 67)67.] (4.10)

where hy denotes the strength of the magnetic field and Jcz denotes the interaction strength.
More specifically, the CNOT gate can be described as

CNOTp i1 =exp (i A} exp (i—— HE™D ) exp (i—— HE) . @11
’ 2hg Joz 2hg
Hence, the necessary time is evaluated as 7/hy + 7/ Jcz.

4.2.3 Transverse-field Ising chain

Next, we introduce the transverse-field Ising chain [223, 224]. The Hamiltonian is described as
follows:

F[TFIM = Higing + ﬁx, 4.12)
J L-1
Hysug = =7 ) 070741, (4.13)
n=1
h L
H,= 7;@2, (4.14)

where J > ( denotes the strength of the ferromagnetic interaction and 5, denotes the magnitude
of the transverse magnetic field. Without loss of generality, we assume i, > 0. The model ex-
hibits a quantum phase transition at h,/J = 1/2 at the zero temperature in the thermodynamic
limit and shows a ferromagnetic order in the z direction for h,/J < 1/2. For a finite L and
h./J < 1/2, the system has two almost degenerate ground states with an exponentially small
energy difference. More specifically, the ground state and the first excited state can be approx-

imated as <®£21 0), + ®~_, |1)n> /v/2. with the energy difference which is exponentially
small in L [225]. The excited states are separated from them by a finite energy gap ~ J/2 — h,.

Throughout this Chapter, we assume that we use thermal equilibrium states as the initial
states unless specifically mentioned. For a finite system at equilibrium with an inverse temper-
ature 3, the thermal equilibrium state pg := e PHrrna /Ty[e~AHTrv] can be well approximated
by the mixed state

P~ Pumix :=% (@ \0>n) (@ <0ln) +% (@ \1>n> (@ <1ln) (4.15)

forh,/J < 1/2and 1/8 < J/2—h,. More specifically, we should decrease 1/ as we increase
L because the probability of having the ground states in ps becomes extremely small for a large
L. In Sec. 4.3, we will assume that the temperature is sufficiently low in our scheme so that the
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Figure 4.2: Quantum domino dynamics induced by the Hamiltonian (4.20) with the initial
state 1), ® ®7LZ ,|0),. Black bars show the magnetization at each site n at time steps of
=0, t}1001/ 2 thears 3thear/ 2. and 2t . We choose L = 20 and h,tf;..; = 1.05L here. [Repro-

ideal

duced and modified from Fig. 2 in Ref. [76].]

condition of pg ~ pPmix should be approximately valid. To illustrate how low the temperature
should be for satisfying the condition p3 ~ pmix, We calculate the fidelity F' = F(jg, pmix) =

1/2
Tr Kpg/“ﬁmﬁg/?) } and obtain F = 87% for 8 = 10, J = 1, h, = 0.1 and L = 12. We

can prepare the thermal equilibrium state just by using the energy relaxation process from the
environment, so that precise control is not required.

4.2.4 Quantum domino dynamics

Here, we review the concept of “quantum domino” dynamics in the transverse-field Ising chain,
which was theoretically discussed in Refs. [137, 138, 139, 140] and demonstrated in Ref. [141].
It is observed when we prepare a state |1), ®(®%_, |0), as the initial state and let the state evolve
according to the Hamiltonian (4.12) with a weak transverse magnetic field; the spin-flip on the
first site propagates, which induces a sequence of flipping across the system up to the (L — 1) th
spin.

In short, quantum domino dynamics can approximately realize the following transformation
when we appropriately tune the evolution time:

U (!1>1 ®®\0)n> ~ (@\1 ) ®10), (4.16)
U (yo>1 ®®\1>n> ~ (@\o ) ® 1), (4.17)

where U denotes the unitary dynamics due to the Hamiltonian (4.12). On the other hand, if all
spins are initialized in the same direction, for instance ®7LL:1 |0),, , the system stays almost in

the same state i.e., U ®"_,0), ~ &@%_, |0), Therefore, we can approximately generate the
GHZ state of (L — 1) spins if we induce the quantum domino dynamics with an initial state of

+), ®@ ®%_,10), [139].
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Importantly, the quantum domino dynamics can also occur in the opposite direction, i.e.,

7 L
U <®11 >®|0 ~ (1), ® () [0),,, (4.18)
A - n;2
U <®]o )@\1 ~ 10); @ () [1),, - (4.19)
] n=2

These equations now imply that the entangled state {/ (H)l 2 QL |O>n> can go back to the

initial state approximately by applying U again. We will refer to the dynamics (4.18) and (4.19)
as well as (4.16) and (4.17) as ideal domino dynamics.

The emergence of the quantum domino dynamics in the transverse-field Ising chain can be
explained as follows. Regarding H, asa perturbative term, the Hamiltonian in the interaction

picture is described as ezHIsmgtH e~ tHsingt, By using a secular approximation to ignore oscillat-
ing terms with high frequencies of .J [137], we obtain the following Hamiltonian

>

~

Hsecular = Zx a'i (1 - 6;_1624_1) (420)

as the effective Hamiltonian in the interaction picture. (Note that this Hamiltonian is basically
the same as the Hamiltonian Eq. (2.7) in Chapter 2 and allows for analytical calculations [137].)
The Hamiltonian (4.20) shows that the spin flip on the site n by the operator 6, occurs only
when its two adjacent spins are in the opposite direction. Suppose that the spins at the sites
n = 1,2,k are aligned up while the other spins are aligned down. In this case, only the %
th and (k + 1) th spins could flip while the other spins remain in the original state. Therefore, a
system which is initialized in the state 1), ® ®”_, |0).. exhibits a sequence of spin flips from
the second to the (L — 1) th spins.

We show in Fig. 4.2 quantum domino dynamics induced by the Hamiltonian (4.20). Starting
from the state |1), ®&@%_, |0). , the spin flip propagates forwardly until a time ¢ = ¢,,,, and then
this propagates back for ¢, <t < 23, , where t3,_,, denotes the optimal time to maximize

the total magnetization density of the time-evolved state due to the Hamiltonian (4.20).

Strictly speaking, there is still a small difference between the unitary dynamics induced by
the Hamiltonian (4.20) and the ideal quantum domino dynamics (4.16)—(4.19). As the flipping
propagates further, the difference between the ideal domino dynamics and the dynamics by the
Hamiltonian (4.20) becomes larger as shown in Fig. 4.2. In the ideal domino dynamics, the
total magnetization density, i.e., M,/L := (1/2L) 3% (67), would be M./L = 1/2 — 1/L
for the right-hand side of Eq. (4.16). On the other hand, for the actual dynamics, it is not trivial
whether the maximum total magnetization density converges to a finite value as we increase
the system size L. Fortunately, it has been found that, when we prepare an initial state \1)1 ®
®£ , |0),, and let this state evolve by the Hamiltonian (4.20) for a certain time, we can obtain
a finite magnetization density M, /L ~ 0.37 for a large L [137]. The optimal time ¢}, is also
numerically estimated as ¢, ~ 1.06L/h, in Ref. [137]. We will estimate the appropriate time
of the duration for the original Hamiltonian (4.12) with a finite L and A, in Sec. 4.3.4.
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Figure 4.3: Schematic picture of our sensing scheme. The upper panel represents the prescrip-
tion of our scheme. The middle panel shows how we apply global magnetic fields. The lower
panel shows the procedure (i’)—(v’) and the time it takes for each step. During the interrogation
step (ii1”), we turn off the transverse magnetic field and expose the probe to the target magnetic
field. We assume that the interaction time 7;,; is much longer than the other times involved.
[Reproduced and modified from Fig. 3 in Ref. [76].]

4.3 Our quantum sensing scheme with always-on interaction

In this section, we present our sensing scheme with an always-on interaction between the nearest-
neighbor spins in the probe chain. In the following scheme, the only necessary operations are
to initialize the system, to perform projective measurements on the first spin, and to turn on/off
global magnetic fields.

4.3.1 Description of our sensing scheme

Our scheme can be summarized as follows (see also Fig. 4.3): (i’) we prepare a thermal equilib-
rium state of the Hamiltonian (4.12) with h,/J < 1/2; (ii’) we perform a projective measure-
ment on the first spin along the x direction at ¢ = 0 and then let the system evolve according
to the same Hamiltonian (4.12) until ¢ = ¢*; (iii’) we turn off the transverse magnetic field in
Eq. (4.12) and instead let the system interact with the target magnetic field (4.1) for a time 7},;
(iv’) we let the system evolve according to (4.12) again for the time ¢*; (v’) we perform a pro-
jective measurement on the first spin in the 67 basis. By repeating these steps, we generate the
histogram of the outcomes.

The key idea of our scheme is the use of the quantum domino dynamics. Although the state
is mainly described by the Schrodinger picture in this Chapter, we use the interaction picture
pr(t) = eitHsing o (t)e~Hing in this paragraph to avoid cumbersome expressions, i.e., the state
ps in the Schrodinger picture is obtained after considering the time evolution according to the
Hamiltonian ﬁISing (see also Sec. 4.2.4). The state after the measurement in the step (ii’) is
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approximated as

p1(0) = |4),  (+ ® ((X) 10),,.,,0] + &) \1>m<1l> /2 4.21)

because of Eq. (4.15) for the case in which the measurement outcome is +1. This state evolves
into

=%<®’0>n+®\1>n> (® 0I+® 1\) (10}, 101+ 1), (1) 422)

under the ideal domino dynamics (4.16) and (4.17), which is approximately induced by the
Hamiltonian (4.12) in the step (i1’). After obtaining a phase shift at the third step (ii1’), i.e.,

1 L1 L1 L—1 L—1
Al + To) =5 <®\O>n+e“"z<“mm®\1>n> ((X)n 0] 4 e BT () (1 )
n=1 n=1 n=1 n=1
1
® 5 (100, {01+ 11}, 1 411), (423)
the state evolves into

(|0> L + e—iwz (L—1)Tint

L)1) (0] 4 70T (1)

1 L L
® <®\O>nn<0|+®\1>11<1\), (4.24)
n=2 n=2

in the step (iv’), which replaces the disentangling procedure (iv) in the conventional scheme in
Sec. 4.2.2 by the time evolution with the Hamiltonian (4.12). In this case, the Hamiltonian (4.12)
approximately induces the ideal domino dynamics (4.18) and (4.19). Here, the combination of
the steps (iv’) and (v’) effectively measures the probability of projecting (L — 1)-spin state of
pu(t" + Th) in Bq. (423) to (@121 10),, +i @1=1 1),,) /V2

For our scheme, Tieset; Tpreps and Tieaq are expressed as Tieset = 11 inits Lprep = t* + tmeasures
and Treaqg = t* 4 tmeasures Where tcasure denotes the time required for the projective measure-
ments and 77 ;,;; denotes the relaxation time of the system to thermalize, i.e., the time for the
step (i’). In this Chapter, we assume that 7 jpit and ¢yeasure are much shorter than ¢* and 7i,;. In
addition, for simplicity, we ignore the effect of dephsing in the sensing steps except for the step
(iii”) in this Chapter. In the noiseless case, we can in principle set 7;,; to be much longer than
the other times that are rquired in the sensing steps. In general, the sensitivity increases as the
interaction time 7,y becomes comparable with the total time 7 in the noiseless case whereas
in the presence of the environmental noise, making 7;,; close to the dephasing time 75 results in
better sensitivity.

N —

/31(2t* + ,-Tint) =

We note that we need more careful consideration on the assumption 7i,; > Tieset When
we consider the experimental implementation in the presence of dephasing. Nevertheless, we
assume that the time 7}t can be made much shorter than the dephasing time 75 in experiments
because of the following reason. For a long-lived spin, 75 can be much longer than ¢* and
treadout- HOWwever, in most of the solid-state systems, the energy relaxation time, which we
denote 77 ;elax, 15 €ven longer than the dephasing time 75 [226, 227, 228, 229, 230, 231, 232],
which may imply Tyeset > 15 ~ Tin. For example, nitrogen vacancies in diamond have an
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energy relaxation time of 77 ~ 45 seconds [226], while the dephasing time is around 75 ~ 2
ms [233]. Fortunately, there are experimental techniques that temporarily decrease the energy
relaxation time [234, 235, 236, 237]. We refer to such an artificial and short energy relaxation
time as 7 jnit. Here, we assume that such resetting techniques are available when our sensing
scheme is implemented in experiments and thus take i, > Tieset = 11 init-

4.3.2 Analytical evaluation of the senstivity

The probability P of obtaining +1 as the measurement outcome in the step (v’) is written as

P = Tr[UschemeﬁOUJChemepl—t_yL (425)
where
Pt 5. Pt
po =2l e (4.26)
Tr[Pl,xpﬁ]
Uscheme ::e_iHTFIMt* e_i(ﬁlsing“‘sz)Tinte_iﬁTFIMt*. (4.27)

Hereafter, we assume that the measurement outcome in the step (i) is +1 without loss of gener-
ality. The projection Pir .. to the state in which we get the measurement outcome +-1 at the step

(i) denotes ﬁ’frm := (67 + 1)/2. For the case in which the outcome in the step (i’) is —1, we
exchange the measurement basis in the step (v’) from 67 to —7.

Let us derive the sensitivity of our scheme by using some approximations. In Sec. 4.3.4,
we will numerically calculate the sensitivity without approximations by directly calculating
Eq. (4.25). Assuming the validity of the approximation (4.15) and the ideal domino dynam-
ics (4.16)—(4.19), we can estimate the probability (4.25) as

1 1 Tin .
P2 o 4 5 cos [J (t* + ;)} sin [(L — 1)w, Ting]. (4.28)
The oscillating part cos [J (t* + T}y /2)] in Eq. (4.28), which did not appear in Eq. (4.8), repre-
sents the effect of the presence of the Ising interaction. By tuning ¢* , the probability becomes
the same as that with the GHZ state composed of (L — 1) spins; see Eq. (4.8). Therefore, we
can achieve the HL in this case similarly to the case in Sec.4.2.2.

Equation (4.28) also shows that the probability approaches to 1/2 as w, goes to 0. Although
we derived Eq. (4.28) with several approximations, we can derive this from a more general
setup as follows. The Hamiltonian Hrgpy and the measurement Pffx as well as the initial state

pp commutes with the parity symmetry U, = I1EL_, 6%, while 6 in Pffy anti-commutes with
UI. From these relations and Eqs. (4.25)—(4.27), we find that the expectation value of 6 =

2]5;7r , — L always vanishes for w, T}y = 0. This shows that the deviation of the probability of the
measurement outcomes from 1/2 always signals the presence of non-vanishing w,.

We emphasize here that even though Eq. (4.28) is the result of an approximation, the effect of
the presence of the Ising interaction at the interrogation step (iii’) can always be canceled out by
setting T, = mdm/.J, where m denotes a natural number. When the probe spins interact with
the target field, they can be affected by an additional Hamiltonian, such as residual interactions
between spins, as we have shown in the previous Chapter. The effect of such an additional
Hamiltonian has been discussed in some studies. It was shown in Ref. [238] that when one
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prepares an optimal state for sensing the target field in the presence of additional Hamiltonian,
this term cannot enhance the sensitivity anymore compared to the case in which there is no
such terms. Reference [239] considered estimation of the target longitudinal magnetic field in
the transverse Ising chain, whose interaction is of XX type. By utilizing the integrability of
the model in one dimension, it was shown that the sensitivity can still achieve the Heisenberg-
limited scaling if an appropriate GHZ-type state is used. In contrast, the sensitivities with and
without residual interactions are the same in our case in the present Chapter. Here, we take an
advantage of the fact that the Ising interaction commutes with the target magnetic field and we
can cancel out the additional phase shift by tuning the interaction time. We hence can obtain the
HL if we could prepare and disentangle the GHZ state perfectly.

4.3.3 Comparison with the conventional scheme using entangling gates

Here, we summarize the difference between our scheme in Sec.4.3.1 and the conventional one
introduced in Sec. 4.2.2.

First, there is a difference in state preparation. We use the time evolution according to the
time-independent Hamiltonian (4.12) in preparing a metrologically useful state. Importantly,
since we straightforwardly use the dynamics induced by the Hamiltonian for these processes,
our scheme does not require any temporal control over the individual Ising interactions between
spins. This is in stark contrast to the conventional scheme that uses gate operations for the
entanglement generation, which typically requires turning on/off the interaction.

Second, the way to readout the state is different. We use the Hamiltonian dynamics to
transform the entangled probe state into an almost separable state so that we can extract the
information of the target magnetic field from the single spin measurement. On the other hand,
in the conventional approach, a combination of gate operations and projective measurements is
required.

Finally, we compare the time required for our scheme which uses the quantum domino dy-
namics and that for the conventional scheme which uses the gate operations. When a system
has Ising interactions with strength of .Joz, the operation time for implementing one CNOT gate
is (7/Joz + 27) from our estimation in Sec. 4.2.2, where 7y denotes a necessary gate time to
implement the Hadamard gate. On the other hand, it takes about 1.06/h,, for flipping single spin
on average in the domino dynamics. In Sec. 4.3.4 and 4.4 we demonstrate that our scheme beats
the SQL by a constant factor, where we set J = 1 and h, = 0.1. This shows that even if we
ignore the operation time for the Hadamard gates, the preparation time for the case of using the
quantum domino dynamics is only around three times longer than that for the case of using a
sequence of CNOT gates, under the assumption that the Ising interaction strength is the same,
ie., Joz = J. As long as the coherence time is long, it is more advantageous to use quantum
domino dynamics than gate type operations. Therefore, our scheme can be a practical way to
realize entanglement-enhanced sensing in a spin system with fixed Ising interaction.

4.3.4 Numerical results for the case without environmental noise

We now present numerical results to show the performance of our scheme without noise. We
calculate the uncertainty of the estimated value of w, using Eqgs. (4.25)—(4.27). We here take the
interaction strength and the transverse magnetic field tobe J = 1 and h, = 0.1.

For each size L, we numerically find the optimal preparation time ¢, in order to obtain the
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Figure 4.4: The optimal preparation time ¢, which we use in the step (ii’) and the step (iv’)
when we numerically simulate our scheme. The blue points show ¢* at which dw, can be mini-
mized for i, = 0.1 and 8 = 10. The broken line shows the scaling function ¢’ = 1.06L/h,.
All parameters are normalized by J = 1. [Reproduced from Fig. 4 in Ref. [76].]

*

smallest uncertainty ow,. In Fig. 4.4, we show the size dependence of 7, which takes the value
around t; ~ 1.06L/h, =~ t,., as we mentioned in Sec. 4.2.4. Throughout the Chapter, we use
these values of oot as t* when we plot dw, and Tj,; for each L. We have numerically checked
that ¢; , does not depend on /3 in the parameter sets which we use in this Chapter. In order to take
into account the effect of the preparation time on the uncertainty, we take Ticnsing = Zint + Qtzpt,
although Ti,; is much longer than ¢7, in the following calculations. We ignore the other times

involved for simplicity.

In Fig. 4.5 (a), we observe an oscillation in the preparation time ¢* with the probability (4.25)
as we have discussed in Eq. (4.28). The oscillation frequency is almost the same as J = 1,
which is consistent with our approximate analytical expression (4.28). The optimal time ¢
which provides the smallest uncertainty dw, corresponds to the minimal point of the oscillation.

Figure 4.5 (b) shows the uncertainty against the number of the spins with different initial
states. These results demonstrate that our scheme achieves the high precision sensing beyond
the SQL by a constant factor. However, when we increase L with a fixed 3, the uncertainty starts
to saturate, as a tendency of which can be observed in the plot for 5 = 5 in Fig. 4.5 (b). This is
due mainly to the breakdown of the approximation (4.15), which requires (3 to be large. We will
discuss this point again in Sec. 4.5.

In the conventional quantum domino dynamics the initial state is assumed to be pure, namely
(%4 5:1 |0),,. For comparison, we calculate the uncertainty when the initial state is the same state
®£:1 |0),,. Interestingly, the uncertainty with this pure initial state is almost the same as that
with the thermal equilibrium states pg with 5 = 10 and 20, as shown in Fig. 4.5 (b). Therefore,
the use of the thermal states does not necessarily degrade the sensitivity compared with the case
of using a pure state.

4.4 Quantum Sensing under time-inhomogeneous dephasing

In this section, we consider the effect of dephasing during the interrogation step (iii’) and show
that our scheme beats the SQL by a constant factor even in the presence of the dephasing noise.
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Figure 4.5: (a) The oscillation of dw, in the preparation time t*. Three blue points show the
minimum of Tallf 25wz at t:;pt for each size L with L = 4, 7, and 10. The dotted line and the broken
line show the uncertainty of the SQL for L spins and the HL for (L — 1) spins, respectively. (b)
Size dependence of the uncertainty dw, in our scheme. The dotted line and the broken line
show the SQL for L-spins and the HL for (L — 1) spins, respectively. The other symbols in
the figure show dw, for the cases in which the initial states are pg with 3 = 5, 10, and 20, and
®7le1 |0), , respectively. In both (a) and (b), we take the parameters as h, = 0.1, w, = 1079,
and 7;,; = 5007. All parameters are normalized by J = 1. [Reproduced from Figs. 5 and 6 in
Ref. [76].]

To this end, we consider shortening the interaction time 7},; so that the detrimental effect of the
environmental noise may become small, which is a similar method to the case in Sec. 3.A of
Chapter 3 where we considered the noise arising from internal interactions.

4.4.1 Description of the noise model

For the Ramsey measurement scheme which uses the GHZ state as the probe state, it has
been found that improved sensitivity with the scaling dw, = O(L~%*) can be achieved with
the interaction time of T}, = O(L~'/?) when the noise is time-inhomogeneous dephasing
[51, 52, 52, 134, 198, 240, 241, 242], which is also referred to as Non-Markovian dephasing
[51, 52, 52, 240, 56]. This scaling is called the Zeno limit. On the other hand, no improve-
ment of scaling over the SQL is realized in the presence of Markovian noise [49, 50]. Time-
inhomogeneous dephasing can be observed when the correlation time 7. of the environment is
longer than the coherence time of the spins. It is known that solid-state systems that have a
strong coupling with magnetic fields, such as a superconducting flux qubit [243, 227, 244], a
spin spin in a quantum dot [245, 246], and an NV center in diamond [219, 222, 247, 248], are
typically subject to such time-inhomogeneous dephasing and the correlation time of these sys-
tems is much longer than the coherence time in these systems. In this section, we consider the
effect of time-inhomogeneous dephasing acting on each spin independently.

We assume that the dephasing time 75 and the relaxation time 77 ;ejax Of the spins satisfy
Tl,inity tmeasure; t* < T2 < Tl,relax <L Te. (429)

This implies the following three: first, the necessary condition of our noise model 7, < 7. is
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satisfied; second, the relaxation time of the probe spins 7 ;ejax 1s much longer than 75 during
the exposure; third, the total sensing time 7gcnsing 18 Well approximated by 7i,;. For most of the
solid-state systems, 7 yclax 1S much longer than 75 especially at a low temperature [226, 227,
228,229,230,231, 232] as we have mentioned in Sec. 4.3.1. Therefore we assume that the effect
of the energy relaxation is negligible compared to that of the dephasing during the exposure of
the probe spins to the target magnetic field.

We specifically consider the following master equation of the system during the step (iii’);

L

d . A

T0(t) = —ilHisng + Ho.. (1) Z 67,1675, p(t (4.30)
=1

This kind of model has been used to describe noise in various solid-state systems [249, 243, 244,
247,250, 248, 251, 227, 252, 240]. We then obtain the solution for Eq. (4.30) as follows:

P(Tine) = €1(e2(- - -e(p1(0)) -+ +)), (4.31)
A 1+ e*(Tint/TQ)z . 1— e*(Tint/TQ) 57552

en(p) == 5 P+ 5 GZpo7, (4.32)

ﬁ[(o) = efi(HIsing“l’sz)nntﬁ<0)ei(glsing+f{wz)T‘int. (4.33)

4.4.2 Numerical results for the case with environmental noise

Now, we numerically calculate dw, using Egs. (4.31)—(4.33). As in the noiseless case we take
Tsensing = Tint + 2252‘)pt in the calculation. In contrast to the case in Sec. 4.3.4, where the prob-
ability (4.25) is the function of w, T}, the slope |dP/dw,| depends nontrivially on 7}, in the
presence of noise [51, 52, 56]. We thereby numerically tune the interaction time 7i,; so that
the uncertainty may take a minimum value. The size dependence of the interaction time 7}
is shown in Fig. 4.6 (a). This size dependence is consistent with the previous results using the
GHZ state for sensing under the effect of time-inhomogeneous dephasing [49, 51, 52, 56]. We
stress here that the interaction time Tiy; is much longer than the optimized preparation time ¢7
with the parameter sets we choose in Figs. 4.6 (a) and 4.6 (b).

Figure 4.6 (b) shows the uncertainty dw, in the presence of the time-inhomogeneous dephas-
ing at the step (iii’) in our scheme with three values of 3. They demonstrate that our scheme
beats the SQL by a constant factor except when the inverse temperature of the initial state is
B = 5. However, we find that the improvement of dw, in our scheme over the SQL of the con-
ventional scheme becomes smaller compared with the case without dephasing (see Fig. 4.5 (b)).

4.5 Discussion: Application to a large system

In this section, we discuss the metrological advantage of our scheme in a large system. As we
have seen in Fig. 4.5 (b), the uncertainty begins to saturate as we increase L with a fixed (3, and
eventually our scheme may give no advantage over the conventional scheme with separable L-
spin states. However, as long as there is at least one length L* at which our scheme with the ini-
tial state pg beats the SQL, one can make use of our scheme to obtain an improved sensitivity by
taking the length of the chain as L*. For an N-spin probe, using N/L* copies of the transverse-
field Ising chain of length L* allows us to obtain the sensitivity which is §wS?(L*) /dw. (L*, 5)
times better than the SQL (see Fig. 4.7), where dwSQ(L) denotes the SQL with L spins and
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Figure 4.6: (a) The optimal interaction time 7, in the presence of noise. We numerically
obtained 7;,; at which the minimum uncertainty is achieved in our scheme under the time-
inhomogeneous dephasing. The broken line shows the function T}, = (1/2)Ty(L — 1)71/2 at
which the minimum uncertainty is achieved when the probe is in the GHZ state of (L — 1)
spins [51, 52, 56]. (b) Size dependence of the uncertainty dw, in our scheme under the
time-inhomogeneous dephasing. The dotted line shows the SQL for L-spins, i.e., Tallf *bw, =
V2 exp(1/4)(LT,)~'/2, and the broken line shows the Zeno limit for (L — 1) spins, i.e.,
TM?6w, = v2exp(1/4)(L — 1)~¥4T; /? [49, 51, 52, 56]. The other symbols in the figure
show dw, for the cases in which the initial states are pg with 8 = 5, 10, and 20, and ®ﬁ:1 0),,,
respectively. Both in (a) and (b), the parameters are taken as h, = 0.1, 3 = 10, w, = 1075,
and T, = 10%. All parameters are normalized by J = 1. [Reproduced from Fig. 7 and 8 in
Ref. [76].]
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dw, (L, B) denotes the uncertainty in our scheme with L spin equilibrium state pg. This constant-
factor improvement can be maximized by tuning the length of each chain under the restriction
that dw, (L, 3) < 6wS%(L). A similar technique was discussed in Ref. [253].

m 584444

Figure 4.7: For a large number N (> L*) of spins, improved sensitivity by a constant factor can
be maintained by separating the spins into the chains of length L*. In this case, the probe consists
of N/L* copies of the transverse-field Ising chain. [Reproduced from Fig. 9 in Ref. [76].]

Summarizing the above, the uncertainty in our scheme can beat the SQL as we show in
Figs. 4.5 (b) and 4.6 (b) as long as the the following assumptions (a) and (b) in addition to the
validity of the secular approximation (4.20) are valid: (a) the temperature of the initial state
1/ is small enough for a fixed chain length L, so that the approximation Eq. (11) becomes
good; (b) the decoherence times 77 and 75 are long enough compared to 77 ipit, tmeasure, and tépt
for a fixed chain length L, so that 7;,; dominates the sensing time 7iensing. (When the noise is
present, Ty, ~ (1/2)T5(L — 1)~%/2 is needed for achieving the minimum uncertainty [49, 50],
see Fig. 4.6 (a), and hence T should be also much longer than 2(L — 1)*/2.) We note that if we
keep increasing the length of the chain of spins while keeping 3, T} and T5 fixed, the sensitivity
in our scheme will be eventually degraded with the increase of L. However, if we increase the
number of chains as the number of available spins grows, while keeping the length of the chains
fixed but large enough, we can achieve scaling of the SQL with an improved constant.

4.6 Conclusion and outlook

In this Chapter, we have proposed a novel scheme for quantum sensing using an Ising chain
with homogeneous nearest-neighbor couplings. Our scheme consists of three operations: ini-
tialization of the system in a thermal equilibrium state, switching on/off global magnetic fields,
and projective measurements on a single spin at the start and the end of the scheme. Specif-
ically, we approximately create a GHZ state from the equilibrium of the transverse-field Ising
chain by inducing the quantum domino dynamics. We have numerically shown that our scheme
beats the SQL by a constant factor even in the presence of time-inhomogeneous dephasing.
Since neither an accurate control of the spins, such as the entangling gate operations, nor long-
range interaction between spins is required in the whole process, our scheme may provide an
experimentally feasible way to realize entanglement enhanced sensors. Finally, we note that the
quantum domino dynamics can be largely enhanced, i.e., nearly perfect creation of a GHZ state
can be achieved, by employing a method using a moving control field in Ref. [139], which is
shown to be even robust against the presence of disorders in Ising couplings. We expect that
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our scheme in this Chapter can be improved and made more robust by combining with other
techniques in the future [254].
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Chapter 5

Conclusion

In this Thesis, we have studied quantum thermalization and quantum metrology using quantum
Ising models. In Chapter 2, we revealed that a novel form of the Hilbert space fragmentation
(HSF) emerges in this model, exhibiting a rich variety of non-equilibrium phenomena in isolated
quantum systems. We then demonstrated in Chapter 3 that our findings above can be employed
to design a new scheme of robust quantum sensor for measuring a weak magnetic field. We
also showed in Chapter 4 that another phenomenon which has been found in the quantum Ising
model can be utilized to propose a new entanglement-enhanced sensing scheme that requires
few controls on the probe system. The present Thesis can be seen as yet another example of
how fundamental understanding of a simple quantum model may aid increase our knowledge
of the ubiquitous but challenging problems of quantum thermalization and furthermore result in
applications in quantum technologies, such as quantum metrology.

In Chapter 2, we showed the breakdown of ergodicity in d-dimensional Ising models with
a weak transverse field in a prethermal regime. The quantum Ising model is one of the funda-
mental models in quantum many-body systems, yet a full understanding of its dynamics remains
elusive in higher than one dimension. We investigated the effective model that is obtained as
the first-order approximation of the weak transverse field and demonstrated that the novel HSF
occurs in this non-integrable model with d > 2 as a consequence of the emergent conservation
law of the domain wall (DW) number. Our results indicate nontrivial initial-state dependence
for non-equilibrium prethermal dynamics of the original Ising models in a weak transverse field.
From the broader perspective of understanding quantum thermalization, our results suggest that
the seemingly ubiquitous phenomenon of thermalization can be hindered for a certain timescale
owing to a microscopic detail of the model, namely the DW conserving constraint on the spin-
flip process.

Here, we describe future perspective. First, a question as to the final equilibrium of the orig-
inal quantum Ising model remains open. In other words, it is not completely clear whether the
Ising model under a weak magnetic field always eventually thermalize, as we have reviewed
in Chapter 1. As a next step in understanding dynamics of this model, it would be interest-
ing to investigate an effective model that describes a longer timescale than the model studied
here, as has been partly studied in Ref. [165, 166, 180]. Second, it is worth mentioning that
the HSF is deeply related to the question of which conserved quantity should be considered in
confirming the ETH. In general, global conserved quantities can be always constructed for any
model by adopting projection operators onto the energy eingenstates, which generally have no
locality. Therefore, completely ignoring the locality in considering conserved quantities in the
model should be too naive to be useful. Typically, the ETH in non-integrable models has been
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numerically examined after resolving conventional symmetries, such as lattice symmetries in-
cluding inversion symmetry, and local conservation laws including particle number conservation
[11, 105, 106]. Importantly, the HSF suggests that the appearance of non-trivial and non-local
conserved quantities [109, 116] can shatter conventional symmetry sectors into disconnected
subspaces, while some of which can obey the ETH restricted to the fractured Krylov subspaces
[34]. The quest of constructing a unified way for characterizing physically relevant conserved
quantities remains an important direction to be explored.

In Chapter 3, we proposed an entanglement-enhanced sensing scheme that is robust against
spatially non-uniform always-on Ising interactions. In particular, the use of the HSF constitutes
a new approach in our quantum sensing scheme. Using the non-thermalizing behavior due to the
emergent HSF in the quantum Ising model which we discovered in Chapter 2, we showed that
a particular probe state can be used to statically decouple a fraction of spins from interacting
with the rest of the system. We have also analytically evaluated the sensitivity in our scheme
and demonstrated the Heisenberg limit can be achieved. We expect that methods like ours, that
is to employ nontrivial mechanisms known in the field of quantum thermalization for preventing
desired probe states of interacting probe systems from thermalization, would be beneficial in
other areas where maintaining entanglement plays a crucial role.

We note here that the sensitivity in Chapter 3 was evaluated analytically by assuming that
environmental noises are negligible. However, it is unclear how robust our quantum scheme is
to realistic environmental noises such as the dephasing. Examining robustness of the freezing
of spins as well as the sensitivity against noises and perturbations are other future directions of
extending our results. Additionally, it will be important to make sure that the preparation of our
entangled probe state is feasible in order to demonstrate the usefulness of our strategy. Future
works will need to address issues such as the relevant timescale for projecting the ancillary spins
onto the frozen configuration and estimating maximal errors that are allowed to be accumulated
during the preparation and readout steps.

In Chapter 4, we proposed another quantum sensing scheme. This time, we adopted the
quantum Ising chain as the probe system, making use of the quantum domino dynamics for
the generation and readout of the entangled states. Our scheme can be implemented without
dynamically controlling the interactions and requires few individual controls on the system,
specifically, cooling down the system, two projective measurements on a single qubit, and turn-
ing on/off the uniform magnetic fields. Unlike in Chapter 3, we included the effect of environ-
mental noise in our evaluation of the sensitivity and numerically demonstrated that our scheme
achieves an improved sensitivity beyond the standard quantum limit even under the effect of
time-inhomogeneous dephasing.

Quantum domino dynamics has been experimentally demonstrated [141], and we thereby
expect that our sensing scheme will be useful in physical systems where individual control of
interactions and pulse controls of each qubit are difficult. Nevertheless, we note that more
work will be needed to show the improved sensitivity in realistic settings, since the present
calculations do not account for the effect of environmental noise on the Domino dynamics,
which would make the sensitivity worse compared to our results in which we take into account
environmental noise only in the interrogation step. It will be interesting to investigate if we can
design more realistic sensing schemes while retaining the advantages of our approach.

In the present thesis, we investigated two fundamental questions. The first question addresses
what mechanisms can suppress thermalization in isolated quantum systems, the answer of which
will lead to a better understanding of the conditions that allow for quantum thermalization. The
second question explores how entanglement-enhanced magnetic-field sensors can be realized

68



when the probe qubits have always-on internal interactions, which will help realizing highly
sensitive quantum sensors for practical use. To address the first question, this thesis analytically
presented that the kinetic constraint due to the conservation of the domain-wall number hinders
quantum thermalization through the emergence of HSF. Our discovery that the HSF appears even
in well-known models including the TFIMs when considering a prethermal regime suggests the
subtlety of discussing the ETH and highlights the need for further research in this area. In
addressing the second question, we proposed two novel approaches that utilize knowledge of
non-equilibrium phenomena in systems with Ising-type interactions to prepare, protect, and read
out quantum states that are useful for sensing. Our results demonstrate a potential for realizing
entanglement-enhanced sensors in realistic scenarios in which many-body interactions become
non-negligible. Overall, this thesis contributes to the advancement of our understanding of non-
equilibrium physics in isolated quantum systems and its applications to quantum metrology.
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Appendix A

Proof of the theorem in Appendix 3.C

In this Appendix, to make this thesis self-contained, we provide a proof of our theorem which
we introduced in Appendix 3.C. As we have clarified in Chapter 3, this is a generalized version
of the bound in Ref. [160] and one can prove it by following the description Ref. [160] with
a slight modification. The difference between the proof in Ref. [160] and the proof below is
described in Appendix 3.C.

— Universal error bound

Consider a Hamiltonian H = Hy + V of a quantum system, where Ho is regarded as a non-
perturbed part and V is a small perturbation. Let Hp be a certain energy eigenspace of Ho
and write P as the projection operator on Hp. Suppose that another energy eigenspace Hgr
(Hp N Hr = ¢) of the Hamiltonian |:|0 satisfies the following two conditions:
(I) PV(1 — P) + (1 — P)VP = PVR + RVP, where R is the projection onto the energy
eigenspace Hg;

(Il) Energy spectra of Hp and Hgr are separated by a finite energy gap Apr > 0, where
APR = min|E>er7|E’>eHR |E — El|.

Then, starting from an initial state belonging to Hp, we have the following error bound between

A A A

the original dynamics described by H and effective dynamics by Hp = PHP :

€(t) :== HIS (emtée_mt — em"tée_m"t) ISH (A.1)
4[|V : .
SM +2 <62”VH/APR _ 1) IV||¢ (A.2)
PR
for any O with ||| = 1, where || - || denotes the operator norm.

— proof

We divide the proof into the followmg five steps (1)—(v). In step (ii), we assume that there is an
anti-Hermitian operator T (TT —T) that satisfies

[T, Hol = —Vosr. (A3)
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In fact, the existence of the solution T for Eq. (A.3) is proved in step (ii1) by using the condition
{1).
Step (i)
We show
e(t) < 4T +2|V'|¢, (A4)

where V'’ := SHS' — H, with H, := |:|0 + Vdiag and S == el

Step (ii)
We show

IV < (M= 1)v]]. (A.5)

Step (i)

We show that there always exists the solution T for Eq. (A.3) when the condition (II) is satlsflgq
which has the form of T = (PTR + RTP) In particular, we derive the matrix TpR = PTR
from the Sylvester equation Hop Tpr — TeprHor = Vpgr, where Hop = PHOP Hor = RHOR and

Ver = PVR.

Step (iv)
We show
. [Ver|]
T < . A.6
[ Terll < An (A.6)
Step (v)
We show
Tl = [ITerll (A7)
and
IVerll < [IV]]. (A.8)

Combining Egs. (A.4)-(A.8), we arrive at the universal bound Eq. (A.2). Below, we show
the derivations Egs. (A.4)—(A.7) in each proof step.
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Step (i): derivation of Eq. (A.4)

First, we rewrite €(t) as follows:

e(t) = p (eiﬂtée—iﬂt _ eiﬂptée—iﬂpt) p

A

—||P (e—sztethOe—theszt _ O) P

~

— P (eszltethOeszteszlt o O) PH

_ P(esz1t67TezH1tesz1teT€th€fTeTO€fTeT€ o~ Teiflit, ele

~

—|[p (ST(t)ﬂ(t)SOSTﬂ(t)Tg(t) - O) p

Y

~

where operators Hy, S(t), and L(¢) are defined as
l:ll = I:|0 + vdiaga

7’L'|:|1t —i— i|:|1t

szltsezHlt —e ele ’

o

~
I

®

)
)= ot T iHt —T
with

Viiag := PVP 4 (1 = P)V(1 — P)

and we used PH; = H,P = Hp. Then, using the following inequalities

0ot - 0| = ||, 0| < w0
@263, 0)|| = || uln. 01 + [0, 0163 | < |95 0| + | @ 61|
we obtain a bound on (¢) as follows:
e(t) < H (sf(t)L(t)sOsTL(t)TS(t) - O) ‘
<|IIS, O1|| + ||[S(), 01| + |[[L(2), O
Second, we use another inequality
H[J,O]H:‘/Oldxe”[eié]e—”‘</0 d)\HeAT[eT,O]e_’\TH <2HT
to arrive at
e(t) < 4||T|| + ||[L(t), O]
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(A.12)
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(A.15)
(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)
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from Eq. (A.21). Finally, we see that the second term of the left-hand side of Eq. (A.23) can be

upper bounded as

A A

[L(1), 0]

- [ctwoto -of

. d,]_i (e—iSHSfTeiI:I1TO€—Z'I:|1T61'§I:|§TT)
dr

Il
-~

0

t
_.AAA-‘— 1 A _.A A AA ) A _.A .AAAT
— / dre iSHS TezHlT[Hl —e zHyrSHsTezHlT’ 0]6 zleezSHS T

[en]

_.AAA-‘— 1O _.'\ ~ e A~ _vA .AAA-‘—
dT€ iSHS TelHlT[_e ZHITVIBZHlT,O]G zHlTezSHS T

= / drLi(r)[e= ™7V e O)L(7)
0
t 1 ~ 1O A
< / dr H [e—ZHoTvle’LHoT’ O] H
0

V||

[en]

t
t

<2

and thus we obtain the following:

e(t) < 4||T| + 2||V||z.

Step (ii): derivation of Eq. (A.5)

First we rewrite V' as

. <1
V=Y " —adi(Hy + V) —H,

n=0 n‘
= Z —ad” (Ho) Z —ad” — (Ho + Vaiag)
— Z _adn off + leag Z ﬂ) - (voff + vdiag)
— n—l—l
R o 1 o
_ Z —ad Off + Vdiag) — Z madf(voﬁr)
n=1 ’
by using the expansion
1 e P P
> —ad (Ho) = Ho -+ [T, Ho] + [T, [T, Hol] +
n=0
. 1 - - 1 o
- HO - Voff - i[Tavoff] - E[Tv [Tvvoﬁ]] -
R . b 1 .
- HO VOff Z (n+ 1)|a T(VOH)
n=1
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(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)



where ad+ (%) indicates taking a commutation [T,?]. Using Eq. (A.35), we can evaluate ||V'|| as
follows:

\v’y < E —Had” )|+ E ]ad” off) | (A.39)
S ||2T||” - ||2T||” -
<> Vv § j Vv A.40
=2y VIl +n:1 nt 1)!H | (A.40)
= 27" 12T
<[> —1+§ IV (A.41)
<n:0 TZ' n=1 ( )
2T = 2T -
< —2 |V A.42
- (g n! +HZ:0 (n+ 1)n! IV ( )
= [2T|" -
<2(> —1]) |V A43
< <n:o . VIl (A.43)
<9 ( 127 _ 1) V). (A.44)

Step (iii): derivation of the solution for Eq. (A.3)

We assume that the anti-Hermitian operator T has the form of T = PTR+RTP. Then, Eq. (A.3),
which is [T, Hy] = —Vog, is reduced to the following equation of matrices which represent
diagonal or off-diagonal blocks of V, T, and Ho,

TerHor — Hop Tpr = —Vpr, (A.45)

where Tpr = PTR, Hor = RHoR, Hop = PH,P, and Vpg = PVR. This is a Sylvester equation.
From the assumption (II), we see that Hop and Hog have no common eigenvalues. In this case,
for any matrix —Vpg, it is known that there always exists a unique solution that satisfies the
Sylvester equation.

Formally, we can write the solution as follows. Since we are assuming that the subspaces
Hp and Hpg are separated by a finite energy gap Apg, one can find £, € [minAp, maxAp| and
1, such that the subspace Hp is covered by [E,, — r,,, E, + r,,] and Hg is covered by (—oo, £, —

— Apr| U [E, + 7, + Apg, 00). Then, we can obtain

Tpr =[(Hop — E,)Tpr — Vpr]/(Hor — E,) (A.46)
= (Hop — E,)"Vpr(Hor — E,)~ "+ (A.47)
n—0
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Step (iv): derivation of Eq. (A.6)

Evaluating Tpg can be done straightforwardly by using Eq. (A.47) as follows:

I Terll < D I(Hop — Ey)"Ver(Hr — E,) "] (A.48)
n=0
<3 |Fop — EplI"|Fog — E,ll =+ | Vx| (A49)
n=0
) UL VY (A.50)
B n=0 <Tp + APR)nJrl PR .
[Ver|]
= : (A.51)
Apr

Step (v): derivation of Eqgs. (A.7) and (A.8)
We derive Eq. (A.8) first. For the solution derived in Step (iii), we have
TIT = (PTR+ RTP)(—PTR — RTP) (A.52)
= —(PTR)(RTP) — (RTP)(PTR). (A.53)

The last line (A.53) shows that THT is block diagonalized in Hp and Hg, and hence we obtain

|| = max(| PTRIRTP)| . |(PTRIRTP) 3 (A54)

— max{[|(PTR)(PTR)'||||(RTP)(RTP) [} (A.55)

_ [ptR| (A56)

= [[Tew]". (A.57)

where we used the relation ||O||?> = ||OO1|| for the operator norm, and we have HTH = [|Teg|-

Finally, Eq. (A.7) follows from below:

[Vex|[* = |[PVR| = [[pVRRUP| < |[VRRV] = RUVR[ < V][ ass)

<
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