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Abstract

Precise, coherent, robust quantum control and characterization of quantum systems
play important roles in the development of applications of quantum technologies. In par-
ticular, advancing the quality of control requires precise characterization, which, in turn,
depends on the quality of control.

In the first part of the thesis, we introduce a general framework for designing efficient,
precise, and robust quantum control strategies using effective Hamiltonian engineering.
The methods enable designs that are robust to systematic control errors and variations
in the Hamiltonian. The efficiency benefit of achieving control at zeroth order in the
Magnus expansion is highlighted. Design tools, such as methods that identify the space of
achievable effective Hamiltonians at each order from the Magnus expansion, are introduced.
Objective functions for engineering arbitrary effective Hamiltonians are provided and can
be used by numerical optimizers for control sequence design.

The second part of the thesis explores the characterization of general noise models
based on experiments on a central spin system. The noise is probed through stimu-
lated echo experiments, multi-dimensional correlation spectroscopy, and multi-quantum
experiments to characterize system/environment correlation and environmental memory
effects. Combined with Bayesian inference, these experiments provide quantitative mea-
sures of correlation growth, environmental mixing, and deviations from stochastic noise
models. Measures that influence the choice of control schemes include non-Gaussianity,
non-stationarity, and non-Markovianity. The multi-quantum experiments can also reveal
an extended environment and show how the environmental mixing propagates quantum
information throughout the environment.
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Chapter 1

Introduction

Quantum technologies rely on the ability to manipulate quantum systems with high preci-
sion and reliability. Coherent control (the process of steering quantum dynamics using tai-
lored external fields) is essential for enabling quantum computing, sensing [50], simulation
(61, 192], and communication [11]. However, the quality of quantum control is fundamen-
tally limited by noise, system variability, and imperfections in control hardware. These
issues become increasingly problematic as systems scale in size and complexity. A major
open challenge is to develop control methods that remain effective under such non-ideal
conditions and across different physical platforms. This thesis is concerned with engineer-
ing coherent control, in particular addressing robustness and precision. We use Average
Hamiltonian Theory (AHT) [82, &1] to achieve efficient, precise, and robust quantum con-
trol on qubit systems. This is accomplished by characterizing the set of achievable effective
Hamiltonians at each order in the Magnus expansion and developing general strategies to
engineer these terms toward desired targets. Efficiency is achieved by reaching the target
control at the lowest order possible. Robustness is achieved through numerical optimiza-
tion that minimizes the sensitivity to variations in the system. The methods developed
are applicable to all modalities of qubits and to all applications of quantum technologies.

When a quantum system interacts with an external environment, coherent evolution
is disrupted by information exchange between the system and its surroundings. The envi-
ronment can store and return information to the system, leading to non-Markovian effects
that require more complex models of quantum dynamics, in particular beyond models
based on Lindblad dynamics [121, 71]. Such decoherence can reduce the effectiveness of
control sequences by introducing persistent system/environment correlations and limiting
the refocusability of quantum dynamics. To explore this, we develop experimental tools
based on a central spin (CS) model [19, 5] to characterize these correlations and environ-



mental memory effects. We use stimulated echo [33, ] methods to measure the time
correlation of the noise along with multi-dimensional correlation spectroscopy [58] and
multi-quantum experiments [139] to characterize the growth of system/environment corre-
lations and the mixing induced by the environmental dynamics. The insights gained from
these experiments lead to more accurate models of decoherence and enable the design of
control strategies that are more robust to environmental influence.

1.1 Robust quantum control via Hamiltonian engi-
neering

The first part of the thesis provides a method for designing precise, robust quantum control
strategies using Hamiltonian engineering. Here, we illustrate the impact of these control
methods by considering a simple case where the total Hamiltonian of a quantum system is
divided into a control Hamiltonian H.(¢) and an internal Hamiltonian Hjy:

Hiot (1) = Ho(t) + Hipe. (1.1)

Quantum control aims to design the time dependence of H.(t) to achieve a target
unitary process over a specified interval of time. The full, general implementation of
quantum control is contained in Chapters 2 and 3.

Effective Hamiltonian engineering, based on Average Hamiltonian Theory (AHT), can
be used to find H.(t) sequences that achieve the target unitary evolution of the system
through an effective Hamiltonian H.g. By using the Magnus expansion, AHT enables the
designing of scalable, robust sequences perturbatively. Specifically, AHT uses the fact that
the total unitary of a sequence can be equivalently represented by an effective Hamiltonian
H.g and the duration of the sequence Tgeq:

TSE
U(Tieq) =T exp [—i f ’ Htot(t)dt] = exp(—iHepTseq), (1.2)
0
where T is the Dyson time-ordering operator. The Magnus expansion of H.g is a pertur-
bative expansion in |Hyo|7. [$1] where 7, is the correlation time of Hiu():
Hg=H® + HM 4.... (1.3)



where each H(™ is the nth-order average Hamiltonian. For example, the zeroth- and
first-order average Hamiltonians are

Tseq
A dtiHyo (1),
Tseq 31
[0 dt, ./0 dto[ Hyot (t1), Hiot (t2)]-

g0 -

seq
1
2T seq

(1.4)
g0 - _

Since each H(™ is Hermitian, truncation of the expansion at any order is also Hermitian
and gives a valid approximation of H.g. Typically, when the expansion converges, higher-
order terms are increasingly smaller quantities.

The toggling frame [129] (defined as the interaction frame of H.(t)) provides a con-
venient picture to separate the control from the evolution and to study how the internal
dynamics is being modulated. Instead of Hi. (%), the Magnus expansion can be defined
with respect to the toggling-frame Hamiltonian:

Htog(t) = Ug(t)Hthc(t)7 (15)

where U.(t) = T exp [—i fot Hc(t’)dt’]. For example, in the WAHUHA-4 sequence [200]
(Fig. 1.1), the toggling-frame Hamiltonian of the high-field dipolar interaction Hiy = Hy, =
30,0, — 0 - o during each window is shown in Fig. 1.1. Both H(® and H® are zero when
the pulse widths are negligible. In the presence of finite pulse widths, the WAHUHA-4
sequence has a residual error at zeroth-order [81]. This is accounted for in the MREV-8
sequence [127, | which combines two WAHUHA-4 sequences with different phases.

To build a general framework for quantum control using AHT, it is useful to consider
the following questions:

1. What are the achievable effective Hamiltonians under the Magnus expansion, given
the available control Hamiltonian H, and the internal Hamiltonian H;,? This ques-
tion defines the controllability of the system, that is, whether the available controls
are sufficient to generate a desired target unitary evolution.

2. What is achievable at zeroth order, and can an additional control term render a
target Hamiltonian achievable at zeroth order? Achieving the target at the lowest
possible order is typically most efficient.

3. How to design sequences that are robust to variations in H;, and the control sys-
tem? Unintended variations in parameters are unavoidable, but control solutions
can be found that are largely insensitive to such variations, particularly if they have
correlation times longer than Rabi period (correlation time of variations > wiﬁ)
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Figure 1.1: The WAHUHA-4 sequence and the toggling-frame Hamiltonian of H,,. Here,
H,o =30,0, —0-0 for a =2,y and z. The total length of the sequence is Tiq = 67. Since
Hy,+ Hyy+ H,, =0, the sequence decouples H, to zeroth order when the pulse widths are
negligible. H™ is also zero since the sequence is symmetric (Hiog(t) = Hiog(Tieq — 1))-

4. How to minimize higher-order corrections and cross terms in the Magnus expansion?
These terms involve nested commutators of the Hamiltonians and typically scale
with Tgeq. Errors due to these terms can become significant after accumulation.
So, minimizing higher-order terms and cross terms is important for achieving high
precision in engineered effective Hamiltonian.

5. How to engineer nonzero higher-order terms in the Magnus expansion? This is useful
since not all effective Hamiltonians are achievable at zeroth order (e.g., Hamiltonians
involving multi-qubit correlations absent in H. or Hi,, such as a higher-order grade-
raising Hamiltonian H = 0,0,0, +0_0_0_).

Studying controllability is essential for verifying the feasibility of the target control given
the available resources (e.g., tunable parameters and power bandwidth product) and deter-
mining modification of the system (e.g., inclusion of additional controls) when the target
is unreachable. This enables efficient allocation of resources including power, bandwidth
and duration of the sequence. Additionally, the set of achievable effective Hamiltonians is
also the set of possible errors. Understanding controllability helps with error analysis and
can be used to design more robust sequences.

Robustness is needed for most implementations. A universal approach, regardless of the
modality of the control system and the properties of Hjy, is useful for making the method
more applicable. It also allows knowledge gained with one modality to be transferred to
others.

Minimizing higher-order corrections is necessary for achieving precise effective Hamil-
tonians, even when terms in the Magnus expansion cannot be calculated directly, such
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as in large systems or when the Hamiltonian is uncertain. Symmetry-based methods for
minimizing higher-order and cross terms remain useful.

We aim to identify symmetry-based conditions that minimize each term in the Magnus
expansion, capturing the minimal requirements necessary for suppression. These conditions
should reduce to exact Magnus expansion evaluation in the case of perfect knowledge of the
Hamiltonians. For instance, the first-order term H() can be eliminated by symmetrizing
the control sequence; however, while such symmetry is sufficient, it is not strictly necessary
and may not always be realizable in practice. Indeed, some sequences lacking explicit
symmetry [13] still achieve H(!) = 0. Moreover, we seek conditions that are numerically
computable, enabling integration into optimization routines for control sequence design.

Since not all effective Hamiltonians can be realized at zeroth order, a systematic ap-
proach for engineering nonzero higher-order terms is used to expand the capabilities of
AHT. In particular, higher-order terms are preferred when the target unitary includes more
qubits than those in the control or internal Hamiltonians or when the target involves multi-
qubit correlations absent in the control and internal Hamiltonians. Although the control
and internal Hamiltonians are typically limited to one- and two-body terms, shaped pulses
can be used to deliberately amplify higher-order contributions, enabling the creation of

effective multi-body interactions and control over multi-spin pathways [203]. For example,
in dipole-coupled spin systems subject to collective spin rotations, it is possible to engineer
double-quantum Hamiltonians (e.g., the grade-raising Hamiltonian [9], H = 0,0, + 0_0_)

at zeroth order. At first order, the effective Hamiltonian includes commutators of toggling-
frame components, which can give rise to triple-quantum terms. Additionally, establishing
conditions for constructing nonzero symmetry-based solutions are important for design-
ing scalable protocols, such as spin amplifiers [30], that remain invariant to uninteresting
parameters in the Hamiltonian, such as variations in coupling strengths across a qubit
ensemble.

The time dependence of H.(t) is controlled via a set of control parameters {ax(t)}
(e.g., the time-dependent amplitudes and phases of the control field). {ax(¢)} is mapped
to a continuous output field B(t) acting on the qubit system. The map depends on a
set of model parameters {;} (e.g., impedance and nonlinearities). In practice, {y;} are
subject to variations, including environmental fluctuations. Hj, also depends on a set of
internal parameters {n’ .} (e.g., coupling strengths and offsets) that can additionally have
variations. Robust quantum control requires the designed total unitary evolution under
Hi,; to be insensitive to these variations. For example, Fig. 1.2 compares the control
landscapes (fidelity maps over variations), for a simple square 7/2 rotation, a composite



7/2 rotation designed for robustness [212],
BB1 = RO(’/T/Q)R% (W)R3¢0(27T)R¢>0 (W)a (16)

where R,;(0) = exp[—i(0, cos(¢p) + o, sin(¢))0/2] and ¢y = arccos(-1/8), and an optimized
robust pulse. However, solutions such as the composite pulses are typically designed for
specific kinds of control imperfections (e.g., Rabi field and offset variations). It is useful
to have a general method for achieving robustness against arbitrary parameter variations,
independent of the physical implementation. Using numerical optimization (e.g., gradient

descent [97]), we can design robust pulses that outperform conventional composite pulses
(Figs. 1.2 and 1.3).

To address these questions, we develop a new framework that is suitable for:

1. Fully characterizing the space/set of achievable unitary propagators and effective
Hamiltonians in each order in the Magnus expansion (Chapters 2 and 3). This
reveals exactly what control targets are achievable and determines the resulting set
of errors. This establishes a foundation for Hamiltonian engineering using AHT.

2. Achieving robustness against most systematic uncertainties in the control system
(Chapter 2). This enables the design of robust control sequences, including higher-
order robustness, independent of the system’s physical modality.

3. Combining numerical integration of the Schrodinger equation and perturbative ex-
pansions using the Magnus expansion (Chapter 2). By generalizing the toggling
frame to the interaction frame of any component of H,, we can reshape the set
of achievable effective Hamiltonians and apply numerical integration or perturbative
evaluation selectively. This allows precise control over how the solution depends on
specific parameters, such as the control functions {ax(t)}.

4. Designing solutions that are parameter-dependent and/or symmetry-based, depend-
ing on the knowledge of the Hamiltonians (Chapter 3). First, this generalizes existing
well-known symmetry conditions in AHT [33] to enable the identification of neces-
sary and sufficient conditions for achieving any target effective Hamiltonian, zero or
nonzero, at each order within the achievable set. Second, it connects with numeri-
cal methods for directly evaluating the Magnus expansion (e.g., using the van Loan
equations [79]), enabling the design of solutions that interpolate between parameter-
dependent and symmetry-based approaches, depending on the available knowledge
of the Hamiltonian and specific design requirements.
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Figure 1.2: Control landscapes of a m/2 z rotation implemented as a simple square /2
rotation, a composite m/2 rotation (BB1) and an optimized robust pulse. The composite
rotation maintains a high fidelity over a larger range of Rabi field variations (€) compared
with the square pulse. Using numerical optimization, robust pulses can be found that
outperform the composite pulse and also incorporate robustness against other errors. Here,
the optimized pulse is also robust against variations in energy offset (Aw) of the qubit.
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Figure 1.3: Time-dependent amplitude w;(¢) and phase ¢(t) of the robust optimized pulse.
Wiait periods are included at the beginning and the end to allow easy composition between
different pulses. In a more complicated implementation, the pulse would be designed for
the control system’s bandwidth and nonlinearities.

5. Minimizing higher-order corrections, including cross terms between different com-
ponents of H, and those between the control error and Hj,, (Chapters 2 and 3).
Higher-order robustness in the presence of control imperfections is achieved by min-
imizing both the higher-order terms and the cross terms between control errors and
the internal Hamiltonian. Minimizing cross terms between different components of
H;,; enables higher precision in engineering the target effective Hamiltonian.

6. Providing necessary and sufficient conditions for engineering target average Hamil-
tonians in each order in the Magnus expansion, easily used by numerical optimizers
for sequence design (Chapters 2 and 3). This enables the design of optimized control
sequences that accommodate multiple objectives simultaneously, including achieving
a target unitary and/or effective Hamiltonian, as well as robustness.

Control efficiency can be achieved by designing nonzero Hg in the lowest-order term in the
Magnus expansion whenever possible and minimizing other terms. The proposed method
is independent of the modality of the system. The applications span across gate design,
spectroscopy, dynamical decoupling, quantum simulation, and sensing. The effectiveness
of the method is demonstrated through diverse examples, including robust control under
Rabi field and offset inhomogeneities, handling imperfections in both linear and nonlinear



control systems, simulation of a tunable quantum harmonic oscillator, realization of a
scalable spin amplifier for sensing, higher-order decoupling of dipole-coupled systems, and
the engineering of symmetry-based, scalable three-body interactions. The quality of the
designed sequences is evaluated through calculating their control landscape and figure of
merit (average gate fidelity over distributions of {x;} and {7¢,}) including a simple model
of decoherence of the system (e.g., a depolarizing channel).

1.2 Characterizing noise in open quantum systems us-
ing a central spin model

Designing control sequences becomes more complex when the quantum system interacts
strongly with an external environment. In these regimes, decoherence is typically non-
Markovian, and the environment can retain long-lived memory of the system’s evolution.
As a result, standard figures of merit derived from Markovian noise models generally fail
to accurately predict the performance of control sequences since it can depend on the
system’s prior evolution history. The evolution of the quantum state may have complex,
non-exponential structure depending on the memory effect of the environment (Fig. 1.4).
In Fig. 1.4, the average gate fidelity of a simple one-qubit square 7/2 rotation is plotted
as a function of the pulse duration ¢. A simple depolarization channel is used to simulate
the Markovian noise. The non-Markovian noise is simulated by coupling the qubit to a
four-qubit environment with internal dynamics and analyzing the evolution of its reduced
density matrix. Under Markovian noise, the fidelity decays exponentially, reflecting the
memoryless nature of the environment. In contrast, under non-Markovian noise, the fi-
delity exhibits non-exponential behavior, including possible revivals and saturation, due
to memory effects in the environment. Fig. 1.4 also shows the concurrence of a Bell
state, (|00) +]11))/v/2, under both types of noise. Similar to the fidelity behavior, non-
Markovian noise leads to a non-monotonic decay of entanglement, often featuring revivals
and delayed loss compared to the purely exponential decay observed under Markovian
noise. The insets of Fig. 1.4 show the Zeno regions [135, 59] under the non-Markovian
noise where the environment holds short-term memory and feeds back information. This
can be useful for designing quantum control since the system can be stabilized or revived
using tailored pulse sequences that exploit memory effects which enable more efficient or
robust control than is possible under Markovian noise. Developing experimental tools to
characterize system /environment dynamics, particularly to probe system/environment cor-
relations, environmental mixing, information backflow (e.g., revival of correlations), and
long-lived memory (e.g., correlations insensitive to mixing), is essential for constructing
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Figure 1.4: Dynamics of quantum control and evolution under Markovian and non-
Markovian noise. Here, the average gate fidelity of a square /2 pulse and the concurrence
of a Bell state are shown. Insets provide a close-up of the initial decay behavior.

more accurate models of decoherence. Such improved models can, in turn, enable the de-
sign of more effective quantum control protocols and noise mitigation strategies, including
quantum error correction [12, 100].

In the second part of the thesis, methods are described for obtaining a more complete
understanding of the environmental dynamics. The goals of characterizing the environment
are to:

1.

Quantify the system/environment correlations, i.e., classical and quantum correla-
tions between the states of the system and the environment. This is important for
designing effective control for non-Markovian noise because these correlations deter-
mine how past interactions influence future dynamics.

Understand how the local field changes under environmental mixing, i.e., environ-
mental evolution that scrambles its state, which may reduce system/environment
correlations. The evolution of the quantum system is driven by the local field. Un-
derstanding its changes under mixing is essential to predict, control, or suppress
decoherence and unwanted interactions.

Quantify non-stochastic processes. Non-stochastic processes including environmental
mixing can produce structured, memory-dependent dynamics that are not captured
by standard noise models like the Gauss-Markov model, so quantifying them is crucial
for accurate modeling and control of realistic open quantum systems.

Understand how environmental mixing moves information within the environment,
including from a directly connected part to the extended environment. This helps di-
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agnose when and where information becomes inaccessible, irreversibly lost, or scram-
bled in a way that can only be recovered with additional controls (e.g., collective
control over the environment), setting fundamental limits on control fidelity and
predictability.

Answering the above questions enables a more accurate decoherence model, which will
inform improved control design in future work.

A central spin (CS) model (Fig. 1.5) is used to characterize the system/environment
dynamics. The Hamiltonian of the CS system is

Figure 1.5: Schematic of a CS model. Here, a spin-1/2 CS is coupled to an external
environment of many, interacting spin-1/2 particles.

H=H.+H.+H,, (1.7)

where Hes, Hcge, and H, are the CS, CS/environment interaction and the environment
Hamiltonians. The CS system provides a quantum model for a qubit coupled to an en-
vironment that can hold quantum information. Hc . is responsible for the growth of
system/environment correlations and the flow of quantum information from the CS to the
environment. Evolution under H, can scramble the CS/environment correlations and po-

tentially move the information to an extended environment that is not directly connected
to the CS.

To study the system/environment correlations and the memory effect of the environ-
ment, we use three different experimental approaches and use a solid-state NMR system to
experimentally test these methods. Stimulated echo (STE) experiments (Chapter 4) are
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similar to forced Rayleigh scattering experiments, with encoding, mixing, and decoding
processes analogous to grating diffusion and scattering. The STE experiments provide an
efficient way to quantify the growth of system/environment correlations and the extent
of mixing. The multi-dimensional (MD) correlation spectroscopy (Chapter 5) provides a
more complete picture by producing the multi-time joint probability distributions of the
noise on the CS. This can be used to quantify non-Gaussianity, non-stationarity, and non-
Markovianity of the dynamics of the environment. The multi-quantum (MQ) experiments
(Chapter 6) measure the growth of CS/environment correlations via Hamming weights
[143]. They enable studying how the environmental mixing moves the quantum informa-
tion within the environment and are used to measure the size of the environment. The
MQ experiments reveal a directly connected part of the environment and an extended part
that is not directly connected to the CS. Bayesian analysis is used to draw quantitative
conclusions.
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Chapter 2

Engineering Precise and Robust
Effective Hamiltonians

Engineering effective Hamiltonians is essential for advancing quantum technologies includ-
ing quantum simulation, sensing, and computing. This chapter presents a general frame-
work for effective Hamiltonian engineering, enabling robust, accurate, and efficient quan-
tum control strategies. We focus on creating target zeroth-order effective Hamiltonians
while minimizing higher-order contribution and enhancing robustness against systematic
errors. The control design identifies the minimal subspace of the toggling frame Hamil-
tonian and the full set of achievable, zeroth-order, effective Hamiltonians. Examples are
included to illustrate the achievable precision and robustness.

2.1 Introduction

Quantum processors have extraordinary potential to transform sensing, secure communica-
tion, and enhance computational efficiency, including in the simulation of quantum physics.
To realize this potential, three key engineering tasks must be addressed: (1) efficient and
robust coherent control, (2) the design of complex, interconnected quantum processors,
and (3) the implementation of quantum error correction. This chapter provides tools for
designing coherent control methods to enhance precision and efficiency, using Average
Hamiltonian Theory (AHT) as the foundational framework. Introduced by John Waugh
over fifty years ago [¢2], AHT describes coherent averaging initially developed for NMR
[206]. Tt has since been widely applied to decoupling [127, , 34, , 13], recoupling
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[160, 118], spectroscopy [164, 80], sensing [116], quantum simulation [192, 22], multi-body
physics [207, , , 90], and quantum computing [179]. The formalism Waugh devel-
oped for the coherent control of coupled spin-1/2 particles naturally extends to the control
of coupled qubits, as the control of qubits and spin-1/2 particles are isomorphic.

AHT is based on the principle that the integrated action of a time-varying total Hamil-
tonian, Hi.(t), over a period [0, Tiq), can be represented by a unitary operator or, equiv-
alently, an effective Hamiltonian, Heg, and its duration, Ti.,. The total Hamiltonian of a
quantum system is typically partitioned into a user-defined, time-dependent control Hamil-
tonian and a time-independent internal Hamiltonian

Hioi(t) = Ho(t) + Hine- (2.1)
The total unitary propagator is

Tscq
U(Toeq) = T exp (—i f Htot(t)dt)
0
= exp (—z'HegTseq) ,

(2.2)

where 7 is the Dyson time-ordering operator, and H.g is the effective Hamiltonian. When
designing an effective Hamiltonian perturbatively, the most efficient solution is often achieved
at zeroth order, as higher-order terms typically make increasingly smaller contributions .
Methods for accounting for higher-order corrections are essential for robust applications of
AHT. Table A.1 lists common use cases of AHT, along with their goals and typical figures
of merit.

To illustrate the desired outcome, consider a simple and time-independent internal
Hamiltonian

N N
Hiy =) Bjjgi-D-G;+ Y. 0;ii- 5 (2.3)
i i1
where G; = (0%, 0},0%) and
ol =1°0D g g, @ 18NV, (2.4)

for o = {z,y, 2}, are the Pauli operators acting on the ith qubit, B;; are coupling strengths,
D is a rank-2 tensor determining the form of the qubit interactions, 71 is a unit vector
determining the direction, ¢§; the strength of the qubit-dependent energy offset, and N is
the total number of qubits. Note that the algorithms outlined in the paper do not depend

!Typically, when designing an effective Hamiltonian using the Magnus expansion, the parameter |Hyo¢|7.
is small, so higher-order terms contribute progressively less [32]. A general convergence condition for the
expansion can be found in [16].
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Table 2.1: Overview of applications of AHT with respective targets, goals, and figures of
merit (FoM).

Use case Target Goal FoM
Decoupling Heg=5Y,0;0ct - 0 spectroscopy line narrowing
(71.172)7 STQx
Time suspension | Heg =0 store quantum informa- | decoherence (W—ITQ)
tion
Simulation Heg = Hgip, simulating quantum sys- | | Heg — Him |
U(nTeq) = | tems
efiHsimnTseq
Sensing Hog = Hoeny parameter estimation Fisher informa-
tion
Gates U(Tieq) = Utarget computation gate fidelity

on the particular organization of the Hamiltonians. We will show later that more complex
internal Hamiltonians are easily accommodated.

In Table A.1, the goal of spectroscopy is to measure select contributions to the internal
Hamiltonian while suppressing unwanted terms. A common goal is to measure the linear
terms while suppressing the bilinear terms in Hyy, [32]. The scaling factor s is preferably
large and the effective direction U.g is typically chosen to be along the quantization axis.
Time suspension |13, , | is an extension of decoupling that aims to suppress all of
the terms in Hj, so, Heg = 0. It is enabling of qubit storage. Hg, and Hg, are the
target effective Hamiltonians for simulation and sensing tasks. In quantum simulation,
the goal is to transform Hj,; into Hg,, typically to explore the dynamics of the simulated
system. Quantum simulation is often performed stroboscopically with Hgp,(7Tieq) being
the effective Hamiltonian over a repeated cycle of length Ti.q and n being the index of the
stroboscopic measurement. In sensing, the goal is to engineer a Hamiltonian, Hge,, that
offers advantages, such as enhanced Fisher information, for measuring target parameters
such as the strength of an external field. In gate design, the goal is to implement a target
unitary Uareet efficiently and with robustness against errors. The figure of merit (FoM) is
the gate fidelity.

Recent advances have enhanced the application of AHT. For example, J. Choi et al. [10]
proposed a symmetry-based method for engineering effective Hamiltonians using control
sequences composed of m/2 pulses and delays, specifically targeting the decoupling of the
zeroth-order average Hamiltonian. It enables the design of high-performance sequences for
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spectroscopy and quantum simulations, demonstrating superior performance compared to
existing methods in the presence of strong disorders. H. Zhou et al. [221] and M. Tyler
et al. [193] extended this approach to account for higher-order terms. However, these
methods remain limited to control with 7/2 rotations of the qubits, anisotropic Heisenberg
model, and lower-order corrections.

Reinforcement learning has been utilized to engineer effective Hamiltonians using 7/2
pulses to decouple secular dipolar interactions [152]. This method highlights the poten-
tial of advanced numerical algorithms to significantly enhance the design of sequences for
Hamiltonian engineering [(2].

The above methods mainly target time suspension applications. For gate design, H.

Haas et al. [79] utilized the van Loan equation [69] to enable numerical evaluation of the
Magnus expansion for control sequences. The authors further integrated their framework
with GRAPE [97], facilitating efficient numerical optimization for designing sequences in

Hamiltonian engineering. Other numerical methods have also been proposed [158].

Several key challenges remain unresolved:

e Controllability: A systematic method to find the achievable set of effective Hamil-
tonians for arbitrary systems and controls [17] is not well-known.

e Arbitrary control errors: There is no general methodology for designing robust
sequences that mitigate arbitrary systematic errors in control systems.

e Higher-order decoupling: A generic symmetry-based framework for eliminating
higher-order correction terms is still lacking.

This paper aims to provide a general framework suitable for designing control sequences
in the presence of control imperfections and dispersion of H;,;. The method includes:

1. Algorithms for characterizing achievable sets of zeroth-order average Hamiltonians
for any H;,, and H..

2. Algorithms for finding numerically optimized sequences for engineering zero and
nonzero effective Hamiltonians.

3. Method to reduce the effects of most systematic errors in the control system.

4. Method to reduce higher-order corrections from the Magnus expansion.
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2.2 Effective Hamiltonian engineering and toggling
frame

For robust control, the internal and control Hamiltonians are broken up into isochromats
that describe the range of possible parameters. For each isochromat, the control is unitary
so an effective Hamiltonian (Eq. 2.2) always exists. For the dynamics averaged over a
distribution of isochromats, the overall map is a convex sum of unitary processes and so
is a completely positive trace-preserving (CPTP) map. The effective Hamiltonian (Heg)
is formally calculated by taking the matrix logarithm of U(Tiq). Hesr describes the sys-
tem’s effective dynamics over the interval [0,7%.,) and is not unique since adding integer
multiples of 27 /Ty, to its eigenvalues yields the same unitary U(Ty.q). In place of matrix
logarithm, AHT often uses a perturbative series approximation to evaluate H.g via the
Magnus expansion:

Heff(irseq) = Z H(n) (Tseq)7 (25>
n=0

where n is the perturbation order, and H( is the nth-order average Hamiltonian. The
zeroth-order average Hamiltonian is

_ 1 Tscq
HO(Tq) = [0 Hioy (1)dt. (2.6)
seq

When the total Hamiltonian commutes with itself at all times, Heg(Tieq) = H(O (Tieq). We
are interested in the case where we focus on finding a control sequence such that

Htarget = H(O) (Tseq)- (27)

Having a zeroth-order average Hamiltonian implementation of Hi,eet is advantageous since
when a solution is achievable in the zeroth order, it is typically the most efficient implemen-
tation in terms of resources such as the power bandwidth product. If Hi,geet is achievable
in zeroth order, a good strategy is to find a control sequence achieving Eq. (2.7) and
to simultaneously minimize the residual errors in the higher-order terms in the Magnus
expansion:

HY(Teeq), HH (Tocy), - - (2.8)
Of course, not all potential Hiaget are achievable in zeroth order.

The toggling frame is a powerful tool that simplifies finding average Hamiltonians. It
bridges numerical integration and perturbative expansion by partitioning Hy () into a
primary part and a perturbative part:

Hiot(t) = Hpi(t) + Hper (1)- (2.9)
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The toggling frame is the interaction frame of Hy,;(¢). A common use of AHT is to take the
control Hamiltonian H. as H,; and the internal Hamiltonian Hiy as Hper. This restriction,
however, is unnecessary, and the freedom to choose any partition of Hy,; enables a larger
set of achievable controls in zeroth order. The toggling frame Hamiltonian of Hpe(t) is

Htog(t) = Ugri(t)Hpert(t)Upri(t)v (2-10)
where the primary unitary Uy (t) is
t
Upn(t) = T exp (—z' A Hpri(t’)dt’) . (2.11)
0
The perturbative unitary is

Tseq
Upert(Tseq) = TGXp (—Z /(; Htog(t)dt)
= eXp (_Z.Heﬂ:Tseq) .

(2.12)

Then, the total propagator is
U(Tseq) = Upri(Tseq)Upert(Tseq)7 (2'13)

where Uy, and Upery can be evaluated through numerical integration and perturbative
expansion, respectively.

2.3 Control Setup

The control Hamiltonian is most often implemented as a sequence of piecewise constant
intervals of control parameters {ax(t)}. For example, it can be

H.(t)

N - | o (2.14)
= > [wi(#) cos(gi(t))al, +wi(t) sin(gs(t))ay + (wo —wi(t))at],

i=1

where the time-dependent amplitude (wi(t)), frequency (wi(t)) and phase of the control
field (¢;(t)) on the ith qubit are control parameters (ax(t)). ax(t) is typically set to zero
at the beginning and the end of each sequence [(2], enabling a simple composition of gates.
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Figure 2.1: Tllustration of a very simplified control system. The input signals {ax(t)} are
designed by the user. The control system outputs a continuous control field B(t) acting
on the qubit system in the lab frame. The design of {ax(¢)} should account for the model
of the system so that it captures the distortion of the hardware along with additive noise.

2R

The control system (Fig. 2.1) maps {ax(t)} to a continuous output field B(t) that is
conveniently described in the lab frame. This map is generally a non-invertible, smooth,
nonlinear function depending on time-independent parameters of the control system, {s;},
such as reactance, spatial and temporal variations of control fields, nonlinearities from ki-
netic inductance, etc. Variations in {y;} result in a modification of the control Hamiltonian
by an error Hamiltonian AH. The error Hamiltonian AH can be evaluated by applying
the Taylor expansion to the map from {ax(t)} to B(t) with respect to {s1;}. Robustness
to variations in {f;} can then be achieved by minimizing the effective Hamiltonian of AH.
The following methods are capable of finding high-precision control fields that account for
{u;} and are robust to their variations.

The internal Hamiltonian also depends on a set of parameters, {n¢ .}, which can include
terms such as the Zeeman splitting, chemical shift, coupling strengths, etc. Typically, {n/ .}
are governed by a classical probability distribution with a correlation time that is often
longer than the total length of a control cycle (Tieq)-

Given a sequence {a(t)}, as well as the internal and model parameters ({n!,} and
{;}), the density matrix of the system obeys the master equation

So(0) = =il (o)} i} (k)0 (0] + Ltoainl o] (215)

where Lielaxation 18 the Lindbladian for relaxation. The solution to Eq. (2.15) over the
interval [0, Tieq) is

p(Tseq) = A({@k(t)} ) {:uj} ) {Uiint})(Po), (2'16)
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where pg is the initial density matrix and A({ax(t)};{x;},{n!,}) is a CPTP map. The
density matrix of the system for an expectation-valued measurement is the ensemble aver-
age of Eq. (2.16) over the distributions of {y;} and {n! }:

P(Tiea) = Apo). (2.17)

where the average CPTP map A is

A= [y d{ni} Qs Dp(ria DAUa ) s i} (i }). (2189)

The goal is to design {a;(t)} to achieve the desired FoM with respect to A or p(Tie,) for
tasks in Table A.1. For example, if the overall unitary target for U(Tyq) is Uy, then the
average gate fidelity of the sequence can be calculated as

Fael{an(®)} o) = [ (WIUIAG) ) Uol)dv. (219)

When knowing the details of the errors is important (e.g., in implementing quantum er-
ror correction, noiseless subsystems, and distinguishing between coherent and stochastic
errors), one should report the full average CPTP map A.

2.4 Flowchart for effective Hamiltonian engineering

The design method is given as a flowchart which references algorithms that are provided
in pseudocode. The flowchart is the same for all applications in Table A.1.

1. Describe the quantum system and controls:

(a) Provide a description of Hiy including distributions of {n!}.

(b) Provide a description of H.(t) and a model of the control system including finite
bandwidth, maximal power, and nonlinearities and distributions of the model
parameters {y;}. Specify the error Hamiltonian AH.

(¢) Provide relaxation times when desired.

2. Identify from Table A.1 the use case and its objectives. Partition Hiq into H,; and
H,ert accordingly. Specify the target unitary Uaeet and/or effective Hamiltonian
Hiarger and the required FoM.
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3. Determine the controllability of U(Tseq):

(a) Controllability of Up;: Use Algorithm 1 to determine if U,yget is achievable.

(b) Space of achievable H(®): Use Algorithm 2 to determine if Hyaygeq is in the space
of achievable zeroth-order average Hamiltonians (H ().

(c) Range of achievable scaling factors for Hiager: Use Algorithm 3 to check if
5Hiarget 1s achievable. If yes, set Hiarget < SHiarget -

(d) If Upyi or sHyarger are not achievable, go to Step 1 to change H.(t) if additional
control is available in the physical system. Sometimes (see below for an expla-
nation of Step 3 (d)), one can go to Step 2 to choose a different partitioning to
enable a larger set of achievable H(®).

4. Using a numerical optimizer to find a control sequence that maximizes the FoM tar-
gets. The FoM targets are achieved by reaching the desired precision in Upi(Tseq) <
Utarget and HO Hiarger While accounting for the model of the control system, min-
imizing sensitivity to variations in the {u;} and {7’ .}, and removing higher-order
corrections HW H® .

5. Calculate the control landscape, accounting for relaxation and the full model of the
control system. Check if the desired FoM and robustness are reached. If yes, return
the sequence. Otherwise, if the FoM is low due to relaxation, go to Step 3 (c) to
choose a larger s. If the robustness is not sufficient, go to Step 4 to include higher-
order robustness.

The following sections expand upon the flowchart step by step.

Step 1. Description of the quantum system and controls

(a) Description of H;,. The description of Hiy, includes the operators, amplitudes and
distributions of {n! .}. For example, for Hy, in Eq. (3.9), one needs to specify D and
n, distributions of the coupling strengths (Bj) and the offsets (J;), usually obtained via
spectroscopy.

(b) Description of H.(t). The description of H.(t) includes the input parameters
{ar(t)} and a mapping, given by the model of the control system, that maps {ax(¢)}
to the output field B (t) in the lab frame. The map is generally given as first-order state-
space differential equations. For time-invariant linear systems, the map is determined by
the transfer function. Once a map from {ay(t)} to B(t) is given, H,(t) is obtained by
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moving into the reference frame of the qubits. The distributions of the model parameters
{n;} (obtained via “tune-up” cycles [67]) can be included. The error Hamiltonian AH is
obtained by expanding the map from {ay(t)} to B(t) with respect to {u;}.

(¢) Relazation time. Provide an estimate of relaxation times. Typically, 77 and T3 are
included. When available, T, can be included. T3 is best included in the distribution of
qubit energies. Alternatively, one can use quantum process tomography to determine the
full system Lindbladian [208].

Step 2. Define partitioning of H;,; and objectives

The partitioning of Hiy is for computational convenience, enabling an efficient use of the
toggling frame to determine average Hamiltonians. Default partitioning is Hyy = He + Hipg
and Hpe includes variations in Hiy, as in gate design and simulation and sensing when the
Lie algebra of the system can be calculated exactly. For decoupling and time suspension,
and simulation and sensing with large systems or when one wants to control the rate of
the dynamics, Hjy, can be included in H,e¢ and engineered perturbatively.

Specify Uiargets Hiarget and Tieq. Choose target fidelity for the process. Verify that for
the relaxation time and T, the target FoM is achievable.

Step 3. Controllability of Uy

(a) Controllability of U, The controllability of U, is found by calculating the minimal
Lie algebra containing H,;(¢). For example, the Lie algebra is g = spany;, {0,,0,,0.}
for universal control on a single qubit and the set of Hamiltonians is the generators of g,;.
The corresponding Lie group e8vi = {e9|g € g, } gives the set of achievable Upyi(Tieq) [17]
and states [25]. Given a set of generators {H;}, Algorithm 1 calculates the generated Lie
algebra [17].
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Algorithm 1 Algorithm for calculating the Lie algebra generated by {H;}. The function
FINDLIEALGEBRA({ H,}) takes a set of generators { H;} and returns an orthonormal basis
of the generated Lie algebra.

1: function FINDLIEALGEBRA({H,})

2 Ao 1 {Hl}

3: v<0

4: while A, # @ and |Uj_; A;| <22V —1 do> 2% is the dimension of the Hilbert space
5 Av+1 Al Z)

6 for ge Ay and h e A, do

7 if [h, g] is linearly independent with U?* A; then > Linear dependence can

be checked by calculating the rank of the matrix of the vectorizations of the operators.

8: Append [h, g] to A,

9: end if
10: end for
11: v<v+1
12: end while
13: Use the Gram-Schmidt process to orthonormalize U;_; A; and return the result.

14: end function

(b) Minimal Subspace of Hi,,(t). The minimal subspace containing the toggling Hamil-
tonian is also the subspace of achievable zeroth-order average Hamiltonians. It is

C (8pris Hpert) = spang { U (#) Hyert Upsi (£) [ Upsi (') € €801} (2.20)

Since Hiog(t) is determined by the action of Hy,i(t) on Hpe, the subspace can be calculated
by taking nested commutators between g and Hpepy:

Cg(gpria Hpert) = spang {[917 "'[gL> Hpert]"']|gl € gpria L 2 O} . (221)

Algorithm 2 calculates an orthonormal basis of € (gpi, Hpert )
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Algorithm 2 Algorithm for calculating an orthonormal basis of € (gpri, Hpert). The func-
tion FINDC(B(gpi), Hpert) takes as input a basis B(gpi) = €1,...,€g,,| of gpi and the
operator Hpey, and returns an orthonormal basis of € (gpri, Hpert )-

1: function FINDC(B(gpi), Hpert)
2: by < Hpert

3: Tmax < 1 > Total number of basis vectors.
4: Tnew < 1 > Number of new basis vectors.
5: while i, >0 and i, < 72 do

6: t< 0

7 for i ax — tnew + 1 <7 < Iypax dO

8: for 1< j < |gp| do

9: if by,...,bi,.4t,[€5,0i] are linearly independent then

10: t<t+1

11: bl'n)aXth <« [ej, bl]

12: end if

13: end for

14: end for

15: Tmax < %max + T

16: Thew < T

17: end while

18: Use the Gram—Schmidt process to orthonormalize (by,...,b;,, ) and return the

result
19: end function

(¢) Achievable range of scaling factors. The set of achievable H()(T.,) is
ﬁ,(gpria Hpert)

1 Tea (2.22)
) Tseq/() Upri(t)HpertUpri(t)dt )

It is the convex hull of {UiT HpertUi} (U; € e8eri), which can be approximated through random
sampling [133]. Therefore, along each Hiarget € € (pri, Hpert ), the range of achievable scaling
factors can be found by solving a linear program associated with the sampled set (Fig. A.2).
The procedure is summarized in Algorithm 4.
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ﬁ, (gpri 9 Hpert )

—2
(%

~< > 11
,‘I s H 2 not achievable

Figure 2.2: Schematic for finding achievable scaling factors. The set of achievable zeroth-
order average Hamiltonians 0" (g, Hpert) i a convex set in € (gpri, Hpert). The convex
set is approximated by the polygon formed by {T)i = UinertUiT}. The achievable scaling
factors for Hiaeer can then be found via linear programming.
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Algorithm 3 (informal version) Algorithm for finding the range of achievable scaling
factors for Hiarget-

1: Sample random unitaries U; € e8eri to form the set {UiTHpertUi}

2: Solve the linear program that maximizes (minimizes) the projection of the convex
combination of {Uz.THpertUi} onto Higger; the solution corresponds to s, (s-)

3: return [s_, s, ] as the range of achievable scaling factors

(d) Modify control or partitioning: For gate design, simulation and sensing where Hp,; =
H, + Hiy, spectroscopy, and decoupling, if Utarget OT S Hiarger are not achievable, one needs
to introduce additional control fields (e.g., RF, microwave, or laser fields) to modify the
controllability. For simulation and sensing where H,e includes Hjy, one can put part of
Hiy in Hpy to modify controllability of Uy,; and H(©).

Step 4. Find optimized sequence

Given the relaxation times and desired FoM, determine the maximal T, of a sequence that
allows the target FoM. Specify higher-order corrections including higher-order terms in the
Magnus expansion of AH and Hpe and their cross terms. Use a numerical optimizer,
such as gradient descent [97] or simulated annealing [191], to find {ax(¢)} that achieves
Usarget and Hiarger Within the desired fidelity while accounting for designated error terms
and higher-order corrections. A solution should be searched with short T, first and with
an increased T, if no solution can be found with the current value of T, so that shorter
sequences can be found.

Step 5. Estimate sequence performance

The control landscape is obtained by calculating the fidelity between A and target total
unitary Uy for each set of values of {4;} and {n!  } drawn from their respective distributions.
Simulate the resulting average CPTP map A and/or the average density matrix P(Tseq)
of the system (Eq. (2.18)) using, e.g., the Monte Carlo method. Calculate FoM through
either the average gate fidelity (Eq. (2.19)) or the state fidelity Tr(p(Tteq)Ptarget)- I the
FoM is unsatisfactory, check A to identify the error. If the error is due to a depolarization,
check if Tgeq is too long. If not, then the robustness is insufficient, go to Step 4 to include
higher-order corrections involving AH and variations of Hi,. If the error is coherent, go
to Step 4 to increase target fidelity or include higher-order corrections.
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2.5 Examples

We now present examples to demonstrate how to achieve robustness to control errors and
variations in H;,, characterize controllability, design effective Hamiltonians, and incorpo-
rate higher-order corrections. We focus on designing high-precision, robust quantum gates.
Then, we will describe the setup for applications in simulation and sensing. An example
in spectroscopy is given in the Appendix. More detail will be published in the near future.

2.5.1 Robust Hadamard

We design a Hadamard gate that is robust to variations in Rabi field strength and offset.
This sequence is useful for high-fidelity quantum operations in trapped-ion, quantum dot,
Rydberg atom, and superconducting systems.

Step 1. System and controls. The internal and control Hamiltonians are

Hint = Wo0y,

H.(t) = wi(t) cos(w,t + ¢(t)) o, (2.23)

where wy =1 GHz (1 Hz=27 rad-s7!) is the resonance frequency of the qubit, w, is the
transmitter microwave frequency. The control parameters are the amplitude of the applied
microwave field (wy(t)) and its phase (¢(¢)). The maximal value of w;(¢) is 20 MHz. The
control system has a 500 MHz bandwidth.

It is convenient to move to an interaction frame that rotates at the transmitter frequency
w, and take the rotating wave approximation [176]. The internal and control Hamiltonians
in this frame are

Hiy = AWO'Z,
He(t) = wi(t) [cos(o(t))oa + sin(¢(t))ay ],

where Aw = wy — w, is the offset.

(2.24)

The gate is robust to variations in the amplitude of the applied microwave field, as the
actual amplitude is (1+€)ws(¢) where € is a random variable sampled from Unif[-5%, 5% ].
Thus, the error Hamiltonian is AH(t) = eH.(t). The gate is also robust to variations in
Aw, sampled from Unif[-2.5 MHz,2.5 MHz].

The qubit decoherence is modeled as a depolarizing channel with a characteristic time
of 100 ms.
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Step 2. Objectives and partitioning of Hy. Choose the partitioning H,; = H.(t) and
ort = Hing. The objectives are

H

p

1 (1 1
Utarget = E ( 1 -1 ) . (225)

and Hiarget = 0. The target FoM is 0.9999.

Step 3. Controllability. The set of generators of g is {0,,0,}, and their composi-
tion via Algorithm 1 provides universal control over the qubit space. Therefore, Uyaget is
achievable. Using Algorithm 2, an orthonormal basis of € (gpr, Hins) is {04, 0,0} [V/2.
Choose Hiarget = 50,/ V2. Via Algorithm 3, the range of achievable scaling factors is [-1,1].
Therefore, Hiaget = 0 is achievable in zeroth order.

Step 4. Design robust sequence. Designing for a fidelity of 0.9999 or higher, so given
the strength of the depolarizing channel, the maximum gate time 7., is 10 ps. Within
this range, the number of intervals can be varied until the target fidelity is achieved. Here,
results are shown for a sequence with 35 intervals and Tiq = 0.35 ps. The higher-order
terms to minimize in the Magnus expansion include the first-order corrections of AH and
Hiy, with their cross term. A generalized simulated annealing optimizer [191, ] is used
to search for an optimized sequence. The sequence and its control landscape are shown in
Fig. 2.3. For comparison, the control landscapes of a non-robust sequence with the same
Tieq are also shown.

Step 5. Calculate FoM. To simulate its FoM, assume that e ~ A(0,0.012) and that
A ~ N(0,(0.5MHz)?). The average gate fidelity (Eq. (2.19)) of the resulting CPTP map
of the robust and non-robust sequences are estimated to be 0.99990+0:999% and 0.994*5-0%.
The FoM satisfies the requirement of being at least 0.9999. Fig. 2.4 shows Bloch sphere
trajectories of |0)(0] under the sequence for different configurations of € and Aw. The perfor-
mance of the robust and non-robust sequences can also be compared by calculating the av-
erage CPTP maps using Eq. (2.18). The representations under the basis {1, 0,,0,,0.} /~/2
are

1
A 0.0329  0.0036  0.9994
robust = -0.0076 —0.9999 0.0039 |’
0.9994 -0.0077 —-0.0329
, (2.26)
i ) 0.0101  0.0067  0.9708
non-robust = 0.0089 -0.9865 0.0240

0.9747 0.0336 -0.0227
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Figure 2.3: Hadamard gate (robust to Rabi and offset variations) and the contour and 3D
plots of its control landscape. The bottom plots are the control landscapes of a non-robust
Hadamard gate with the same Ti,.
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Figure 2.4: Bloch sphere trajectories of the state |0){(0| under the robust Hadamard for
different random values of € and Aw drawn from their distributions. Even though the
trajectories are different, the final states are all close to |[+)(+|.

The low FoM of the non-robust sequence is mainly due to its low robustness rather than
unitary error. Averaging over parameter distributions causes depolarization of the density
matrix, evident in the reduced absolute values of the anti-diagonal elements in the bottom-
right block of the CPTP map.

2.5.2 Robust Hadamard with finite bandwidth

Now, consider the same task of designing a Hadamard gate that accounts for a finite band-
width (80 MHz) in a linear control system. The gate is robust to variations in bandwidth
and small anti-symmetric phase transient.

Step 1. System and controls. In the rotating frame (wy = w, = 1 GHz), the internal and
control Hamiltonians are

Hint = 07

Ho(t) = Bu(H)ow + By (D)o, (2:27)

where B, (t) and By(t) are the time-dependent x and y components of the control field in
the rotating frame. The control parameters are w; () (maximal value is 20 MHz) and ¢(#)
(H.(t) in Egs. (2.24)), they are mapped to B(t) via a convolution with a kernel ®

( gygg ) o ( Zﬁ% Zﬁfg}&); ) (2.28)

with

A 4P
@ =( _szp j;A )> (2.29)
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and

-Wt 1-— -Wt
¢A:{W% >0 and(bpz{é( Wt)e Wt >0 (2.30)

0 t<0 0 t<0’

Here, the bandwidth W and 6 = w* — 1 GHz are the model parameters, and w* is the
free ringing frequency of the system [130, 7]. W and ¢ are random variables that follow
W ~Unif[70,90] MHz and 6 ~Unif[-20,20] MHz. The leading-order approximation of the
error Hamiltonian is

H. 0

AH ~ (W =80 MHZ)gW(W _ 80 MHz) + 6

Hc
5(0=0). (2.31)

Steps 2 and 3 are the same as example above, except that no Hi,eet is needed here.

Step 4. Robustness and optimization. Similar with the previous example, we design
for a fidelity of 0.9999 or higher, the maximum gate time T, is 10 ps. Robustness to
AH is achieved by minimizing the zeroth-order average Hamiltonians of gﬁf and a(rﬁc
simultaneously. Fig. 2.5 shows an optimized sequence (Tsq = 180 ns) and its control
landscape. As a comparison, the control landscape of a non-robust sequence with the same

Tieq 1s also shown.

Step 5. Calculate FoM. Assume that W ~ N (80 MHz, (2 MHz)?) (50 = 10 MHz) and
that 0 ~ N (0, (4MHz)?) (50 =20 MHz). The FoM of the robust and non-robust sequences
are 0.999995*5-009053 and 0.99994+)-50002.

Note that it is possible to go beyond the perturbative regime and achieve large robust
regions by considering alternative partitionings of Hy,, and enforcing robustness across all
of them simultaneously. This is discussed in detail in Appendix A.

2.5.3 Robust control with nonlinear system

Generally, the output field B(t) and the input parameter {a(t)} are related through a
state-space differential equation

dB .
E :h(B(t)>{ak(t)}at; {:uj})7 (232)
where h is a nonlinear function. We can design control sequences robust to variations in
{u;} given that the equation is not chaotic. As an example, consider the resonant circuit
in Fig. A.7. We design a Hadamard gate that is robust to small kinetic inductance. This
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Figure 2.5: Hadamard gate (robust to W and § variations) and the contour and 3D plots
of its control landscape. The blue and orange curves represent the control parameters and
relative amplitudes of B,(t) and B,(t) respectively. The bottom plots show the control
landscapes of a non-robust sequence.
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Vs(t) o——1|

R

Figure 2.6: A simple resonant circuit with R, =50 Q, R =0.01 Q, C,, = 11 fF, C; = 1.479
pF, and L =170 pH. The resonance frequency is 10 GHz.

method can be used to design robust sequences against variations in parameters in general
nonlinear control systems.

Step 1. System and controls. Start with the same internal and control Hamiltonians in
Eqs. (2.27). The control field B(t) can be obtained by solving the following differential

equation in the rotating frame [30]

dx

— = A(x)x + a(t)u, (2.33)
dt
where
I &0 1 0
v=| Vo, |, A@=| 0 #7= me |-iwl, u=| me | (2.34)
Ve, &% TG Tc e

and the control parameters {a,(t)} and the components of the output field B(t) are

ai(t) = k;Re(a(t)), as(t) = kiIm(a(t)), B.(t)= mORe(fL)wmax, By(t) = ffoIm(fL)wmaX,
(2.35)

where wpax =2 MHz, x;=1 V-1 and x,=20 A-1.

In the presence of kinetic inductance, the inductance L depends on the current:

L:L0(1+CYL|[L|2), (236)
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where a, is a constant, leading to nonlinear behavior in the circuit [123, 138, 15]. The model
parameters are the electrical component parameters in the circuit where o, ~Unif[-0.001, 0.001]
A~2. Note, «ay, is typically positive, but we can still design around «;, = 0. The solution

is robust to ay that is either positive or negative. The error Hamiltonian AH can be
calculated by solving the differential equation of dz/d«ay. The general method is provided

in the Supplemental material.

Steps 2 and 3 are the same as the previous example.

Step 4. Robustness and optimization. Design for a fidelity of 0.9999 or higher. Fig. 2.7
shows robust and non-robust Hadamard gates. Their control landscapes are shown in Fig.
2.8.

B, (1)) Wmax (100%) . B, (t)/ Wmax ('IOO%)
1.0 1.0
0.5 "_‘ 0.5 4 p——y
7 |- 7 r‘ e
0.0 ol '-1 0.0 a4 r‘
-05 L" L"‘ Ld -0.5 Lj L"
-1.0} . -1.0
0 20 40 60 80 100 0 20 40 60 80 100
t(ns) t (ns)
By (1) Wmax (100%) __ By()/wmax (100%)
1.0 1.0
0.5 Foh 4 0.5 g
0.0 | ‘I_PI_ |- 0.0 X r“LI A
-05 o I L Y] e
-1.0} . -1.0
0 20 40 60 80 100 0 20 40 60 80 100
t (ns) t (ns)

Figure 2.7: The control parameters (blue) and the z and y components of B(t)/wmax
(orange) at az, = 0 of the sequence that is nonrobust (top) and robust (bottom) to variations
in af,.

Step 5. Calculate FoM. To simulate its FoM, assume that aj obeys a half Gaussian
distribution, ay ~ HN(0,(0.0002 A™?)2) (50 = 0.001 A™?). The FoM of the robust and

non-robust sequences are 0.99991%99098  and 0.997+3:993.
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Figure 2.8: Robustness plot of different sequences against variations of the nonlinear coef-
ficient ag,.

2.5.4 Two-qubit gates

The methods for designing robust two-qubit gates are the same as that discussed above.
Note that, however, leakage between controls on different qubits can reduce the efficiency
of a sequence. Additionally, different forms of qubit interactions can result in different
efficiencies. Fig. 2.9 shows the minimal lengths of the sequences we found for a CNOT.
The minimal length increases as the detuning A between the qubits decreases (leakage
increases). It also shows a difference in efficiency due to different forms of the interaction.

150 e
100 \/

50

Tseq (ns)

ok :
1GHz 500 MHz 10 MHz 5 MHz
Detuning

-8 Ising interaction - Heisenberg interaction

Figure 2.9: Minimal length of sequence for a CNOT gate with different detunings and
interaction forms.
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2.5.5 Simulating a Tunable Quantum Harmonic Oscillator

We show how to simulate a truncated quantum harmonic oscillator (QHO) using two

qubits. The Hamiltonian of a QHO is Hquo = hQ(N +1/2). Using the code [17¢]
[n = 0) = 00),
=1) =101),
n=1)= o) -
n =2) = 11),
[n = 3) = 10),
an evolution under Hqgpo can be simulated by implementing
U(Tueq) = expli {o2(1+01/2) - 2} QT ]. (2.38)

With universal control over the two qubits, a solution to realize U(Ty,) can be easily found
using algorithms such as GRAPE [97]. We consider a different approach using Hamiltonian
engineering that enables the direct control of the scaling of the simulated dynamics with
an input parameter.

Step 1. System and controls. Assume that the bandwidth of the control system is very
large and variations in control and model parameters are negligible. In the rotating frame
of the qubits, the control and internal Hamiltonians are

H,(t) =wi (1) [Cos(¢1(t))o +sin(¢(t))o, ] +Aw(t)o!
+wi(t) [COS(¢2(t))U +sin(p(t))o; ] + Awsy(t)o?, (2.39)

2

Hiy =J(0ko? +0 J +olo?
The control parameters are wi(t),0;(t) and Aw; for i =1,2. J =1.4 MHz, Aw ~Unif[-1,1]
MHz and T} = 100 ms.
Step 2. Objectives and partitioning of Hi. Set Awi(t) = Aw and Aws(t) = 0, and
define the primary and perturbative Hamiltonians as
pr1 =w1 (t)(COS(¢1(t))O' + Sln(¢1(t))0 )

+w1(t)(cos(qb2(t))0 +2 sin(¢a(t))o2) (2.40)

+J(0y02 + 0,0, + 002
Hpert =Awo!.

H,e,y depends on the offset Aw which can be adjusted at the start of each experiment to
modify the rate of the dynamics. The objectives are Uy = 1 and Hiarger = SAw(o2(1 +

:/2))-
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Step 3. Controllability. Using Algorithm 1, g,,; generates universal control on the two
qubits. Thus, U, is achievable. Using Algorithm 2, €' (gpi, Hpert) is fifteen-dimension and
includes Hiarger- Using Algorithm 3, we find that the achievable range of s is [-0.6(2),0.6(8)].
Since the scaling of Hiaeer can be controlled by adjusting Aw, we design for s > 0.1.

Step 4. Robustness and optimization. Design for fidelity 0.9999 or higher. To achieve
precision in the engineered effective Hamiltonian, we choose to minimize H(1). Note, since
Hiy, is included in Hyy, H® cannot be removed by symmetrizing the sequence. Instead,
the generic condition (Appendix) for removing H() is used in the optimization. Fig. 2.10
shows an optimized sequence (Ti.q = 120 ns), the control landscape is shown in the left of
Fig. 2.11. This sequence achieves a scaling factor of 0.221.

wH(t)/wmax (100 %) ¢4(t) (radians)
1.0 3f
0.8 2t
0
0.4 1
0.2 2%
0.0 . -3¢t
0 60 120 0 60 120
t (ns) t(ns)
w21(t)/wmax (100 %) ¢-(t) (radians)
1.0 3r
0.8 2t
0.6 R
0 ¢
0.4 -1t
0.2 2%
0.0 : -3¢t
0 60 120 0 60 120
t (ns) t(ns)

Figure 2.10: Time-dependent control parameters of an optimized sequence that engineers
a tunable QHO.

Step 5. Calculate FoM. Assume that Aw ~ A(0, (200 kHz?)), the FoM of the sequence
is 0.999997+0-000006

As mentioned before, the sequence allows simulation of a tunable QHO whose frequency
can be adjusted by directly changing Aw;(1) = Aw. The right-hand side of Fig. 2.11 shows

the survival probability of (|n = 1) + |n = 3))//2 under the sequence with different values
of Aw.
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Figure 2.11: Control landscape (left) and simulation of the evolution (right) of the state
(Jn = 1) +|n = 3))/+/2 under the sequence shown in Fig. 2.10.

2.5.6 Sensing with a Scalable Spin Amplifier

Consider designing a scalable solution for realizing a spin amplifier for measuring the state
of a qubit. The quantum system of the target qubit and the spin amplifier is initially
prepared in the state |¢7) ® [0102--0x). The goal is to design a sequence such that at
the end of the sequence we can learn the state of the target qubit |¢r) by measuring the
collective magnetization M, of qubits 1 to NV in the spin amplifier.

A scalable solution can be obtained by engineering conditioned dynamics of the spin
amplifier controlled by the state of the target qubit [36]. This can be achieved using internal
interactions of the system and only collective rotations of qubits in the spin amplifier.

We design a conditional decoupling of the internal dynamics of the spin amplifier.
Under the applied sequence, the internal interaction is suppressed when |¢r) = |0) and
active when |¢r) = |1). In the experiment, a collective 7/2), pulse first rotates the amplifier
polarization to the transverse plane, after which the system evolves under the engineered
dynamics, followed by a —71/2), readout pulse. When the interaction is active (|¢r) = 1)),
the amplifier evolves into an entangled state with an average longitudinal magnetization
M, =~ 0 for large N, whereas when it is decoupled (|¢r) = |0)), M, remains close to its initial
value. Measuring M, at the end of the sequence thus reveals the state of |¢r).

Step 1. System and controls. The internal and control Hamiltonians are

H(t) = C (1) (cos<¢<t>> o +sin(6() 3, a;’,) |

N . N . . . . . . <2‘41)
Hi=0.0) wioh +18 Y w;(20. @0l -0, ® 0l -0, ®a)).
i=1 i<j
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The control parameters are w(t) (Wmax = 20 MHz) and ¢(t). The internal parameters are
the coupling strength: w; ~Unif[441,459] kHz and w;; ~Unif[-22.5,22.5] kHz. 77 =100 ms.

Step 2. Objectives and partitioning of H.. Define the primary and perturbative Hamil-
tonians as

N
H,i(t)=H.(t)+0,® Zwoai,
-1

N

H}py=0.® ) (wi = wo)o?, (2.42)
i=1
N . . . . . .

HZ =18 ) wi;(20.® 0] -0, @0l —0,®07),

i<J
where wy = 450 kHz. The objectives are

Upri = ]]-7
N . S . , : 2.43
Hfarget:s\/§(|1)(1|®Zwij(Qaé®J§—0;®U§C—0;®J§). (2.43)

i<j

Step 3. Controllability. To check the controllability, it is sufficient to consider two spins
from the spin amplifier. Via Algorithm 1, g, is three-dimensional and Uy,; = 1 is achiev-
able. Using Algorithm 2, €5(gpi, H}.) is ten-dimensional and includes HZ,,,.. Using
Algorithm 3, we can find the achievable range of the scaling factor s (Table 2.2). For
comparison, Table 2.2 also lists some other achievable HZ .. and their ranges of scaling

targe
factors.

Table 2.2: Achievable ranges of scaling factors for different target effective Hamiltonians.
They correspond to conditioned decoupling, double/zero quantum dynamics, and dou-
ble/single quantum dynamics.

Target Hamiltonian Achievable range

1)1l ® (20, ®0,-0,®0,—-0,®0,) [-0.353(5),0.706(8)]

0){(0|® (0, ®0, -0, ®0,)+|1)(1|® (20, ®0, -0, ®0,-0,®0,) | [-0.408(2),0.811(4)]
10){(0]® (0, ® 0y + 0, ®0,) +|1){1]|® (0, ® 0, + 0, ®0y) [-0.576(4),0.576(8)]

Step 4. Robustness and optimization. Design for a fidelity of 0.9999 or higher. Fig.
2.12 shows an optimized sequence (Tiq = 120 ns). It achieves a scaling factor of s = 0.327.
To obtain its control landscape, consider a spin amplifier of 6 qubits with the coupling
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Figure 2.12: Time-dependent control parameters of the sequence that achieves a scalable
spin amplifier through engineering a conditioned decoupling.
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Figure 2.13: Control landscape of the sequence in Fig. 2.12. The parameter Aw determines
the width of the distribution of the coupling strength between the target qubit and the
spin amplifier.
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strengths generated from w; ~Unif450 + [-dw, dw] kHz and w;; ~Unif[-22.5,22.5] kHz. The
mean fidelity for different values of dw is plotted in Fig. 2.13.

Step 5. Calculate FoM. To calculate the FoM of the sequence, use a spin amplifier of 6
qubits with the coupling strengths generated from w; ~Unif[441, 459] kHz and w;; ~Unif[-22.5,22.5]
kHz. The FoM, calculated as the average gate fidelity of the sequence, is 0.9997*5-0%01.

To test the sequence, we simulate the same spin amplifier used in the calculation of the
FoM. The initial state of the system evolves under the internal dynamics modulated by the
designed sequence. Before and after each simulated sequence, a 7/2), and a —7/2), pulse
are applied, respectively. The survival probability of the initial state is then measured
at the end of the simulation. Repeating this procedure for different numbers of applied
sequences yields the time evolution of the survival probability. The survival probabilities
of the states

[oj1) = |7 = 0/1) ®100---0) (2.44)

under the sequence are plotted in Fig. 2.14. The survival probability is proportional to
M, and can be used to learn the state |¢r). As can be seen from the result, after 20 ps,

1.0[8
0.8}
06}
04}
0.2}

Survival probability

0.0k i i i i h A
0 10 20 30 40 50 60
t (us)

Figure 2.14: Simulated survival probabilities of the states [t)y/1) under the sequence in Fig.
2.12.

the survival probability of |¢) is above 0.8 while that of |¢)1) is below 0.1. So the states
|thoj1) can be distinguished by measuring the magnetization of the spin amplifier, which is
proportional to the survival probability.

In principle, one can include robustness by requiring H’tlmrget = 0 and including higher-
order corrections 2. In practice, however, we could not find a sequence that fulfills these
requirements simultaneously while maintaining a high scaling factor without significantly

increasing the length of the sequence. In turn, decreased scaling factor or fidelity of

To achieve this, consider N = 2, the total

*To minimize the cross term between H), and HZ .
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Upi result in decreased FoM and inferior overall performance in sensing. This is because
|H o] << |HZ..|, thus a larger scaling factor on H?,, is much more important. Also, large
scaling factors are crucial when engineering nonzero effective Hamiltonians, as higher-order
corrections are typically much smaller and less significant than the dominant low-order
scaling.

2.6 Conclusion

In conclusion, this work presents a general framework for precise and robust quantum
control through effective Hamiltonian engineering which addresses two important issues.
First, robustness to variations in parameters of any control system can be achieved by
minimizing the effective Hamiltonian of the error Hamiltonian. Second, when designing
control through effective Hamiltonians, the method identifies the subspace of the achievable
zeroth-order average Hamiltonians and finds the range of scaling factors through linear
programming. Controllability can be adjusted by partitioning the total Hamiltonian into
a primary Hamiltonian and a perturbative Hamiltonian. Generic conditions for removing
higher-order corrections are also introduced. The framework is combined with numerical
optimization to design optimized sequences.

There are three natural extensions of the present work:

1. The conditions for removing higher-order corrections can be further refined by con-
sidering connectivity of the Hamiltonians. This also identifies achievable effective
Hamiltonians in higher orders, enabling engineering higher-order terms.

2. In practice, the controllability of achievable effective Hamiltonians may be limited by
the efficiency of the sequences. Large scaling factor or higher-order robustness may
require a very long sequence, making the solution less useful. It would be important
to understand the upper bound of efficiency and how to achieve it in the presence of
limited resources (e.g., power bandwidth product and gate time).

Hamiltonian is

Hiot (t) = Hpui(t) + (w1 —wp)o. ® 0, ® L+ (w2 —wo)o. ® L@ 0 + Hoy.

(2.45)

Since both Hp,i(t) and ngrt are symmetric with respect to a permutation of the two qubits in the spin

amplifier, we only need to consider (wy —wp)o, ® o, ® 1 for leading-order robustness.
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3. It would also be interesting to extend the method for designing controls against
decoherence in open quantum systems when the memory effect of the environment
is considered.

This work offers a deeper understanding of effective Hamiltonian engineering and rep-
resents an important step toward the automated design of high-performance sequences for
quantum control in different systems.
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Chapter 3

Engineering Higher-order Effective
Hamiltonians

Last chapter focuses on engineering the zeroth-order average Hamiltonian while minimizing
higher-order terms. However, not all effective Hamiltonians can be engineered in zeroth
order. Here, we describe a systematic methodology for achieving the precision, robustness,
and complexity required for practical applications, particularly through the engineering of
higher-order processes and effective Hamiltonians. We focus on three key use cases:

1. When the zeroth-order solution correctly implements the desired process, higher-
order terms must be suppressed.

2. When the target unitary involves more qubits than the internal and control operators,
making a zeroth-order solution unavailable.

3. When the target unitary includes qubit correlations absent in the internal and control
Hamiltonians.

In cases 2 and 3, the desired control terms emerge only through nested commutators of
the control and internal Hamiltonians.

We will show that the topology of the qubit network determines the achievable inter-
actions. We derive the space of feasible higher-order effective Hamiltonians of each order
and provide necessary and sufficient conditions for engineering target Hamiltonians using
numerically optimized sequences.
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The foundation of the method is the space of the achievable zeroth-order average Hamil-
tonian € (gpr, Hpert) introduced in the last chapter. Represented in €' (gpri, Hpert), the
toggling Hamiltonian is

Hiog(1)) = (c1(8), ea(t), - ey (1)) (3.1)

Denote the time-ordered integrals of the coefficients ¢;(t) (¢ —integrals) as

jéeq tr-1
Eil‘“ir = [ dtl_/ dtrcil (tl)"'cir(tr)y (32)
0 0
a generic condition for H(-1) =0 is
Cirigiy = (1) Ciriy gy (3.3)

for all 7,19, ...,1, except when iy =iy =--- = 7,. As will be shown below, this condition can

be refined.

3.1 Engineering H(1)

When the values of {n! .} are exact, H(1 can be calculated using, for example, the van
Loan equations [79]. When {n} .} are not exact, if the variations are small, robust solutions
can be found using the method in the last chapter. When the variations are large, we seek

symmetry-based solutions that hold for all {n! . }. We consider the situation when H,;(t) is
M

known exactly, and the perturbative Hamiltonian Hp depends on parameters {ng‘ert}mz N

which is the subset of {7/} subjected to variations.

Assuming that Hey is linear in {ngért}, then H(-1) and any achievable target Hamil-

tonian F[t(;r;,?t are polynomials of {9} of order up to r. Therefore, H"~1) = ﬁt(;r_glel for all

{ngért} if and only if

oHCD  OTH{ 5.4
877;’321rt“'377$2t 3ﬂ$it“'377$¥t ﬁpert:(), .
for my,mg,...,mse{1,2,..., M}. Given a basis {hl,...,hm} of €' (8pris Hpert),
oD
t tr_1
- [ at f dt, Fo(Hyo, (1), Huog (£, - - Huog (£.)),
[ ane [ (Huog(t), Hiog(t2), . Hiog(1,)) 55
4|

= Z Fr(hil y higa ey hz'r)ézllr

i1, =1
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where

Ny dgdy!

Fr(hiphiza ey h“) = ;(—Z) 1(—1)de7T (hzl hzghzr) 5 (36)
where the sum is taken over all possible permutations 7 of h; , hi,,..., h; . d, and d, are
ascents and descents of 7. Thus, Eq. (3.4) becomes

r 7 (r=1)
id arFr(hiu hi27 s 7hir) Cii . = 0 Htarget (37)

i o ang";t---an;;t e 0?732&"'877}32& mert =0

For decoupling, the right-hand side of the equation is 0. It reduces to Eq. (3.3) if it is
required to hold for any h;,, hi,,...,h;. The space of achievable (r — 1)th-order effective

BTF’I‘(hil )hig 7777 hlr) }
ﬁpert :6

a1 --Bnggt
3.2 Engineering H(~1) on qubit networks

Hamiltonian is isomorphic to that spanned by {

pert'

As an example application for Eq. (3.7), consider engineering effective Hamiltonians on
qubit networks, such as nearest-neighbor chains and square lattices. They can be rep-
resented by a graph G = (V(G), E(G)) where the set of vertices V(G) and the set of
edges F(G) represent the qubits and their connectivity, respectively. For simplicity, we
will consider collective control of the qubits

Hpri(t) = HC(t)

=wy(t) | cos(o(t)) ; ol +sin(¢(t)) ; ol |+ (wo - wi (1)) ; ol (3.8)

where wy (), w,.(t) and ¢(t) are the time-dependent amplitude, frequency, and phase of
the control field, and wy is the resonance frequency, and an internal Hamiltonian

N N
Hpcrt = Hint = ZBZJ(}Z -D- 5-j + Z(SzO';

i<j i=1 (3.9)
= ngrt + ngrt
where G; = (0%, 0},0%) and
ol =1%o, ® 190V, (3.10)
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for a = {z,y,2}, are the Pauli operators acting on the ith qubit. {B;;} are coupling
strengths, D is a rank-2 tensor determining the form of the qubit interactions, d; the
strength of the qubit-dependent energy offset, and NV is the total number of qubits.

Let B(€,) = {hl i
¢ = (51(gpl"i7 pert) ® %2(gpr1, pert)’ its basis is

} be an orthonormal basis of €;(gpri, H].,), for i = 1,2. Define

B(€) = {hu,. ..y} = (B, bR hE ) (3.11)
Denote a labeled graph with r edges as G, and define

FT(GT;ily . ir‘)
= Z Fy(hiy(ej,), hiy(€4,), - i (e,))

m(j1--jr) (3.12)
aF(th 729 - "ahir)
anln anleritr ﬁint:() ,

where e;,,...,e; € E(G,) are different edges of G,,

nfif{é S (3.13)
i =)
and

h(e) = Trrest(h) ® ]]-resta (314)

where the partial trace, Tre(h), is taken over the Hilbert space of all qubits except those
incident to e € E(G,), and 1, represents the identity operator acting on these qubits.

F.(Gy;iy,...,i,) vanishes if G,. is not connected. Denote
77D i
tz:rget(G ) = aen—age” ) (315>
T]int“' T]int B=0
Eq. (3.7) becomes
€]
S F(Griinye i), i = Hom (G)) (3.16)

11,.0r=1

for all nonisomorphic G, that are weakly isomorphic to connected subgraphs of G. Weak
isomorphism is a bijection that preserves the vertex set and connectivity but allows dif-
fering numbers of parallel edges and loops, unlike isomorphism, which also preserves
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Figure 3.1: Nonisomorphic graphs associated with different Magnus terms.

edge multiplicities. The space of achievable Ht(arget is isomorphic to that spanned by
{F.(G,;i1,...,i)}. An effective Hamiltonian corresponding to G, can be mapped to the

real effective Hamiltonian acting on the total Hilbert space of the network through

HEVNY = S i GOHSE(G,), (3.17)
G~Gy

where the sum is taken over all G/ that are isomorphic to GG, and

e (Gr) = DL nhen (3.18)

The total effective Hamiltonian is then Y. H, ég_l)(GT) where the sum is taken over all
nonisomorphic graphs with r edges. Fig. 3.1 shows nonisomorphic graphs for different
H-1 for a network with all-to-all interactions. Fig. 3.2 shows nonisomorphic graphs for
H®) for qubit systems with different topology. If one wishes to minimize the effect from
the offset, then H-D(G,) = 0 for all G, with loops.

target
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Figure 3.2: Examples of network topologies and the corresponding loop-free graphs con-
tributing to H?). From left to right: spin pairs, nearest-neighbor spin chain, square spin
lattice, and all-to-all coupled spin ensemble.

3.3 Choosing Target Effective Hamiltonians

Since G, contains at most 7 + 1 vertices, it is sufficient to consider a (r + 1)-qubit system
when engineering H(-1). Denote

S(G,) =span’| ,  {F,(Gyiin,....i,)} (3.19)

U150y

Z(G,) represents the space of achievable H("~1) for (3, and are disjoint for different G,
(since they have different dependence on {77” }) Thus, the space of achievable H (T_li is

int targe

isomorphic to Ug, -7 (G,). Given an orthonormal basis of .7 (G,.)

define
e = (€141, Crazy - Cgfilfe]) s (3.21)

the condition for engineering H(~1 (Eq. (3.16)) becomes

A(G,) &Y = d(G,), (3.22)
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where

' <<h|7(Gr)|(Gr)|FT(GT71aa1)>> <<h|y(Gr)(GT‘)|F””(G’!"|‘¢(G7)|77|‘YZ(G7‘))|)>> |
3.23
and .
d(Gr) = (MGG G - (e (GIHS(GY)) . (3.24)

where (%) = Tr(» ). The total condition for engineering H(~1) can be represented as
DA = @J(Gr), (3.25)

where the direct sum is taken over all nonisomorphic graphs with r edges for H 1.

Assuming that the graphs associated with H( -1 are G, G2,... G, target effective
Hamiltonians are chosen from . (G}), . (G?), ..., (Gr") individually. The choices must
not contradict one another. The space of achievable H(~1 for G* conditioned on targets
d(GY),...,d(GF1) is

S (GHGE d(GEY);. .G A(G)) =Span{ > éEf.T,BFr(G,’f;il,---,ir)} :
- er-DentIN(G,d(GL))
(3.26)

where N (G2, d(GY)) is the solution space of Eq. (3.22).

3.4 Examples

Here, examples are provided to demonstrate how to use Eq. (3.22) to engineer higher-order
effective Hamiltonian. A qubit network with all-to-all dipolar interactions under a high
external field is considered, with the internal Hamiltonian given by
N
Hiw =) Bij(20.® 0l -0, @0l -0, ®0)). (3.27)
1<j
The control Hamiltonian given by Eq. (3.8). For simplicity, the qubit offsets are not
considered here. Thus, when calculating the conditions for engineering H("~1 (Eq. (3.22)),
only the graphs without loops are considered. We use on-resonance control (w,(t) = wyp),
so, the control parameters are the time-dependent amplitude and phase (w;(t) and ¢(t))
of the control field. The maximal amplitude wy,., of the Rabi field is 200 kHz, and the time
duration of each step At is 1 us.
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3.4.1 2nd-order decoupling

We design an optimized sequence that decouples Hiy (Eq. (3.27)) up to the 2nd-order.
The sequence is shown in Fig. 3.3. The conditions for removing H(®) and H® are found
by using Eq. (3.22) where d(G,) = 0. There are respectively two and five graphs for A1
and H®) that need to be considered. Table 3.1 shows the ranks of @, A(G,) (number of
linearly independent constraints) for removing different higher-order terms. As comparison,
we also show the ranks for other networks (Fig. 3.2). Spin pairs require least number of
constraints to decouple while nearest-neighbor spin chains, square lattice and all-to-all spin
ensemble have the same @, A(G,) up to second order.

Table 3.1: Ranks of @, A(G,) for decoupling the secular dipolar interaction for different
network structures (Fig. 3.2).

Pairs NN chain Square lattice All-to-all ensemble

HO=0 5 5 5 5
HO=0 3 10 10 10
H®=0 5 29 29 29
H® =0 3 75 95 95

For simplicity, a symmetric sequence is used to remove odd-order corrections.

w1 () Wmax (100 %) ¢(t) (radians)
1.0 3F
0.8} 2f
06 i
O L
0.4} 1k
0.2} -2t |
0.0L : -3 5 : :
0 12 24 0 12 24
t(us) t(us)

Figure 3.3: Control parameters of the sequence for 2nd-order decoupling. The horizontal
and vertical axes are time (us) and amplitude.

To test the performance, we perform a simulation with an ensemble of networks with
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N =7 with uniformly distributed random coupling strengths 19kHz < B;; < 35kHz. The
result is an average of over 1000 realizations of the network. The total length of the
sequence T, is 24ps. The comparison with a first-order decoupling sequence is shown in
Fig. 3.4.

T
b o

1st—order

_ | -0~ 2nd-order
0 200 400 600 800 100012001400
t (ps)

Figure 3.4: Simulated signals for different sequences. For reference, we also show the
simulated free evolution signal.

-®- Free evolution

Intensity

o o o o o =
o N M oo ®» O

3.4.2 Engineering nonzero first-order effective Hamiltonian

Here, we show how to engineer a three-body interaction in (). There are two graphically
inequivalent graphs G = {12,12} and G7 = {12,23} which give a 10-dimensional space for
achievable H():
{xi+ix,yi+iy, zi+ iz},
{yyx = 2yxy + xyy — zz0 — dzxz + 122,
xxy — 2oy + yrr — zzy — 4zyz + yzz,
TYZ + X2Y — YTZ — Y2& — 2TY — 2YT,
TXZ+ TZX + 20X — Yyz — Y2y — 2YY,
— XXz - 2TT —YYyz — 2Yy + 2222, (3.28)
22X+ T2Z — Yyr — xyy — 2yTy,
TXTY + Yrx + 22Y + Y22 — Yyy,
TXTY + Yyrx — 22y — Y2z + 2xyr,
YYr + Yy + 22T + x22 — 2207,

T2 + Y2y}
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For simplicity, the shorthand z,y, 2,7 is used for the Pauli matrices and identity without
the normalization constants. Using Eq. (3.22), the target for G is

A(GHEM = 0. (3.29)
The conditional subspace . (G2|GL,d(G?) = 0) (Eq. (3.26)) is spanned by

{zry + Tyx + yre - 2yyy + zzy + 2yz + yz2,
TTZ+ T2X + 200 — 2222 + Yyz + yzy + 2yy,
Yyx + yry + Yy — 3xTT + 2220 + 2202 + 2022,
- TXY — TYT — YTT + 22y + 2Y2 + Y22, (3.30)
TTZ+ TZX + 22T — YYyz — Y2y — 2y,
- 3yyx — 3yxy — 3xyy + xxT + 2227 + 2202 + 2122,
- TYz — XZY — YTZ — YT — ZTY — ZYT }.

—

A(G?|G1,d(GY) = 0) can be calculated using Eq. (3.23). As an example, we choose to
engineer the first basis Hamiltonian from . (G%|G1,d(G}) = 0)

Héflf) o< TTY + TYT + YyxxT — 2YYy + 22Y + 2Y2 + Y2z (3.31)
which gives the targets
A(GYHE® =0,
A(GHeW =, (3.32)
A(GHIGY, d(GY) = 0)eW = d,

where G} = {12} and d = (a,0,0,0,0,0,0). The corresponding effective Hamiltonian (Eq.
(3.17)) is

HED(N) = Y w(GYHGV(G)

G'~G

N
= Z (BUsz + Biijk + szB]k) (333)
i<j<k
(ziziyk + 'yl b + yfad ok
=2yl yk + 2T yR 4 iy R 4yt )
« depends on the normalization constant, a and the normalization of A. In practice, we
can obtain « by calculating the overlap between the achieved effective Hamiltonian and
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Hiarger- Instead of setting a to a fixed value, we require it to be larger than 0.25. No
primary target is set as it can be corrected in post-processing [12]. The sequence found is
shown in Fig. 3.5, which achieves

d = (0.259,-0.007,-0.005, 0.001, —0.002, —0.004, 0.0044) (3.34)

An echo is simulated to test the performance of the sequence with the same setup from

w1 (t)/ wmax (100 %) ¢@(t) (radians)
1.0 3F
08 LI p—f L 21 _|
06} 1'
O L
0.4} _ql
0.2t 2t
0.0 -3k . .
0 4 8 0 4 8
t (us) t (us)

Figure 3.5: Control parameters for engineering a nonzero three-body average Hamiltonian
at first order.

the last example. The unitary propagator of the simulation is
Us(ki, ko) = exp (iky HS (N)E) U=, (3.35)

where

U="Texp (—z' /t dt’ [22: a(t)VHF + Hint]) : (3.36)
B k=1

If Hg~ H(Sflf), an echo should appear at ki = ks.
Using
m(UlU r—1
Tr [ -2 HG (V)]

RGO EG ()] 0

we found that o = 0.123(5). Fig. 3.6 shows the simulated echoes. As can be seen,
the echoes appear at ky = ko as expected, indicating that the desired dynamics has been
engineered under the sequence. As ky increases, the intensities of the echoes decay, which
is due to higher-order corrections and residual errors. More robust results can be achieved
by considering third- and higher-order corrections.
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Figure 3.6: Simulated echoes of the sequence for 1st-order average Hamiltonian engineering.

3.5 Conclusion and Discussion

Based on the framework provided in the last chapter, we presented a general criterion (Eq.
(3.7)) to engineer higher-order effective Hamiltonians. As an example, we showed how to
engineer the internal Hamiltonian of a qubit network, two-body interactions, and offsets,
with collective control. The topology of the network determines the space of achievable
higher-order effective Hamiltonians and provides computable necessary and sufficient con-
ditions for engineering arbitrary target Hamiltonians (Eq. (3.22)). Explicit examples show
how to design optimized sequences for higher-order decoupling and a target three-body
interaction in a qubit network with all-to-all interactions.

The method is symmetry-based and does not depend on the distributions of the internal
parameters {7} }. The statistical properties of the distributions, however, can complement
the symmetry-based method and yield more efficient approximate solutions. The result
will be published elsewhere.

The method provides a complete solution for engineering higher-order effective Hamil-
tonians in arbitrary systems, enabling the design of more precise and robust solutions,
and realizing complex Hamiltonians, such as multi-body interactions, not available in the
zeroth order.
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Chapter 4

Efficiently Characterizing Quantum
Information Flow, Loss and Recovery
in the Central Spin System

I Understanding the flow, loss, and recovery of information between a system and its en-
vironment is essential for advancing quantum technologies. The central spin system serves
as a useful model for a single qubit, offering valuable insights into how quantum systems
can be manipulated and protected from decoherence. This work uses the stimulated echo
experiment to track information flow between the central spin and its environment, provid-
ing a direct measure of the sensitivity of system/environment correlations to environmental
dynamics. The extent of mixing and the growth of correlations are quantified through au-
tocorrelation functions of the noise and environmental dynamics, which also enable the
estimation of nested commutators between the system/environment and environmental
Hamiltonians. Complementary decoupling experiments offer a straightforward measure of
the strength of the system Hamiltonians. The approach is demonstrated experimentally
on a spin system.

4.1 Introduction

Advances in quantum technologies are transforming fields such as communication [63],
sensing [50], and physics simulation [66, 13], but decoherence remains an obstacle. In

!This Chapter is largely based on [38].
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Environment

H=H.+H.+ He

Figure 4.1: Schematic of a central spin system. The CS is a spin-1/2 particle and interacts
with an environment consisting of spin-1/2 particles. The system can provide a complete
model of an open quantum system of a qubit.

particular, the memory of the environment plays a key role in determining the optimal
strategies for control [66, 79, 39, 218] and error correction [189], which is not captured
by Markovian approximations such as Lindbladians [121]. Here, we present the theory
and experimental implementation of a central spin (CS) model (Fig. 4.1) [19, 5] of qubit
decoherence that characterizes the memory effects in the environment. The CS is a spin-
1/2 interacting with an environment that can hold quantum information. The Hamiltonian
of the system is

H=H,+H.+H,, (4.1)

where H., and H, are the Hamiltonians of the CS and environment, respectively, and H.
describes the coupling of the CS and the environment. Note that there is no dissipation
in this system; the total dynamics are unitary and thus perfectly preserve quantum infor-
mation. The essence of this model is that an initially separable CS becomes correlated to
the environment through the CS/environment coupling [1413]. The coherence time of the
CS, to first order, is governed by the rate at which these correlations form. The correla-
tions are refocusable unless disrupted by the environment Hamiltonian, leading to a loss of
refocusability with a characteristic time, 7', determined by [H,s/e, Hc]. As higher correla-
tions build, the quantum information shared among larger correlated states becomes more
susceptible to H,. The loss of refocusability has an initial Zeno region [39], marked by a
Gaussian signature in the initial decay of the autocorrelation function, that represents the
short-term memory of the environment. This region, where the quantum information is
well preserved, is important to the optimal design of quantum gates. On the contrary, the
environment may hold part of the quantum information and have a long-term memory,
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which can be much harder to detect. This long-term memory can lead to bias in noise on
the CS and be harmful to error correction.

There are various ways to characterize the noise from the environment. For example,
dynamical decoupling using filter functions can measure the power spectral density [35,
, 15, 3]. This has also been measured by observing the relaxation rate in the rotating

frame (71,) [216]. These methods typically rely on a stochastic description of the noise
and take the Gauss-Markov approximation of the environmental dynamics. There have
been generalizations to measuring polyspectra of non-Gaussian noise [183, ]. However,

these still rely on the truncation of higher-order terms and a classical description of the
noise. An experimentally viable method to fully capture the quantum nature of the noise
remains elusive.

Previously, M. Niknam, et al. [113, 111] introduced an experimental method for directly
detecting the growth of multi-spin correlations in a CS system and examining decoherence
time. They defined a metric for quantifying information flow and entropy distribution in
these systems.

This work provides an efficient experimental method, using the stimulation echo (STE)
[83, | and decoupling experiments, to track the short- and long-term memory of the
environment and to measure changes of the local field and correlation growth. No ap-
proximation is taken so that the complete quantum nature of the system is preserved.
The memory effect and information flow from the CS to the environment are quantified
through autocorrelation functions, which are measured without any truncation. Addi-
tionally, nested commutators between H.,/. and H, are estimated using Bayesian analysis
[91, 64], which characterize the growth of memory on different levels.

4.2 Theory

Since our interest is to characterize the buildup of the CS/environment correlations, the
initial state of a fiducial state of the CS |0)(0] and a fully mixed environment is considered.
Hg)e leads to the correlation of the CS and the environment which is well described by
a local field model [19]. The local field is given by the eigenvalues of H,,. and depends
on the environment’s state, which determines the structure of the spectrum of the CS.
The growth of correlation under the local field has an initial Gaussian signature and is
refocusable by a simple echoing of the CS.

Environmental mixing can alter the state of the environment. For instance, if H, takes
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the form of a "flip-flop” Hamiltonian o, ® 0_ + 0_ ® 0, then

04+Q@0_+0_Q04+
- 3

101) 110). (4.2)

Such changes in the environment’s state result in a corresponding change in the local field
seen by the CS.

1D 2D 3D

Hcs/e Hcs/e H, Hcs/e Hcs/e H. Hcs/e He Hcs/e

t1 ti1 Ay 1o

\ ¥

w1

p(Ql) p(02791) p(Q3702791)

Figure 4.2: Measuring multi-time joint distributions of local fields using nD experiments.
The 1D experiment yields the distribution of local field when there is no mixing. The 2D
experiment yields the two-time joint distribution of local fields before and after a period of
mixing, which measures the change of local field. nD experiments (n > 3) can then produce
the n—time joint distributions that measure more subtle properties of the memory of the
environment.

The effect of the change of the local field can be described by joint distributions
p(Qn, ..., Q1) where Q; is a random variable representing the local field at time ¢; (Fig. 4.2).
A’s are the mixing time. The joint distributions can be measured by an n—dimensional

29



Ll .17
Sernlt, )
AL A=

e m

<Hés/e(A)Hés/e(O)> <Hé(t)Hé(O)>

Figure 4.3: The second moments of the spectra of the STE experiments by Fourier trans-
form with respect to either ¢ or A give the autocorrelation functions (H!_ /e(A)H 5 /6(0))
and (H!(t)H!(0)), allowing efficient measurement of change of the local field and correla-
tion growth.

(nD) experiment which corresponds to the following unitary propagator

UnD — e_iHcs/et’n e_iHeAn—l e_iHcs/etn—l .. ,e_iHeAl e_iHcs/etl ) (43)

It separates the effect of the CS/environment interaction and the environmental dynamics
so that the full dynamics under H,, . or H. during each time period can be sampled by
continuously varying ¢; or A;. A joint distribution p(€2,,...,€;) can then be obtained
by an nD Fourier transform with respect to ¢;. In the quantum picture, the variation in
the local field corresponds to H!_ /B(A) = etfeAH . e7HeA which represents H,. in the
interaction frame of H.. The nD experiment effectively compares H’ /e(A) at different
times and measures its time dependence caused by the environmental dynamics H.,.

The nD experiments provide a more complete picture of the growing correlations, but
we do not necessarily need that level of detail. A more efficient approach is to measure the
memory of the environment. If the interest is in the multi-time correlation functions

Corr(Qu, .., Q) = (Hly o (Dpoy + -+ Ay)-HY (0)), (4.4)

csfe

a more efficient approach is to measure the memory of the environment. Here, it is sufficient
to implement reduced versions of the nD experiments that are typical of lower dimensions
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Figure 4.4: Schematic of the forced Rayleigh scattering (top) and stimulated echo (bot-
tom) experiments. Like the FRS experiment, the STE experiment consists of three steps:
encoding, mixing, and decoding, which correspond to grating, diffusion, and scattering in

the FRS experiment. The quantum information initially resides at the CS. By comparing
it with the echo after decoding, one can learn about mixing.

[170]. According to the central slice theorem, the spectra of the reduced experiments
correspond to projections of the nD spectra, which can extract useful information from the
spectra.

Here, we show how to measure the autocorrelation function (H ' (A)H! e (0)) through
the STE experiment. The experiment is a reduced version of the 2D experiment where t;
and ty are set equal and are incremented together. To better understand how the STE
experiment works, we can compare the change of the local field to diffusion in materials.
Indeed, environmental dynamics has been modeled by spin diffusion [18, 220], inspired
by thermal diffusion. A classic experimental method for measuring thermal diffusion in
materials is forced Rayleigh scattering (FRS) [156]. The basic procedure is summarized
below:

1. Creation of spatial grating: A structured spatial grating is created within the
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material by intersecting two coherent laser beams.

2. Thermal diffusion and grating decay: The material is then allowed to undergo
thermal diffusion which causes the grating to blur.

3. Monitoring diffusion via scattered light: A monitoring laser beam (with the
same frequency as the initial grating-forming lasers) is applied to the material. The
intensity of the scattered light from this probe beam is measured, which indicates the
state of the grating. The decay in the scattered intensity corresponds to the extent
of diffusion, reflecting the material’s diffusion properties.

The STE experiment (Fig. 4.4) consists of three similar steps:

1. Creation of CS/environment correlation: The CS interacts with the environ-
ment via H,,., forming a correlation with it.

2. Environment mixing and correlation decay: The CS undergoes a mixing period
under H,., which perturbs the system/environment correlation.

3. Measuring mixing through echo: The CS evolves under —H_,/. to form an echo,
and the echo intensity is measured to reflect the extent of mixing and reveal properties
of the environment.

Here, the correlation plays a similar role to that of the grating, which is used to track
mixing in the environment. Then the system is let to evolve backward under the same
Hamiltonian H.y/., similar to the monitoring laser beam, to give a returned signal which is
then used to measure the extent of mixing. By separating the dynamics under H.,. and
H., it allows us to control the extent of dynamics under H,,/ and H, and achieve a better
estimation of parameters in the system.

To understand what and how information can be extracted from the STE experiment,
consider its unitary propagator

Ustr = exp(iHs/et) exp(=iH.A) exp(=iH g/et), (4.5)
the signal of the experiment is
Ssru(t, A) = Tr(Ustep(0) Ul g pret), (4.6)

where p(0) is the density matrix of the initial state of the CS system and p. is the
observable corresponding to a measurement on the CS.
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Intuitively, the autocorrelation function (H’_ /e(A)H 5 /6(0)) is directly related to the
time dependence of Sgrg on A: the more mixing there is, the less correlated H'_ /e(A)
and H' , (0) are and the weaker the echo is. Indeed, (H’ , (A)H’_ (0)) can be calculated

from th(/e second moment of the spectrum obtained by a/Fourier t/ransform of Ssrr(t,A)
with respect to t. It measures the extent of mixing over any A. Fundamentally, the
change of local field arises because [Hcs/e,He] # 0, and this information is encoded in
the A-dependence of (Hés/e(A)Hés/e(O)). In fact, the autocorrelation function can be
expanded with respect to A as

A? At

< és/e(A)Hés/e(O» = __<[Hea [Hechs/e]]Hcs/e>+Z

2! <[H67[H3’[H‘37[H67Hcs/e]]]]Hcs/e>+“'.

(4.7)
Only even-order terms appear because Sgrg and (H’ /6(A)H . /6(0)) are even functions
of A; changing the sign of A does not change Sgtg. Therefore, the non-commutativity of
H.. and H, can be measured through estimating the functions ([ H., [He, Hesje ]| Hesfe)s - - -

providing an absolute measure of mixing that is independent of A.

The STE experiment also provides a measure of information flow between the CS and
the environment. Note that the decay rate of Sgtg with respect to A for fixed ¢t depends
on the amount of correlation between the CS and the environment: the more correlation
there is, the more sensitive the system is to H, and the faster the decay is. Therefore, the
decay rate with respect to A can be used to monitor the amount of correlation between
the CS and the environment. This can also be measured through the spectra obtained by
a Fourier transform of Sstg(?,A) with respect to A. The second moment of the spectra
is directly related to this sensitivity and gives the autocorrelation function (H!(t)H’(0)),
where H/(t) = exp(iHsct)He exp(—=iH,ct) represents H, in the interaction frame of Hq/..
H!(t) can be interpreted as the CS’s perception of the environment. As correlations build,
the CS’s view of the environment shifts, causing (H!(t)H.(0)) to decay.

The time dependence of (H/(t)H!(0)) can also be used to estimate non-commutativity
of Hs. and H.. Particularly, we can measure terms such as ([ Hes/e, [Hesje, He]]He) and
higher-order nested commutators. These terms provide an absolute measure of the rate of
information flow, independent of ¢.

Since the STE measures correlation and mixing through the commutation relation be-
tween H, and H,/e, it captures only the components that lead to a nonvanishing [ He, Hg/e .
There can always be a component with a vanishing commutator that remains unmeasured.
For (H!, /B(A)H 5 /8(0)), this unmeasured component corresponds to the part of the envi-
ronment that does not disrupt the correlation. Conversely, for (H!(¢)H’(0)), it corresponds
to the portion of the correlation that remains unaffected by the environmental dynamics.
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A direct measurement of H., . and H, is essential as it establishes a baseline for the
intrinsic dynamics of the environment. H,,. can be determined by analyzing the evolution
of the CS under H,,, while decoupling H, as has been achieved in [143]; a simple spec-
trum then characterizes the CS/environment coupling. Here, we are mostly interested in
measuring |H,|. For this purpose, the decoupling experiment is employed to assess these
dynamics. The experiment explores how the loss of refocusability of the echo caused by
H,. changes in the presence of continuous RF irradiation on the environment. The unitary
propagator of the experiment is

Udee = exp(=i(—=Hesje + He + Waee Sz )t) exp(—=i(Hesje + He + Waee J2)t), (4.8)

where J, is the x component of the total angular momentum operator of the environment
and wqec is the frequency of the RF irradiation. The signal of the experiment is

Saee(t) = Tr(Uaeep(0)UL_pres).- (4.9)

When wqe. is small, H, disrupts the CS/environment correlation, leading to fast decay of
Sdec With respect to t. When wqee > | He||, the RF irradiation becomes dominant, effectively
suppressing H, and decoupling the CS from the environment [31]; a rapid slowing in the
decay rate can be observed. Therefore, the frequency wqe. at which the transition in the
decay rate happens provides a quantitative measure of | H.,||.

4.3 Method

A spin system is used to experimentally demonstrate the method. The experiments are
implemented with a high-field (7T) solid-state NMR system at room temperature using a
Bruker spectrometer. A powder sample of triphenylphosphine is used to simulate the CS
system. The phosphorus spins and the proton spins serve as the CS and environment spins
respectively. The total Hamiltonian of the system is

N N N
— CS CS ) i i j i j i j
H=0cs0,°+0,°® Z;wiaz + Z; 0oL + Zwij(Qaz ®0l-0,®0,-0,80)), (4.10)
i= i= i<j

where N is the number of hydrogen spins in the environment, dcg and 9; are chemical shift
anisotropy of the phosphorus and hydrogen spins, and w; and w;; are coupling strengths of
P-H hetero- and H-H homo-nuclear dipolar interactions.

The pulse sequences of the STE and decoupling experiments are shown in Fig. 4.6.
Correct phase cycling of the 7/2 pulses in the STE experiment is chosen to select the
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Figure 4.5: Coherence pathway for STE. The empty rectangle represents the effective
excitation pulse corresponding to the cross-polarization. By combining experiments with

carefully chosen phases, one can achieve the desired coherence pathway shown here which
gives the unitary propagator of the STE experiment.

desired coherence pathway [20, 177] (Fig. 4.5). Additionally, EXORCYLE [95] is applied
to the 7 pulse in the decoupling experiments. Chemical shift anisotropy of phosphorus spins
is refocused by the pulse sequences. That of the proton spins (~100Hz) is insignificant and
ignored throughout the experiments. The Hamiltonians H.,. and H, are then given by
the P-H heteronuclear dipolar interactions and the H-H homonuclear dipolar interactions
respectively. The sample is doped with a relaxation agent (chromium(iii) acetylacetonate)
to reduce its 77. The time scale of the experiments (< 10ms) is much smaller than the T3
of the phosphorus spins (55s) and the hydrogen spins (1s). Cross-polarization [341, 151] is
used to transfer polarization from the proton spins to the phosphorus spins to increase the
signal-to-noise ratio.

During the encode and decode periods in the STE experiments, the symmetric magic-
echo train 8 (SMES) [27] is used to turn off the environmental dynamics H, while keeping
the system/environment interaction H,,. with a scaling factor of 0.342 and along the same
direction. This, together with the coherence pathway selection, achieves the desired unitary
propagator Eq. (4.5).

Bayesian inference is used to estimate the autocorrelation functions and non-commutativity
of H.y. and H, using their corresponding posterior distributions. In addition, a Bayesian
model selection [205] is used to evaluate the goodness of different levels of models in order
to estimate the commutation relations.
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4.4 Results

4.4.1 Measure change of local field

STE experiments (Fig. 4.6 (a)) are implemented on the CS system for every combination
of t =48,96,...,1200us and A = 0,7.5,...,150us to collect the signals Ssrr(t,A) (Eq.
(4.6)). A Fourier transform on Ssrg with respect to ¢ yields the spectra Sgrg(w,A). The
time-domain data Ssrg and the corresponding spectra Sgrg are shown in Fig. 4.7 (a). As
expected, the decay of Sgrg with respect to t for a given A becomes faster as A increases,
indicating more loss of correlation. This is also shown as a broadening of the spectra.

The second moments of the spectra are calculated to obtain the autocorrelation function

(H,, (A)H[,,(0)). To reduce the uncertainty, the calculation is restricted to the region

csje
of t}{e peaks ([-3.6,3.6]kHz). Note that the frequencies used here are all angular frequen-
cies. The second moments are then evaluated using a Bayesian approach to incorporate
the uncertainty (Fig. 4.8 (a)). As seen in the result, the second moment increases (corre-
sponding to decay of the autocorrelation function) as A increases, indicating an increase of
change of local field. However, due to imperfect refocusing, the signature of leading-order

(second-order) dependence on A cannot be observed from the result.

To better explore the features predicted by Eq. (4.7), the linewidths of the spectra are
measured and plotted (Fig. 4.8 (b)). The linewidths are measured with less uncertainty
and show a clear Gaussian signature for small A. Then the second moments derived from
the measured linewidths by taking a Gaussian approximation (mg ~ FWHM?/2.3552) are
calculated and plotted in Fig. 4.8 (c). The derived second moments also show a Gaussian
signature as predicted by Eq. (4.7) and has the same overall timescale as the measured
second moments. However, after the initial Gaussian decay, there is a transition (at ~80
1s) to a slower decay, suggesting two components of the environment that correspond to
different mixing rates.

In order to measure the non-commutativity ([ He, [He, Hesje]]Hes/e), - - -, Bayesian model
learning (a combination of model selection and parameter estimation) is applied to the
derived second moments according to the model given by Eq. (4.7). To better capture the
decay of the autocorrelation function, it is remodeled as a mixture of Gaussians:

<Hés/e(A)Hés/e(0)> = lzljpl eXp(_AQ/)\l)7 (411)

which is equivalent to Eq. (4.7) as L — oo. The procedure for estimating the parameters is
as follows: First, the most probable level of the model L is selected according to information
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criteria calculated by maximizing the likelihood functions; then, a Bayesian analysis is
applied to the selected model to obtain the posterior distributions of the parameters p;, \;;
finally, the posterior distributions of the functions ([ H., [ He, Hesje]]Hes/e), - - - are obtained
from the aforementioned posterior distributions to give the desired estimations.

The selected model is of L = 2, confirming the conjecture that there are likely two differ-
ent components of the environment. The obtained posterior distributions of the first three
terms in ([He, [He, Hesje][Hesje), - - - are plotted in Fig. 4.9 (top row). The corresponding
estimations are summarized in Table 4.1. The estimations give an absolute measure of the
effect of mixing seen by the CS. Reasonably, higher-order nested commutators are esti-
mated with increased uncertainty. This can be improved by collecting more data for large
A since the higher-order effects are more important at the tail.

Table 4.1: Posterior mean estimations of the commutation functions (defined in the caption
of Fig. 4.9). 95% intervals are used to obtain the error bars.

Cy Cy Cs

2.02*9-25 x 10~4(MHz) | -3.1*97 x 10-7(MHz") | 8.4%5 4 x 10-10(MHz")
Dy D, Dg

0.9707 (kHz?) -5.3*35 x 10-6(kHz") | 0.62, x 10710(kHz°)

4.4.2 Measure change of sensitivity

A similar analysis is applied to the STE experiment data to quantify information flow.
Fig. 4.7 (b) presents the time-domain data and spectra where the roles of A and ¢ are ex-
changed. The data show an increased decay rate (spectral broadening) for larger ¢, reflect-
ing enhanced sensitivity to environmental dynamics due to stronger system-environment
correlations.

The linewidths of the spectra are distorted by the Gibbs ringing due to truncation of the
time-domain data. Therefore, instead of relying on direct measurement of the linewidths,
the decay rates are estimated by fitting the time-domain data to an exponential function.
Then the decay rate is used to estimate the corresponding second moments (Fig. 4.10). The
optimal model, determined by Bayesian model selection, has L = 1. Then the commutation
relations are estimated by fitting the data to the model. The posterior distributions are
shown in Fig. 4.9 (bottom row), with estimates provided in Table 4.1. Due to the high
uncertainty of the data at the tail (¢ > 700us), estimates of higher-order commutation
relations are significantly worse.
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4.4.3 Measure strength of H,

To measure the absolute strength of the mixing | H. |, the decoupling experiments (Fig. 4.6
(b)) are implemented on the CS system for ¢ = 48,96, ...,1200us and different strengths
of the RF irradiation. The time-domain data and the corresponding spectra are plotted
in Fig. 4.7 (¢). The linewidths of the spectra are calculated and plotted in Fig. 4.11 as
a function of wge.. The result shows that the decay slows as the wge. increases, implying
that a larger portion of the mixing is suppressed. The Gaussian signature at small wqec
corresponds to the regime where wqe. becomes larger than |Hy.| and the information
flow is being suppressed. It can be seen that the linewidth starts to saturate at around
Waee =30kHz, indicating the condition that wqe. > |H,| is satisfied for the majority of
the environment. Indeed, the strongest interaction between environment spins, calculated
according to the crystal structure of the molecule [106], is around 30kHz.

4.5 Discussion

The measured autocorrelation function (H’, /e(A)H o /6(0)) reveals an overall characteristic
time 7" ~ 90 pus for environment mixing (Fig. 4.8 (a)). However, its structure deviates
from an exponential form, indicating memory effects in the environment. Initially, a Zeno
regime A ~ [0,30) us is observed, corresponding to an initial resistance to environmental
perturbation due to the unitary dynamics of the environment. The duration of the period is
approximately equal to 1/| H.|| as measured by the decoupling experiment. Then, this pe-
riod is followed by a rapid change in the local field, characterized by a Gaussian signature,
suggesting that information is being rapidly scrambled in the environment. The environ-
ment size is sufficiently large to ensure that this scrambling as seen by the CS appears
uncorrelated. Around A ~ 70 us, a transition to a slower change in the local field occurs.
Model selection further confirms the presence of two Gaussian components: one fast and
one slow. This indicates the existence of a long-lived state within the system/environment
correlation that is less sensitive to environmental dynamics. The rapid mixing corresponds
to dynamics in a finite-sized part of the environment. Once mixing in this region saturates,
information flow extends to a larger part of the environment, leading to additional infor-
mation loss. However, this extended part contributes more slowly, likely due to weaker
connectivity with the primary environment. This observation is further confirmed through
the estimation of non-commutativity, suggesting a structured environment with both long
and short memory. A detailed understanding of this memory structure will undoubtedly be
crucial for comprehending the environment’s dynamics and for designing improved control
and error correction protocols for the system.
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Mathematically, the information flow in a many-body system can be quantified by the
information flux [53, 52]. For information flow between the CS and the environment, the
information flux is closely related to the correlation measure given by the Renyi entropies
[114]. The autocorrelation function (H/(¢)H’(0)) and the nested commutation relations
Dy, Dy, ... aim to provide an efficient measure of this correlation. As the results show,
the sensitivity to H,., as measured by the second moments of the spectra with respect to
A in STE experiments reveals a Zeno regime around ¢ ~ [0,250us). Similarly, the non-
exponential dynamics of the autocorrelation function shows that the system/environment
interaction is highly non-Markovian. According to Niknam et al. [143], first-order co-
herence peaks around ¢ ~ 200 us (adjusting for scaling differences between MREVS and
SMES sequences), suggesting that rapid increase of sensitivity to perturbation mainly
arises from higher-order coherence terms. Their results show that coherence growth satu-
rates at t ~ 590 us. However, in our measurements, sensitivity continues to increase beyond
this time. This may imply that highly sensitive, multi-spin correlations continue to de-
velop, even if this does not directly enhance coherence, as most multi-spin correlations are
still of lower-order coherence. Thus, STE experiments may be capable of revealing the
growth of higher-order correlations.

4.6 Conclusion

In conclusion, an efficient experimental approach combining stimulated echo (STE) and
decoupling experiments provides quantitative measures of information flow and mixing in a
central spin system. The STE experiment distinguishes the effects of system/environment
interaction from environment mixing, allowing focused study on either information flow or
mixing. The second moments of STE spectra yield autocorrelation functions that capture
changes in local fields and sensitivity, offering detailed quantitative insights into the land-
scape of information flow and mixing. Through Bayesian analysis, the STE experiment
directly measures the non-commutativity between H.,. and H,, providing absolute mea-
sures of the rates of correlation growth and mixing across different levels. The decoupling
experiment, in turn, offers a straightforward and effective method to directly probe the
strength of H.. Together, the STE and decoupling experiments deliver a comprehensive
metric of environment mixing. The results reveal a complex structure in the environmental
dynamics, with both short-term and long-term memory effects in the system, highlighting
the rich dynamics of the central spin system and the importance of thoroughly understand-
ing them. While the method is demonstrated using a spin system, it is applicable to any
qubit-environment interacting system.
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Figure 4.6: The pulse sequences for the (a) STE and the (b) decoupling experiments.
CP and RF refer to cross-polarization and RF irradiation. Saturation with 7/2 pulses is
applied to the environment spins prior to the start of each experiment to prevent correlation
between experiments. Spin temperature alteration [152] is incorporated in the phase cycling
to remove artifacts from the cross-polarization. During ¢4, a continuous weak measurement
is performed on the CS. A strong continuous wave is applied to the environment during
this period to decouple the CS from the environment. Then an integration is taken over
tq to give a complex signal point.
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Figure 4.7: Time-domain data (left) and spectra (right) of the STE experiments for (a)
different A, (b) different ¢, and (c¢) those of the decoupling experiments for different wes.
Here, only real parts of the data are shown. (a) and (b) are obtained from the STE
experiments (Fig. 4.6 (a)), while (c) is from the decoupling experiments (Fig. 4.6 (b)).
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(a) Measured second moments
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Figure 4.8: Measure of (a) second moments, (b) linewidths and (c) second moments derived
from the linewidth of the STE experiments as functions of A. The spectra are obtained
by Fourier transform with respect to t. The data are obtained from their corresponding
posterior predictive distributions. The error bars correspond to the 1/4 and 3/4 quantiles.
The solid line represents the best fit using the posterior mean for the optimal model with

L=2 (Eq. (4.11)).
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Figure 4.9:  Probability histogram plots of the posterior distributions of (a
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Figure 4.10: Measure of (a) linewidths and (b) second moments derived from the linewidths
of the STE experiments as functions of ¢. They correspond to spectra obtained by Fourier
transform of Sgtg with respect to A.
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Figure 4.11: Linewidths of the spectra measured from the decoupling experiments as a
function of the strength wqe. of the RF irradiation.
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Chapter 5

Characterizing Correlated Noise on a
Central Spin Using
Multi-Dimensional Experiments

Here, we investigate how central spin dynamics, combined with correlation spectroscopy,
can characterize information flow in a qubit system. Our method estimates multi-time noise
distributions and employs Bayesian analysis to quantify environmental memory. This re-
veals persistent memory and correlated fluctuations, allowing us to assess non-Gaussianity,
non-stationarity, and non-Markovian features of the noise.

5.1 Introduction

Understanding a qubit’s noise is crucial for developing simpler, more effective control meth-
ods in engineered quantum devices. The properties of the noise determine the performance
of noise reduction strategies. Examples include decoupling [37, , , ], which de-
pends on noise having a long correlation time, and quantum error correction [174, 12, ],
whose efficiency depends on the symmetry of the system/environment interaction. Pas-
sive noise reduction strategies such as noiseless subsystems [101, 63] and decoherence-free
subspaces [120] depend on the noise being collective and respecting certain symmetries.

Here, we present an experimental method to characterize the properties of the noise as
seen by a qubit, including higher-order memory effects. The qubit can be modeled as a
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central spin (CS) [19, 5] coupled to an environment that holds quantum information. We
are interested in three questions:

1. What is the distribution of the frequency of the noise?
2. What is the lifetime of the CS/environment correlations?

3. What are the environmental memory effects, e.g., correlation in environmental fluc-
tuations and long-lived states?

It is not our goal to reduce the measured dynamics to a Markovian model; rather, to learn
properties of the environmental memory enables quantum efficiencies in noise rejection.

There have been numerous studies on characterizing noise in open quantum systems.
R. Kubo [111] and P. Anderson [199] modeled the noise as a Gauss-Markov process which
successfully predicted the line shapes in NMR and ESR experiments. Measurements have
been designed to extract effective Lindblad operators [182, |, and to measure the noise
spectra of Ty and Ty, [35, ]. These have then been reduced to an effective Markovian
model that captures the loss of information in the qubit. Decoupling has been used to
experimentally measure the power spectral density of the noise based on the Gauss-Markov
model [3, |. This method has been generalized to measure higher-order polyspectra
of non-Gaussian noise [I15]. Recently, M. Niknam et al [113, | have experimentally
measured the growth of CS/environment correlations. J. Chen et al [38] used stimulated
echo and decoupling experiments to quantify the environmental dynamics and correlation
growth in the CS system.

Here, we explore the additional information that is available from recording higher-order
correlations of the noise. Correlation spectroscopy [58, 92, , | works as a simple
scattering experiment. In the most basic implementation, it consists of two encoding
periods separated by a variable storage time. Its higher-dimensional versions [171, 75]
include multiple encoding periods and produce spectra that correspond to the multi-time
joint probability distributions of the noise. Combining statistical inference with correlation
spectroscopy provides a quantitative measure of memory effects including non-stationary,
non-Gaussian, and non-Markovian effects.

5.2 Theory

Recall that the Hamiltonian of the CS system is
H=H..+H,, (5.1)
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where H,. and H, are the Hamiltonians of the CS/environment interaction and environ-
mental mixing. We assume that the CS and the environment are initially uncorrelated
with an initial state p(0) = pes(0) ® pe(0). An evolution under H,,. creates correlation
between the CS and the environment, which is well described by a local field model [19].
The local field depends on the eigenvalues of Hy/. and the environment’s state which can
be altered by environmental mixing. For instance, if H, takes the form of a "flip-flop”
Hamiltonian o, ® 0_ + 0_ ® 0., then

04+®0_+0_-Q0+
_ >

|01) 110). (5.2)
Such change in the environment’s state results in a corresponding change in the local field
seen by the CS, which can be described by multi-time joint distributions of the frequency
of the noise p(€2,,...,81), where ; is a random variable representing the local field at the
ith time instance (Fig. 4.2).

5.2.1 The Gauss-Markov Approximation

We are interested in characterizing the memory effect of the environment. Therefore, it
is important to understand the assumptions made by the memoryless model, the Gauss-
Markov model, and when the approximation fails.

When the noise results from contributions from a large number of weakly correlated
sources, the spectrum of the local field is approximately Gaussian due to the central limit
theorem. Similarly, the dynamics of environment fluctuations can be approximately Gaus-
sian if the eigenstructure of H. is complex and the dynamics involve averaging over dif-
ferent realizations. Thus, the joint distribution p(€2,,Q,-1,...,€1) is approximately a
multi-variate Gaussian distribution.

The Markov approximation claims that

p(Qn’Qn—ban) :p(Qn|Qn—1) (53)

Namely, the environmental dynamics is memoryless and the present state of the noise
provides all the information needed to predict the future state. For example, consider an
environment of one qubit with an initial state a|0) +b[1). |0) and |1) are eigenstates of He
with eigenvalues +1 and -1. An evolution under H, evolves the state to a’|0) + &’|1). The
distribution of the local field changes from {(|a|?,+1), (|b]>,-1)} to {(|a’]?,+1), (|p']?,-1)}.
In general, the new distribution depends on the values of a and b. However, if the quantum
coherence ab*|0)(1]| and a*b|1){0| decay fast, the new distribution of the local field depends
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only on |a|?> and |b]? approximately. The process of the change of the local field can be
approximately treated as a classical random process that obeys the Markov property Eq.
(5.3).

The noise is stationary, if its statistical properties, e.g., mean, variance, and au-
tocorrelation, do not change over time. A necessary and sufficient condition is that
the joint distribution p(€2,,...,€;) is invariant under time translations, which requires
e~ AHe p (0)eArHe = p (0) for all A. For example, if the environment is in the fully mixed
state, the distribution of the local field is given by the full set of eigenvalues of H.., and

p(2) = p(h), (5.4)

for all n, which satisfies the stationary property.

The above approximations are captured by the Gauss-Markov model that treats the en-
vironmental dynamics as an Ornstein-Uhlenbeck process [10%] (a stationary Gauss-Markov
random process). In addition to the properties mentioned above, the process has an expo-
nential decaying autocorrelation

(01) = e72(07), (5.5)

and vanishing cumulants of orders higher than two.

The memory effects, due to correlated fluctuations, residual correlation in the envi-
ronment, or fluctuations of the state of the environment, will show up as violations of
Gaussian, Markovian, or stationary properties, respectively.

5.2.2 Measuring the joint distributions through multi-dimensional
experiments

The joint distributions can be measured by an n-dimensional (nD) experiment, which has
the following unitary propagator

~iHgjotn p~iHA

tne n—-1 e_iHcs/etn—l...e_iHeAle_iHCS/etl . (56)

UnDZG

This separates the effect of the CS/environment interaction and the environmental dy-
namics so that the full dynamics under H,,/ or H. during each period can be sampled by
continuously varying ¢; or A;. A joint distribution p(€2,,,...,€);) can then be obtained by an
nD Fourier transform with respect to ¢;. The nD experiment effectively compares H /G(A)
at different times and measures its time dependence. For example, the 1D spectrum gives

Sip(wi) = p(), (5.7)
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which gives the distribution of the frequencies of the noise at A = 0. In the presence of
small T} and T, the spectrum is a convolution between p(w;,0) and a Lorentzian L(w).
Here, we are interested in the case where p(€2;) is much broader than L(w). The 1D
experiments correspond to the growth of CS/environment correlation in the absence of the
environmental dynamics.

A 2D spectrum is

Sop (wa,wi) = p(Q2, ) = p(QQ)p(). (5.8)

Compared to the 1D spectra, the additional information lies in the transition probability
p(Q22|€21) which measures the change of the local field. All second-order statistical proper-
ties of the noise, such as the joint moments (Q25>Q%) and the covariance Cov (€, ;) can
be calculated using SQD(Wg,wl).

The joint distributions p(£22,€2;) can be used to quantify systematic discrepancy from
standard models. For instance, we can use goodness of fit, such as the mean square error
(MSE) and the coefficient of determination (R?), to a 2-variate Gaussian distribution to
measure non-Gaussianity.

We can also use parameter estimation to quantify discrepancy. For example, consider
measuring the non-stationarity of the noise. A stationary noise obeys

() = p(h), (5.9)

for all A, which implies that the means of €2y and €); are the same. Thus, when fitted
to a 2-variate normal distribution, the absolute difference of the means (ADM) |ug — 11|
provides a measure of non-stationarity of the noise. Note that a nonzero measure implies
non-stationarity, but the opposite is not true.

Many properties of p(€22,€2;) can be obtained from projections of the 2D spectra, which
can be obtained using reduced 2D experiments. For example, consider the stimulated echo
(STE) and stimulated anti-echo (STAE) experiments, which correspond to projections of
the 2D spectra along wy = wy and ws = —w; according to the central slice theorem. Their
signals are

Sstr(t) = f dQad e (2 p(Qy, ),
(5.10)
SSTAE(t) = [dQQdQle_i(QQ+Ql)tp(Qg,Ql).

Ssre(t) comes from the frequencies that remain the same (5 = €;), while SsTagp(?)
comes from frequencies whose signs are reversed (€2 = —€);). For short mixing time
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A, the frequency has a high probability to remain the same, thus Sste(t) > Sstag(t).
As A increases, Sste(t) decreases while Sgrag(t) increases. When all correlation is lost,
Sstag(t) = Ssre(t), since the system forgets the initial value of the local field ;. Addi-
tionally, the reduced experiments can be used for the statistical analysis discussed above,
including quantifying non-Gaussianity and non-stationarity, since statistical inference typ-
ically requires only a subset of the data from a 2D experiment.

The 3D experiments give the 3-time joint distributions

SSD(W37W27W1) = p(Q?), Qy, Q1) = P(93|Q27 Ql)p(QQ|Ql)P(Ql)- (5-11)

Compared to the 2D experiments, the additional information is in p(€3|€2,€2;), which
measures the memory of the environmental dynamics. One way to detect the memory
effect is to compare the 3D spectra with their Markovian counterparts. Define the Markov
reconstruction of a 3D spectrum as

gur _ P, Q2)p(€s, 1)
3D p(QZ) )

which should be equal to Ssp if the noise were Markovian: p(Q3]Qg, Q1) = p(Q3]Q). There-
fore, systematic discrepancy between Ssp and SM sp implies non-Markovianity. Motivated
by this, define the residual correlation

(5.12)

RE = ((u3) - (2102) (203))°, (5.13)

which measures the difference between the direct correlation of €2; and €23 and that through
Q. It can be evaluated using the 3D spectra and provides a quantitative measure of non-
Markovianity.

The two environment time parameters A; and A, in 3D experiments provide an alterna-
tive approach to measure non-Markovianity by measuring the divisibility of the dynamics.
A Markovian process is divisible, namely, the total action of a map stays the same wher-
ever it is intercepted. Thus, the correlation (£23€;) should only depend on the total time
of environment evolution A; + Ay and not on the values of Ay or A,. Thus, we can fix
Aj + Ay and measure how (Q3€2;) changes as a function of A; to probe non-Markovianity.

Although the above discussion adopts a classical probabilistic description of the noise,
the nD experiments do not rely on this and have a fully quantum interpretation where the
time dependence of the local field is replaced by that of Hy. in the interaction frame of
H. (Appendix).
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5.3 Method

The same spin system used in the last Chapter is used to experimentally demonstrate the
method. Recall that the total Hamiltonian of the system is

N N N
H=bcs0° +0°@ Y wiol+ ) 00, + Y wij(20L @ 0] -0 @ 0l — 0}, ® 7)), (5.14)

i=1 i=1 i<j

where N is the number of hydrogen spins in the environment; dcg and §; are the chemical
shift anisotropy of the phosphorus and hydrogen spins, respectively; and w; and w;; are
the coupling strengths of the P-H hetero- and H-H homo-nuclear dipolar interactions,
respectively.

The pulse sequences of 1D, 2D and 3D experiments are included in the Appendix.
Chemical shift anisotropy of the phosphorus spins is refocused by the pulse sequences. That
of the proton spins (~100 Hz) is insignificant and ignored throughout the experiments. The
Hamiltonians H,,. and H, are then given by the P-H heteronuclear dipolar interactions
and the H-H homonuclear dipolar interactions, respectively. The sample is doped with
a relaxation agent (chromium(iii) acetylacetonate) to reduce its 7. The time scale of
evolutions under Hy, (< 10ms) is much smaller than the 77 of the phosphorus spins (55
s) and the hydrogen spins (1 s). For mixing times ~1s, the relaxation of the proton spin
serves as an additional mechanism that can remove residual CS/environment correlation.

For the 2D experiments, during encode and decode periods, the symmetric magic-echo
train 8 (SMES) [27] is used to turn off the environmental dynamics H, while keeping the
system /environment interaction H.se with a scaling factor of 0.342 and along the same
direction. This, together with the coherence pathway selection, achieves the desired unitary
propagator Eq. (5.6). 3D and higher-dimensional experiments are obtained by combining
2D experiments [76]. The coherence pathway selection also achieves amplitude-modulated
time-domain signals, used to obtain pure-phase spectra by the States method [181].

Bayesian analysis is used to fit the time-domain data to that given by Gaussian dis-
tributed local field. The resulting predictive posterior distributions are used to estimate
functions of the model, which are used to provide quantitative measures to non-Gaussianity;,
non-stationarity, and non-Markovianity.
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5.4 Results

5.4.1 1D Experiment

The time-domain data and spectrum of the 1D experiment are shown in Fig. 5.1. The
data are fitted to a Gaussian shape (black line in Fig. 5.1).

s U 0.5¢
2 08 2 04}
?:13 0.6 é 031l
2 0.4F 2 02}
= 02 =gk

0.0 0.0

0 200 400 600 8001002001400 6 -4 2 0 2 4 6
11(us) w1 (kHz)

Figure 5.1: Time-domain data and corresponding spectrum of a 1D experiment. The solid
lines are the best Gaussian fits.

5.4.2 2D Experiment

2D experiments of different mixing times A are implemented. The spectra are shown in
Figs. 5.2 and 5.4, which show a broadening along w; = —wy as A increases.

The simulated 2D spectra using the Gauss-Markov model are shown in Fig. 5.3. There
is a difference in shapes between the measured (Fig. 5.2) and simulated (Fig. 5.3) spectra
for intermediate values of A. For example, for A = 50us, the simulated spectrum has a
more rectangular shape.

To quantify the deviation of the data from the model, the MSE of the fit is calculated
(Fig. 5.5). It shows a small deviation initially, which increases as A increases to 50us and
decreases as A further increases. There is a plateau of the deviation for 100us < A < 1500us.
The deviations further increase as A goes beyond 0.5 s.

To see if the process is stationary, projections of the spectra onto w; = 0 and wy =0 are
calculated. Their differences for different A are shown in Fig. 5.6. The nonzero difference
at A =50 us suggests potential non-stationarity.
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Figure 5.2: Measured 2D spectra for different A. The plots are normalized to the maximal

point of the spectrum of A = 0us. 82
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Figure 5.4: 3D views of Measured 2D spectra with various A. (a) A =0us. (b) A =50us.
(c) A =200us. (d) A =1.5s.
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Figure 5.5: MSE of the fits to the bivariate Gaussian distribution for different A.
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Figure 5.6: Differences of projections of 2D spectra along w; = 0 and wy = 0 for different
A. The one at A = 50us shows that the dynamics are non-stationary.
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5.5 Projections of 2D experiments

Projections of the 2D spectra along ws = w; and wy = —w; are measured through STE
(to = —t1) and STAE (ty = t1) experiments, respectively. The deviations of the data from
Gauss-Markov measured by MSE are shown in Fig. 5.7. The deviation starts small,
increases to a maximum at A ~ 30us, decreases as A further increases, and saturates at
A ~ 150us. To measure stationarity, the AMD of the fit to the Gauss-Markov model is
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Figure 5.7: MSE of fits to bivariate Gaussian distributed local field of the STE and STAE

data as a function of A.

calculated and plotted in Fig. 5.8.
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Figure 5.8: Absolute mean difference (AMD) of bivariate Gaussian fits of the STE and
STAE data.

Examples of the spectra are shown in Figs. 5.9 and 5.10. To compare their contri-
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Figure 5.10: Projections of 2D spectra along wy = —ws for different A. The black solid lines
are the best Gaussian fits.
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butions to the deviations, the spectra are fitted to Gaussian shapes individually, and the
corresponding coefficients of determination R? are shown in Fig. 5.11. The deviations from
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Figure 5.11: Coefficients of determination (R?) of Gaussian fits of the projections of the
2D spectra along different directions for different A. Larger R? corresponds to better fits.
A logarithmic scale of A is used to better represent the initial behaviors.

the STE experiments show a similar trend as the overall deviations, while those from the
STAE experiments stay small, suggesting the former is the main source of the deviations.

The autocorrelation function (€2,€2;) calculated from the simulated echo and anti-echo
are shown in Fig. 5.12. As a comparison, the full widths at half maximum of the spectra
of the simulated echo and anti-echo experiments are also plotted (Fig. 5.12 right).

5.6 3D Experiment

3D experiments are implemented to explore the memory effect of the environmental dy-
namics. Fig. 5.13 shows the measured spectra (A; = Ay). In comparison, the Markov
reconstructions of the spectra are plotted beneath them. The measured spectra exhibit a
more structured surface than their Markov reconstructions, indicating a possible memory
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Figure 5.12: Measured autocorrelation function (€22;) (left) with the best exponential fit
(dashed line) and the linewidths of the projections (right) with the best exponential fits
(solid lines) and the best Gaussian fit (dashed line). The blue squares and the orange dots

are for projections along wy = wy; and ws = —wq, respectively.

Figure 5.13: 3D spectra (left 3) and their sectional views (right 3) for different Ay = A
(from left to right: 0, 20us and 100us). From top to bottom: Measured spectra, Markov
reconstructions, and best Gaussian fit.
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Figure 5.14: Projections of the 3D spectra along (1,1,1). From top to bottom: Measured
spectra, Markov reconstructions, and best Gauss-Markov fit. From left to right: Ay = Ay =
0, 20ps and 100us.



effect. To check whether the features arise from the measurement noise, the data are fitted
to the trivariate normal distributions (Fig. 5.13 bottom) and used to calculate the residual
correlation (Fig. 5.15). The result shows a similar result with that observed from the 2D
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0.000 | .

0/0 2020 100/100 200/30 30/200
AqlDp(ps)
Figure 5.15: Residual correlation for different 3D experiments.

experiments: the residual correlation starts low and increases as the storage times increase.
However, the memory persists longer (> A; + Ay = 200us) than previously measured in the
2D experiment (A < 150us).

To further explore the memory effect, two 3D experiments are performed, where A; /A, =
200us/30ps and 30us/200us. The spectra are shown in Fig. 5.16. Their corresponding
residual correlations are calculated (Fig. 5.15). The posterior distributions of the total
correlation (23€2;) are shown in Fig. 5.17. The first experiment (2004s/30us) shows less
correlation.

91



£1=200uS/0,=30uS  A1=30uS/A,=200uS  A1=200uS/A,=30uS  Ap=30uS/A,=200uS

Figure 5.16: 3D displays (left half, one contour at 0.5 maximum) and sectional views (right
half, contours at 0.25, 0.5 and 0.75 maximum) of measured (top) and simulated (bottom)
spectra for Ay =200us/A; = 30us and A = 30us/As = 200us.
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Figure 5.17: Posterior distributions of correlations (Q(A; + A3)2(0)). The posterior
mean estimates are 0.317094 (200us/30us) and 0.32275:028 (30us/200us). As a compari-
son, (239Q;) for all experiments are plotted on the left.
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5.7 Discussion

5.7.1 1D experiment

The 1D experiment yields the distribution of the local field in the absence of the envi-
ronmental dynamics, which determines the growth of CS/environment correlation and the
coherence time of the CS. The distribution is well approximated by a Gaussian shape due
to the complexity of H.y. and averaging over many realizations. The memory effect of the
environment is not captured by the 1D experiment.

5.7.2 2D experiment

The 2D experiments measure the change of the local field. The spectrum at A = Ous
centers at wo = wy, suggesting no change of the local field in the absence of H.. €25 and 2,
are highly correlated

p(Q2, %) ~ 6(822 = Q1)p(21). (5.15)

This correlation decreases as A increases, shown as the broadening of the spectra along wy =
—wp. The MSE of the fit to the bivariate Gaussian distribution measures non-Gaussianity
of the environmental dynamics as a function of A (Fig. 5.5). The MSE is small at A = Ous,
consistent with the result from the 1D experiment (in the absence of H., the dynamics
under H, is well captured by a Gaussian distribution). The MSE increases as A increases,
indicating increased non-Gaussianity in the dynamics, due to correlated fluctuations in the
environmental dynamics. The decrease of the MSE as A further increases suggests a
transition to a fully mixed regime where the correlation between environment fluctuations
is lost. However, a long-lived residual correlation persists up to A = 1500us, as shown by
the decrease of the MSE at A = 0.5s and 1.5s, which involves relaxation in the environment,
suggesting a constant of motion in the CS/environment correlation to the unitary dynamics
of the environment.

The difference between the projections of the spectra onto wy; = 0 and wy = 0 at A = 50us
suggests potential non-stationarity (Fig. 5.6).
5.7.3 Projections of 2D spectra

The projections of the 2D spectra along wy = w; and ws = —wy, measured by the stimulated
echo and anti-echo experiments, provide complementary information to the 2D experi-
ments.
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The MSE of the fit to the bivariate Gaussian distribution (Fig. 5.5), equivalent to that
measured in the 2D experiments (Fig. 5.7), but with more points, shows a similar trend,
confirming the non-Gaussianity at intermediate values of A. It reaches the maximum at
A ~30us, around 1/|H,| (|H.| ~ 30 kHz), and falls to a minimum at A ~ 150us, suggesting
a transition from a Gaussian regime to a non-Gaussian regime then back to the Gaussian
regime.

The AMD of the fit provides a measure of non-stationarity of the noise (Fig. 5.8). At
small A, non-stationarity is small due to small environmental dynamics. However, the
nonzero AMD in 20us < A < 80us indicates non-stationarity, consistent with Fig. 5.6.

The coefficient of determination measured for Gaussian fits suggests that the non-
Gaussianity mainly results from the STE, which is consistent since the initial environmental
dynamics are mainly captured by the STE. At small A (e.g., A = Ous and 20us), there is a
pedestal of the spectra of the STE, not captured by the Gaussian fit, around the baseline.
This is possibly due to a part of the environment with high frequency that is not decoupled
by the SMES sequence. To test this hypothesis, compare the spectra with those obtained
from the decoupling experiments (Fig. 5.18), which also shows the same pedestal around
baseline at wqee ~ |He|. The pedestal disappears as wqe. increases above 60 kHz, suggesting
a part of the environment, with a frequency higher than |H,|, is suppressed.

The linewidths of the STE and STAE become closer to each other as A increases,
suggesting enhanced mixing. However, they do not saturate to the same value, indicating
residual correlation, as observed from the 2D experiments (Fig. 5.5). Although no obvious
deviation from exponential decay is observed from the calculated autocorrelation function
due to high uncertainty, the linewidths of the STE spectra show a Zeno regime marked by
a Gaussian signature in Ous < A < 20us, before transitioning to an exponential decay.

Table 5.1 summarizes different time scales observed so far in the system.

5.7.4 3D experiment

The residual correlations in the 3D experiments show that the memory effect persists up to
A1+ Ag =200us which is as long as the mixing time. This is likely due to the interception
by the evolution under H, . between the first and second mixing periods, which reduces
the total action of the mixing. This is further confirmed by the 3D experiments where
Ay + Ay is fixed. The experiment where the mixing is intercepted earlier (A; = 30us)
shows less residual correlation and more total correlation between €23 and €2y than the
experiment where A; = 200us. The interception at the early stage of environment mixing
disrupts the accumulation of higher-order effects, thus reducing its overall effectiveness.
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Figure 5.18: Spectra of decoupling experiments. Black lines are the best Gaussian fits.

Table 5.1: Different time scales measured by the 1D and 2D experiments.

Name Time scale
CS coherence time t ~300us
Mixing time A ~200us

Non-Gaussian
Quantum Zeno

A~ [0,150]us
A ~[0,20]us

Gaussian-exponential transition A ~50us
Non-stationary A ~[0,100]us
Constant of motion A > T750us
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Such interception is less effective at a later stage, however, as the mixing has reached
saturation.

5.8 Conclusion

We presented a general experimental method for comprehensively characterizing highly
correlated quantum noise in a central spin system using multi-dimensional experiments.
The experiments measure the multi-time joint distributions of the noise, represented by
the multi-dimensional spectra, which contain all the statistical properties of the noise. Re-
duced multi-dimensional experiments, which produce projections of the multi-dimensional
spectra, provide an efficient way to probe the noise and can be used in statistical inference
to provide a quantitative measure of the memory effect of the environment.

Using the multi-dimensional experiments, we experimentally characterized the noise in
a central spin system. The one-, two-, and three-dimensional experiments measure the
distribution of the local field, change of local field by environmental dynamics, and mem-
ory effect of the environmental dynamics, respectively. Through quantitative measures of
non-Gaussianity and non-stationarity, the two-dimensional experiments and their reduced
versions, the stimulated echo and anti-echo experiments, reveal a non-Gaussian period
(Opus < A < 150pus) due to correlated environmental fluctuations and a non-stationary
period (Ous < A < 100us) due to return of information from the environment to the cen-
tral spin. Residual system/environment correlation, which persists beyond the mixing time
(200ps < A < 150048) has been revealed, suggesting a component insensitive to the environ-
mental dynamics. The 3D experiments provide a quantitative measure of non-Markovianity
of the environmental dynamics through residual correlation and non-divisibility, revealing
persistent memory effect above the mixing time of 200 ps. Intercepting the environmental
dynamics by information flow between the central spin and the environment reduces the
effectiveness of higher-order effects of the environmental dynamics, leading to reduced total
action and prolonged system/environment correlation.

The quantification of different aspects of the memory effect, including non-Gaussianity,
non-stationarity, and non-Markovianity, provides a benchmark for noise modeling, a thresh-
old for error correction and control protocols, and an effective sensor for learning dynamics
of many-body systems.
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Chapter 6

Probing the Structure of the
Environment through the Central
Spin Using Multi-quantum
Experiments

Understanding CS/environment interaction and information flow is essential for advancing
quantum technologies. The environmental dynamics can scramble the CS/environment
correlation and hold this information in subspaces that are not directly available to the
CS. As shown in Chapter 4, stimulated echo experiments provide a simple way to study
information flow between the CS and the environment. In Chapter 5, the multi-dimensional
correlation spectroscopy provides a more complete picture of the memory effect due to the
environmental dynamics.

Although it is possible to measure all relevant information of the noise on the CS
without knowing the detailed structure of the environment, a better understanding of how
information is stored in the environment can enable better prediction of non-Markovian

behaviors in the noise [155, 65, 35]. The additional information can be measured by
the multi-quantum (MQ) experiments which were first introduced to study multi-body
correlations in NMR systems [204, O, |. The basic idea is that different components

of the density matrix have different sensitivity to external perturbation. By encoding the
qubit system with collective external rotations, the MQ experiments can resolve these
components. To see how this can be applied to study dynamics of the CS system, consider
an initial state where the quantum information starts at the CS: p(0) = 0, ® 18V /2N+1,
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Under the CS/environment interaction

N
Hege=0.® Zwiai, (6.1)

i=1

the state evolves to

N N N
p(t) = % (ax ® 1V H cos w;t + Zay ® o' sinw;t Hcoswjt 4o
=1 i=1 J# (62)
N
+o[N] ® ol®-- ool Hsinwit) .
i=1
The multi-body terms represent the CS/environment correlation. The highest number of
operators that can be involved is equal to the number of spins in the environment N.

on] = 0, if N is even and oy} = 0, if IV is odd. In the absence of environmental dynamics,
p(t) can be returned back to p(0) with a simple echoing.

The MQ experiments use collective x rotations on the environment to encode the
CS/environment correlation so that the echo carries information from the encoding. Under
the basis {1,0,,,0_ 4,0, }®Y, operators with the same coherence order (n, —n_, where n,
and n_ are number of ¢% and ¢%) span an invariant subspace of the x rotations with the
same eigenvalue (e“("+="-)¢ where 6 is the rotation angle). Thus, the z rotations encode
projections of p(t) onto the subspaces with their respective eigenvalues. Given N, the
number of invariant subspaces is 2N + 1. So, if we perform 2N + 1 experiments with differ-
ent f, we can solve the 2N + 1 linear equations and obtain the projection of p(t) onto each
subspace. Conventionally, 6 is incremented from 0 to 47 N/(2N +1) in step of 27/(2N +1)
and a Fourier transform is used to obtain the projections. This can be compared with
permutationally invariant state tomography [190] where the density matrix is partially
measured with respect to the symmetry imposed by the x rotations. The population of the
quantum information in these subspaces depends on the connectivity between the CS and
the environment and the structure of the environment. Note, this additional information
cannot be obtained in the multi-dimensional experiments; it is the added control, the x
collective rotations on the environment, that enables us to do so.

Since the number of invariant subspaces is directly related to the number of spins in
the environment, the MQ experiments effectively measure the size of the environment. M.
Niknam, et al used this method to measure the growth of the correlation in the CS system
[113] and used entropies to quantify the amount of CS/environment correlation [1441].

In this chapter, we build on these results and show how MQ experiments can also be
used to study the environmental dynamics (Fig. 6.1). We study two variations. In the
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first variation, we study how information leakage can affect the performance of the MQ
experiments. [113] also studied sensitivity of CS/system correlation to environmental mix-
ing. Here, our approach is related to the Loschmidt echo (LE) experiments [90, 72, ]
where the goal is to study how an ideally perfect echo is affected by errors during the im-
plementation of the experiment. The focus here is the refocusability and learnability of the
environment by the CS, which is important for implementing robust quantum operations
and sensing. MQ experiments provide powerful tools for studying this sensitivity, as they
can track the sensitivity of components of each coherence order.

In the second variation of M(Q experiments, we design experiments where a period of en-
vironmental mixing is added after the CS has established correlation with the environment.
Then after the encoding, we refocus both the mixing and CS/environment interaction. This
allows us to encode the dynamics of the environment and show how environmental mixing
induces flow of information between subspaces of different coherence orders. This provides
us with a more detailed view on how quantum information is scrambled by the mixing. As
will be shown with the experimental results, the mixing creates a structured population on
the subspaces and connects the CS to a larger, extended environment. This environment
can store quantum information not directly seen by the CS and is responsible for long
memory.

We also show how Bayesian inference can be combined with the MQ experiments to
gain improved sensitivity of the measurement of the size of the environment. Taking the
standard M(Q experiments as an example, we show that the CS can develop correlation
with up to fifteen spins from the environment which is more than what can be measured
from counting the coherence orders.

6.1 Standard multi-quantum experiments

First, we implement the standard MQ experiments for measuring growth of CS/environment
correlation [143]. The procedure of the experiments is as follows:

exp(iHct)

p(t,0) ——— measure, (6.3)

exp(_iHs/et) EXp(—iJ19/2)
_—s _—5

p(0) p(t)
where 6 is systematically incremented from 0 to 27 * 31/32. The MQ experiments for
different values of ¢ are performed on the CS system using the same solid-state NMR
system introduced in Chapter 4. Fig. 6.2 shows the time-domain data of the experiments.

As can be seen here, the intensity of the echo becomes more sensitive to 6 as t increases,
suggesting a growth of CS/environment correlation. Fig. 6.3 shows measured amplitudes

99



. —- ‘_ . .\f3\/,—/“-Dezt(ection/1
s NSize

> \ o

Time Scale

.. Backflow | ..

Without Scramble With Scramble

Figure 6.1: Schematic of learning the environment through a CS. The environment mixing
may destroy the CS/environment interaction, reducing learnability of the environment. If
refocused, however, the mixing may help reveal a larger environment as it can reach parts
not directly observable via Hg/..

of different coherence orders for different ¢. To see the time evolution of different coherence
order, Fig. 6.4 shows the time-dependence of different coherence orders. The picture shows
a detailed time dependence of the correlation build-up between the CS and the environment
determined by H,j.. A thorough study of this effect can be found in [113, 114]. (Note that
they had used a different sequence with different scaling factors and were looking at total
amplitudes of absolute coherence orders.)  The result shows that the CS sees a larger
portion of the environment as the evolution time, ¢, increases. This is manifested in the
growth of higher-order coherence and the broadening of the coherence distribution.
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Figure 6.2: Time-domain data of standard MQ experiments.
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Figure 6.3: Amplitudes of different coherence orders (from -17 to 18) for different ¢.
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Figure 6.4: Amplitudes of different coherence orders as functions of t.

a i b i b I a

Figure 6.5: Modified magic echo sequence. a and b are the durations of delays and the
spin-locking field, respectively. By varying a and b, different effective Hamiltonians can be
achieved under the sequence.

6.2 Coherence growth in the presence of environmen-
tal dynamics

The procedure of MQ experiments in the presence of environmental perturbation, the LE
experiments, is

exp(~i(ScsjeHesjetseHe)t) exp(~iJ0/2) exp(=i(—5cs/e Hes/e+se He)t)

p(t,0) measure. (6.4)

p(0) p(t)

The added environmental dynamics, multiplied by a scaling factor s., results in an imper-
fect inversion of the dynamics and loss of quantum information.

Mixing is introduced by changing the durations of the RF radiation (b) in the magic
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echo sequences (Fig. 6.5). This results in the scaling factors

a o n 2a-b
a+b’ T 2a+b)

The exact scaling factors are obtained by calculating the average Hamiltonian of H/. and
H.. We keep a + b fixed so that the decoherence is the same for different experiments
and vary 2a —b. Note that the encoding time ¢ needs to be scaled according to sc/e.
Experiments of different 2a — b are implemented. Fig. 6.6 shows measured amplitudes of
coherence orders. The total amplitudes of the echoes are shown in Fig. 6.2. When no

Sesfe N

(6.5)

L oo
p % P

oo

099%%%0g,,

Figure 6.6: Data of the LE experiments. From left to right: 2a -0 =0,1,2,3,4,5,6 us.
Top to bottom: (before scaling) ¢ = 96, 192,288, 384, 480,576,672 us. For large t and 2a—b
(right bottom corner), the signal-to-noise ratio goes to zero.

environmental dynamics is present, the correlation grows monotonically as the evolution
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Figure 6.7: Echo intensity as functions of ¢t. The decay becomes faster as the amount of
mixing (2a - b) increases for large ¢ (> 2004s).

time t increases. In the presence of the environmental dynamics, however, there is a limit
to how much the CS can learn about the environment: For small ¢ more correlation is built
up as t increases. The correlation growth saturates earlier as more environmental dynamics
is included. When ¢ increases even more, the CS/environment correlation decreases and
eventually becomes completely destroyed. To quantify the amount of correlation between
the CS and the environment, we calculate the Shannon entropy of the distribution of the
amplitudes (Fig. 6.8). The entropy provides a measure of effective size and learnability
of the environment via the CS. When the environmental dynamics is nonzero, the entropy
reaches a maximal value at intermediate ¢. However, the crossings between different lines
suggest that the entropy can increase with increased environmental dynamics (Fig. 6.8
right). There could be a transient period when the environmental dynamics can aid growth
of CS/environment correlation. Additionally, for short ¢ and large s. (e.g. the last four
plots of the first row in Fig. 6.6), the distributions show non-convex patterns (small wiggles
around the baseline), which was not observed in the absence of mixing.

Figs. 6.9 and 6.10 show the growth of coherence orders after accounting for the scaling
factors (sgs/) of Heje. In Fig. 6.10, there are multiple places where different lines cross.
This means that, for the same correlation time ¢, nonzero mixing can indeed lead to more
growth of higher-order coherence terms (¢ < 200us).
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Figure 6.8: Entropy of coherence amplitudes of LE experiments. Left: Entropy as a
function of ¢ for different mixing (2a —b). Right: Entropy for fixed ¢ as a function of 2a —b.

6.3 Refocusing the environmental dynamics

To investigate how the environmental mixing affects quantum information in subspaces of
different coherence order, consider the following experiments:

exp(—i(H,g/et+HeA)

csfe

ex —’LJIG 2 ex 7:(I—Ics et+H€A)
p(—/)>p(t,A,9) Pi(Hes ) measure.  (0-6)

)
p(0) p(t, A)
By refocusing the environmental dynamics, there is no loss of correlation.

The measured amplitudes of coherence orders are shown in Fig. 6.11 and their corre-
sponding Shannon entropy is shown in Fig. 6.12. The mixing spreads the coherence over a
larger space, resulting in a broader distribution of coherence orders and increased entropy.
Due to higher-order errors in the sequence, the signal eventually decays to zero. The growth
of coherence under mixing follows a different pattern compared with that under H,/.. No-
tably, a non-convex shape emerges for large A (Fig. 6.13) since the mixing introduces a
double-quantum term, which is more effective at populating higher-order coherences.

Compared with the results from the last section, the experiments suggest that mixing
can aid in correlation growth by redistributing the correlations. In addition, Fig. 6.13
shows that the largest nonzero coherence order at A = 90us is larger than that at A = 15us,
indicating that the mixing has created correlation with spins that are initially not directly
coupled to the CS.

6.4 Inferring the number of spins in the environment

The MQ experiments provide a way to measure the effective size of the environment seen
by the CS. However, higher-order coherence can have weak intensity and can be a poor
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Figure 6.9: Intensity (vertical axes) of different coherence orders k as functions of evolution
time ¢ (us) (horizontal axes) for different amount of mixing. k = 0 (blue dots), 1 (orange
squares), 2 (green diamonds), 3 (red up triangles) and 4 (purple down triangles).

measure of NV in the presence of measurement noise. Here, we show how to use Bayesian
inference to estimate N. Instead of relying solely on the highest visible coherence order,
this approach considers all information from the measurement including the shape of the
distribution.

As an example, we infer the number of spins from the environment using the standard
MQ experiment for ¢ = 672 us. We use the maximum likelihood estimation and a model
selection with the Akaike information criterion (AIC). Figure 6.14 shows the best fits
for different values of N, based on the measured distribution of coherence orders at ¢ =
672us, with the corresponding AIC values plotted in Figure 6.15. The results suggest that,
although the highest nonzero measured coherence order is around seven, the CS sees as
many as fifteen spins. The result suggests that in order to replicate the observed data,
a model with at least fifteen spins is required. Recall that each molecule of the sample
(triphenylphosphine) has fifteen environment spins. Note that, however, this does not
mean that all spins from the same molecule are correlated to the CS. Since the sample
is in powder form, M@ experiments measure an average over molecules with different
orientations. This provides more information than any single molecule, offering a more
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Figure 6.10: Intensity (vertical axes) of the same coherence order for different amount
of mixing as functions of evolution time t(us). 2a —b = 0 us (blue dots), 1us (orange
squares), 2 us (green diamonds), 3 us (red up triangles) and 4 us (purple down triangles).
The crossings of the different lines (e.g., the blue and orange line for k£ = 1) indicate that
the mixing aids in growth of coherence for short t.

complete view of the environment. However, some spins may remain uncorrelated with the
CS if their interaction aligns with the magic angle.

6.5 Conclusion

In summary, this chapter demonstrates how multi-quantum experiments and their varia-
tions can be used to measure system/environment correlation growth in the central spin
system and characterize the size of the environment. When acting as a perturbation, the
environmental mixing can reduce the learnability of the environment via the CS. However,
there is a transient period where mixing redistributes correlations between the CS and the
environment, facilitating the build-up of higher-order coherence. This effect is more pro-
nounced in the experiments when mixing is refocused. The results show that mixing helps
the CS correlate with a larger portion of the environment that is not directly connected
via H.,.. Bayesian inference is used to estimate the number of spins detectable by the CS.
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Figure 6.11: Measured amplitudes of different coherence orders for different ¢ and mix-

ing time A. From left to right:

A = 15,30,45,60,75,90 ps.

Top to bottom: t =

72,144,216,288 ps. Increased mixing (A) introduces more structure to the distributions
of coherence orders and spreads it toward higher-order coherence.
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Figure 6.12: Measured entropy of distributions of coherence orders.
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The memory effects of the noise due to the environmental dynamics depend on the
structure of the environment. The results here reveal an extended environment that can
hold long memory and a transient period where mixing can aid in CS/environment correla-
tion. The method allows us to map out information flows due to mixing between different
subspaces of the environment. Understanding these flows can help us understand the origin
of memory effects and design better noise reduction strategies.
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Chapter 7

Conclusion and Future Work

7.1 Summary

This thesis provides tools to aid the development of coherence control methods for quantum
information processing. The ultimate outcomes are a set of measurements for character-
izing the quantum system and its environment, a general framework for designing robust
and precise quantum control in the presence of uncertainties, and methods for validating
system performance. Fig. 7.1 attempts to summarize the results from the thesis as a
chart, showing tasks and interconnections. It is color-coded to indicate those tasks that
are fully implemented in the thesis (black) and those that remain for future work (red
boxes). Overall, integrating an environment with memory into pulse finding is the key
future step.

In the first part (Chapters 2 and 3), we established a general framework for designing
numerically optimized, precise, and robust quantum control sequences using AHT for a
system with the Hamiltonian

Hioo(t) = Ho({ar ()} {153) + Hine ({nhns} (7.1)

In Fig. 7.1, a control sequence, represented as a set of time-dependent control parameters
({ax(t)}), is mapped via a control system to a continuous output field B(t) acting on the
quantum system (arrows A and B in Fig. 7.1). The control field achieves a desired unitary
target and/or an effective Hamiltonian target. Algorithms were introduced to characterize
the set/space of achievable unitaries and effective Hamiltonian at each order from the
Magnus expansion, including how to minimize higher-order corrections and cross terms.
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The method incorporates robustness against variations in the control system (arrow C)
and the internal Hamiltonian (arrow D), and is independent of the modality of the control
system. All tasks are fully reduced to pseudocodes/flowcharts; enabling all researchers to
implement them.

Chapters 4, 5, and 6 used the stimulated echo (STE), multi-dimensional (MD), and
multi-quantum (MQ) experiments to study the system environment correlation and envi-
ronmental memory effects using solid-state NMR experiments in a central spin (CS) sys-
tem (H = H, Je +H.). The STE and MD experiments measure CS/environment correlation
and environmental mixing (arrows E). The STE experiments provide efficient measures of
growth of CS/environment correlations and environmental mixing by measuring the auto-
correlation functions and commutators between H.,. and H,. The MD experiments give
a more complete investigation of the environmental dynamics by producing the multi-time
joint probability distributions of the local field. The experiments quantify non-Gaussianity,
non-stationarity, and non-Markovianity of the environmental dynamics. The M(Q experi-
ments explore how the environmental mixing moves information within the environment
and reveal an extended environment that can hold long-lived memory (arrow F).

7.2 Future work

An important future step is to use the information learned from these experiments to
provide a better model of decoherence (arrows G and H) which can aid the design of better
control (arrow I).

The experiment methods developed in the thesis can be extended to characterize noise
in a two-central-spin (2CS) system. STE and MD experiments can be used to charac-
terize CS/environment correlation growth, environmental mixing, and memory effects of
the environment with respect to each CS (arrows J and K). There could be information
flow between the CSs through the environment, resulting in a correlation between the
joint distributions of the noise. Bayesian hierarchical modeling may be used to capture
such correlation. The information can potentially improve the design of two-qubit con-
trols. The environment is divided into different parts that have different connectivity with
the CSs. The difference in connectivity can lead to different abilities of scrambling sys-
tem/environment correlations and holding memory. This difference can affect performance
in two-qubit gates on the 2CS system. MQ experiments can be extended to the 2CS system
to track the coherence orders of the correlations between each CS and the environment and
potentially be used to study the structure of the environment (arrow K).
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The 2CS system can also be used to explore environmental influence on different quan-
tum states and measure the symmetry of the environment. This information may aid in the
design of symmetry-dependent noise reduction strategies, e.g., quantum error correction
[12, 100], decoherence-free subspaces [120], and noiseless subsystems [101, 63] (arrow L).

The memory effects of noise in an open quantum system can affect the reliability of
randomized benchmarking [102, 73], which is a standard tool, originally designed for Marko-
vian noise, for characterizing the performance of a gate set. It is important to understand

its robustness against memory effects and how it can be used to measure correlated noise
(arrow M).

Simulation of quantum operations is important for understanding fault-tolerant prop-
erties of quantum circuits. Markovian noise can be efficiently approximated using Monte
Carlo simulation [126]. If the noise is non-Markovian, however, ancillary qubits may be
needed to store the memory of the process. It would be useful to see how to faithfully
represent a non-Markovian noise and design efficient simulations (arrow N).
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Appendix A

Supplemental information:
Engineering Nonzero Effective
Hamiltonians

A.1 Calculating € (gpri, Hpert)

Here, a theorem that enables the calculation of € (gpyi, Hpert) using Algorithm 2 in the
main text is proved. Next, we discuss the representation for calculating € (gpri, Hpert) and

how to engineer multiple H,  in parallel.

Define the adjoint map ada(B) = [A, B] for V(anti-)Hermitian operators A, B acting
on the total Hilbert space H.

Theorem A.1.1. For a Hamiltonian He., define

<g(gpm} Hpert) = spang {[917 "'[gLa Hpert]"'“gl € gpri> L > O} ; (Al)

and
O (8pris Hyert) = spang {UL(t) HpersUpri(£)dt|Upri(t') € €87} . (A.2)

Then %(gpm'a Hpert) = ﬁ(gpm'a Hpert)-

Proof. Consider piecewise-continuous U(t). For all U(t) € e8ri, there exists g; € gy, such
that U(t) = e%. Therefore, using e 9 Hyerpe9 = €729t (Hpere) € € (8priy Hpert). Therefore,
O (8pri, Hpert) © € (pri, Hpert)-
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Since H is finite-dimensional, there exists m < [#|?~1 such that { Hpert, ady (Hpert ) - - - » ad;“”(Hpert)}
is linearly dependent Vg € gp,.;. Assume that { Hper, adg(Hpert), - - -, ady’ (Hpers) } is linearly
independent, e H,pe79% is in

spang{ Hpert, adg(Hpert), - - -, ady’ (Hpert) }-
Therefore, we can choose t; for i =1,...,m such that
(9, Hpert | € spang {€%" Hperee %ili = 1,...,m}, (A.3)

vglagQ € gpria we have

[927 |:g17 Hpert]] = Z a?eQZt; [gl, Hpert]e_g2t;_

m
¢ B — B —got’
=Y aze”" (Z a; e Hooppe gltl) e 92 (A.4)

for some g;; € gni. The last equality is due to the Baker-Campbell-Hausdorff theo-
rem. Therefore, by induction, [g1,...,[9r, Hpert]] € O(8pris Hpert) Y1, .-, g € Gpri- Thus,
Cg(gprb Hpert) c ﬁ(gpriy Hpert)-

Combining the result with the first part of the proof, we have € (gpri, Hpert) = O (8pri, Hpert)-
]

For time-dependent H,.(t), the space is defined as € (o, Epert) = | Soris Epert |, Where
p 1% ’ p gp ) gp gp ) gp )
Zpert 18 the minimal Lie algebra containing He(t).

It is convenient to choose a representation ¢ of g, and He that is restricted to a
subspace of H to calculate € (gpri, Hpert ). ¢ needs to preserve the structure of €' (gpi, Hpert ),
namely

[¢(9). ¢(h1)] = ¢(h2) <= [g.h1] = ha, (A.5)

for all g € gy and hy, ho € € (8pris Hpert). The representation is bijective and unique up to
isomorphism.

When a finite-dimensional representation does not exist, sometimes we can decompose
Hpert into components and define a finite-dimensional representation for each component.

An example is a qubit network with different clusters that are controlled independently
(Fig. A.1, ref. Sec. A.10.6).
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Figure A.1: A network of three clusters. Different clusters are controlled differently (not
necessarily independently) and have their own internal Hamiltonians.

A.2 Finding the Set of Achievable H.g

In this section, we first prove that the set of achievable H(©) is the convex hull of {UiT Hpert Ui},
U; € e8vi. Then, the formal version of Algorithm 3 in the main text is given. Finally, the
result is generalized to characterizing the range of achievable scaling factors when multiple

w . .
H,,. are being engineered.

Theorem A.2.1. Define

O (&pris Hyort) = {Tiq [0 s dt|U7‘(t)Hme(t)>>‘U(t) c @gm-} | (A.6)

D(8pris Hpert) = {|UTHper U Y|U € €87} . (A7)

Denote the convex hull of 2(gpri, Hpert) as Q(gm, Hyert). Assume that any U € e8rri can be
implemented in a time t, much shorter than 1/|Her|, then O'(8pris Hpert) = 2(&pris Hpert) -

Proof. An element from 2(gpu,|Hpert)) takes the form YM, p,|UT HyoiUs) for a positive
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integer M and probabilities {p;}. Let

£ te[0t)
g(t) =10 S [tpapiTseq - tp) 3 (AS)
_t_ii e [piTseq - tpaplt]

for a fixed set of {p;}. Let U(t) =T exp [fot dt'g(')]. Then

1 Tscq M
Jim = [ U0 Hypenl ()t = 3 pile™ Herce™). (A.9)
p—0* 0

Tseq i=1

Therefore, Q(gpri, Hpert) € O'(8pri, Hpert ). For all U(t) € egeri,

]_ Tseq
. fo U (£) Hport U (1) )t
seq
| | (A.10)
. ]- N ZTse ZTSG )
:]\1[1_1’)20 N Z; Ut ( Nq) HpertU( Nq)>> € Q(gpriaHpert)-

The limit is valid if ¢, «< 1/ |Hpert|.  Thus, 0'(gpi, Hpert) C 2( 8pris Hpert).  Therefore,
ﬁ,(gpria Hpert) = o@(gpri: Hpert)' ]

If one can implement
t
T exp (—i [ Htot(t’)dt’) — exp(=i Hyortt) U, (A.11)
0

for all t > 0 and some U, € e, e.g., Hyi(t) = Ho(t) and Hpert = Hint, Hpri(t) = He(t) +pHing
and Hpet = (1 — p)Hine, and Hpyi(t) = Ho(t) and Hpet(t) = €H.(t), the condition ¢, «<
1/|Hpert| is unnecessary. Finite t,, however, may limit the efficiency of a sequence.

For any Hiageer € €, if there exists a sequence {ay(t)} so that H(©)(Tieq) = s Hiarger for

a real number s (or_equivalently, SHiarget € D(gpri, Hpert) ), then s is an achievable scaling
factor for Hiarget- 2(&pri, Hpert) can be approximated using random unitaries {u;}:

J
2(8pris Hpert) » {2% [ Hperyu; )
fm

J
ijzl,szo,lﬁjﬁj}. (A.l?)
j=1

Choose a matrix T such that T|Hiarget) = (1,0,0,...,0) and define a set of vertices
{Tﬂ =T ‘u;HPertuj»}, the range of achievable scaling factors, [s_,s,], can be found by
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solving the following linear programs

LP,: Find a vector Z

that maximizes s, =¢, -7 with ¢, = (£1,0,...,0)

subject to Yiwi=1,-1< Y vin; <1 : (A.13)
and Yivix;=0,k=2,3,...

and >0

Hiarget is not achievable if the constraint is infeasible (Fig. A.2). The procedure is sum-
marized as the following algorithm.

1
hQ HZarget (g(gpriy Hpert)

ﬁ, (gpri ) Hpert )

-2
(%

)hl

~ ~
T -
. H. target not achievable

Figure A.2: Schematic for finding the range of achievable scaling factors. The set of
achievable zeroth-order average Hamiltonians is a convex set in €(gpri, Hpert). By sam-
pling random points from the set of extreme points 2(gpmi, Hpert), the convex set can be

approximated with a polygon. The achievable scaling factors for a desired Hiarger can then
be found using linear programming.
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Algorithm 4 Algorithm for finding achievable scaling factors. The function FINDSCALE
takes a basis of the primary Lie algebra B(gi), a perturbative Hamiltonian Hpe and a
target effective Hamiltonian Hiaeer and returns either False when Hi,yger is not achievable

or the range of achievable scaling factors [s_, s, ].

1: function FINDSCALE(gpi, Hpert)

2 Calculate B(%)

3 find T such that T|Harget ) = (1,0,...,0)
4: for j=1,...,J do

5: Sample u] € e8pri

6 U9 < T|u pertUj )

7 end for

8 Solve the linear programs LP, and LP_
9 if no solution exists then

10: return False

11: else

12: return [s_, s, ]

13: end if
14: end function

When

pert Z pert )

the condition for parallel effective Hamiltonian engineering is

W
@1 |H(0)w @ | target w = |Htarget >>t0ta17
m=

where |-)),, is the representation in 6, (gpi, H2,). We have

pert

Theorem A.2.2. Define

e () = 7 [ DL HE IO,

seq

Q(gpm'a { ert}) { UJMHI%TtUpri>>w|UpM € egpn} )

Then ﬁ),(gpr’h {H}%rt}) = g(gp”’ {H;)Uert})'
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Find T such that T|Hiarget Dtotal o< (1,0,...,0), the vertices of the polygon are
L Moy
v =T E_Bl |UngértUj>>w . (A.17)
! w w 1 / w w
Corollary A.2.1. 0'(g,m, {Hpm}w:l |H rger = 0) = O (pris {Hpert}w=2)'

Namely, decoupling of any part of Hpery does not affect controllability of other parts.

A.3 Generating random points for controllability test

Here, we present algorithms for sampling random unitaries from e8eri. For standard groups
such as the unitary groups, Haar random samples can be generated using the QR decom-
position [133].

Algorithm 5 Algorithm for generating random unitaries based on QR decomposition.
1: function RANDOMUQR(n)

2: generate two random real n xn matrices r; and ry whose elements are sampled from
N(0,1)

3: 2« (ry +iry) V2

4: use QR decomposition to decompose z into z = QR where @) is unitary and R is

upper-triangle
5: take signs of the diagonal of R and form a diagonal matrix A
6: return QA
7: end function

More generally, we generate random unitaries from e&ri using a random walk algorithm

[116].
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Algorithm 6 Algorithm for generating random unitaries based on random walk. Fix step
length €gep. For the second function, instead of using thin, we can sample N > ngmple
then sample ngample uniformly at random from N. They both destroy correlations between
samples. This approach is more effective but less efficient and less simple compared to
thinning.

1: function RANDOMULIE(B(gpi))

2: g<0

3 for h e B(gyi) do

4 sample p from N(0,1)

5: g < g+ph

6: end for

7 return ef

8: end function

9: function RANDOMWALKU (B(&pri);MburnMthin,Msample)
10: <1

11: for 1 <ipun < Npurm do

12: r < RANDOMULIE(B(gpi)) - @

13: end for

14: lsample < {}

15: for 1 <isample < Nsample dO

16: for 1 < 4pin < Nypin do

17: z <~ RANDOMULIE(B(gpi)) - @
18: end for

19: append x to lsample
20: end for
21: return lmple

22: end function

The convergence of the algorithm can be checked using, e.g., the coupling method.
Alternatively, one can check the volume of the simulated 2. Fig. A.3 shows the volume
of the simulated 2 of the secular dipoler interaction under collective control of the qubits
(Egs. (A.97)). The volume is calculated using the quick hull algorithm [3, 197]. We note
that the simulated range of achievable scaling factors usually converges more slowly and
should be checked independently.
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Figure A.3: Volume of the simulated 2 as a function of the number of samples. It saturates
after around 500 samples.

A.4 Discretization of B(t) for Integration

The control parameters a;(t) are typically piecewise-constant:
agn = ag[(n—1/2)dt], (A.18)

for n =1,...,N. Here, an equal step length dt is assumed for the discretization for sim-
plicity. Denote components of B(t) in rotation frames of the qubits by {b(¢)}, they can
be discretized into M steps (Fig. A.4) and the value at the mth step by, is approximated
by the value of by (t) at the middle of the step

bl,m = bk[(m - 1/2)(5t], <A19)

so that Ndt = Mot = Tieq. M should be large enough in order to accurately represent
B(t). The approximation (Eq. (A.19)) is reasonable when the time-dependence of b;(t) is
much slower compared to . When the assumption does not hold, a better approximation

is given by
1 mot

blm

)

=— by (t)dt. A.20
ot J(m-1)st () ( )

The discretization enables straightforward calculation of the %-integrals (defined below)
by first computing them for each step and then composing them using a chain rule.
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ax(®) bi(t)

— —

da bt
N steps M steps

Figure A.4: Illustration of discretization of output field parameters. The control param-
eters {ax(t)} are mapped to B(t) through the model of the control system. Then the
continuous field B(t) is discretized into M steps for integration.

A.5 Calculating ¥-integrals for shaped pulse

In this section, we show how to calculate the time-ordered integrals (% -integrals)

Tseq tr-1
Cirvoir (Theq) = fo ity fo dtres (1)cs. (). (A.21)

The % —integrals are used for achieving robustness and accounting for higher-order cor-
rections. First, we need to represent the toggling-frame Hamiltonian and the primary
unitaries in € (gpri, Hpert). Given an orthonormal basis of € (gpri, Hpert)

B(%)={h,.... g}, (A.22)

where |%| is the dimension of €' (gpi, Hpert), for a Hamiltonian H, a unitary propagator U
and a generator g of the unitary U = e9 acting on %, their representations are denoted by
|H), D(U) and D(ad,) respectively. They obey

UHU') =D(U)|H), D(ef) =P, (A.23)
and can be calculated as

Tr (HAY) (mM|UMUY - (m|Uhg Ut
|H) = : , DU) = : :
v (Hh,) (| U UT) - by [UDi UT)

(nllgbnl) = (sllg. Tyl
Chralle )~ (bl hya])
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D(ad,) =
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where ((-|*) = Tr(* -1).

Define
E(ril) = (éll-nla 611...2, N ,é|(g“<a’)||(f‘) 5 <A25)
then
7-‘seq tr-1
oV = [t [T DL (1) © 8 DU () Her (1)) @+ © [ Hyena ().
(A.26)

The discretization of {bx(t)} is chosen to be fine enough so that during each step both
H,i(t) and Hpe(t) can be approximately viewed as constant. Denote their discretized
versions corresponding to b by

7 . _ Q
Hyi= (Hs HYi, oo H) (A27)
Hpery = (HYrps Hzorg - Hoo) -
And the durations of the steps are given by
At = (Aty, Aty, ..., Atg). (A.28)

A recipe for calculating the @ —integrals for any sequence requires two ingredients: (1)
Their calculation for a square pulse. (2) A chain rule of the ¥-integrals that allows to
calculate those of a sequence given the @ -integrals of the components of the sequence.

A.5.1 % -integrals of a square pulse

During the gth step, Hyi(t) = Hl; and Hper(t) = Hpey, S0 the @'~integrals become

jgeq tr-1
¢r-b = ./o dty--- fo dt, exp (—iD(angn)tl) ® -+ ® exp (—iD(angri)t,,) |H e D
(A.29)
Let D(adye ) = TDT' where D is diagonal and T is a unitary matrix, the integral becomes

—(r— T T r r
¢ =T (T (A Aty A T A A e A0) oo T (N Mg - -5 M) T | HT ).

p

(A.30)
where Ay, ..., Ag are eigenvalues of ady, and

Teeq t , .
R A A (A31

The diagonalization of ady, can be found using numerical Lanczos method.
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A.5.2 % -integrals of a shaped pulse
Denote the €—integral of the gth step by ¢~V (q). Define

&rV(q) = [DUh-DUl)]™ & (g), (A.32)

where U, is the primary unitary of the gth step. Then

COn e > e @) edn V(@) e e (a). (A.33)

it Ty =T Q2q1> > Gy 21

For r =1,2 and 3, we have

¢ = Z &0 (q),

q1-1
& = ZéS)(q) ¥ z S E&(q) © 0 (),
q1= 2q2 1 (A 34)

o = Z cgé(q) * Z Z [Ctoé(‘h) ® Cgé(%) + Ctié((h) ®C (CI2)]

q1=2g2=1
Q q1-1¢g2-1 ©) ©) 0
Z Z Z Ctog(Q1) ® Ctog(qQ) ®Ctog(q3)
q3=1
A.5.3 Cross ¥ -integrals

Eq. (A.33) can be generalized to cross € —integrals that are defined on different spaces. In
particular,

T eq
ke = f ty [ Dyt (U3 (1)) © Do (U (1)) Hrr) @14

= 6gr(%ss(Ql) + Z Z ngt(ql) ® Cerr (q2)

q1=1 q1=2 q2=1

(A.35)

where A is an error Hamiltonian (e.g., ;AH and 0;,0;,,AH). This is used in calculation
of left-hand side of Eq. (A.61).

127



A.6 Robustness against Control Errors

This section develops the general method for achieving control robustness. The conditions

for achieving robustness will be expressed in terms of the ¢ —integrals.

When the model parameters ji = {y;} are subject to variations €, the total Hamiltonian

is
Htot(t) = Hc(t, IEL) + AH(t, g) + Hint:

where
AH(t,€) = H.(t,fi+€) - H.(t, i),

and AH (¢, 6) = 0. The total unitary propagator becomes

Tseq
U(Tseq,é)zUpri(Tseq)Texp[—z’ fo (AHtog(t,€)+Htog(t))dt],

where

AH,op(t,€) = U;ri(t)AH(t, ) Upni(1),

Htog(t) = UpTri(t)Hpert Upri(t)-

Applying toggling transformation under AH;,, to the second factor, we have

Tscq ~
U(Tseqa g) = Upri(Tseq)Uerr(Tseqa g)7deXp (_Z [ Htog(ta g)dt) )
0
where .
Usne (Towas ) = T exp [_i J €)dt]
0

and )
Htog(tv E) = Upjrri(t)U]L

err

(tv g)]—Iintljerr(t, E)Uprl(t)

Define the imperfect primary and perturbative unitary propagators as
ﬁpri(ta g) = Upri(t)Uerr(ta g)a
~ Tse ~
Opere(£,€) = T exp (—@' [ gt E)dt) ,

we have . ~
U(Tseqa g) = Upri (Tseqa g) Upert (T‘seop E)
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(A.39)
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(A.41)
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(A.43)
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We want to achieve robustness for both the primary and perturbative unitary propa-

gators independently )
Upri(irseqy E) = Utarget + O(€n+1)

and )
Upert(t7 E) = eXp(_iHeHTseq) + O(gm—l)'

Together, they achieve the nth-order robustness in U(Tseq):
U(Tseq7 g) = Utarget eXp(_iHeffT‘seq) + O(ngl)

Next, we will discuss how to achieve Eqs. (A.45) and (A.46) individually.

A.6.1 Robustness in Upyi(Tseq)

Represent the error unitary (Eq. (A.41)) by an effective Hamiltonian He,,
Uerr(Tsequ g) =exp (_iHerrTseq) )

where H,,, can be calculated using the Magnus expansion Hq, = Y5 lfle(fr)

_ 1 TSCq
7O [ AH o (t)dt
Tseq 0 t g( l) ;
W __L[T“th ftl dta[ AHuog(t1), AHiog(t2)]
e 2Tseq 0 ! 0 2 vt oL
Denote ;
az
0j,+0;,AH oy = ————AHo| .
J1 %y g a,ujl“'aﬂji g b

The robustness is achieved by requiring

1 Tseq

— [ onAH (0t =0,
seq

1 Tseq

[ 03,08 (D)t =0,
seq

?: Tseq t1
T fo dt fo dt3[05, A Huog (11), 03, A Hoog (£)] = 0,
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In Corr (pri, AH), the time-ordered ¢’ —integrals corresponding to the conditions (A.51) are

d9(9;,AH(t,0)),
E(O) (8j1aj2AH(tv 6))7

" . A.52
({0, AH(0),0,AH(1,0)}) 52
where the € —integrals are defined as
D ({ A1), A(D)))
(A.53)

Tseq tr—l
= [ ane [ D)) @ 9 DUL) @A) @ 9 [4,(1).
The corresponding robustness conditions are

@@ (9;,AH(t,0))| =0,
&©(9;,0;,AH(t,0))] = 0, (A.54)
|Ei1i2({8j1AH(t> 6)7 ajzAH(ta 6)}) + Cigiy ({aleH(tw 6)’ ajzAH(tv 6)})' = 0.

A.6.2 Robustness in Upert(Tseq)

Representing the imperfect toggling-frame Hamiltonian ]:Itog(t, €) (Eq. (A.42)) in Cpert (pri, Hpert )
we have

|}~[t0g(t) >>pert = Dpert(U;rrr(ta g))|Ht0g(t)»pert (A'55)

using the Dyson series, we have

t t tq
Dyert (UL (£,8)) = L+i fo Dyert(ad s, (,8) )t~ fo dt, fo dtyDyert (ad sy, (t1,&)ada g, (t2, €))+--
(A.56)
Expand AH to the second order of €, we have

a.é 2 -
(62) (adam,., ) (t1,0) | dty
(A.57)

t t1 - o - o
- fo fo Dyere [ B(adasm,,, ) (11, 0)¢ - Iad s, ) (b2, 0)] dhydty + O(E).

t - -
Dpert(U;rrr(t> E)) =1+ / Dpert lg a(adAHtog)(tla O) +
0
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Substitute it into the é© and ¢, we have

Tseq
5(0) - ‘/(; dtDpert( err(t 6))|Ht0g(t)>>pert
Teeq
:fo dt|lr_[t0g(t)>>p61ft

[ Tieq t . . (g.g)z -
v fo dt [0 Dyert |- Oadan, ) (t1,0) + (adarm,. ) (t1,0) | dts | Hrog (£) ) pert

2
Tseq t t1 N N N R
- fo dt fo fo Dpert [+ Oadan,, ) (t1,0)¢ - (adam,, ) (ta, 0) ] dt:dto) Hyog(£) Ypert

(A.58)

and

Ts
e _/ dt/ dt'D pert( err(tvg))®Dpert(UJrr(tlvg))|HtOg(t)>>Pert®|Ht0g(t,)>>pert
Tse
- f dt f At'| Hiog (£) Ypert ® | Hrog(t') Ypert
[T L s o (€:0) G
+ZA dt,/(; Dpert 6'a(adAHcog)(th0)+ 2 (a’dAHtog)(tl’O) dt1|Ht°g(t)>>pert®
t
'/0 dt,|Htog(t’)>>pert

Tseq
vi [t Hig(8))porc®
t (" )2
IR [ O(adsin,,)(t1,0) + (adAngxtl,m]dtlwﬂmg(t>>>pm

(A.59)

The leading term of the error (in ¢(®)) is removed by requiring

Tseq t N
i [t [ Dy [0y (ks ) 01, 0)] s oo () D = (A.60)

forall j=1,...,J. Since ;A Hiog(t) = LI (1,0, AH, Gy )1l and Hiog (1) = X0 2 (1) B2
where {h!} and {h } are the bases of their corresponding spaces, the above Condltlon
becomes

err pert

|Cerr]| |(€pert| Tseq
S [ [t ) A [ e ])

=1 s=1

- 0. (A.61)

2
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A.6.3 Control Robustness is Always Achievable

In the presence of an error Hamiltonian AH (¢, pi+¢€), assume the following: (1) there exists
an implementation of the identity operator that is robust to € to at least zeroth order (e.g.,
a wait period where ax(t) =0); (2) AH continuously depends on ax(t) and u; and (3) the
correlation time of AH is finite so that we can compose gates without interference, then
the following result holds.

Theorem A.6.1. Zeroth-order robustness to € is always achievable to any systematic error
Hamiltonian AH.

Proof. The total Hamiltonian is
Hio(t) = H.(t) + egAH(t, 0) + O(e?). (A.62)
€

The goal is to design a unitary Uparget SO that

U(Tseqa O) = Utargeta

A.63
U(Tseq= 6) = Utarget + 0(62). ( )

Suppose that we have found a sequence Up(Tyeq, €) that achieves the first condition in Egs.
(A.63). In general, we have

UO(TseQ7 6) = Utargete_ieooe + 0(62)' <A64>
If we could implement a sequence U* so that
U*(Tieq, €) = €797 + O(€?), (A.65)

then UyU* achieves a robust implementation of Uyarget in zeroth order.

To this end, note that we can always achieve an identity operation U; with no control
error (a wait period, for example) and an identity Us with some error.

Since we can continuously change U; to Us, there exists U, = exp(—irec’)+O(€?), Vr >0
and some o’. Therefore, if we choose r small enough, we can achieve UYN ~ exp(—iseo’) +
O(€?) to arbitrary accuracy, Vs > 0 and some positive integer N.

Due to universal control, we can rotate ¢’ to any direction. Thus, we can implement
Uan(s) = exp(—i(seo, +€0,,)) + O(€?), for o = +x, +y and +z. Here, o, corresponds to the
error introduced by the imperfect rotation. Since we can choose any s > 0 and o, does
not depend on s, therefore, Voyg, there exist s, >0 so that [T, Ua(sa) = €% + O(e2). O
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The result is a generalization of the result from [30]. All the errors considered in this
work (Rabi field variation, variations in linear or nonlinear models) satisfy the assumptions
and therefore can be corrected to at least zeroth order. Additionally, requiring control
robustness does not affect the controllability of Uy, or Upers, so when characterizing the
achievable set of Hiaeer, we do not need to consider AH.

A.7 Higher-order corrections

Having structured the control and internal Hamiltonian such that the desired effective
Hamiltonian is achievable in zeroth order, the remaining task is to engineer the average
Hamiltonian of higher orders to be under a threshold, which needs to be accomplished for
the entire distributions of Hamiltonian parameters. This is necessary for achieving high
precision when the target control is achieved through the effective Hamiltonian.

Although, the frequency of modulation is typically much larger than |Hpey||, making
H® ~ (Hpers7e)" 1 | Theq @ small quantity of order n + 1, where 7, is the characteristic time
of the modulation [52, ], modulation of controls can lead to higher-order terms being
larger than low-order terms.

It is well-known that odd-order correction terms can be eliminated by symmetrizing
the control sequence [127]. This is widely used for decoupling and is straightforward to
implement for simulations. When H,,; contains H;,, however, a sequence cannot be sym-
metrized in general, since the sign of Hj,, cannot be reversed. Here, we provide computable
conditions in terms of the ¥ —integrals.

The higher-order corrections terms in the Magnus expansion are

; Tseq i1
Fo-__! f di f dty[ Hyog (1), Hyog (t
2Tseq 0 ! 0 2[ ! g( 1)’ ' g( 2)]’
A - 5 [ ity [ dts (s (8), [Huo (1), Huog (15)]]
- 6Tseq 0 ! 0 2 0 ° rost iy L og T2 s 1S (A66)

+[Hiog(t3), [ Hiog(t2), Hiog(t1)]]) ,

Denote

FQ(Al,AQ) = [Al,AQ],
F3(Aq, Ay, Ag) = [Aq, [Ag, As]] + [As, [A2, A1]], (A.67)

e
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then F,.(Ay,...,A;) = (-1)"1F.(A,, ..., Ar). Represent Hio(t) in € (pris Hpert), We have

€]
Fy(Hiog(h), .- Hiog(t:)) =, e, ()i, (6 Fr(hiy. - B, ). (A.68)

1] 4eeeylp=1

Therefore, since the (r —1)th correction term is

_ Theq te
F0-D) o f ity [ Lt F(Huog (1), - Huog(t)), (A.69)
0 0
the condition for H(~1 = 0 for all hy, ..., h, is given by
iy (Toeq) = (=1)" "Gy (Tieq)| = 0, (A.70)

for all 7y,...,1, excluding the situations where iy = --- = ¢,.

A.8 Numerical Setup For Sequence Design

A.8.1 Objective functions

A sequence is designed to achieve a target primary unitary, engineer a target zeroth-order
average Hamiltonian while accounting for higher-order corrections, and meet robustness
requirements. Table A.1 summarizes these requirements. The criteria of the objectives

Table A.1: Conditions for achieving different objectives.

Objective name Subject Target Criterion
Primary unitary Upri(Tieq) Utarget | 1 - A;igi:iiﬁﬁi;” =0
First-order primary robustness 9;AH(t,0) 0 Eq. 1 of (A.54)
Second-order primary robustness 0;,0;, AH (t,0) 0 Eq. 2 of (A.54)
First-order cross primary robustness | 0;, AH (¢, 0), 0;,AH(t, 0) 0 Eq. 3 of (A.54)
Zero-order average Hamiltonian HO)\(Tieq) Hiarget 16O — | Hyarget )| = 0
(r — 1)th-order correction (r > 1) HT D (Teq) 0 Eq. (A.70)
First-order correction O;AH(t), Hiog(t) 0 Eq. (A.61)

take the form
f (sequence, objective) = 0 (A.71)
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where f is a positive function of the sequence and the objective. Therefore, the total cost
function (the objective function is just 1-the cost function) can be written as

ftot({ak(t)}) = Zwlfh <A72>

where f; is the function value of f of the ith objective and w; are positive weights. One
can adjust the weight to reflect the difference in importance of different objectives. All the
objectives are met when fiot({ar(t)}) = 0. Therefore, the task of designing a sequence is
an optimization (minimization of the cost function) problem whose goal is to find {ax(t)}
that minimizes fior({ar(t)}).

A.9 Optimization algorithms

A generalized simulated annealing for continuous optimization is used for sequence design
in this work. Simulated annealing is a stochastic optimizer that drew inspiration from the
physical process of annealing in metallurgy [98]. The generalized simulated annealing [191]
combines classical simulated annealing and fast simulated annealing and provides tunable
hyperparameters that control the behavior of the algorithms. It has been proven very
helpful in finding global optimum of complex multi-dimensional functions where methods
such as the gradient descent may be trapped easily in local optimum and has been applied
in quantum learning [11] and optimization [51].

The algorithm is typically designed for unconstrained optimization. To adapt it to pulse
engineering where the power of control is constrained, a legalizer is used to restrain the
particle within the feasible region. For box constraint [-1,1]", define a bouncing function

B(x) = (-1)l%*] (x—Ql"“"glJ), (A.73)

then the box constraint (bounce) can be applied by defining a function
F(7) = f(B(7)). (AT4)

Applying the optimization algorithm to F instead of f is equivalent to letting the particle
bouncing off the wall which allows it to lie within the constraint without sacrificing explo-
ration of the energy landscape. Other strategies for designing a legalizer are depicted in
Fig. A.5. Alternatively, a constraint can be added as a penalty function [32].
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Figure A.5: Different types of legalizers for box constraint: Clip, bounce and reflect. The
clip legalizer stops the particle when it touches the boundary while the bounce and reflect
legalizers allow the particle to continue its movement according to different rules.

Below is the pseudocode of the algorithm. A D-dimensional Tsallis random number
generator introduced in [169] is used. For best efficiency, the best solution should always
be stored [50].
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Algorithm 7 Generalized simulated annealing. For a fixed ¢, € R, a fixed 1 < ¢, < 3, an
initial temperature T, a maximal number of iterations t,.,, the function GSA takes an
D-dimensional Energy function £, an initial guess Z; and the target energy value Ei,yget
as input and return a solution Zpes such that either E(Zpest) < Etarget Or that is the best
solution found within maximal number of iterations.

1:
2:

10:
11:
12:
13:
14:

15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

function TSALLISRNG(T)

3_ v
P 2gony
V2(qo—1
S < (T)l(/q(S—qu))
Generate iid z; ~N(0,1) for i=1,2,..., D
ZTL:<— (Zlfl,l‘g,...,l'D)

Generate a gamma random number u ~ y(1, p)
return.%
end function

function TEMPERATURE(?)

12—
return %Tg

end function

function COMPAREENERGY (E;, Ey, T)

r < random real number from [0, 1]

a« 1+ B2 1
b« 1+%]7ﬁ

if Fy < F, then
return True
else
if ¢, > 1 then
return Boole(r < b)
else if ¢, <1 then
return Boole(a >0 and r <)
else
return Boole(r < exp[(E) — E»)/T])
end if
end if
end function

> Cooling schedule
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Algorithm 8 Generalized simulated annealing (continued).
28: function GSA(E, ;)

29: E1 <~ E(fl)

30: Ebest <~ El

31: Thest < T1

32: t<1

33: while t < tax and Epest > Erarger do

34: T < TEMPERATURE(t)

35: T9 < LEGALIZE(Z1 + TSALLISRNG(T))
36: Ey < E(Z2)

37: if By < Bt then

38: Ehest < Es

39: Thest < T2

40: end if

41: if COMPAREENERGY(E;, F, T) then
42: Zf'l <~ 572

43: El <~ E2

44: end if

45: t<—t+1

46: end while

47: return Ty

48: end function

Parallel searches [161] that divide the search into multiple stages are helpful in explor-
ing the most promising regions and are used for multi-objective optimization in sequence
design. The performance of the algorithm is largely determined by the hyperparameters:
The initial temperature Tj, the cooling rate parameter ¢,, the exploration rate parameter
¢, and the maximal number of iterations ¢,,.,. A general strategy is to choose a high initial
temperature (e.g., two times the highest acceptable hill of F(Z)), a small ¢, and a large ¢,
to ensure enough exploration, and a large 7,,.« to ensure convergence. To find optimized
hyperparameters, test runs are implemented on complex problem with a fixed small 7,,y,
then a Nelder-Mead optimizer [112, | is used to adjust Ty, ¢, and ¢, to optimize the
average performance [119].
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A.10 Supplementary Information on Examples

A.10.1 Broadband robust sequences

Robustness beyond the perturbative limitation can be achieved by choosing proper parti-
tionings of Hi.:. As an example, we design a broadband robust sequence against variations
in offset. For simplicity, Rabi field variations are assumed to be negligible. Choose three
different partitionings:

Hi

pri

= Hc(t) + wiHmt, H}i)ert = (Aw - wi)Hmt, (A75)

for i = 1,2 and 3 where w;/wmax = —0.2,0 and 0.2. The goal is t0 design {ax(t)} so that U?

pri
achieves a Hadamard gate and Hi(o) =0 for 7 = 1,2 and 3 simultaneously. Fig. A.6 shows

No Rabi variation

1.0000f
0.9998 | | =@= Nonrobust
2 0.9996 | Oth—-order robust
()]
E —
L 09994 -0~ 1st-order robust
2nd-order robust
0.9902 [ -
%= Broadband
0.9990 -
-0.4 -0.2 0.0 0.2 04

Aw/wmax(100%)

Figure A.6: Control landscapes of non-robust, Oth-order, 1st-order, 2nd-order and broad-
band robust sequences. The broadband sequences achieve a much larger robust region than
the 2nd-order robust sequence.

the control landscapes of a broadband robust sequence, together with the landscapes of
other sequences in comparison. Note that the broadband robust sequence is 190 ns, shorter
than the 2nd-order robust sequence (300 ns). Thus, by choosing different partitioning of
Hi,, and combining diffrent robust regions, we can potentially design robust sequences
across a large region that is also more efficient.
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A.10.2 Robust control in nonlinear systems

For general nonlinear control systems, the output field B(t) and the input parameter a(t)
are related through a nonlinear differential equation
dB

—= = (B, .t i), (A.76)

where h is a general nonlinear function. Although nonlinear effects may exhibit chaotic
behaviors, in the presence of small nonlinearity, the system may have a non-chaotic regime
where the output field B(t) can be calculated exactly.

A variation € in the model parameter /i results in a different output field B(t, g +€) =
B(t, ig) + 3 eig—i(t, fig) + ---. The differential equation becomes
d (- 0B N . oD ,
7 (B + ZEZE + ) = h(B(fio), @, t; fio) + Y & (h, B) =0 55 (o) + -+, (A.77)

)

where J is the Jacobian matrix. By equating terms of the same order in ¢;, we can obtain

coupled differential equations that can be solved for g—f, ..., enabling evaluation of the

error Hamiltonian AH. As an example, consider the resonant circuit in Fig. A.7. In a

R, C,,
Vs(t) o]

Ct —

L

R

Figure A.7: A simple resonant circuit with Ry = 502, R =0.01€2, C,,, = 11{fF, C; = 1.479pF,
and L = 170pH. The resonance frequency is 10GHz. We choose x;,=1V~! and k,=2A"1.

rotating frame of frequency w,, it obeys the following differential equation [30]
dx

= =A@z +a(t)u, (A.78)
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I &0 1 0
~ -1 1 . 1

xr = ‘{Cm 5 A(:C) = 01 RL?m RLCm - Zwrﬂ, u = RLlcm 5 <A79>
VCt a RLCt RLCt RLCt

and
a1(t) = miRe(a(t)), as(t) = miIm(a(t)), bi(t) = koRe(IL), ba(t) = koIm(I), (A.80)

where k; and k, are normalization constants that depend on the geometry of the control

system.

In the presence of kinetic inductance, the value of L depends on the current:
L:L0(1+CYL|[L|2), (A81)

where «y, is a constant. We want to design for az, = 0 and to achieve robustness for small
ay. Using Eq. (A.77), the equations for z(ay =0) and {ngL(O‘L =0) are

d{ =z A(x) 0 x u
- " - . +alt " , A.82
il ) (20 al ) &) ”(—) 452
where ) )
DA MR o B
—(z,a;,=0) = ()0 0 00 , g 0. (A.83)
8CYL 0 0 0 aO./L

The distortion of the input pulse and the corresponding error Hamiltonian are thus calcu-
lated by solving the system of differential equations.

A.10.3 Bloch-Siegert Shift

The Bloch-Siegert shift of spectra [17] is due to distortion of the control field by a counter-
rotating component in the rotating frame. To see how this arises, start with the total
Hamiltonian in the lab frame is

Hian () = A() cos ( JA Lo ()t + qb(t)) s+ o 2. (A.84)
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Move into the rotating frame (interaction frame) of H,(t) = w,(t)o,/2, define

t
0(t) = f we(t)dt',  U.(t) = exp(=i(t)o./2), (t) = wo—w,(t). (A.85)
0
The total Hamiltonian in the rotating frame is

Hyor(t) = A(t) cos(0(t) + ¢(1)) U (£)0. U, (t) + 6(t)0. /2
= A(t) cos(0(t) + ¢(t)) (cos(8(t))o, —sin(6(t))oy,) +(t)o./2 (A.86)
= A(t)(cos(o(t))os +sin(o(t))oy) /2 +(t)o. /2 + AH,
where
AH(t) = A(t) [cos(2w,t + @) o, —sin(2w, t + ¢)oy, ] /2. (A.87)

The rotating frame approximation [170] ignores the effect of AH. Our goal is to account
for this effect and design sequences that are robust to variations in w,. For simplicity,
consider a constant w, = wy, expand AH around w,, we have

AH(w, +¢€)=AH(w,) +eAH'(w,) + O(e?), (A.88)

where
AH'(w,) = —tA(t) [sin(2w,t + ¢)o, + cos(2w,t + ¢)oy, ] . (A.89)
Fig. A.8 shows AH (t) (top) and AH'(t) (bottom) for a given H.(t). To design sequences

that account for the effect of AH, AH(w,) is included in the primary Hamiltonian H;(t).
The robustness to variations in w, is achieved to the first order by decoupling AH'(w,).

Due to the strong time dependence of AH(t) and AH'(t), the middle-point approxi-
mation (Eq. (A.19)) in discretization can lead to significant misrepresentation (Fig. A.9).
Therefore, the zeroth-order average (Eq. A.20) should be used instead. This leads to the
following approximation of the errors terms at the mth step:

AH[m] = %{[sin@mwﬁ +¢) —sin(2(m - Dw,t + ¢)] o,
+ [cos(2mw,t + @) — cos(2(m — Dw,t + ¢)] oy},
AH'[m] = _fu%)t{p(m = 1)dtw, cos(2(m - Dw,t + ¢) = 2mdtw, cos(2mw,t + ¢)  (A.90)

—sin(2(m - 1wt + @) + sin(2mw,t + @) o,
+[-2(m - 1)dtw, sin(2(m - 1w, t + ¢) — 2mdtw, sin(2mw,t + @)
—cos(2(m — D)w,t + ¢) + cos(2mw,t + @) oy, }.

Fig. A.10 shows the control landscape of robust and non-robust sequences against varia-
tions in w,..
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Figure A.8: Illustration of = (left) and y (right) components of AH(t) (top) and AH'(t)
(bottom), both blue, of Bloch-Siegert shift at w, = 1.6MHz. The red area corresponds to
the input parameters. Note that the error AH'(t) grows linearly over time.

Intensity
Intensity

t(us) t(us)

Figure A.9: Illustration of the Bloch-Siegert error (blue) when discretized using the middle-
point approximation at w, = 1.6MHz. It greatly overestimates the intensity of the error.
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Figure A.10: Control landscapes of robust and non-robust sequences against variations in
the resonance frequency w,. Both sequences account for the Bloch-Siegert shift.

A.10.4 Leakage in multi-qubit systems

The total Hamiltonian of a two-qubit system is
Htot(t) = Hc(t) + Hint:
Hiy = wiol +wio? + JH,, (A.91)
H.(t) = 2[Cy(t) cos(wit + 01()) + Co(t) cos(wit + Oo(t)) (ol + 02).

where Hj is the interaction Hamiltonian between the two qubits, J is the interaction
strength. In the rotating frame of wjo! + w2o?, the control Hamiltonian becomes

Ho(t) = H(t) + HZ(t) + Hi(t) + Hy(t) + Hi, (1), (A.92)

where
H(t) = C;(t)[cos(6;(t))os +sin(0;(t))o, ] (A.93)
are individual controls on the ith qubit,
H](t) = Ci(t)[cos(2wt + 0;(t) ) o, — sin(2wit + 6; (L))o ] (A.94)
are the Block-Siegert shifts of the ith qubit, and
Hi,(t) =2[C1 () cos(wyt + 01 (t) ) (cos(wit) oz — sin(wit)oy)
+ Oy (t) cos(wit + B2 (t) ) (cos(wyt oy, — sin(wgt)o,) ]
=C) cos(Awt — 01)a? + Cp cos(QUt + 01)o2 + Cy cos(Awt + )l + Cy cos(Qt + ;) ol -

Cysin(Awt —601)o; — Cysin(Qt + 01 )0, + Cysin(Awt + 02) 0, — Cosin(Qt + 65)0,,
(A.95)
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is responsible for the leakage, where Aw = w? — wl and Q = w2 + w}. Typically, Q> w, so
we can omit terms that depend on 2. The leakage Hamiltonian becomes

Hiy(t) » Cycos(Awt - 01)o2 + Cy cos(Awt + 03) 0, — Oy sin(Awt — 01 ) o, + Co sin(Awt +62) 0.

(A.96)
When Aw is comparable to the Rabi frequencies, the leakage must be accounted for. In
addition, large leakage may limit the efficiency of the sequences as shown in the main text.

A.10.5 Examples in spectroscopy

We look at examples for finding the set of achievable H(®). Consider an internal Hamilto-
nian given by dipolar interactions in high field and collective control of the qubits

Hiy = gjwzj (20202 - 0,0} - ‘72‘75) y
1<J (A97)
N N o
H, = wi (1) [C"sw(t)) 2, 0% +sin(@(1)) Z(’?]
i=1 i=1

Set Hyyi = He and Hpert = Hine, the space € (pris Hpert) is spanned by

{202®02—JI®0I—0y®0y Oy®0,+0,80,

2/6 ’ 21/2 ’

0,®0,+0,80; 0y®0y—0,RQ0, ax®ay+ay®0x}

21/2 ’ 2/2 ’ 21/2

Table A.2 compares different target zeroth-order average Hamiltonians and their achievable
ranges of scaling factors. Alternatively, the Hamiltonian can be partitioned into

(A.98)

Hpri = Hc(t) +pHinta7 Hpert = (1 _p)Hint- <A99)

The partitioning results in a larger primary Lie algebra, enhancing controllability of both
Upi and Upert. For example, for a spin chain with nearest-neighbor interactions, the di-
mensions of € (gpri, Hpert) are 8, 35, 96, and 542, compared to the dimensions of the total
Lie algebra being 8, 38, 96, and 542, for N =2, 3, 4, and 5. For the case with 3 spins, Table
A.3 shows some of the achievable zeroth-order average Hamiltonians.
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Table A.2: Achievable ranges of scaling factors for different target effective Hamiltonians.
Here, for simplicity, only unnormalized target Hamiltonians are shown. The scaling factors
are from normalized Hamiltonians to normalized ones. The last target Hamiltonian is an
example of arbitrary desired two-body Hamiltonians.

Target Hamiltonian Achievable range
0,Q0_+0_Q®0, Unachievable
0,90, Unachievable
G-0 Unachievable
20,00, -(0,®@0,+0,®0,) [-0.5,0.99(8)]
0, ®0,+0_®0_ -0.99(2),0.99(1)]
0, ®0,+0,Q0, [-0.99(5),0.99(4)]
2(0, 0, +0,®0,) +V3(0,®0.+0,®0,)—40.®0, | [-0.55(2),0.99(4)]

Table A.3: Achievable ranges of scaling factors for different target effective Hamiltonians
for a 3-spin spin chain when the interaction is included in the primary Hamiltonian.

Target Hamiltonian Achievable range
0, ®0_+0_®0, [-1,1]
0, ®0, [-1,0.99(2)]
G- [-1,1]
0, ®0,80,+0,80,®0, [-1,1]
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A.10.6 Spin System with Two Clusters

As a first example to demonstrate how to engineer effective Hamiltonians in an ensemble
system, consider parallel engineering of a qubit network divided into two clusters (Fig.
A.1). The perturbative Hamiltonian is equal to the internal Hamiltonian

Ny Np

Ny No
H ert = Hin = All + A’LQ + A32
pert t ; J ; J ;j; J (Aloo)
= Héert + ngrt + H3

pert-

Consider collective control of qubits in individual cluster

10) =0 (e () B2+ s ) B3
it =1 (A.101)

No Ny
+w?(t) (cos(gbg(t)) Z o2+ sin(¢y(t)) Z 02”) )
i=1 i=1
For example, in a dipole-coupled system in high field, the perturbative Hamiltonians are

Ny
1 _ 1 Lig 1§ _ lig 1j_ 1ig 1]
Hlo(N1) =D Wi (20Z ®o,) -0, ®0,7 -0, ®ay3),

i<j
H o (N) = waj (203” @02 -0 @0y -0} ® 05’3) : (A.102)
i<j
ngrt(va N2) = Z Zwilfa-;ﬂ ® 0-30'
i=1j=1

Consider decoupling H;ert while engineering ngrt into a double-quantum interaction
No
2 12( 20 o 25 20 o 2]
H oy o< Zwij (Jy’®ay]—0$’®0$7) (A.103)
ij

€ (pri, H12) has a dimension of 9 and is spanned by

int

% %%\ % %) (100

In order to find the set of the achievable zeroth-order average Hamiltonians, define the

target effective Hamiltonians as
|Ht1arget>> = (O’ O’ O’ 07 O)Tv
|Hirger) = 5(0,0,0,50 3,0)7, (A.105)

|Ht3arget>> = S(COSB> 07 07 Oa Oa 07 07 07 O)Ta

and keeping H12

int*
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with a scaling factor s. For each value of 3 € [0, 27), the range of achievable scaling factors
can be found using Algorithm 3. This traces out the region of all achievable effective
Hamiltonians (Fig. A.11 left). As a comparison, the region for H2; o< HZ, is shown on the
right side of Fig. A.11.

Double Quantum Recouple
05+ $ : 05+ P . ]
= = ' '
~® 0.0} w® 00 ]
-0.5} : : -0.5 ]
—10 b ~-1.0L :
-10 -05 00 05 10 -1.0 -05 00 05 10
3 3
H g H” g
Figure A.11: Regions of achievable effective Hamiltonians. The dots are (s, cosf, s, sinf)
for 0 =0,%;,..., %. They trace out the convex set for all achievable Oth-order average
Hamiltonians.
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Appendix B

Supplementary: Efficiently
characterizing quantum information
flow, loss and recovery in the central
spin system

B.1 Coherence Pathway

All experiments in the thesis use the technique of coherence transfer pathways selection
[58], thus a brief review is presented here.

Terms such as [t)(u| of a density matrix in high-field NMR is said to have coherence
order py, = My— M,, where M, is the magnetic quantum number of the state |t). Therefore,
each transition is associated with two coherences |t)(u| and |u)(t|. The secular Hamiltonian
always preserves the coherence order. It is the RF pulses that may induce a change in
coherence order by transferring [t){u| — |u)(t|. In order to use pathways to describe a pulse
experiment, we write the density matrix into terms of different coherence orders

p(t) =2, 0 (1) (B.1)

For a system of K spins 1/2, —K < p < K. The observable by convention is always
Ji = Jy +1iJ,. Therefore, only the terms proportional to J_, which has coherence order
p = —1, contributes to the signal.
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The p—quantum coherence term is an eigenstate of z rotations

exp(—iJ,¢)pP exp(iJ. @) = pP exp(—ipg). (B.2)

This property allows us to separate different orders. A propagator U;, a pulse or a sequence,
may cause transfer of coherences

Uip" (1)U = 07 (1), (B.3)

The phase-shifted propagator U;(¢;) = exp(—iJ,¢;)U;(0) exp(iJ,¢;) introduces an addi-
tional phase,

Ud@)p (U] (01) = 3 0 () exp(=ilpic), (B.A)

where Ap; = p/(t]) — p(t;) corresponds to change in coherence order under the propagator
U;. The phase change will be carried over to the final observable. The total signal is then
given by

s(@s,t) = Z s(Ap;, ¢; = 0,t) exp(—iAp;@;). (B.5)

Ap;

To restrict the coherence transfer, we can do N; experiments with systematic increment
of ¢; = k2w [N; with k; =0,1,...,N; — 1. A discrete Fourier transform gives

N;-1
s(Ap;,t) = Ni Z s(¢i,t) exp(iAp;;). (B.6)

i k=0
Notably, this procedure retains other pathways
Apselected) - pg(desived) ) N n=0,1,2,.... (B.7)

This is reminiscent of aliasing in Fourier transform. It is helpful to write down all possi-
ble changes in coherence order, and emphasize the desired change by bold typeface, and
indicate Ap; that must be blocked by setting them in brackets. For example the following
notation

Apy=...,-3,-2,(-1),(0),1,2,3,... (B.8)

means that we want to select Ap; = -2 while rejecting -1 and 0. Other changes are
immaterial in this case, even though they may happen. The selection is achieved by
shifting the receiver phase by ¢..s = —Ap;¢;. Then by selecting a proper V;, we can block
other changes as needed. Here, the minimal value of NV; is 3. Another example of selection
is the Exorcycle that selects the pathway p=0 - +1 - —1 in an echo experiment.
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In many cases, one needs to select several consecutive coherence changes
Ap = {Ap1,...,Ap,}. (B.9)

Since all pathways start with p =0 and end with p = -1, we have
> Api=-1. (B.10)
i=1

If n —1 values of Ap; are specified by n — 1 independent phase cycles, Ap is defined
unambiguously. However, to eliminate systematic errors, we often apply independent phase
cycles to select Ap; for all n steps. Thus, one can choose N; for each Ap; and cycle the
phases independently for ¢y = k127/ Ny, ..., ¢, = k27 /N,,. The number of experiments is
N = Ni;Ny---N,,. Because of the sum rule given by Eq. (B.10), it is possible to skip the
phase cycling for one of the propagators. To select the desired pathway, the signals need
to be combined according to an n—dimensional discrete Fourier transform

Ni— Np-1
k

R ,
s(Apt) = 5 ). - ), s(#, 1) exp(iAp- @). (B.11)
1=0  kn=0
This means that we need to set the receiver phase by
Gret = —Ap-p = - Z Api¢;. (B.12)

We use a diagram such as Fig. C.1 to represent a coherence pathway and its corresponding
phase cycling.

B.2 Detailed analysis of the stimulated echo

The following Hamiltonians of the system are considered:
Hege=0.©A[2, H.=1®DB, (B.13)

where A and B are operators acting on the environment. The CS/environment interaction
is axially symmetric about the z direction. The initial state of the system is p(0) = 0, ®1®V,
where NNV is the number of spins in the environment. The identity part of the density matrix
is excluded, as it does not contribute to the signal. This state represents a scenario where
the quantum information initially resides at the CS.
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Figure B.1: Coherence pathway. On top is a sequence and the corresponding phases. The
black solid squares are propagators that induce changes of coherence orders. The reference
phase is not shown here. In the simplest case, these are RF pulses. The possible coherence
orders are -2, -1, 0, +1 and +2, indicated by the dotted lines. The solid line shows the
desired coherence pathway p=0— +1 - +2 > -2 - —1. It always starts with 0 coherence
order and ends with -1 coherence order. The dashed line is a “mirror image” pathway that
is important for obtaining pure phase spectrum in multi-dimensional experiments.
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The unitary propagator of the experiment in the interaction frame of H, is
Uste = exp(iH/,; (A)t) exp(-iH . (0)t). (B.14)

Therefore, the signal is

Ssre = Tr(exp(=iH, . (0)t)p(0) exp(iH., , (0)t) exp(=iH.,,, (A)t)plgexp(iHL, , (A)E)),
(B.15)
where por = 0 ® 18V 2N+l ig the observable corresponding to a measurement on the CS.
Substitute in HéS/G(A) =0,® A'(A)/2 where A'(A) = exp(iBA)Aexp(—iBA) and expand

with respect to ¢, we have

exp(-iH,,(0)t)p(0) exp(iH,,, (0)t) = 0, ® cos(A'(0)t) + o, ® sin(A'(0)1),

DL (A Dpar s LHLg ()1 =0, & expl A AN (10
Thus, the signal becomes
Ssre = Tr (cos(A'(0)t) exp(—iA’(A)t) +isin(A'(0)t) exp(=iA'(A)t)) /2N
= Tr(exp(iA’(0)t) exp(—iA'(A)t))/2V. (B.17)
Note that Sgrg is invariant under the reversal of ¢; thus, it is convenient to write
Ssri = (exp(iA’(A)t) exp(=iA"(0)t)), (B.18)

which ensures consistency with the experiment’s time order. The normalization constant
is absorbed in the average (-) = Tr(:)/2" so that the signal is normalized to 1 at A = 0.

The spectrum Ssrr is defined as the Fourier transform of Sy with respect to t:

gSTE(W) = \/%_ﬂfethSSTE(t)dt. (Blg)

Since
N f neit = (i) /2m8( (1), (B.20)
and i
ff(t)(s(n)(t)dt:W(o), (B.21)
we have

d*Sstr
dtk

mie(Ssre) = [ dww* Ssrp = V27 (—i1)F25TE (), (B.22)

153



Thus,

ma(Sste) = (A'(A)A'(A) - A'(A)A'(0) - A'(0)A'(A) - A'(0)A'(0))

=2(A?) - 2(A'(A)A(0)). (B.23)

Thus, the second moment gives a direct measurement to the autocorrelation function

(A’(A)A’(0)) which measures the change of local field for a given A.
Expand the autocorrelation function with respect to A:

AZ

(A'(A)A'(0)) = (A?) +iA([B, A]A) - 5 ([B,[B,A]]A) + - (B.24)

It is easy to check that all the odd-order terms vanish, which can also be confirmed by
noting that Sgrg is an even function of A. Therefore, the expansion simplifies to

A2 At

(A(A)A'(0)) = (A7) = (1B, [B, AJA) + (B, [B,[B, [B, AJ]]JA) + - (B.25)

The non-commutativity between A and B (between H,. and H.) can be obtained by
analyzing the time dependence of the second moment of Ssrg.

Note that the signal of the experiment can also be written as
Ssrg = (exp(—iA'(A)t) exp(iA’(0)t))

= (exp(iBA) exp(—iAt) exp(-iBA) exp(iAt)) (B.26)

~ (exp(iB'(H)A) exp(~iB'(0)A)),
where B'(t) = exp(iAt)Bexp(-iAt). Denote by Sy the spectrum obtained by taking
Fourier transform of Sstg with respect to A, the second moment of the spectrum is

ma(Sérp) = 2(B%) ~2(B'(1) B'(0)). (B.27)

The auto-correlation function can be similarly expanded as

12 t

(B'(1)B'(0)) = (B%) = ([, [A, BIIB) + ([, [A,[A,[A, BIIIB) + -~ (B.28)

B.3 Bayesian analysis for the stimulated echo

Bayesian analysis is used to extract information from the experiment data and the essential
steps of the procedure are described here. Each point z; in the time-domain data takes
the form

XTi =Y + €, (B.29)
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where y; is the corresponding true value and ¢; is a zero mean white noise ~ N (0,02). The
variance o2 can be evaluated accurately in advance, so it is not included in the parameters
to be estimated. Therefore, the likelihood function p(z;|y;) for each x; is N (y;,02). If
we choose the improper prior p(x;) = 1, then the likelihood function is also the posterior
distribution p(y;|z;).

The posterior predictive distributions of functions f of y; can be simulated with samples
from p({y;}|[{x;}), such as the second moments derived from linewidths or decay rates.
Once the posterior predictive distributions are obtained, an estimate is given by taking
their means (Bayes estimator).

According to Eq. (B.23), the Lth-order model M}, of the second moment is given by
Eq. (4.11):

L
Mp(A,a) =C+ > prexp(-A%/N), (B.30)

i=1
where @ = (C,p1,A1,...,p,AL)T are the parameters to be estimated. The constant C'

absorbs the initial linewidth of the spectra and possible constant of motion so that the
focus is on the time-dependence of the model. The likelihood function p({x;}|d) can be
connected to the second moments of different A through

p({l’i}lé)=fd{mz}p({wi}I{m2})p({m2}|@), (B.31)

where {my} is the collection of second moments for different A. Then, p({ms}|@) is given
by the model M:

p({ma}la) = 12[5(?7’&2(& - M (A,d)). (B.32)

the density p({x;}|{ms2}) can be evaluated using the Bayes’ rule:

p(a) may) = P2 Loihptiond) (B.33)

Here, p({m2}|{x;}) are the posterior predictive distributions of ms, p({z;}) is a con-
stant independent of d. Choose the improper noninformative prior p({ms}) = 1, we have
p({x:}|{m2}) = p({ma} |{x;}). Substituting this into the integral, the likelihood function
becomes

p({wi}|a) = [Tp(ma(A) = Mi(A, @) {z:}). (B.34)

A
We use the Bayesian information criterion (BIC) [172, 165] to evaluate the goodness of
each M, which is an approximation of the Bayes factor [91] widely used in null hypothesis
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Figure B.2: Posterior distributions of derived second moments from the measured
linewidths of the spectra. They are well approximated by Gaussian distributions.

testing. It is defined as R
BIC = npar In(Ndata) — 21n(L), (B.35)

where np,, is the number of parameters in the model, 74a4, is the number of data points
and £ is the maximum likelihood. The first term serves as an Occam’s razor that penalizes
the complexity of the model while the second term evaluates how well the model fits the
data. As a comparison, the Akaike information criterion (AIC) [2] is also calculated, which
is defined as

AIC = 2np - 2In(L). (B.36)

AIC is more forgiving to model’s complexity and tries to find the model that best fits the
data without overfitting, whereas BIC is trying to find the most plausible underlying model
given the available evidence, which is more suitable for our need here.

Instead of using the raw data {x;}, we calculate the likelihood function p(d|{ms}).
For convenience of optimization, p(ms|{x;}) are approximated by Gaussian distributions
with the same mean and variance which is justified by simulated shapes of the p(ms|{z;})
(Fig. B.2). A generalized simulated annealing optimizer [191, 169] is employed to find
the maximum likelihood for each model. Parameter ranges are selected to ensure they are
wide enough to encompass any reasonable parameter values. The corresponding informa-
tion criterion values, based on the maximum likelihood identified in the optimization, are
plotted in Fig. B.3. The result shows that both BIC and AIC favor the model with L =2
for (H!,, (A)H",,,(0)) and L =1 for (H.(t)H(0)).

The posterior distribution of the parameters is given by

p(al{ma}) o< p({m2} |d)p(a), (B.37)
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Figure B.3: Information criterion values for models of different order L for
(], (A)H],, (0)) (left) and (H{(¢)H(0)) (right).

and an adaptive Metropolis-Hastings sampler [78] is used to simulate the distributions.
The prior distributions for the parameters in d are chosen as independent logit-normal
distributions with ¢ = 1 over the same ranges used in the optimization. The ranges are
large enough so that the priors are noninformative. Then the parameters are transform to
(=00, +00) through a logit function to achieve better performance with the sampler.

Once the posterior distributions of the parameters C,py, A1, ...,pr, A, are obtained for
the desired model (L = 2). Then, the non-commutativity is measured using the correspond-
ing posterior distributions through the following relation:

1 1

Ck or Dk:_§p1+ L (k/2)|2(

)k/2

3 o (B.38)

where Cy = ([B,[B, A]]A),... and Dy = ([A,[A, B]]B),..., for k =2,4,... being the level

of the nested commutator, are the measured commutation relations. Note that the result
is normalized with respect to (A?) and (B?) so that Cy = Dy = 1.
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Appendix C

Supplementary: Experimentally
Characterizing Fluctuation of Noise
in the Central Spin System

C.1 Dynamics of the Central Spin System

Theorem C.1.1. The signal on the central spin S(t) = Tr(p(0)o, ® 18V) is

S(t) = <Texp (z A t acA,(t,)dt'/2)> ~exp(K (1)), (1)

where .
1
K(t)zzf dt1 acys (t1) f dt, dts acA(fl)acA(t2)> (C.2)

where the anti-commutator is defined as aca(B) = {A, B} and (-). is the generalized cumu-
lant [109] defined with respect to (-) =Tr(-p.(0)).

Proof. We work with the interaction frame Hamiltonian of the system:

H'(t) = 0. ® A'(t)/2, (C.3)
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where A’(t) = exp(iBt)Aexp(—iBt). The unitary propagator is
t
U(t) =T_exp [—i f dtio, ® A’(tl)/2]
0
- t 1 (—i\2 t t1
_1+ (_) oo [CdnA(n) (—) 1o [Ldn [T dnA(n)A )+ (C4)
2 0 20\ 2 0 0
t t
=]]_®7:_COS [f dtlA,(tl)/Z] —Z.O'z®7j_ sin [[ dtlA,(tl)/Q]
0 0

Here,

7Lcos[ A tdtlA'(tl)/z]ﬂﬁsm[ JA tdtlA’(tl)/Q]:T_exp[ii JA tdtlA’(tl)/Q]. (C.5)

Denote

C =T cos [/tdtlA'(tl)/Z],
0

t .
S(_ = 7:_ sin |:‘/0 dtlA,(tl)/2:| .
The signal is (with o, = (0, +1i0,)/2)
S(t) = Tr[o, @ LU (t)p(0)UT(1)] )
=Tr[o;®1.(19C.-io,®5.) ps(0) ® p.(0) (L ®C_ +i0,®S5.)]. .
Let 1
ps(0) = B + NyOy + NyOy + N0, (C.8)

Only ngo, and n,o, contribute to the signal. Therefore, the signal becomes
St)=Tr[o, 1. (1®C —io, ® S_) (N0, +nyoy) ® pe(0) (L ®C., +io,®5.)]. (C.9)
Since

(1o C.—io,®S.) (ngo, +nyoy,) @ p(0) (Lo C., +i0,®S.,)
=(n,0, + nygy) ® (Cpe(0)C-, = Scpe(0)S-,) + (nzay - nyax) ® (Cepe(0)S- + Spe(0)CL),
(C.10)
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we have

S(8) = T {(ns +iny) [Cope(0)C- = S po(0)S-] + (= +14) [Cope(0)S- + S pe (0)CL])
=T {0+ n,) 3 (U200 + Upu (O] + (- 4 10d) o [U2 o (O)U = Uzpe (00U
= S(O)YT [U2 p(0)U2]
- 5(0) <Texp (@ JA tacA/(t,)dt’/Z)),

(C.11)
where (-) = Tr(-p.(0)), and
Ut =T/ exp [ﬂ' fo tdtlA’(tl)/Q] . (C.12)
Use the generalized cumulant expansion, we have
<Texp (z JA tacA/(t,)dt’/2)> — exp(K (1)), (C.13)
where
K(t) = <Texp (z /tacA/(tf)dt’/Z) - 1)
P 0 Lo (C.14)
= 5 fo dt, (aCA’(t1)>C ~1 /0 dt, [o dty (acAf(tl)acA,(t2)>c + e
O
The cumulants can be calculated from the multi-time correlation functions.
(acy, -aca,aca, ) = 2({An, {...,{As, A1} }}). (C.15)
The unitary propagator of an nD experiment is
Unp =exp (—iAt,,) - exp (—iAjt1) . (C.16)

Thus, the signal of an nD experiment is

Sap(t1y .yt Ary o, Ayy) = (exp (iacas t,/2) -+ exp (iacAthg/Q) exp (iA'ltl)> . (Can)
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The Fourier transform of the exponential of an operator can be formally written as
L [ " e exp (—iAt) = V/Ir6(w - A) (C.18)
— e“ exp (—1 =V2md(w-A), .
Vo S

where A can be diagonalized as A =TDT% and 6(w—-A) = Té(w - D)T" for any Hermitian
operator A. Then the nD spectrum is given by

Sup = (27)"? (5 (w, + acay, [2)-6 (ws + acay/2)0(wr + AD). (C.19)

If [A"(A),A’(0)] =0, we have
S = p (' (t), Y (tn1), ..., (1)) (C.20)
However, S, generally does not have a probabilistic interpretation and higher-order cor-

relations depend on non-commutativity of A’ at different times.

_ Projections of S.p can be obtained from reduced nD experiments. The projections of
Sop along wy = wy and wy = —wsy correspond to spectra of the stimulated echo and anti-echo
experiments. The second moments of their spectra give

ma (Sip) = (Ap? + 245 A1 + A%,

- C.21
my (S55) = (Ap? - 245 A1 + A%, (C21)

which can be used to estimate the autocorrelation function.

C.2 Properties of the Ornstein—Uhlenbeck Process

The statistical properties of the Ornstein-Uhlenbeck process have been used to simulate
the predicted data. Here, we briefly show how to calculate them. The distribution at any
time ¢ is

7 Oz
p(l’,t) = ﬁexp (—E) . (022)

The transition probability is

0 [y <”} (C.23)

0
p(x27 t2|$17t1) = \/Qﬂ-D[l ~ e—29(t2—t1)] exp {_E 1 _ 6—29(t2—t1)
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Since

+o00

[ dz1 27 exp[—ay (w2 — ma1)?] exp(-agx?)
n— a2 2.’1/’2 k .

ns2 naym I (ﬂ) T Z,ﬁ_o”/? ck(n) (ﬁ) n is odd

Y

ayag _
=exp (——332) (ap + ain?)

ao + a1 ny ao + il (21) Z"/Q ce(n) (aolf;f; ) n is even
(C.24)
where )
1 OF*G(x,n
Ck(n) = E amk a::O’ (CZ'S)
with

. .I; 3
Glz,n) = e . .26
(,n)=e {1F1 (B2:4:2)  niseven ( )

The correlation function is

(X (tn)--X(t1))

\/ P C.27
— An-1 /2a1a0 fdxn_./dxlxne*an—l(mn*nn—lxn71)2...x267a1(1277’]1x1)2x1€76‘0x%' ( )
7Tn
Define
Ek:fdxke_ak(wk+l_nkzk)2.rk7 (C28)

then the integral in the correlation function becomes f dxpxpLon1--L1e78%1 Define I, =
e~ and Ty = Lo Lp.

| DR C (k)xi{fll k is odd
Ik = e YkTk+1 k/2 . s (029)
o Ci(k)z2 | k is even
where ~
Gy = Lﬂ‘ (C.30)
Q-1 + agty,

Using the recurrence relation Eq. (C.24), we have

Culn) ( a2n? )’“ D200 = 1) (g + ann2) " 2 (20 + 1)l (221) ep(20+ 1)
n)=|lr——5 21:3
* G+ a2 ) | S0 g Co(n=1) (G + )™ T(253)ci (20 +2)
(C.31)
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Finally, the correlation function is given by

(X (£)X (1)) = Lol alaofdxnxn -

0 n is odd (C.32)
2j+3 +3 . .
\/anﬂ-h 2ala Z(n 2)/2 (TL 1)% i (2];3) n 1S even

Let ag = 2D, M = exp(—0Ay) and ay, = (Lni) with Ay = t.1 —t, we show below examples
of the correlation functions

(X(12)X (1)) = 5™,

D2
(X (L)X (t3) X (t2)X (1)) = ﬁe‘e(A“m‘“A@ (2+e282),

(X (t6) X (t5) X (t2) X (13) X (t2) X (t1))
D3
— ?6_9(A1+2A2+3A3+2A4+A5) [6 + 629A3 (2 4 629A2) (2 + 629A4):| .

(C.33)

Alternatively, one can use the Isserlis’ theorem to derive the results, since the only nonzero
cumulant is of second order.

C.3 Bayesian analysis of time-domain data

The time-domain data of the 2D and 3D experiments are fitted to that predicted by the
Gauss-Markov model to provide quantitative measures of memory effect. According to the
Gauss-Markov model, the local field obeys a multi-variate Gaussian distribution:

Py, ) = p(Q| Q1) p(22]021)p(21), (C.34)

where

p() = — xp(Q—)

oV 2 202
1 I (Qi1 — U i+1)2 (C.35)
p(Qz+1|Qz) - ex {_ ) P} : }7
oy/2m(1=X7,) 20 1=
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with the correlation being an exponential function of the time \; ;.1 = exp(-64;). Given
the distribution of the local field, the time-domain data of an nD experiment is

SnD = /p(wn) BRI 7wl)eiwnt"'“ei‘lﬂtldwn“'dwl' (036)
If p(wp,...,wr) is a Gaussian distribution with a covariance matrix ¥ and mean [ =
(p1,-- -, fin), we have
- 1- -
S = exp (—it - Et ») -t) : (C.37)

The Gauss-Markov model requires fi = 0 and

L A2 o A
¥ =o0? A}Q ! § : (C.38)
AMn 1
where \;; = exp[-0(A; +--+ A,_1)]. For 2D and 3D experiments, these are
o2
SS/IDG =exp [—7 (t% + t% + 2t1t2>\12):| ,
(C.39)

0-2
S?I)VIDG = exp [—? (t% + t% + t% + 2t1t2/\12 + 2t1t3)\13 + 2t2t3)\23):| .

These models are used to provide quantitative measure to non-Gaussianity and non-
Markovianity.

To measure non-stationarity in the 2D data, the model is allowed to have different
means: [ # j2, the signal becomes

: o?
éD =exp |:—Z(,u1t1 + /Lgtg) - E (t% + t% + 2t1t2)\12):| . (C40)

C.4 Time-domain data and pure-phase spectrum

The States’ method [181, 90] is used to obtain pure-phase spectra. Define

1
Se(ti,t2) = 5 [Sap(t1,t2) + Sap(—t1,t2)], (C41)

1
Ss(t1,t2) = % [Sap(t1,t2) — Sap(—t1,t2)],

i
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the pure absorption spectrum is given by
S55° = Re(F1 {Re[ Z(S.)]}) - Tm(F1 {Re[.F5(S5,)]}) (C.42)

where gé/s =7 {Re[ﬁg(SC/s)]}. For 3D experiments, define

1
See(t1, ta,t3) = 1 [Sap(t1,ta,t3) + Ssp(t1, —t2, t3) + Ssp(—t1,t2,t3) + Ssp(—t1, —t2,t3)],

1

Ses(t1,t2,t3) = T [Ssp(t1,ta,t3) — Ssp(t1, —t2,t3) + Ssp(—t1,t2,t3) — Ssp(—t1, —t2, t3)],
1

Sse(t1,ta,t3) = o [Sap(t1,t2,t3) + Ssp(ti, —ta, t3) — Sap(—t1,t2, t3) — Ssp(—t1, —ta, t3)],

1
Sss(t1,t2,t3) = 1 [-S3p(t1,ta,t3) + Sap(t1, —t2, t3) + Ssp(—t1,t2,t3) — Ssp(—t1, —t2,t3)],

(C.43)
the pure-phase spectrum is
S5 =Re [F1 (Re(Fa {Re[ F3(See) 1)) - Im(F {Re[ F5(Ses)]})) ] (C.44)

~Im [Z1(Re(F {Re[ F5(Sie)]}) — Im(F2 {Re[ F5(5,:)]}))] -

Fig. C.1 shows the coherence transfer pathways [20] for the 2D and 3D experiments.
Initial scaling is applied to the time-domain data prior to Fourier transform to avoid ridges

145, 171,

C.5 Bayesian analysis

Bayesian analysis is used to extract information from the experiment data, and the essential
steps of the procedure are described here. Each point z; in the time-domain data takes
the form

T =Y + €, (C.45)

where y; is the corresponding true value and ¢; is a zero mean white noise ~ N'(0,02,).

We use Bayesian posterior model checking [64, | to provide measures to environ-
mental memory effect. The test quantities are, mean square error (MSE) for quantifying
non-Gaussianity,

MSE = [ daep(arla) @ - 7). (C.46)
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Figure C.1: Coherence transfer pathways for 2D and 3D experiments. The solid lines
achieve backward evolutions in the corresponding periods while the dashed lines achieve
forward evolutions. By combining forward and backward evolutions, one cosine- or sine-
modulation in that period can be selected.

absolute mean difference (AMD) for quantifying non-stationarity,

AMD = / dpydpap(piy, po|Z)|p1 — pol (C.47)

and the residual correlation
R; = f dA12A13023p(A12, A3, AazlT) (A3 — Ao Aoz )? (C.48)

and the correlation
E[AislZ] = f dAizp(Msl7) A3 (C.49)

to quantify non-Markovianity. To obtain the posterior distributions, the 2D time-domain
data (Eq. (C.41)) are fitted to Ah(t; +t2)SMC and Ah(ty +t2)Sh,. A is a normalization
constant and h(t) = exp(-t/T) is the Ty decay. The 3D time-domain data (Egs. (C.43))
are fitted to Ah(ty +ta + tg)Sé\%G. The prior distributions for the parameters in the models
are chosen as independent logit-normal distributions with o = 1 over ranges that are large
enough so that the priors are noninformative. Then, the parameters are transformed to
(=00, +00) through a logit function and the posterior distributions are simulated with a
Metropolis-Hastings sampler.
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H é1
Prep(¢) | = -

— 31P ¢2

Figure C.2: Preparation pulse sequence. The phase is denoted in analogy to a 7/2 pulse,
indicating that the state after preparation is (Ugs sin ¢ — oS cos qb) ® 1®N. A saturation
consisting of 50 7/2 pulses separated by 1 ms delays is applied to eliminate proton magne-
tization, ensuring that all experiments start with the same initial state. After a 5 s delay,
cross-polarization is used to transfer polarization from proton spins to phosphorus spins.
The duration of the spin-locking fields is 1400 us.

| 1H‘CW\

Measure| —

(Qbref)

31P

td

Figure C.3: Measurement pulse sequence.

C.5.1 Multi-dimensional experiment

For convenience, we refer to Figs. C.2 and C.3 for the preparation and measurement of
the experiments. The procedure is the same as that used in Chapter 4.

The pulse sequences for 1D, 2D and 3D experiments are shown in Fig. C.4. The
preparation consists of a saturation period on the environment spins followed by a cross
polarization and the measurement consists of a continuous-wave decoupling on the envi-
ronment and the continuous sampling on the CS (ref. the design of the STE experiments
in chapter 4). During each ¢, the SMES sequence is used to decouple homonuclear interac-
tion between environment spins while retaining heteronuclear interactions between CS and
environment spins. In order to remove chemical shift during each t;, a m pulse is applied
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on the CS during each t;. A magic-echo sequence is inserted in the SMES sequence on top
of the 7 pulse to recouple the heteronuclear interaction.

Prep(¢)

| SMES* |

Prep(¢)

Measure
((/)x*ef)

Measure
) gare (¢ro)

Prep(¢1)

SMES8* CW |

tl AI

12

A*Z t3 W

Figure C.4: Pulse sequences 1D (top), 2D (middle) and 3D (bottom) experiments.
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Appendix D

Supplementary: Probing the
structure of the environment through
the central spin using multi-quantum
experiments

This appendix presents the general theory of the standard M@ experiments and the pulse
sequences for the experiments in the main text.

D.1 Dynamics without mixing

In the absence of environmental dynamics, the initial state, p(0) = o, ® 1V/2N*1 evolves

under
N

1 )
Hiy = §O'CS ® Y w0, (D.1)

z z
i=1

into

1 N N | N
p(t) = SN {Ux ® 1V [Jcoswit + > oy ® ol sinwgt [ [ cosw;t + -

i=1 i=1 J*

N

+O[N] ®o! ®~--®05Hsinwit} (D.2)
i=1

A,

ON+1 On] ® P,

n=0
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for operators p, € span{l,0,}®N with Tr(p,ph) = 2¥ where n is the number of o, in p

where
Oy = 02 [(-1)73 + (~1)5] +ay[(_1)—L (- 1)"”] (D.3)

Alternatively, A2 can be calculated through

1 dvr
A? = . D4
where
N
r(z) = [ (zsin® wyt + cos? wyt) . (D.5)
n=1
Thus,
N
A = H cos® wit,
A? =N sin?w;t [ cos? wit,
T Z }:I j (D.6)
N
= H sin? w;t.
n=1
Define .
. F
oo = 227 1% (D.7)
2
We have
exp(—io,¢/2)o? exp(io.0/2) = o exp(—ipp). (D.8)
Under the basis {1, 07, af}®N for the environment,
1 N 2 T D
p(t)=w 0, ®1 Hcoswit+-~+a[]v]® 0% +0%)® Hsmwz ) (D.9)
In total, there are C% terms of coherence order n —2p in p, for p = -n,...,n. We encode
them with collective = rotations. The signal of a encoded echo is
S(8) = Te[UT R, (O)Up(0)UTRL(6)Up'(0)] = Tr [R.(8) p(t) RE(6)p' (0], (D.10)
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where R,(0) is a collective = rotation on the environment. Choose M > N and define
A2 =0 for n > N, the signal is

M n Op
S0)- 3 3 425 exp i - 20
A (D.11)
= > A(")2exp(—m8)
n=-M

Here, A™M? s the total amplitude of terms of coherence order n, which satisfy Zan_ M AM? =
1. Let 0 =2mj/(2M +1), j=-M,-M +1,..., M. A discrete Fourier transform yields

M 9 C«p
Y exp(-ik0)S(0) = AW = Z ZA2 — Ok n-2ps (D.12)
j=—M n=0 p=0 2n
namely,
M 2k 24
s CY C?
2k)? _ 2 2k+2j 2 Yok 2 2%+2
ABD Z A2k+2J 92k+2j = Ay 92k + Adkia 92k+2 te
D.13
2 M gk 1 022]‘1 - CO 02 ( )
2k+1 +2j+1 49 2k+1 2 2k+3
AGED Z Azm%u% = A2k+122—k++1 + Adpes 2%:3 +e

for k=0,...,[4].

2

Since A®M? = ACH? | we only need to consider k > 0. Eq. (D.12) defines a linear map
from {42} to {A®?}

T
(A(0)2,“.,A(M)2) SA(A%. A2 (D.14)
with
- 1
0 j<ior(j-i) mod2=1 “y o D
A =1 qU-nre ( ) = 2 a9, 2 : (D.15)
G d A0
Ci
oM

This allows us to calculate { A2} or {A(k)z} when the other is known.
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For example if

p(t) =5 [AOUx ®1% + A10,0(0,0101+101®0,)/V2

- -Ay0,®0,01Q0,

-A30,®0,00,00,]

1
=?[Aoam®1®3+A10y®(af®Il®]l+af®]l®]l+ll®]l®af+ll®]l®af)/\/§

— A0, ®(07®01®07+0701®0"+0"®@1®0c7T+0"®@1®0")

- A0, ®(0f®0{®0{+0{®07®0"+0{®0"®0+0" Q@07 Q07

+0°Q0°®07+0" Q0T ®0%+0" Q@0 ®07+0" @0 ®07)].

According to Eq. (D.12), the coherence amplitudes are

1 2
A0 _ A2CO+A2C = A2+ é,
A(tl)2:A2OO A201_A_%+3_Ai2’>
393 7 9 8’
2
A=) A2C A_’
292 4
2
AGD? 2 A2C 4
8
The transformation matrix and its inverse are
10 % 0 10 -2 0
10302 4 02 0 -6
Asloo o ™A =00 4 o
000 % 00 0 8

Thus,

(Aw){A<1)2’A<2>27A(3>2)T _

(43,43, 43, 43)"

A (43,43, 43, 43)"
= (A2 + A3[2, A2[2 + BA}[8, A3J4, A /8)

— Al (A<o>2,A<1>2,A<2>2’A<3> )

- <A<o>2 _2A®? 94 _gA®)? 44@? 8A<3>2)T

D.2 Pulse Sequences
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Prep(¢)

t/2

£/2

Measure
(Qbref )

Figure D.1: Pulse sequence for multi-quantum experiments. The phase of the magic echo
sequence in the middle is changed so that it applies a 6 encoding to the environment spins.

Prep(¢)

Figure D.2: Pulse sequence for Loschmidt echo experiments.

t/2

t/2

Measure
((bref )

SMES' is a variations of

SMES where delays in the magic echo sequences are adjusted to introduce mixing.
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2
SMES I vy

Measure

Prep(¢) )¢>3 (¢ref)

)os

1

| INEN B
%)
3l
oo

t/2 AL A_ t/2

Figure D.3: Pulse sequence for multi-quantum experiments with mixing. A, = 2A_ so the
environmental dynamics is refocused at the end of A_.
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Appendix E

Randomized Benchmarking of the
Central Spin System

This appendix presents some general results on randomized benchmarking on the CS sys-
tem.

E.1 Randomized Benchmarking

Randomized benchmarking (RB) [102, , | are scalable and robust methods that
characterize the noise of a set of gates. The standard model predicts an exponential
decay under Markovian noise. Therefore, deviation from an exponential decay can indicate
memory effect.

First, we briefly review the basic model of standard RB. For a unital matrix E acting
on u(n), its average gate fidelity is [77]

PE) = [(olElohdo= [ (8|00 BoUlohdry = (¢lBumls),  (B)

UeSU(n)

with the unitary twirl defined as
B = / UoEolltdry. (E.2)
UeSU(n)

U is the conjugate representation of U on u(n). dry is an invariant measure such that
dry = dryy for YV € U(n). We have [Fiyin, U] = 0 VU € U(n). According to Schur’s
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Lemma, Eywin is a multiple of the identity in each irreducible subspace: {1} and su(n)
[77]. Namely, Eyyi = Diag(1, A, -, A) where (n2—1)A+1 = Tr(E). Therefore, for a density
matrix p, we have

1 1
Egk =—"+)\k( ——”). E.3
tW1rl(p) n p n ( )
The survival probability is an exponential function of k
Q 1ok T 1 k 1
S = Te[pBt(p) ] = =+ X+ (1- ). (E.4)
n n
The average gate fidelity is
SR 1-A
F(E)=5 =X+ : (E.5)
For py = (1 + €0,)/2, the signal after E2F. | is
Srp(k) = Tr[U+E§v]§ir1(PO)T] = e, (E.6)
The twirl of E' can be realized using the Clifford group C:
5 To B ol S i
Buia= [ OoBolldny =23 CioBaCl. B.7
twirl UeSU(n) o Lo TUu = |C| Z cLo ( )
Hence, by the rearrangement theorem
e Y
Etowklrl 171k ZCiOEO 'LT
ClF\ =
- % CynoBolyobo-oC, (E3)

where C;, | = (Cik---Cil)T and C = (C;, -+, Cy,). In randomized benchmarking (RB), one
can estimate

Eéeonr (CA'ik+1 oFoCj0Fo-o C’Zl) (E.9)

by picking uniformly at random from the Clifford group for m times for each Cj, [124, ].
RB is free of state preparation and measurement error. It is a more efficient and reliable
way for estimating the average gate fidelity compared to state tomography [211]. It is also
a useful tool for diagnosing noise in experiments [117, 200].
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E.1.1 Benchmarking the Central Spin System

We want to use an interleaved RB to characterize the dynamics of the CS system. We
assume that the system starts with p(0) = o, ® 1®7/2"*1. Consider an experiment that
measures

Sra(t k) = Egeen ({04 ® 17|C,,, ® 18" 0 E(t) 00 E(t) 0 Cy, ® 1%7|p(0))) . (E.10)
Here, C is the 1-qubit Clifford group and E(t) = exp(—iHt) where H = H,,). + H, and
Hege=0.©A[2, H.=10DB. (E.11)

In the interaction frame of H., we have

Srp(t k) = Egeens ({0 ® 17|C,, ® 19" 0 B 00 Ef 0 Cy ® 197p(0)) (E.12)
where .
Ep=10 M T exp (—i f 0. ® A’(t’)/?dt’) 10 M1 (E.13)
0

with M = exp (-iBt).

For an operator A acting on u(2+!), define

Al—twirl = / U ® :ﬁ_@n o A o 0T ® :ﬁ.®ndTU. (E14)
UeSU(2)

]\me is in general a block-diagonal matrix

Ay
Ay

A/A\l-twirl = AQ s (E15)
Ay
with A; and Ay being 4" x 4" blocks and A; +3A, = Trl(f\). In addition, if we denote the
diagonal 4™ x 4™ blocks of A as A; for i =1,2,3 and 4, then
Ay = Ay,

E.16
AQ: (A11+A22+A33)/3. ( )

In order to calculate the corresponding Ay and Ay of E(t) defined in Eq. (E.15), we only
need to know its action in the invariant subspaces.

177



Recall that

U(t) = To exp [—i JA Cdtho. e A'(t) /2]

(E.17)
=1®C_-i0.,® 5.,
with
t 1
C. =T cos [f dtlA’(tl)/Z] = S U),
0 | (E.18)
S(_=T<_Sin|:f dtlA,(tl)/2]=2—Z(U:—U;)
0
We first calculate A;. Since
Tr(1lec(1eC-ic,® S )1 p(l®C., +ic,®5-,))
=2Tr (o (CpC- + S_pS-)) (E.19)
=Tr (o (UZpUS +U_pU?Y)).
Since
t t
UfpU- +U_pU? = (Texp [z / adA,(t,)dt'/Q] + T exp [—z’ f adA,(t,)dt'/Q]) (p)
! 0 (E.20)
=27 cos [[ adA/(t,)dt'/Q] (p),
0
we have .
A = Tcos[ [ adA,(t,)dt’/Z]. (E21)
0
Using the fact that
a0a =1,
Tl =" (E.22)
0003 = 1€qB3y0~,
for a, 8,7 =x,y,z and «a # 3, with similar calculation, we have
t
Tt (0, ® oU(t)o, ® pU'(t)) = 2Tt (JTCOS [f adA,(t,)dt'/Z] (p)) ,
0 (E.23)
Tr (00 ® cU(t)os ® pUT(t)) = 2Tt (JTCOS [[ acA,(t,)dt’/Q] (p)) .
0
Thus,
1 t t
Ar=3 (T cos [ f ad A,(t,)dt’/2] + 27 cos [ f ac A,(t,)dt'/z]) . (E.24)
0 0
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Let
_ ¢
exp(iA;t/2) = M7FT exp [—i f A'(t')dt’] M (E.25)
0

then
Aq (k)
- A (k
Ek,l—twirl = 2( ) Al (kﬁ) 5
2
Ay (k)

(E.26)

with

A (k) = cos (adgkt/Q) .
Ay(k) = % [cos (adgkt/Q) +2cos (acAkt/Q)] : (£.27)

Thus, the RB signal is

Sre(t,k) = <<11®” Ok, A5 ()] 18m) . (E.28)

Below we consider three different scenarios. When B = 0, denote the RB signal by
Stp(t, k), we have

Skp(t k) = 2 on+l <<U+ ®1°" ‘El tWIrI(t)‘ Oz ® ]l®n>>
<<Jl®”|/\°"“‘|1®”>> (E.29)

<<]l®" cos(a,dAt/Q)+2(:05(3,0,425/2)]01C ]l®”>>.

3
Let the eigenbasis of A be {|1),...,]27)}, Alj) = Q,|j) we have aca(|7)(j]) = 2€2,]7)(j| and
ada(|7)(j|) = 0. Express [1)) in terms of [7)(j], we get

wl,_wl

1201 +2cos(t) 1"
Seo (1 k) = E[M] . (E.30)
Jj=1 3
When |[[t2[B,[B, A]]| < 1, we can make the following truncation
N oy NS oy
A2(] + 1) N A2(j) +1 [adiB,AQ(j):l + 5 [adz-B, [adiB,A2(j)]] . (E?)l)
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We can show that

{1°"([adip, As] 0 Aof1®") = 0,

< < (E.32)
(1®™|[ad;p, [ad;p, A2]] o Ag|1®™)) < 0.
The first identity comes from the fact that ad;(1%") =0 and
(2%"Ay 0 ad;p 0 Ao[18™) = (A2(1°)[ad;p|A2(1%™)) = 0. (E.33)
To obtain the second inequality, we have
(1°"|[adip, [adip, Aa]] 0 Agf1®") = (A2(1°")[adi5[A5(2M)) < 0. (E.34)

Since adS3 is negative semi-definite, the above quantity must be no larger than 0. It is
equal to 0 if and only if [A, B] = 0. Therefore,

Sw(t,2) = - (17 |A4(2) 0 Ra(1)]2°7)

2 (E.35)
~ Spp(t,2) + W«ﬂmuadi& [ad;g, A2]][1%") < Skp(t,2).
The last equality holds if and only if [A, B] = 0.
When mixing is very strong || B| > | A|, the effective Hamiltonian is given by
Hsy = 0. ® A)2, (E.36)

where A is given by the following theorem.

Theorem E.1.1. Let A, B be n x n Hermitian matrices and T be a unitary matriz that

diagonalizes B:
Alﬂﬂl
TBT' = , (E.37)
Al

where \; are distinct eigenvalues of B and p; are the corresponding degeneracies. Let
A= TATT = {A};}7.,, where Al are pi; x jij blocks. Denote A = TT(@;2 Ay)T and

1,j=17

Uo(t,x) = exp[—izBt]. Then,

t _
lim Texp[—i [ Ug(t',x)AUo(t',x)dt']:exp(_mt). (E.38)
Tr—>00 0

180



Denote the eigenvalue vectors of A and A by Q and (2, respectively.

When mixing is strong |B| > 1/t, A; = A. A can be calculated using Theorem E.1.1.
The survival probability is

1
Sre(t, k) = on e (E.39)
j=1
with (Q )
2cos(€2;t) +1
Dj = + (E.40)

Q; are eigenvalues of A. According to Schur majorization theorem, {); majorizes ),

k k
| oM
;@zg@, (E.41)
for k=1,...,n. The corresponding local fields are more closely centered at 0, resulting in

a more exponential and slower decay. Additionally, there exists a doubly stochastic matrix
S, such that 2 = SC2. The matrix S determines the shape of the decay of the RB signal.

1. In the absence of the environmental mixing, the decay of the RB signal is non-
exponential and determined by the distribution of the local field (Eq. (E.30)).

2. The shape of the decay is robust to small environmental mixing due to the lack of
first-order dependence (Eq. (E.35)).

3. Small mixing leads to faster initial decay (Eq. (E.35)).

4. Strong mixing leads to a slower and more exponential decay (Eq. (E.39)).

The increase of decay rate due to small mixing is due to enhanced energy transfer between
the CS and the environment when the strength of mixing approaches the frequency of
the Clifford gates are being applied (cf. cross polarization and dynamical decoupling).
We expect the slowdown to saturate at |jt[B,[B,A]]| ~ 1. Strong mixing removes
CS/environment correlation and leads to a faster and more exponential decay. Any resid-
ual deviation from an exponential decay is due to residual correlation and can indicate
constant of motion to the environmental mixing.
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Appendix F

Discrete Methods for Pulse
Engineering

Here, we present the general framework for designing sequences for effective Hamiltonians
engineering using gates from a finite set.

F.1 Pulse Design Using Tree Search

The chain rule for %-integrals (Appendix A) allows constructing a control sequence from
a finite set of components (e.g., square 7/2 rotations or Clifford gates). Because the %-
integrals of a composite sequence follow from those of its parts, we only need to calculate
the @-integrals for each component in the finite set. Any sequence made from these
components can then be derived using the chain rule. Then, the @-integrals fully determine
the robustness and Hamiltonian-engineering properties of the sequence.

When designing sequences, we must account for constraints like limited total power
and finite bandwidth. A convenient way to accommodate these constraints is to structure
the solution space as a tree, where the tree policy (how new children are generated given
the current node) can then be easily determined by these constraints. Then the design of
a sequence is viewed as a tree search problem [21].

We propose to use Monte Carlo tree search which has achieved super-human perfor-
mance in games [175, 195] and applied to quantum circuit design [202]. Here, we provide
the pseudocode (Algorithm 9) for the upper confidence bound (UCT) search [103, 104, 31].
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Algorithm 9 The UCT algorithm.

: function UCTSEARCH(s)
create root node vy with state sg
while v, is non-terminal do

while within computational budget do

DEerAuULTPOLICY (s(v;))
BAckup(v;, A)
end while
: v < BESTCHILD (v, 0)
10: end while
11: return the state of vg
12: end function
13: function TREEPOLICY (v)

1
2
3
4
5: v < TREEPOLICY (vp)
6
7
8
9

14: while v is nonterminal do

15: if v not fully expanded then
16: return EXPAND(v)

17: else

18: v < BESTCHILD(v, C))
19: end if

20: end while

21: return v

22: end function
23: function EXPAND(v)

24: choose v’ from untried children of v

25: return v’
26: end function
27: function BESTCHILD(v,c)

! 2In N
28: arg MaXy/echildren of v % +tc \/ Js(v’()v)

29: end function
30: function DEFAULTPOLICY (s)

31: while s is non-terminal do
32: s < random child of s
33: end while

34: return reward for state s

35: end function
36: function BACKUP((v, A))

37 while v is not null do
38: N(v) < N(v)+1

39: Qv) « Q(v) + A(v)
40: v <« parent of v

41: end while

42: end function




F.2 Sequence with Finite Gate Set

For pulse sequences with delays and short pulses (e.g., solid-echo based sequences), it is
important to first ensure that the errors during the windows are minimized. Then, one
can choose the gates that induce the right transition of the toggling-frame Hamiltonian
between two adjacent windows and minimize the total gate-dependent error. Assume that
the unitary propagators of the candidate gates form a finite group S, then the toggling-
frame Hamiltonian during the pth window is chosen from a finite set with W elements:

T ={U HyertU|U € S} = {Hiog(1), ..., Hiog(W)} . (F.1)

Then for a sequence with P windows, Assume that we can apply any gate from § in
front of each window, then a possible sequence of the toggling-frame Hamiltonian Hog(w)
is ({Hiog(wn),t1}, ..., {Hiog(wp),tp}), where Hyog(wy) is the toggling-frame Hamiltonian
during the pth window and ¢, is the length of the window. For simplicity, consider the case

where t; = --- = tp. we will call the sequence a toggling-frame sequence and denote it with
the labels wq, ..., wp:

5 = (W1 WP )1og; (F.2)
where 1 < wy,...,wp < W. The goal is to design s so that the accumulated errors during

the windows are minimized. These errors, similar to those of any sequence, are determined
by the €—-integrals of s. Since .7 is typically restricted to a subspace of €' (gpi, Hpert),
we can also use representation restricted to the subspace to calculate the % —integrals.
An algorithm for finding the desired toggling-frame sequence is given at the end of the
appendix.

Using the conditions found in the last section, we first try to find toggling sequences
that decouple the interactions up to 4th order. We will design sequences for spin ensembles
as examples since they are the hardest. We will take the dipolar interaction as an example.

Take as example engineering the secular dipolar interaction under high field with col-
lective control, € (gpmi, Hpert) is five-dimensional. But for sequences with 7/2 = and y
rotations, .7 is restricted to a two-dimensional subspace spanned by

1{20'Z®0'Z_0'g;®0'x_0-y®0-y Ux®0m_0y®0y} (F3)

2 V6 ’ V2

7 has three elements:

2" 2

= (5.5 = (522 i - .0y (7.1
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The necessary and sufficient conditions (using the method from chapter 3) for H D (T,.,) =

0 are

H =0:
HDY =0
H® =0:
H® =0
H® =0:

51 = O

62 = O

Cig—C21 =0

_ 1_ _

Cu2 ~ 50121 +C211 =0

C122 — §b5212 +C221 =0

C1121 — C1211 = 0
C1122 — C1212 + C2121 — Co211 = 0
Co122 — C212 = 0
1 (F.5)

C11112 + C11121 — 1511211 + Cr2111 + C21111 = 0
_ 1_ _ _ 1_ _
C11122 — 5012112 + C12121 + C21112 — 5021121 +C22111 = 0

C11212 + C11221 — 5512112 + C12211 — 5521121 +C21211 = 0
1 1

C11222 — 5512212 + C12221 + C21212 — 5521221 + C22211 = 0

~ 1 B 1 _ _

C12122 — 5012212 + Co1122 — 5021221 + Ca2112 + C2121 = 0
1

C12222 + C21292 — 1522122 + C2212 + C2221 = 0

Below are some of the toggling-frame sequences that achieve H(~1(T,.,) =0 up to r = 5:

(133331221211213223)

(131333221232121333112121222133313122)
(121132232322332123111322333221323211321331131212113322211311231323322311)

(F.6)

Alternatively, we can also design composite toggling-frame sequences using a set of
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toggling-frame sequences. For example, let

{s1 = (123), 55 = (132), s5 = (213),

s1=(231), s5 = (312), s = (321)}. (F.7)

Then a composite toggling-frame sequence can be built using these ingredients. For exam-
ple,
[s186s2] = [(123)(321)(132)] = (123321132). (F.8)

This allows us to build sequences using subcycles that account for lower-order errors (the
zeroth-order error in this case) to enhance convergence of the sequence. Below are some
composite toggling-frame sequences that achieve H 1 (T,,) =0 up to r = 5:

[535454515252]
[515152525455535654565553 |

(F.9)

[818386868683848385848486848582868285818481858283]

Once a desired toggling-frame sequence is found, we can choose gates from S to insert
between windows to make the correct transition of H., and minimize total gate-dependent
errors using Algorithm 9.

F.3 Genetic Algorithm for Sequence Optimization

In principle, we can also use Algorithm 9 to design toggling-frame sequences. But we found
that the genetic algorithms often perform better. Hence, we briefly describe the method
here.

Genetic algorithms make relatively few assumptions, and are therefore applicable to
many problems [35, |. The success of a genetic algorithm depends heavily on encoding
and choice of genetic operators [136]. To choose a good encoding, we first note that the
Hamiltonian-engineering properties of a toggling-frame sequence are invariant under rota-
tions and inversion. A good encoding that exploits this property is the path representation
which has been applied to the traveling salesman problem [115]. We also incorporate the
zeroth-order decoupling condition into our encoding to reduce the size of sample space. We
choose an order-based crossover operator [18] since it depends on the relative order of the
gates. For mutation operator, we use a repeated exchange mutation operator [0, 1]. It con-
nects every two states in the sample space, therefore, ensures accessibility of every possible
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solution. In our experience, a high mutation probability is necessary to prevent premature
convergence and maintain population diversity. A steady-state modification may also be
applied to mitigate the problem [181]. Below, we give a simple genetic algorithm and the
corresponding genetic operators for path encoding (for designing toggling-frame sequences)
and N-character encoding (for designing composite toggling-frame sequences).

Algorithm 10 A simple genetic algorithm. For a population size W, a maximal iteration
number i,,.,, a crossover probability p. and a mutation probability p,,, the function GE-
NETICALGORITHM( f, fiarget) takes a fitness function f and a target function value fiarget
as input and returns a solution (x1z2---xp) such that either f(z122--%p) > fiarget OF that is
the best solution found within the maximal number of iterations % ax.

1: function GENETICALGORITHM(f,A)

2: for w=1,2,...,WW do > Initial population
3: Sw < Random sequence of length P

4: Juw < f(§w)

5: end for

6: Joest < max{fi, fo, ..., fw} > Store the best solution found so far
7 Shest < Sw that gives fpest

8: 1< 1

9: while fiest < frarget and 7 < ipmax do

10: CROSSOVER(SELECT({ f, }, {5 })) until W new strings s/, are generated

11: {Sw} < {MUTATE(S],) } > Replace the old generation with the offsprings
12: {fu} < {f(5u)}

13: fbest(_max{fbestyflan)-'-ny}

14: Shest < Sy that gives the new fest

15: 1< 1+1

16: end while

17: return Sy

18: end function
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Algorithm 11 Genetic operators for path-encoded algorithms.

1

10:
11:

12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

23:
24:
25:

function SELECT({f,}, {Sw}) > Roulette wheel selection
f < Zg/zl fw B
Sample two S, randomly according to the distribution { fulf } and return the
result
end function
function CROSSOVERI1 (S, §2)
Let 81/ = (xi/gxé/z--x;ﬂ)
r < random real number from [0, 1]
if r <p. then

Choose a random p; and p, with ps > p; from {1,2,..., P}

- 1/2 1/2
m
1) < (xpl e Ty )

59 P (8 ;2 with the first p, — p; elements that are identical with elements in

oam
G removed)

G RotateRight(Join(ﬁ%, §5/1), by p1—1)
return s} and 33

else
return $; and $s

end if

end function
function MUTATEL(S)
r < random real number from [0, 1]
if r <p,, then
Generate a random integer m with probability p™=1(1 - p)
Choose with replacement m random pairs of elements from § and swap their
positions
end if
return the new §
end function
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Algorithm 12 Genetic operators for N-character encoded genetic algorithms.

1: function CROSSOVER2(S1, S2) > 1-point crossover
2 Let §1/2z(:c}m,x;ﬂ,...,:c,l/?)

3 r < random real number from [0, 1]

4 if » <p. then

5: Choose a random p’ from {2,3,..., P}

6 return (zi,...,2, 1, 75,...,0p) and (2F,..., 20, 2L, ..., Tp)
7 else

8 return s$; and $s

9 end if

10: end function

11: function MUTATE2(S) > Replacement mutation
12: Let § = (x1,72,...,2p)

13: fori=1,2,...,ndo

14: r < random real number from [0, 1]

15: if r <p,, then

16: z! < RandomInteger[1, V]

17: else

18: Tp < T

19: end if
20: end for
21: return (zf,xh,...,2")

22: end function
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Appendix G

Optimization Algorithms for Pulse
Engineering

All algorithms presented in this thesis were manually implemented in Mathematica to allow
for greater customization in pulse engineering. This appendix provides a brief overview of
two additional local numerical optimization algorithms utilized in the pulse design process:
the Nelder-Mead simplex method and the nonlinear conjugate gradient method.

G.1 Nelder-Mead Simplex Method

The Nelder-Mead simplex method is a direct search local optimizer that does not use the
derivative of a function [1412]. It is useful compared with gradient-based method when the
function is non-differentiable or noisy, or one cares more about a better solution rather than
the absolute optimum [105]. Tt can be used to tune the hyperparameters of a stochastic
algorithm [119]. Here, we follow a modern description of the original algorithm [113].

Denote a simplex with its unordered vertices and the corresponding function values as

Az{{jlafl}a{‘f27f2}7‘"7{fn+17fn+1}}‘ (G1>

Let
M:(:z'l_fn+17:z'2_fn+1>"'7fn_fn+1)a (GQ)

the n-dimensional volume of A is

[det(M)]

vol(A) = oy

(G.3)
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A is nondegenerate if vol(A) > 0. The diameter of A is

diam(A) = max |Z: — 2] (G.4)
i#]

We can terminate the algorithm when either the volume or the diameter of the simplex

falls below a threshold.

One way for finding an initial simplex as suggested in [112] is to choose a random first
point Z1, then generate the rest by taking Z;,; = h;é; for i = 1,...,n where h; are scaling
factors and €; are unit vectors of the ith coordinate.

The pseudocode of the Nelder-Mead simplex method is provided in Algorithm 13.

G.2 Conjugate Gradient Method

Gradient-based optimization algorithms are widely used in optimal quantum control. Gen-
erally, such an algorithm requires a search direction generator and a line search strategy.
The search direction generator determines the search direction using the gradient, while
the line search strategy selects the step length.

Here, we briefly describe the method (nonlinear conjugate gradient with quadratic line
search) used in this thesis.

G.3 Quadratic Line Search

Here, we define a 3-point bracket that is used in the quadratic line search. A 3-point
bracket is A\; < Ay < A3, such that f(A2) < min{f(\;),f(X3)}. Consider minf(\) over
A > 0. To find a 3-point bracket, generate the sequence

A0:07

G.5
A= Ay + 271A, (G-5)

for r =1,2,... and a small positive number A. Find k such that f(\g) > --- > f(M\x) and
f(Aks1) > f(Ax), the 3-point bracket is then given by

{(Ak_l, s e+ Ae)/2) £ W) < (O + M) [2) (6

ey e+ Xex1) /2, M01) - FOw) 2 F((Ok + Ais1)/2)
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Algorithm 13 Nelder-Mead simplex method. For fixed p, x, v and o. For fixed i, and
€. For bounded constraint, we can legalize the point by projecting it to the boundary when
it falls out of the legal region.

1
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:

: function NM(f,A)
Order 71, %o, ...,Tn1 € RN such that f(Z1) < f(Z2) < f(Zni1)-

Tp < T+p(T—Tp1)
Ir < f(i'r)
if f1 < f. < f, then

return {{Z1, f1},{%2, fo}, .-, {Zn, fu }, {Zr, fr}}

else if f, < f; then
j%e:f"’X(fr_jj)
Je < f('fe)
if f. < f. then

return {{Z1, f1},{Z2, f2},. .-

else

return {{Z1, f1},{Z2, fo},. ..

end if
else if f, < f. < f,.1 then
ch‘_‘f""y(fr_:f)
fo < f(z)
if f. < f. then

return {{Z1, f1},{Z2, o}, ..

end if

else
Toe < T—7(T = Tps1)
fcc - f(jcc)

if fcc < fn+1 then

return {{Z1, f1}, {Z2, f2}, .-

end if
end if
fori=2,....n+1do
171-<—i1+0(§éi—§:1)
fi < f(U:)

end for

AT fuds {Ze, fe}}
A%y fudo ATrs [r} )

A%, fd {Tes fe}}

) {i'na fn}a {i'cm fcc}}

return {{£17f1}7 {62’f2}’ R {6n7fn}7 {ﬁn+17fn+1}}

34: end function

> Reflect

> Expand

> Outside contract

> Inside contract

> Shrink
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Algorithm 14 Nelder-Mead simplex method (continued).
35: function FINDMINNM(f,A¢, frarget)

36: 1< 1

37: while The diameter of A; is greater than € and i < i,,,,, do

38: A; <~ NM(A; 1)

39: return the vertex of A; with minimal function value if it is smaller or equal to
ftarget

40: 1< 1+1

41: end while

42: return the vertex of A; with minimal function value

43: end function

A pseudocode is provided in Algorithm 15.

Let (A1, A2, A3) be the current 3-point bracket. Fit a quadratic approximation Q(\) =
aX? + b\ + ¢ to f(A) using function values at Ay, Ay, A3. The minimum of Q(\) is given by

08 =X/ () + (=31 0) + (O3 = 18)F () @)

A B0 =) 0) + s A7) O = A)F O]

If A+ A2, the new bracket is given by

(A min{ Az, A}, max{Aa, A})  f(min{Az, A}) < f(max{s,A})) @8)
(min{ Ay, A}, max{ s, A}, As)  f(min{Ay, A}) > f(max{\s,A})) '
If \= Ao, return A if A3 — A\q is smaller than a positive tolerance € or let
5\: )\2+€/2 )\2—/\13)\3—>\2. (G9>
)\2—6/2 )\2—/\1>)\3—)\2

Compute f()) and go to the above step again. Return min{\,, A} if max{f(\;), f(\s)} -
f(A2) or A3—A; becomes smaller than a tolerance. A pseudocode is provided in Algorithm
16.

For discrete optimization, choose A to be the smallest step allowed. Legalize each \;.
Terminate the algorithm if A3 — A; < A.
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G.4 Nonlinear Conjugate Gradient

The nonlinear conjugate gradient (NCG) method is used to find a local minimum of a
function. Compared with the gradient descent method, NCG replaces the steepest descent
direction with a conjugate direction. Given a function f(Z,) where Z, = (z},22,... 2™

n»rn?

is a m-dimensional real vector, the steepest descent direction at Z, is given by

Gn ==V f(Z), (G.10)
where V f(Z,) is the gradient of f at Z,. The conjugate direction is

Sn = Gn + BnSn-1- (G.11)

B, can be calculated using the Polak-Ribiere formula

9n-1"Gn-1

Convergence of the Polak-Ribiere method is guaranteed by choosing

B, = max{BT% 0}. (G.13)

This is equivalent to restarting the NCG algorithm when 8P is negative. An introduction
to conjugate gradient method can be found in [173]. The gradient descent method is
obtained by setting /3, = 0. A legalizer is used to constrain each component of Z,in [-1,1].
Algorithm 17 gives the pseudocode of NCG.
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Algorithm 15 Equi-distance three-point bracket. Given an initial step length A, a max-
imal number of iterations and an error tolerance, THREEPNTBRACKET( f) takes a single-
variable function f(z) and returns a three-point bracket as described in Sec. G.3 and their
function values.

1: function THREEPNTBRACKET( f)

2% fo< £(0)

3: )\1 <~ A

4: fi< f(\)

5: while f1 > fo do

6: A « A/lO

7 if A > ¢ then

8: Al <~ A

9: fi< f(M)

10: else

L1 return ((07070)7(f07f07f0))
12: end if

13: end while

14: 1«1

15: while 7 < 7, and f; < f;_1 do
16: /\i+1 <~ /\z + 2IA

17: fir1 < (i)

18: 1< i+1

19: end while

20: Jmia < F((Ai + Xiz1)/2)
21: if fifl < fmid then

22: return ((Ai—2, A\i-1, (A + Mic1)/2), (fize, fic1s fmia))
23: else

24: return ((Ai-1, (A + Xi-1)/2,A0), (fiz1s fmias fi))

25: end if

26: end function

195



Algorithm 16 Quadratic fit line search. Given a maximal number of iterations, an error
tolerance € and a minimal increase of function value ey, QLS(f) takes a single-variable
function f and returns x such that x is a local minimum of f.
function QMIN(S\ )
2 2 2 2
(A3-A3)[1+(A3-AD 2+ (AT-X3) f3 > See Eq. (G7)

2[(A2- >\3)f1+()\3 Al)f2+(>\1 >\2)f3]
: end function

1:
2
3
4: function QLS(f) .

5: Define A = (A1, Ao, A3) and f = (f1, fo, f3)
6:

7

8

9

return

(A, f) < THREEPNTBRACKET(f)
if A=(0,0,0) then

return 0

: end if
10: A < QMIN(A, f)
11: while i < iy and A3 — Ay > € and max{ f1, f3} — fo > €5 do
12 fef
13: if \> )\2 then
14: if f > fy then
15: A< (A1, Ao, A)
16: fae f
17: else
18: ;\<— ()\2,5\7)\3)
19: f1 <~ .]ig
20: fg <~ f
21: end if
22: A« QMIN(A, f)
23: else if \ < Ao then
24: if f > fy then
25: < (/\ A2, A\3)
26: f1 < f
27: else
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Algorithm 16 Quadratic fit line search (continued).

28: 5\<— ()\1,5\,)\2)
29: f3 <~ f;z

30: fo<f

31: end if

32: A< QMIN(A, f)
33: else

34: if g -\ < A3 — Ay then
35: ANy +e/2
36: else

37: A<y —¢€/2
38: end if

39: end if

40: end while

41: return X\,

42: end function
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Algorithm 17 Nonlinear conjugate gradient method. Given a maximal iteration num-
ber imax, a minimal increase of target function €; and an error tolerance e, the function
NCG(f,Zo, frarget) takes a multivariable function f, an initial seed Z, and a target function
value fiarget to find 2 such that f(Z) < fiarget- The algorithm terminates when the maximal
number of iterations is reached or |g| < €|go|. The CG restarts every kpyay iterations. The
function LEGALIZE(Z,,,S,) legalizes §,, with respect to .

1: function LEGALIZE(Z,,S,)
2 Define § = (s!,s%,...,s™)
3 for ie{1,2,...,m} do
4 if [27] =1 and s /xi >0 then
5: st <0

6 else

7 §' < s},

8 end if

9 end for

10: return s

11: end function

12: function NCG(f,Zo, frarget)

13: T <« .’i’o

14 Goa=-Vf(T)

15: S < ol

16: 5new < |§old|2

17: 00 < Onew

18: 1< 0

19: foa < f(%)

20: while i < iyax and dyew > €200 and foia > frarget dO

21: § < LEGALIZE(Z, 5) > Legalize § with respect to Z.
22: Define h(x) = f(Z + x3)

23: a < QLS(h) > Calculate the step length using quadratic fit line search.
24: < TI+as

25: Jrew < f(i:)

26: if fold - fnew < €f then

27: return 7

28: end if

29: fold <~ fnew

30: 601d <~ 5new

31: gnew - _Vf(:z.)

32: (Smid <~ gnew : gold
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Algorithm 17 Nonlinear conjugate gradient method (continued).

33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:

5new - gnew ! gnew
B - 6ncv§v;jmid
1< 1+1
k<~ k+1
if k> ko or 5<0 then
5« gnew
k<0
else
S« gnew + ﬂg
end if
gold - gnew
end while
return T

46: end function

> See Eq. (G.12).

> Restart CG when k > k. or 5 <0.
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Appendix H

Markov Approximation of the
Environmental Dynamics

This appendix first derives a master equation of the dynamics of the CS system under a
Markovian assumption of the environmental dynamics. Then we show how to derive the
Gauss-Markov model of the environmental dynamics.

H.1 Non-Markovianity of the Central Spin System

Here, an exact definition of the non-Markovianity of the environmental dynamics is defined
using the projector technique [111, , 129].

Consider the Lie algebra of controls on the CS and Hy e = 0. ® A/2, denoted as g =
spang; {iHs/e, u(2) ® 1®V}. The orbit of p(0) under 8 is

O, ={Up(0)U'|U € e8}. (H.1)

Any state from the closure [ ;] can evolve back to p(0) under some U € €8 with arbitrary
accuracy. Therefore, any state from [0] preserves coherence perfectly with respect to g.
The dynamics of the environment lead to the loss of coherence by propagating a state away
from [O,]. For example, consider p(0) = 0, ® 1®V; under the evolution governed by H.,.,
the state evolves as

p(t) = 0, ® cos At + 0, ® sin At. (H.2)
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The evolution of p(t) under the environmental dynamics H, = 1 ® B is governed by the
time dependence of A’(t) = e?Bt Ae=*Bt. In the Liouville representation, defining P = |A){ 4|,
Q=1-P, L=1iadp, and |A!,) = P|A’)), the Nakajima-Zwanzig equation is given by

rel

D)= pLiA) + [ ar KAL), (1.3)
where K (t) is the memory kernel:
K(t) = PLe®MQLP. (H.4)
Since PLP = iTr(A[B, A]) =0, the memory kernel reduces to
K(t) = PLe" LP. (IL5)

Substituting Eq. (H.5) into Eq. (H.3) and left-multiplying both sides by (A|, results in
¢ o
%C(t) =- f dt'( Alad ge™5" ad | ANC (¢ - 1), (H.6)
0

where PLP =0 is used again to eliminate the first term. Here, C(t) = {(A|A’(t)) represents
the coherence. The Markovian master equation is obtained by setting ¢ —t¢’ = ¢ in the
integrand and extending the upper limit to infinity:

%C*(t) =~ [T ar(Aadpe e ad sl A)C (1), (H.7)

The difference between the observed coherence and C* indicates non-Markovian behav-
ior in the environment. Specifically, a characteristic of a Markovian environment is an
exponentially decaying autocorrelation function:

(A" (1) A'(0)) = e71/me(A?), (H.8)

where 7. is the correlation time, defined as

ro= [ A O)r )4, (H.9)

Note that, the derivation of Eq. (H.7) takes two steps; if only the time convolution is
removed without extending the upper limit of the integral to infinity, the equation remains
time-local. Although the dynamics of C(t) can be non-exponential in this scenario, non-
Markovianity is not guaranteed. A sufficient condition for non-Markovianity is the non-
divisibility of the dynamics resulting from the time convolution.
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H.2 Stochastic Description using the Gauss-Markov
Process

Here, a derivation of the Gauss-Markov model is provided to help better understand the
assumptions. In the local field picture, the state of the CS evolves under Hy/, as

ps(t) = e 7=l p (0)el7= %, (H.10)
K

When the number of spins in the environment N is large, the local fields form a continuous
spectrum §). For each path of €(¢), we have

ipcs = _i[Q(t)azapcs]v (Hll)

dt
where (%) is a stochastic process. The ensemble average of the p.s(t) can be represented
as a path integral

po(t) = [ DIAUTIPIO() e p, (0)e>-, (H.12)

k

Consider Hy)e = 0, ® Z]kv:l wrot. Under the computational basis, a typical state of the
environment takes the form of [001011---). The corresponding local field is Y14 wi—zjj\im W
where m is the number of spin-up spins. We further assume that w; are i.i.d. random
variables. A change of local field associated with a permutation of two spins is d;; =
2(w; — wj) which is also a random variable. When averaged over a large ensemble, the
change of local field is approximated by ¢’ with each spin swap, where & = E(|d;;]) and

¢’ = +1. Assume that Quax — Qmin = M, we have

1
Pr({'=+1)==-F — H.13
(¢ =)= 5 (1.13)
where (), is the local field at time ¢. It has also been assumed that the mean of the
distribution of local field is 0, which is valid when N is large. Therefore, after time dt, the

change of local field is
[vdt]

_ 0 _
Q=0 (= —Q'yMtdt + 0S|yt (H.14)
i=1

where Sy = ¥ | ¢ is a 1-dimensional random walk, Pr(¢j, = +1) = 1/2 and + is the number

of spin swaps in unit time. Define the rescaled time and local field as t’ = Vﬁt and €2}, = Sf/ltﬁ,
we have
dQ;r = _Qledt’ + th’, <H15)
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where the Donsker’s theorem has been used to yield the Wiener process as a scaling limit of
the random walk: Wy = limp/oe S{aar)/V M. Eq. (H.15) is the It6 stochastic differential

equation of an Ornstein-Uhlenbeck process. According to [t6’s lemma, dW; = %th.
Define o = 6v/M and 7' =v/M, Eq. (H.15) can be written as

Ay = =2+/Qudt + o/~ dW;. (H.16)

7" is the normalized spin swapping rate, 02/4 is the variance of the local field distribution
at time t. The corresponding Fokker-Planck equation is

OP
= = TP(Q.1), (H.17)

where P(€2,) is the probability to find the environment in the state |2) and I" = ;& (27’9 + #a%)'

Similar processes have been considered in Kubo’s theory of the stochastic Liouville equation

[L11, 186, 187].
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