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Abstract

Our work aims to solve some of the most significant and fundamental theoretical prob-
lems involved in the current statistical modeling of stochastic processes in single-molecule
experiments, for which a well recognized yet mathematically very difficult model is the
generalized Langevin equation (GLE). We mainly focus on the following three directions.

In Chapter 2, we prove a remarkable representation theorem that fundamentally con-
nects a continuous stationary process, a widely adopted statistical model in various ap-
plications, with the GLE, a ubiquitous tool in physics to model stochastic dynamics in a
thermodynamic system. However, there are two important statistical challenges. First, the
dynamics of the observed particle must be deconvoluted from a postulated covariance struc-
ture of an unobservable thermal force, rendering statistical modeling typically intractable.
Second, for a given covariance structure of the latent force, the likelihood function for
parameter estimation can rarely be written in closed form in the time domain. Parameter
estimation that involves numerical approximation of the given memory kernel via repeated
application of the Fast Fourier Transform (FFT) often incurs significant information loss
and computational burden. We aim to fill the gaps by establishing a representation theo-
rem that any continuous stationary process can be represented by a physically valid GLE.
The upshot is that statistical modeling and inference can be performed entirely in the time
domain with the guarantee of satisfying the fundamental laws of physics. The result can
also be extended to continuous process with only stationary increments.

In Chapter 3, we carefully study the asymptotic properties of some important spec-
tral density estimators for high-throughput (HTP) data commonly obtained in modern
nanoscopic scientific experiments where the sampling frequency of an underlying process
set to be extremely large and the recordings of such a continuous process can also be ex-
tended for a very long time, giving us more and more observations. Traditional asymptotic
results with fixed sampling frequency would break down in such a situation. In the current
literature, the asymptotic results for the spectral density estimator given HTP data are
rarely seen to the best of our knowledge at the time of writing our work (Lysy et al., 2022).
We fill this gap by laying the theoretical foundations for high-frequency sampled stationary
processes, based on which a novel and effective two-stage approach was proposed by Lysy
et al. (2022) to get a robust and efficient parametric estimation for the noisy HTP data.

In Chapter 4, we design an original non-degenerate sampling scheme using the particle
filter method with bridge proposal to better estimate parameters in the quasi-Markovian
approximation of the GLE which exhibits hypoellipticity. The proposed method if evalu-
ated numerically would be extremely helpful for efficient parameter estimation in statistical
modeling and inference problems tackling the nonlinear GLE.



Acknowledgements

First and foremost, I would like to express my eternal gratitude to my Ph.D. supervisor,
Martin. I am privileged to collaborate with him working on some of the most difficult yet
fascinating problems in the interdisciplinary field of statistics and physics. He generously
gave me the extraordinary idea that any continuous stationary process can be represented
as the generalized Langevin equation that he had been pondering for more than a decade.
I am incredibly honored that I could be the one who collaborated with him to rigorously
realize such a remarkable conjecture bit by bit in the past three years. It would never be
exaggerated how much I learned from him in both statistical reasoning and programming
paradigm. This thesis would never be possible without the patient guidance and constant
help from him. His passion and rigorous altitude towards academic research as well as his
sense of responsibility have always been an outstanding example for me to follow.

My sincere thanks go to Dr. Paul Marriott for offering me admission to the doctoral
program and kindly being one of my research supervisors for the first year. I am also
grateful for his constructive comments on my thesis.

I truly appreciate the help from Dr. Gregory Rice, and thank him for all the insightful
discussions of the project covered by Chapter 3, as well as his inspiring teaching in STAT
929: Time Series. I can still remember the meeting we had in his office where we discussed
some arguably the most delicate mathematical details involved in the discrete Fourier
transform, periodogram and high-frequency asymptotics, etc. I am also grateful that he
lent me one of his most treasured books — Stochastic Curve Estimation written by Murray
Rosenblatt, from which I benefited a lot.

I would also like to thank the other committee members Dr. Alexandros Beskos and
Dr. Roger Melko with my sincere gratitude for serving on my thesis committee and also
for their time and effort to review my thesis, providing thoughtful and valuable comments.

The faculty and staff in the Department of Statistics and Actuarial Science are amazing.
I acknowledge all their collaborative efforts to build our department such a lovely place. In
particular, I offer my heartfelt thanks to Ms. Mary Lou Dufton and Ms. Lisa Baxter who
helped me with all the necessary paperwork for graduation.

My collaborators Mr. Bryan Yates and Dr. Aleksander Labuda definitely deserve my
special acknowledgement. Without their previous work, it would be impossible for me to
get a paper published before my graduation in Technometrics, a leading journal in the
subfield of statistics for physical, chemical, and engineering sciences.

I will not forget how much I was inspired by my brilliant peers. Thanks Mohan Wu for
your help in the derivation of the bridge proposal designed in Chapter 4. Thanks Michelle

vi



Ko for our discussions about programming in Julia language. Thank you to all the fellow
members in the Differential Equation (DE) research group led by Martin.

Moreover, no words can express my sense of gratitude towards all my Ph.D. colleagues
and lifelong friends, especially to those in my office M3 4233, Zhiyi Shen, Yumin Wang,
and Qiuqi Wang, as well as my best roommate Han Weng. It is the serendipity that led
me to meet all of you. Thank you all for making my Ph.D. life much more colorful and
meaningful.

Finally, I am indebted to my parents in Wuhan, China, for their enduring love and
selfless support for almost 30 years, especially for their courage and optimism at the very
beginning of the COVID-19 outbreak when thousands of people died around them within
merely a month back in February 2020. Even in their hardest time, they were always
showing me their spiritual strength and caring love, encouraging me to continue my research
and overcome all the difficulties in my life. My deepest gratitude and warmest affection
are always dedicated to them.

vii



Dedication

To my parents, for everything

Viil



Table of Contents

List of Figures Xiv
List of Tables XVi
List of Algorithms xvii
1 Introduction 1
1.1 Background and Challenges . . . . . . ... ... .. .. ... ... ..., 1
1.2  Our Contribution and Outline . . . . . . . . . . . . . . . ... ... .. 5

2 Generalized Langevin Equation Representation of Continuous Stationary

Processes 6
2.1 Imtroduction . . . . . . . .. 6
2.2 Hamiltonian Dynamics on Hilbert Spaces . . . . . . . . .. ... ... ... 10

2.2.1 Hamiltonians and Cy-Semigroups . . . . . . . . . . . .. ... ... 13
2.3 Hamiltonian Representation of Autocorrelation Functions . . . . . . . . .. 16
2.4 Stochastic Processes on Hamiltonian Systems . . . . . .. . ... ... .. 19
2.5 Mori-Zwanzig Projections . . . . . .. ... oo 20

2.5.1 Mori-Zwanzig Formalism . . . . . . .. ... ... ... ... . ... 21
2.6 The GLE Representation Theorem . . . . . .. ... ... ... ...... 23

2.6.1 Memory Kernel in the Laplace Domain . . . . . . . . ... ... .. 24

X



2.7 Numerical Computation . . . . . . .. ... ... 26
2.7.1 Example: Gaussian Autocorrelation Function . . . .. ... .. .. 27

2.8 DISCusSIOn . . . . . .. 30

Parametric Spectral Density Estimation for High-Throughput Data 32

3.1 Introduction . . . . . . . . . .. 32
3.1.1 Background . . . . ... ... 32
3.1.2  Statistical Challenges . . . . . . . . . .. ... ... ... ... 33
3.1.3 Our Contribution . . . . . . .. .. ... .. ... ... ... 34
3.1.4 Outline . . . ... ... 35
3.2 Sampling Continuous-Time Processes . . . . . . . . . ... ... .. .... 35
3.2.1 Continuous Time . . . . . . . . ... .. ... . 36
3.2.2 Discrete Time . . . . . . .. ... 36
3.2.3 Finite Samples . . . . . ... 37
3.2.4 Different Types of Memory . . . . . . . . .. ... ... ... .... 37
3.2.5 High-Frequency Asymptotics . . . . . . . .. ... ... ... .... 38
3.3 Parametric Spectral Density Estimation . . . . . ... .. ... ... ... 40
3.3.1 Whittle log-Likelihood Estimator . . . . .. .. .. ... .. ... .. 41
3.3.2 Central Limit Theorem for the Whittle MLE . . . . . . . . ... .. 43
3.4 Semiparametric Methods . . . . . . .. ... ... ... L 45
3.4.1 Nonlinear Least-Squares Estimator . . . . ... .. ... ... ... 45
3.4.2 Log-Periodogram (LP) Estimator . . . .. ... ... ... ... .. 46
3.4.3 Central Limit Theorem for the LP Estimator . . . . . . ... .. .. 47
3.5 Numerical Study . . . . . . . .. 49
3.5.1 Simple Harmonic Oscillator . . . . . . ... ... ... ... .... 49
3.5.2  Simulation Setup . . . . .. ..o 50
3.5.3 Baseline Estimation Comparison . . . . . ... ... ... ..... 52
3.5.4  Electronic Noise Contamination . . . . . . . . ... ... ... ... 53
3.5.5 Application: Calibration of an AFM . . . . ... ... ... .... 54
3.6 Conclusion . . . . . . . . .. 58



4 Quasi-Markovian Approximation of the Generalized Langevin Equation 61

4.1 Introduction . . . . . . . .. 61
4.1.1 Statistical Challenges . . . . . . . . . .. ... ... ... ... 61

4.1.2  Our Contribution . . . . . . . .. .. ... Lo 64

4.1.3 Outline . . . .. .. 64

4.2 SDE Inference with Particle Filters . . . . . . . ... ... ... ... ... 64
4.2.1 State-Space Model . . . . . ... 65

4.2.2 Particle Filters . . . . . . . ... o 67

4.2.3 SDE Bridge Proposal . . . . . . ... ... o0 70

4.3 Parameter Estimation of the Quasi-Markovian GLE . . . . . . ... .. .. 72
4.3.1 Reparameterization . . . . . . . . ... L 72

4.3.2 Degenerate Euler Scheme . . . . . . ... ..o 74

4.3.3 Hypoelliptic Diffusions . . . . . . ... ... ... ... 75

4.3.4 Modified Discretization Scheme . . . . . . .. .. .. ... .. ... 76

4.3.5 Particle Filtering with Bridge Proposal . . . . . . . ... ... ... 79

4.4 Concluding Remarks . . . . . . .. ... oo 81

5 Conclusion and Future Work 83
References 85
APPENDICES 104
A Appendix for Chapter 2 105
A.1 Self-Adjoint Operators . . . . . . . . . ... 105
A.1.1 Spectral Theorem: Direct Integral Form . . . . ... .. ... ... 107

A.1.2 Spectral Theorem: Projection-Valued Measure Form . . . . . . .. 108

A.2 ACF Representation with Hamiltonians of Interest . . . . . . . ... .. .. 110
A.2.1 Wave Equation Hamiltonian . . . . . . . . .. ... ... ... ... 111

el



A.2.2 The Klein-Gordon Hamiltonian . . . . . . .. .. ... ... ...
A.3 Proofs of Technical Results . . . . . . .. ... ... ... ... .....
A.3.1 Proof of Proposition 2.2.1 . . . . .. . .. ... ...
A.3.2 Proof of Theorem 2.3.1 . . . . . . . . ... ... ... ... ....
A.3.3 Proof of Theorem 2.4.1 . . . . . . . . ... ... ... ... ....
A.3.4 Proof of Proposition 2.5.1 . . . . . .. ... ... ... .. ...
A.3.5 Proof of Proposition 2.5.2 . . . . .. ... ... ...
A.3.6 Proof of the Zwanzig Operator Identity . . . . . . . . . ... ...
A.3.7 Proof of Proposition 2.5.3 . . . .. ... ...
A.3.8 Proof of Lemma 2.6.1. . . . . .. .. ... ... ...
A.3.9 Some Calculations for the Acceleration Form GLE . . . . . . . ..
A.3.10 Proof of Lemma 2.6.2 . . . . . . . .. ...

A.3.11 Laplace Transforms of Observables and Correlation Functions

A.3.12 A Useful Lemma About the Time Derivatives of ACFs . . . . ..
A.3.13 Hardy Space and the Boundary Value of the Laplace Transform . .

A .3.14 Technical Derivations of the Fourier Formulas . . . . . . . . . ..

B Appendix for Chapter 3

B.1 Useful Lemmas . . . . . . . ... ... .
B.1.1 Technical Details in Remark 3.3.1 . . . . .. .. ... ... ....
B.2 Proofs of Theorems . . . . . . . .. .. .. .. .. ..
B.2.1 Proof of Theorem 3.3.2 . . . . . . ... ... ... ... ......
B.2.2 Proof of Theorem 3.3.1 . . . . . . . ... ... ... ... .....

B.2.3 Summary of the Main Results in Moulines and Soulier (1999)

B.2.4 Proof of Theorem 3.4.2 . . . . . . . . . . . .. ...
B.2.5 Proof of Theorem 3.4.1 . . . . . . . . . . . . . . ...

xii



C Appendix for Chapter 4 150

C.1 Covariance Structure of ¢-times Integrated Wiener Process . . . . . . . .. 150
C.2 Proof of Lemma 4.2.1 . . . . . . . . . . 151
C.3 A General Derivation of the Result in Section 4.3.5 . . . . ... ... ... 153

Xlil



List of Figures

2.1

3.1

3.2

3.3

3.4

3.5

3.6

(a) Memory kernel numerically recovered by FFT. (b) Theoretical PSD v.s.
the recovered PSD using numerical parameters. (c) Memory kernel ana-
lytically recovered using Dawson function. (d) Theoretical PSD v.s. the
recovered PSD using analytic parameters. All the figures are displayed on
the log-log scale. . . . . . . . ..

[lustration of HTP data recorded from observing a continuous stationary
process X (t), with an increasing sampling frequency f; = 1/At for extended
periods of time. . . . . . .. L

Baseline PSDs over a range of quality factors (@Q)). The dashed vertical lines
indicate the frequency bandwidth used for parameter estimation. . . . . .

Comparison of NLS, LP, and MLE estimators in the baseline simulation
environment. Numbers indicate MSE ratios of the corresponding estimators
relative to MLE. . . . . . . . . ..

Simulated SHO periodogram with () = 100 and added electronic noise, along

39

with the FWER periodogram cutoff corresponding to an FDR level of o = 1%. 54

Comparison of NLS, LP, and MLE preliminary estimators (i.e., prior to noise
removal), in the noise-contaminated environment. Numbers indicate MSE
ratios of the corresponding estimators relative to their own performance at
baseline. . . . . . . .

(a) Periodogram for a TR400-S Olympus cantilever recorded for 5s at 5 MHz
(N = 2.5 x 107 observations). The data have been averaged by bins of size
B = 100 to enhance visibility. (b-c) Magnified view of first and second
eigenmodes. . . . ... e

X1v

26



3.7

3.8

4.1
4.2

Periodogram (averaged by bins of size B = 100) and the fitted SHOW and
SHOF models using NLS, LP and MLE estimators (not shown is SHOW
- MLE which failed to converge). The large spikes indicate frequencies at
which there is electronic noise contamination. . . . . .. .. ... ... ..

NLS, LP, and MLE estimators for bin size B = 10 to 1000. (a) Parameter
estimates. (b) Standard errors. (c) Coefficient of variation (CV). . . . ..

[lustration of the state-space model. . . . . . . . . ... ... ... ....

[lustration of the bridge proposal with resolution m =3. . . . .. .. ...

XV



List of Tables

3.1 SHO parameters in baseline environment

Xvi



List of Algorithms

2.1 Numerical algorithm to recover memory kernel K(¢). . . ... .. ... ..
4.1 Particle filter. . . . . ...

xXvil



Chapter 1

Introduction

There’s Plenty of Room at the Bottom.
— RICHARD FEYNMAN, 1959

Back in 1959, the famous theoretical physicist Richard Feynman gave a talk titled “There’s
Plenty of Room at the Bottom” at an annual meeting of the American Physical Society at
Caltech. In this lecture, Feynman imagined a day when a new field of scientific research
full of potential opportunities may be all about nanoparticles or even atoms, and a process
by which the ability to manipulate individual atoms and molecules could be developed.

It was nearly 40 years later since then when an inspiring field of nanotechnology began
to flourish.

1.1 Background and Challenges

Over the last two decades, advances in nanoscopic instrumentation have allowed researchers
to constantly push down the bottom level of single particles that can be observed and
traced in various scientific experiments (e.g. Nie and Zare, 1997; Radmacher, 1997; Xie and
Trautman, 1998; Weiss, 1999; Loudet and Burgess, 2007; Sugimoto et al., 2007; Marchetto
et al., 2008; Li et al., 2010), creating a proliferation of opportunities to study the dynamics
of single particles interacting with their environment, leading to remarkable discoveries in
a wide range of scientific disciplines (e.g. Xie and Lu, 1999; Tamarat et al., 2000; Weiss,
2000; Seisenberger et al., 2001; Valentine et al., 2001; Moerner, 2002; Yang et al., 2003;



Sikula and Levinshtein, 2004; Ebbinghaus et al., 2007; Zhang et al., 2007; Gerardi et al.,
2009; Go et al., 2012). As the resolution of such experiments approaches the limits of
deterministic modeling, the intrinsic stochastic dynamics of complex interacting particle
systems emerges as a dominating factor, which on the one hand motivates the necessity of
applying probability distribution and statistical models to extract the hidden information
given the random or even noisy observations, but on the other hand poses new challenges
for statistical modeling and inference in many new scientific fields as well.

Du and Kou (2019, 2020) recently gave an up-to-date survey of major statistical
methodologies used in single-particle experiments and the current challenges faced by sci-
entists in various research studies, e.g. subdiffusion dynamics (and anomalous diffusion
phenomenon), heterogeneity in single-molecule trajectories, Fluorescence correlation spec-
troscopy (FCS), single-molecule signal analysis, polymer dynamics, etc. Moreover, Didier
et al. (2012) also presented a great overview of the statistical challenges in microrheology
which is the study of the properties of a complex fluid through the diffusion dynamics of
small particles by using small tracers to probe material structure at micron length scale or
smaller. All the statistical challenges can be summarized into three categories:

(i) Analytically complicated mathematical models are used extensively in single-molecule
study. These models are often developed from the well-established fundamental prin-
ciples of physics, in order to provide a clear interpretation or convincing intuition of
the mechanisms of the underlying system. Many of the too intricate models cannot
fit into the existing statistical inference framework due to either the intractable likeli-
hood functions, or failure of efficient approximations in high-dimensional settings, or
violation of classic assumptions (e.g. Markov property, linearity, independence etc.)
behind many standard statistical models. Moreover, statistical modeling is typically
restricted by the laws of physics. A valid statistical model should not violate first
principles of physics, which to some extent limit the choices available to statisticians.

(ii) There is no well-established model comparison framework in single-particle studies.
The existing model selection tools in statistics are designed for relatively generic
linear models and therefore may not be suitable for comparing complicated non-
linear stochastic models. By using Bayesian approach, indeed, one may address the
gap. However, it may be hard to design a suitable sampling algorithm to incorporate
competing models under the same framework for comparison. A recent study by
Lysy et al. (2016) made some contributions in this realm by developing rigorous and
computationally efficient Bayesian methodology to compare two prevailing models in
the study of single particle tracking.



(iii) Complex data with additional layers of complexity are usually produced in mod-
ern single-molecule experiments that involve the use of sophisticated measurement
techniques. For example, in some experiments, the strong interactions between the
measurement methods and the dynamics of molecules may alter the data generating
process. Statisticians should attempt to incorporate the relevant information into
the inference framework. Moreover, data at different coordinates can evolve on a
wide range of timescales from fast and small vibrations between neighboring atoms
linked by chemical bonds with a characteristic timescale of ¢ ~ 107 13s to large-scale
conformational changes caused by folding of a protein molecule on timescales of at
least ¢ &~ 1075, which gives rise to problems known as multiscale diffusions (Pavliotis
and Stuart, 2007). For an overview of this application area, please see Schlick (2010).

Regarding the first type of challenges, in many applications under dynamic thermal
environment, the fundamental laws of physics to govern a single particle trajectory are
written in the form of a generalized Langevin equation (GLE) (e.g. Zwanzig, 2001; Tuck-
erman, 2010). As a ubiquitous model of single particle dynamics, the GLE is a stochastic
integro-differential equation

mi(t) = —U'(2(t)) — /0 K(t — u)ir(u)du + F(t) (1.1)

for which parameter inference is an open challenge, even in the linear setting. Here x(t)
denotes the trajectory of a particle with mass m, and 4(¢) and Z(t), respectively, represent
the first and second order derivatives of x(t) with respect to time ¢ (i.e. velocity and
acceleration), U(xz(t)) is the external potential energy (e.g. a magnetic field), K(t) is a
function called memory kernel which characterizes the non-Markovian frictional force and
F(t) is the latent random force.

To understand the GLE (1.1) better, let us conceptually decompose the total force
exerted on the particle as follows:

total force = potential force + kinetic force
-Ftotal - —U,(I<t)) + (Ffriction + Fthermal)

By the Newton’s second law of motion,
Fiotal = mass X acceleration = mi(t).

The potential force is set outside of the system depending on the experiment. The kinetic
force comes from the particle’s collisions with its environment, which can be further de-



composed into deterministic and stochastic components. For systems in thermodynamic
equilibrium, the stochastic “thermal” force Fipermal = F'(t) is modeled as a mean-zero sta-
tionary process with autocorrelation function yg(t). The deterministic “friction” force

t
Ffriction = / K(t - u)x(u)du
0

depends on the history of the particle velocity, weighted by the memory kernel K(t).

Remarkably, the precise GLE form (1.1) can be derived directly from the Hamiltonian
dynamics — the fundamental laws governing any physical motion — for the so-called Kac—
Zwanzig “heat-bath” interacting particle model (Ford and Kac, 1987; Ford et al., 1965;
Kupferman, 2004). Moreover, due to the fluctuation-dissipation theorem (Kubo, 1966),
the thermal force dynamics and the memory kernel are intrinsically related to each other,
such that

Vr(t) = kT - K(t)

Due to the ubiquitous nature of the Kac—Zwanzig model, the GLE (1.1) has found applica-
tions in a wide range of scientific disciplines, including chemistry (Kantorovich, 2008; Kan-
torovich and Rompotis, 2008; Xing and Kim, 2011), climatology (Gritsun and Branstator,
2007), molecular biology (Kou and Xie, 2004; McKinley et al., 2009), molecular dynamics
(Xiang et al., 1991; Lange and Grubmiiller, 2006) and quantum physics (Celli et al., 2002;
Ceriotti et al., 2011).

Given the prevalence of the GLE in single-particle dynamics modeling, however, there
are two main challenges faced by statisticians. First, given some observations of particle
trajectory, if we want to fit a GLE model, the dynamics of the observed particle must be
deconvoluted from a postulated covariance structure of an unobservable thermal force !,
rendering statistical modeling typically intractable. Second, for a given covariance struc-
ture 2 of the latent force, the likelihood function for parameter estimation can rarely be
written in closed form in the time domain. As a consequence, likelihood-based parame-
ter estimation involves numerical approximation of the given memory kernel via repeated

application of the Fast Fourier Transform (FFT), which incurs significant information loss.

Moreover, in systems far from equilibrium (Zwanzig, 1980), the analytic solution of the

"'When the particle is under the influence of a harmonic potential, i.e., in the linear GLE case, the
GLE can be solved analytically via Fourier analysis with a fractional Brownian motion noise embedded, as
given by Kou (2008). But for a relatively general settings, without a good postulate of the random force,
statistical modeling would be hard.

2For some experiments, researchers may have a good candidate of memory kernel or force structure in
mind based on their domain knowledge.



nonlinear GLE is usually intractable. With the exhibit of non-Markovian property due to
the convolution term involved, it is of huge difficulty to perform parameter inference for the
nonlinear GLE. Some methods to approximate the GLE have been proposed, among which
a very promising one is the quasi-Markovian approximation (Ottobre and Pavliotis, 2010)
which convert the original GLE to a Markovian system of stochastic differential equations
(SDEs) by introducing some auxiliary variables. However, the resulting SDE system —
which we call qmGLE — is a hypoelliptic diffusion (Ottobre and Pavliotis, 2010), for which
numerical discretization must be done with great care to perform parameter inference
correctly (Pokern et al., 2009; Ditlevsen and Samson, 2019). To the best of our knowledge,
the only existing method of inference for the qmGLE is the Bayesian Gibbs sampling
algorithm proposed by Pokern et al. (2009), which can become arbitrarily inefficient as the
desired accuracy of the numerical discretization increases (Roberts and Stramer, 2001).

1.2 Our Contribution and Outline

In this thesis, our focus is mainly on the theoretical challenges posed by the GLE, while
we also discuss how to deal with a special type of complex data introduced by increasingly
large sample size and ultra-high sampling frequency.

In Chapter 2, we rigorously prove a striking result that every twice differentiable weakly
stationary process is the solution of the linear GLE arising from many possible interacting
particle systems. Any such process can thus be used for statistical inference within a
modeling framework which does not violate the laws of physics. We give explicit forms for
the GLE parameters in terms of the autocorrelation of the observed particle process, and
examine the accuracy of a computational approximation.

For a large sequence of complex data generated with ultra-high sampling frequency from
complex (but stationary) underlying dynamics, e.g. the GLE process or CARFIMA models
(as explained in Chapter 3), we can easily perform statistical inference without worrying
about violating the underlying physical dynamics. Moreover, we derive the asymptotic
properties of some most widely used parametric/semi-parametric estimators which extends
the classical time series theory of asymptotics, which is given in Chapter 3.

As for fitting the nonlinear GLE, as long as the memory kernel can be written as a sum
of exponential functions with some proper regularity (e.g. Fricks et al., 2009; McKinley
et al., 2009; McKinley and Nguyen, 2018), the GLE can be well approximated by the
qmGLE, for which we design an efficient parameter inference scheme using particle filters
in Chapter 4.



Chapter 2

Generalized Langevin Equation
Representation of Continuous
Stationary Processes

2.1 Introduction

Over the last two decades, advances in nanoscopic instrumentation have allowed researchers
to observe the dynamics of single particles interacting with their environment at unprece-
dented resolution and accuracy (e.g. Nie and Zare, 1997; Radmacher, 1997; Xie and Traut-
man, 1998; Weiss, 1999; Loudet and Burgess, 2007; Sugimoto et al., 2007; Marchetto et al.,
2008; Li et al., 2010). This has led to remarkable discoveries in a wide range of scien-
tific disciplines like physics, biophysics, chemistry, electrical engineering etc. (Xie and Lu,
1999; Tamarat et al., 2000; Weiss, 2000; Seisenberger et al., 2001; Valentine et al., 2001;
Moerner, 2002; Yang et al., 2003; Sikula and Levinshtein, 2004; Ebbinghaus et al., 2007;
Zhang et al., 2007; Gerardi et al., 2009; Go et al., 2012). As the resolution of such experi-
ments approaches the limits of deterministic modeling, stochastic modeling of nanoscopic
phenomena satisfying the fundamental laws of physics becomes of critical importance (Yang
et al., 2003; Kou, 2008; Didier et al., 2012). In many applications, these laws are expressed
in the form of a so-called generalized Langevin equation (GLE) (Kubo, 1966; Zwanzig,
2001).

Let x(t) denote the displacement of a single particle in a thermodynamic environment.



The GLE for z(t) is a stochastic integro-differential equation given by
t
mi(t) = U (x(t)) — / K (t — w)i(u)du + F(t) @2.1)
0

In (2.1), m is the mass of the particle, and @ (t) = Sx(¢) and &(t) = %x(t) are its velocity
and acceleration. Heuristically, the GLE decomposes the total force acting on the particle
— expressed using Newton’s second law of motion on the left-hand side of (2.1) — into
three terms on the right: the force U’(z(t)) due to the spatially-dependent potential energy
U(x) in the system (e.g., due to magnetic, electric or gravitational field etc.), the frictional
force fg K (t —u)z(u)du relying on the history of the particle’s velocity weighted by the so-
called memory kernel K (t), and the thermal force F'(t), modeled as a stationary stochastic

process with mean zero and autocorrelation function (ACF)
Cr(t) = cov(F(t), F(0)).

In his description of Brownian motion, a key observation made by Einstein (Einstein,
1905, 1956; Nelson, 2001) is that the frictional and thermal forces acting on the particle
originate from the same source, i.e., collisions with the enormous number of particles in the
surrounding environment. Thus, if the system is in some sense stationary, the frictional
and thermal forces ought to balance out. Indeed, according to the fluctuation-dissipation
theorem (FDT) (Kubo, 1966), the time correlation Cr(t) of F(t) and the memory kernel
K (t) of the friction are intrinsically related to each other, such that

Cr(t) = ksT - K(t), (2.2)

where kg is Boltzmann’s constant and 7" is the temperature (in Kelvin) of the system.

Remarkably, the heuristic decomposition above has a solid underpinning in theoretical
physics. That is, the GLE can be rigorously derived from Hamiltonian dynamics — the
fundamental laws governing any physical motion — for the so-called Kac—Zwanzig or “heat
bath” interacting particle model (Ford et al., 1965; Mazur and Oppenheim, 1970; Albers
et al., 1971; Zwanzig, 1973, 1980; Ciccotti and Ryckaert, 1981; Xiang et al., 1991; Zwanzig,
2001; Tuckerman, 2010). In a system of N + 1 particles, the Kac—Zwanzig model described
by the Hamiltonian function

v 1
H(x,v,q, p) = U<:C> +—+z pr + (051% - ﬁYix>27



where z and v are the position and momentum of a “distinguished particle” in the system,
and q = (¢1,...,q9n), p= (p1,-..,pn) are the positions and momenta of the N heat bath
particles in the surrounding environment. Letting I'; = (x4, v, qq, p;) denote the state of
the system at time ¢, the evolution of the system is given by the Hamiltonian equations of

motion q 9 q 9
o= g, e = - HTY) 23)
d ——QH(F) d_ ——iH(F) ‘
at T or v qPr T q; v

When the initial state I'g is drawn from the Boltzmann distribution of the system,

i)Y

pe(l) x exp{ T

an elementary calculation (e.g., Zwanzig, 2001) shows that the solution of (2.3) produces

the GLE (2.1) with
N
K(t) =) 77 cos(ajt),
=1

and for which F'(t) a Gaussian process. The GLE with arbitrary K (¢) and Gaussian F'(t)
can be obtained either by carefully taking N — oo (Ariel and Vanden-Eijnden, 2009) or
using infinite-dimensional Hilbert spaces (e.g., Rey-Bellet, 2006; Pavliotis, 2014). It is this
latter approach we adopt for the developments in Sections 2.2.

Due to the ubiquitous nature of the heat-bath model, the GLE has found applications
in a wide range of scientific topics and interdisciplinary fields, including atom-solid surface
scattering (Adelman and Doll, 1974; Doll et al., 1975; Adelman and Doll, 1976; Doll and
Dion, 1976), climatology (Gritsun and Branstator, 2007), conformational dynamics in pro-
teins (Kou and Xie, 2004; Kou, 2008; Lange and Grubmiiller, 2006), microrheology /polymer
physics (Mason and Weitz, 1995; Mason et al., 1997; Fricks et al., 2009; McKinley et al.,
2009; Panja, 2010; Squires and Mason, 2010; Démery et al., 2014; Hohenegger and McKin-
ley, 2017; McKinley and Nguyen, 2018), molecular dynamics (Kantorovich, 2008; Kan-
torovich and Rompotis, 2008; Li et al., 2015), sampling of molecular systems (Celli et al.,
2002; Ceriotti et al., 2011), and transport in magnetized plasmas (Krommes, 2018b,a),
and even quantum mechanics (Cortés et al., 1985; Ford and Kac, 1987; McDowell, 2000;
de Oliveira, 2020).

From a statistical perspective, the GLE is not only a fundamental physical model
with countless applications, it also provides an interpretable framework for modeling z(t).



Indeed, z(t) is a stationary process with invariant (Boltzmann) distribution

o e {221)

when the above is integrable. In this sense, physically valid statistical modeling of xz(t)
reduces to specifying the stationary distribution of z(¢) and the autocorrelation of the
thermal force F'(¢). In many applications (e.g., Chandler, 1987; Kou and Xie, 2004), the
potential energy can be well approximated by a harmonic potential,

1
Ue(t)) = gra’(t)
in which case we obtain the “linear” GLE
t
mi(t) = —kx(t) — / K(t —uw)t(u)du + F(t). (2.4)
0

If F(t) is taken to be Gaussian, then so is z(t). The statistical objective is now to infer the
dynamics of z(t) from discrete time observations & = (z(t1),...,z(t,)), where t,, = nAt.
However, two significant complications typically stand in the way.

First, what can be observed empirically are the particle positions . However, statistical
modeling of the GLE requires one to postulate an ACF Cg(t) for the unobservable thermal
force, of which the precise effect on position dynamics is difficult to deconvolute. As a
result, statistical modeling in GLEs is often limited to asymptotic behavior (e.g., Morgado
et al., 2002; Kou and Xie, 2004; Kneller, 2011; McKinley and Nguyen, 2018).

Second, even upon assuming that a parametric model Cp(t | 8) for the force ACF is
given, the likelihood function L(@ | &) can rarely be written in closed form. This is because
the ACF C,(t | 0) of z(t) is typically available only in the Fourier domain. Therefore,
likelihood-based parameter estimation involves numerical approximation of C,(t | 8) via
repeated application of the Fast Fourier Transform (FFT), which is both computationally
intensive and prone to information loss (Mason and Weitz, 1995; Solomon and Lu, 2001).

In the face of such challenges, one might wonder to what extent the theoretical appeal
of the GLE model limits its use in statistical practice. The main result of this paper suggest
the answer is “very little”. Indeed, let

3Uﬁﬂ=£ﬁ®ﬂd=lwﬁﬂwk



denote the Laplace transform of a locally integrable exponentially bounded f(¢). Then we
prove the following:

Theorem 2.1.1. Let xz(t) be a twice differentiable weakly stationary process. Then there
exists a Hamiltonian interacting particle system for which x(t) is one of the observables,
and z(t) satisfies the linear GLE (2.4), with parameters explicitly given by

kT ). 2

= Var(z(t)’ var(z(t)) = (z(t), z(1))
kpT i(t) = (@(t), &

m = v (D) var(z(t)) = (2(t), (1))
o — (2% 4 k/m)Cy(2) + 2C,(0) acirg

The upshot of Theorem 2.1.1 is that any twice differentiable (weakly) stationary process
x(t) — Gaussian or otherwise — can be used to model nanoscopic phenomena without
violating the laws of physics. This is a considerably stronger result (see Theorem 2.4.1) than
related ones for only the autocorrelation functions (Okabe, 1986) or restricted to Gaussian
processes (Pavliotis, 2014). Inference about x(t) can be performed using any statistical
method of choice, with the GLE parameters of scientific interest being recoverable post-
inference using the formulas in Theorem (2.1.1).

The remainder of this Chapter is organized as follows. Section 2.2 defines Hamiltonian
dynamics on infinite dimensional Hilbert spaces using semigroup theory. Sections 2.3 and
2.4 show how to construct arbitrary continuous stationary processes in such systems. Sec-
tions 2.5 and 2.6 derive the GLE for twice continuously differentiable stationary processes.
Section 2.7 provides a means of computing certain GLE memory kernels using the fast
Fourier transform (FFT). Section 2.8 closes with concluding remarks.

2.2 Hamiltonian Dynamics on Hilbert Spaces

We begin this section with a motivating example. Suppose that each possible state of a
physical system is represented by a function of the form

I':R*—=R%  T(z)=(q(z),p(z)).



in the Hilbert space .7 defined by the inner product

<F1,F2> = /OOOI . [ql(fL‘)qQ(l') + Pl(I)pg(x)]dx, Fl,rg S

In the context of Hamiltonian systems, we may think of g = q(x) as the positions of
particles indexed by x € RT, for which p = p(z) denotes the (conjugate) momenta. In this
context, I' = I'(z) is called an element of the phase space .

Suppose that 7 is used to model an interacting particle system in thermal equilibrium,
i.e., for which no energy is exchanged between the system and its surrounding environment.
Then the laws of physics governing the system are determined by a function

H:R®> - R; (z,q,p, Vq, Vp) — H(z,q,p, Vq, Vp)

and the corresponding functional
Wt B D) = [ Ha)p(0). (o). b)) do.
0

These are called, respectively, the Hamiltonian density (H) and the Hamiltonian energy
function (H) of the system. Let I';, = I'y(z) = (q:(x), ps(x)) denote the state of the system
at time ¢. Then the time evolution of the system is given by

9, 0

qi(7) = o ai(x) = +-H(Y),
%t %p (2.5)
pi(7) = apt(x) = _O_qH(Ft)’

where %H(F) = %H(q, p) denotes the functional derivative with respect to q,

and %H(F) is similarly defined.

The precise conditions under which H defines a valid physical system are given by Cher-
noff and Marsden (1975). As a concrete example, we take H to be defined by the norm of

11



¢, such that
H(T) = 3(I,T) = 3|IT|*

— 2

The Hamiltonian equations of motion (2.5) then become

QG =z Pt(if)7

pr = — - qt(x), (2.6)

for which the solution in terms of the initial state of the system 'y = (qo, po) is

{qt(x)} _ [cos(xt) sin(xt)} [qo(x)] | 27)

pe(z) —sin(xt) cos(xt)| |po(z)
More compactly, we may express (2.7) as I'; = ®,(I'g), and note that

Dyo®=Pypy,  Tufl = [[Toll-

In most systems of interest, the complete state I' is far too large to observe directly.
Instead, attention is focused on specific observables of the system, which are mathemati-
cally represented as functionals of the form X : .77 — R. The simplest of these functionals
are linear and continuous, the complete set of which is 7#”, the continuous dual space
of #. By the Riesz representation theorem, . and .’ are isometrically isomorphic.
In particular, there is a unique f = (o, ) € J such that X(I') = (f,I'). To simplify
presentation, we shall identify X with f whenever confusion can be avoided, thus writing
X(I') = (X, TI'). Similarly, we do not distinguish between the inner product on J# or J#”,

Le, () = () = ().
For a given observable X € ' let us define the trajectory of X as the family of
observables {X; € ¢ : t > 0} such that

X, :T — X(I,) = X(0,(I)).
Then for X = («, 5) we have
Xy(I') = (X, Ty)
Y cos(zt)  sin(zt)] [qo(z)
_/0 z[a(x) Blz)] — sin(xt) cos(xt)} [pg(m)} dz
= <(I)ft(X)7 F0>,

12



and

<Xu+ta Xu> = <q)fuft(X)v (I)fu(X»

cos(zt) —sin(xt)| [a(x)

= /Ooox' [a(z) B(o)] sin(zt)  cos(zt) } [5(35)] dr
_ /OOO cos(at) - [za®(x) 4+ x5*(z)]dz,

such that (X,4¢, X,) does not depend on w. In fact, let C(¢) denote the autocorrelation
function (ACF) of any continuous stationary process. Then there exists (e.g., Khintchine,
1934; 1t6, 1954) a non-negative symmetric finite measure p(w) such that

C(t) = 2/0C>O cos(wt)dp(w).

If C(t) arises from a continuous stationary process which is purely nondeterministic in the
sense of its Wold decomposition (Cramér, 1961), then p(w) is an absolutely continuous
measure with du(w) = S(w)dw (Cramér, 1967). Thus, let a(z) = B(z) = (S(z)/x)/2.
Then for X = («, §) we have

(Xurs, Xu) = /00 cos(zt) - [za®(z) + 28%(z)]dx
0 (2.8)

= 2/000 cos(xt) - S(x)dx = C(t).

Thus, any autocorrelation function C(t) arising for a power spectral density (PSD) S(w)
can be expressed as C(t) = (Xy4+, X,) for a suitably chosen observable X € 7.

2.2.1 Hamiltonians and Cy-Semigroups

In light of the connection between ACFs and observables established in the motivating
example above, we pose the following questions:

Q1. The representation result (2.8) is for the specific Hamiltonian system given by (2.6).
In the same spirit, we can show the result also holds for some other well-known
Hamiltonians (see Appendix A.2). Our question then becomes: To what extent does
the result generalize to other Hamiltonian systems?

13



Q2. The result only reveals a connection between Hamiltonians and ACFs. How can this
be extended to stochastic processes in Hamiltonian systems?

In order to address Q1, we now give the precise definition of Hamiltonian systems on
infinite-dimensional separable Hilbert spaces established by Chernoff and Marsden (1975).

Definition 2.2.1. Let {®, : t > 0} be a family of bounded linear operators defined on a
Banach space B (real or complex) satisfying the following conditions:

(i) ©y = I, the identity operator.
(7/7/) (I)u e} (Pt = ®u+t'

(111) Oy is strongly continuous, i.e., limy o+ ||P:x — x|| = 0 for every x € A.

Then @y is called a Cy-semigroup on AB. Furthermore, consider the (possibly unbounded)
linear operator L defined by
1
Lxr = hli>r(r)1+ E(d)hx — ) (2.9)
with domain dom(L) consisting of all x € A for which the limit (2.9) exists. Then L is
called the infinitesimal generator of ®,.

The generators of Cy-semigroups are characterized by the Hille-Yoshida theorem (Engel
and Nagel, 2000). Of particular interest to us is when L is a skew-adjoint operator on a
complex Hilbert space 7, in which case there is a one-to-one correspondence between such
L and unitary Cp-semigroups, i.e., those for which (®,x, ®,y) = (z,y), due to the celebrated
Stone’s theorem (Stone, 1930, 1932; von Neumann, 1932; Reed and Simon, 1981; Lax, 2002)
We return to this point in Section 2.3. We shall also eventually require a number of results
about self-adjoint and skew-adjoint operators, which are detailed in Appendix A.1.

The notion of Cy-semigroups allows us to give a firm theoretical foundation for the
so-called abstract Cauchy problem (ACP), i.e., for the solution of abstract differential

equations of the form

d
—Iy =L, >0
dat " b= (2.10)

['y==x, x € RB.

Indeed, the following is a well-known result in semigroup theory:

14



Theorem 2.2.1 (Arendt et al., 2011, Theorem 3.1.12). Let L be the generator of a Cy-

semigroup ®,. Then for x € dom(L), Ty = $ux is differentiable with respect to t and
satisfies the ACP (2.10), i.e., To = = and

lim ||%(Ft+h - Ft) — EPtH == 0, t Z 0.

h—0t+

Due to this result, the Cy-semigroup ®, with generator £ is typically denoted e'*, a
convention we follow for the remainder of this Chapter.

Definition 2.2.2. Consider a Hilbert space 7 over the field F = R or C equipped with a
mapping w : € x F — F having the following properties:

(1) w is a bilinear form.
(1)) w(I,T) =0 for allT € .
(11i) w(l'1,T'9) =0 for all Ty € 5 implies that I'y = 0.

Then w(-,-) is called a symplectic form.

Symplectic forms and Cy-semigroups are the two main ingredients for characterizing
“linear” Hamiltonian systems on infinite-dimensional separable Hilbert spaces.

Theorem 2.2.2 (Chernoff and Marsden, 1975, Theorem 1). Let 2 be an infinite-dimensional
separable Hilbert space over R with symplectic form w(-,-), and let L be the generator of a
Co-semigroup on . If L is skew-symmetric with respect to w,

w(ﬁfl, FQ) = —W(Fl, EFQ), Fl, Fg € dom(ﬁ),

then the ACP (2.10) solved by Ty = e'*x describes the dynamics of a Hamiltonian system
whenever x € dom(L), with the Hamiltonian energy function given by

H(T) = %w(ﬁf, I).

For the remainder of the paper, we shall refer to linear Hamiltonian systems on real
Hilbert spaces as constructed above simply as Hamiltonian systems.

15



As in the motivating example, the observables of these more general Hamiltonian sys-
tems are the elements of the continuous dual space 5’ of J#, and the trajectory of an
observable X € J#”, is the family of observables {X; € 5" : t > 0} such that

X, : I — X(I',) = X(e*1I).

When £ is skew-adjoint, since its generated Cy-semigroup is unitary (e.g. Hall, 2013), by
the property of semigroup, it immediately follows that (e“)T = (etﬁ)_1 = e % on H
where T denotes adjoint as explained in Appendix A.1, we may further have

Xi(T) = (X, e"T) = (e"“ X, T),
and thus X, = e7**X. But when £ is unbounded in general, we may only define the adjoint

semigroup (et‘:)Jr on the adjoint dual space of JZ. For details, see van Neerven (1992).
Moreover, we have the following;:
Proposition 2.2.1. Consider an observable X € ' with corresponding trajectory {X; =

e £t >0. Then (X4, X,) is independent of u. In fact, C(t) = (Xy, Xo) is continuous,
symmetric, and positive-definite, i.e.,

N

i=1
for any choice of t1,...,ty € R and z1,...,z2y € C. Thus, C(t) is an autocorrelation

function.

The proof is given in Appendix A.3.1.

2.3 Hamiltonian Representation of Autocorrelation Func-
tions

Let 5 denote the real infinite-dimensional separable Hilbert space underlying the Hamil-
tonian system defined by the symplectic form w(-,-) and the Liouville operator £. For
the results to follow, we restrict our attention to Hamiltonian systems in which J# can be
embedded into a complex Hilbert space ¢, in the sense that x € # <= x € J;, in
such a way that £ is a skew-adjoint operator of 7.
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That is, let 25 = {V, (-, )¢} be a complex separable Hilbert space with inner product
(-,)¢. Then J# can be constructed from a “base” real Hilbert space 7 = {Vo, (-, )0},
with Vo = Vp x V and

(I'1,To)e = (a1, pP1), (a2, P2))c
= (q1,92)0 + (P1,P2)o + @ - (<Q17 P2)o — (d2, P1>0)
= (', To)r +i-w(l',Ty),

where (-, ) g is the inner product on the direct sum (real) Hilbert space 5z = 54 & 4,
and w(+,-) is a symplectic form.

Now suppose that £ is a skew-adjoint operator on #-. Then by Stone’s theorem e**

is a Cy-semigroup on ¢, and it is straightforward to check that it is also a Cy-semigroup
on J%. Moreover, by the definition of skew-adjointness we have

w(ﬁFl, FQ) == —w<F1, £F2>, A Fl, FQ S dom(ﬁ)

Thus, e'* generates the Hamiltonian equations of motion on the real Hilbert space %% by
Chernoff and Marsden (1975) Theorem 1.

Example 1. The Hamiltonian system in the motivating example can be recast into the
form above with

%:{f:R+—>IR:/OOx|f(x)|2dx<oo}
0

and
c=[ % 0] oo {@mesmesn: [ e+ ool < oo

Example 2. A famous example of an infinite-dimensional Hamiltonian system is defined
as follows (Chernoff and Marsden, 1975). Let H* denote the Sobolev space with square-
integrable k-th order derivatives (details in Appendix A.2.1 and A.2.2). The Hilbert space
underlying the Hamiltonian system is

H =H'o L
the symplectic form is

w((a1, p1), (a2, p2)) = (a1, P2) — (a2, P1),

17



where {-,-) denotes the L* inner product, and the Liouville operator is

0 /

£=1 -mrr+ @2 0 ’

dom(L) = H*® H',

where 02 is the second order differential operator. The Hamiltonian equations of motion
are

qr = pt
pr = aiQt - quh

or upon rearranging (and with slightly different notation),

This is known as the Klein—-Gordon equation in physics. For m = 0, it reduces to the wave
equation. In either case, the Hamiltonian system cannot be embedded as desired into a
complex Hilbert space ¢ .

In Proposition 2.2.1, we showed that for any observable X € 7', (X, X;) is the co-
variance function of a stationary process with autocorrelation function C(t) = (X;, Xo). By
Bochner’s theorem (e.g., Lax, 2002, Theorem 8, Chapter 14), any autocorrelation function
C(t) is the Fourier transform of a nonnegative, symmetric measure v, such that

C(t) = /R e dy(w).

It turns out that a skew-adjoint operator £ on a complex Hilbert space 7 can also be
associated with a nonnegative measure u on R, as a consequence of the spectral theorem
(Appendix A.1.1 and A.1.2). This leads us to the answer of Ql, i.e., to characterize
exactly when an autocorrelation function can be expressed as the inner product between
observables along a trajectory {X; € 7#"}.

Theorem 2.3.1. Consider the real Hamiltonian system {7, w(-,-),L}, and suppose it
can be embedded in the complex Hilbert space €5 on which L is skew-adjoint. Then an
autocorrelation function

C(t) :/Reit“’dy(w)

can be represented as (e="*X, X) for an observable X € ' if and only if v is absolutely
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continuous with respect to the measure p associated with {#¢, L} via the spectral theorem.

The proof is given in Appendix A.3.2.

We close this Section by noting that a wide variety of ACFs can be represented by
the wave equation and Klein—-Gordon Hamiltonian systems of Example 2 as shown in
Appendix A.2. That being said, for the remainder of this Chapter we assume that whenever
we have a Hamiltonian system {5, w(-,-), L}, the real Hilbert space # can be embedded
in a complex Hilbert space 7% on which L is skew-adjoint.

2.4 Stochastic Processes on Hamiltonian Systems

The basic idea for constructing a stochastic process on a Hamiltonian system is merely
to sample the initial phase-space variable I'y from some distribution p(I'y). Then for any
observable X € 7",

X, () = (e X,T)

is a well-defined stochastic process.

Ideally, we would like to do this in such a way that
COV(XS, Xt) = <X57 Xt>,

i.e., such that the covariance function of the stochastic process coincides with the inner
product of the corresponding observable trajectory. However, this turns out to be im-
possible even in the Gaussian case (e.g., Gross, 1967). Rather, one must proceed via the
construction of abstract Wiener measures (Gross, 1967). Such a construction guarantees
that there exists a space J#* 2 J along with a bilinear form (-,-)* : J# x J#* — C such
that

<'7f>*:<'7f>7 fef%ﬂy (2.11)

and a probability distribution p(I'*) on J#* such that for any Xi,..., Xy € 7, sampling
™ ~ p(I'™*) results in

(<X1, F*>*, ey <XN, F*>*) ~ N(O, E), Eij - <qu XJ>

Consequently, (e7** X, T'*)* is a Gaussian stochastic process with autocorrelation (e ** X, X).

In Appendix A.3.3, we generalize this idea to address Q2:
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Theorem 2.4.1. Consider the real Hamiltonian system {€,w(-,-), L}, and suppose it can
be embedded into the complex Hilbert space 75 on which L is skew-adjoint. Let

C(t) = (X, X)

be an autocorrelation function obtained from a given X € J'. Then for any continuous
stationary process X; having autocorrelation function C(t), there exists a space F* 2 I,
a bilinear form (-,-)* : 0 x H* — C satisfying (2.11), and a probability distribution p(I'*)
on J* such that

X, = (e X, T, I ~ p(I'*).

2.5 Mori—Zwanzig Projections

The GLE for Hamiltonian systems is obtained by a procedure known as the Mori-Zwanzig
projection technique (Mori, 1965b; Zwanzig, 1973, 2001; Nordholm and Zwanzig, 1975).
The results in this section, having been derived in the references above and below for the
N-particle setting in irreversible statistical mechanics (Zwanzig, 1960, 1961), are extended
here to the setting of infinite-dimensional (separable) Hilbert spaces.

Definition 2.5.1. Consider the observables Ay, ..., Aq € 7. The projection operator P
is the operator on ' defined by

PB= (B, ASLA, Bex

where

A=[A, ..., Adli g
<BaA> = (<Ba-’41>7 O <B7Ad>)1><d
EAZ,]:<AlaAj>a Z?j::la)d

Projection operators have the following elementary properties (proved in Appendix
A.3.4 and A3.5. ):
Proposition 2.5.1. The projection operator P and Q =7 — P are both self-adjoint.

Proposition 2.5.2. The projection operator P and PL are bounded. In particular, we
have |P| = 1.
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By the bounded perturbation theorem (Engel and Nagel, 2000, I11.1.3), QL = L — PL
is the generator of a strongly continuous semigroup e!9%. Therefore, we can well establish
the exponential operators e!”* and e'<* as strongly continuous semigroups. e‘2* is also
known as the orthogonal dynamics whose existence and uniqueness for classical dynamic
systems under Mori’s projection operator has been proved by Givon et al. (2004). Indeed,
for the development to follow we require the operator identity

t
et = tI-P)L —I—/ et=9EpLesT-PIL]g, (2.12)
0

which is valid on dom(£) provided that A € dom(L). Identity (2.12) is a type of Nakajima—
Zwanzig equation (Nakajima, 1958; Zwanzig, 1960), and is also called a Dyson operator
identity (Zhu et al., 2018). Indeed, it can be transformed into the Dyson-Phillips series
using the Volterra operator (e.g., Engel and Nagel, 2000, 111.1.8-10). Hereinafter, we will
just call it the Zwanzig operator identity.

It is rigorously proved in Appendix A.3.6.

2.5.1 Mori—Zwanzig Formalism

Consider the observables A = (A4,...,Ay),B € dom(L) C " and suppose that LB €
dom(L).
Let us start with the abstract Cauchy problem,

B(t) = %B(t) = LB(t), B(0)=B. (2.13)

By Theorem 2.2.1, since £ generates a strongly continuous unitary group, (2.13) has a
unique classical solution

B(t) = '*B(0), B(t) € dom(L). (2.14)
Substituting (2.14) into (2.13) and noting that e'* and £ commute, we obtain

%B(t) = e"“LB(0) = '* (P +T — P) LB(0) = *PLB(0) + e'* (T — P) LB(0). (2.15)
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First, we focus on the first term on the right side, i.e.

etﬁPﬁB(O) = tp (LB(0)) = tﬁ( B(0),.A(0 ))E;l(O)AT(O)
= (LB(0),.A(0)) =, ¢""AT(0)
= QA'(1),
where

Q= <£B(0)7 A( )>EA1(0)7
A(t) = EA0) = [EAL0), ..., EALO)] = [AL(D),. .., Ault)].

Now let us turn our attention to the second term on the right side of (2.15). Note that
(Z —P)LB(0) € dom(L), and thus applying the operator identity (2.12) to it gives

e'“(Z —P)LB(0) = F(t) + /t e IEPLE(s)ds

where

F(t) = TPE(T — P)LB(0). (2.16)

Moreover,

/0 t IEPLE(s)ds = /O t e IE(LE(s), A(0)) 2 4 AT (0)ds
= /O t(ﬁF(s), A(0)) S e A AT(0)ds
_ /O (LR (), A0) S Al — 5)ds
_ —/OtK(s)AT(t— 5)ds
_ —/OtK(t— 5)Al(s)ds

where we define the 1 x d matrix

K(t) = —(LF(t), A(0)Z ) = (F(1), LA(0))Z -
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Finally, we combine all the pieces together to rewrite (2.15) as the Mori-Zwanzig projection
d t
Eww:ﬂAxw—/ K@—@AHmh+F@.

0

The following properties of the force term F'(t), proved in Appendix A.3.7, shall become
useful momentarily.

Proposition 2.5.3. The random force F(t) is second-order stationary in the sense that
(F(s+1t),F(s)) = (F(t), F(0)) is an ACF. Moreover, we have (F(t),.A(0)) = 0.

2.6 The GLE Representation Theorem

Consider a Hamiltonian system {.7, w(-,-), £} on which £ is skew-adjoint. Let X € 2"
denote an observable of which the corresponding autocorrelation function

Cx(t) = (X, X)
is that of a twice continuously differentiable stationary process.

Lemma 2.6.1. For the Hamiltonian system above, let X € ' such that (e *X, X)
15 the autocorrelation of a k-times continuously differentiable stationary process. Then

L"X € dom(L) form=0,...,k—1.

This is proved in Appendix A.3.8. With Lemma 2.6.1 in hand, we may derive the GLE
of Theorem 2.1.1 for the trajectory X; by simply applying the Mori—Zwanzig formalism
of Section 2.5.1 with A = [X, X] and B = X, where X = £X. Indeed, it is verified in
Appendix A.3.9 that

n:(%%,@, am@z—%%gxw,
K@:QL%%§».K@A%—Q:é§%X@—$

where X = £X and Cp(t) = (F(t), F(0)). Putting it all together we have

X(t) = —0X(t) — /t’y(t —s)X(s)ds + F(t), (2.17)
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where 0 = (X, X)/(X,X) and y(t) = Cp(t)/(X,X). If we multiply both sides by m =
kgT/(X,X), we obtain the standard GLE (2.4)

mX(t) = —kX(t /Kt—s s)ds + F(t), (2.18)
where

kgT - _ - Cr(t)
XX F(t)=mF(t),  K(t)=kgT %R

KR =

and we may verify the fluctuation-dissipation theorem (FDT) (2.2):

kT
(X, X)

Cy(t) = (E(t), F(0)) = m*(F(t), F(0)) = ( ) Cr(t) = kT - K(1).

2.6.1 Memory Kernel in the Laplace Domain

So far in the GLE of Theorem 2.1.1 we have obtained the explicit formulas for m and &,
but not for the memory kernel K(¢). We now produce such a result by passing to the
Laplace domain.

Taking the inner product of (2.18) with X (0) we obtain
m(X(t), X(0)) = —x(X / K(t —5)(X(s), X(0))ds, (2.19)

where we have eliminated the force term via (F'(t), X(0)) = m(F(t), X(0)) = 0 as shown
in Proposition 2.5.3.

Next, we make use of the following lemma proved in Appendix A.3.10:

Lemma 2.6.2. For ¢, ¢ € " let Cys(t) = (e ¥ 1p,¢). If ¢ € dom(L), then Cy4(t) is

continuously differentiable and

d
“Coslt) = (7L, 0).

24



Thus, we may rewrite (2.19) as
t
mCy(t) = —rCx () — / K(t — 5)Cx(s)ds, (2.20)
0

where Cx (t) = $Cx(t) and Cx(t) = LCx(1).

We now wish to take the Laplace transform of (2.20), and justify why this can be
done term by term. First, we note that K(t¢) is an ACF. Thus, we have the spectral
representation

k() = [ e Pauin),

and for z = a 4+ 1b € C, note that

/ e_ZtK(t)dt‘:/ e_Zt/e_it’\du()\)dt‘
0 R

0
< / el / e N dp(N)dt < / e~V Mydt
0 0

where the finite constant My < oo just depends on p(\). Therefore, the region of (absolute)
convergence (ROC) of the Laplace transform

SIK(1)}(2) = /0 T e K (1)t

is the right half plane {z € C : R{z} > 0} where K(z) = £{K(t)}(2) should be analytic.
A slightly different argument is used to take the Laplace transform of Cx(t), Cx(t) and
Cx(t) in Appendix A.3.11.

Let K(2) = £{K(t)}(z) and Cx(z) = £{Cx(t)}(2). Then applying the Laplace trans-
form to (2.20) and using the properties of the Laplace transform for derivatives and con-
volutions yields

22Cx(2) — 2Cx(0) — Cx(0) = —0Cx (2) — K (=) - (2Cx(z) — Cx(0)),

which we rearrange to obtain

(2.21)
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Note that 6Cx(0) = (X(0), X(0)) = —Cx(0) (see Appendix A.3.12), Cx(0) = 0 and the

denominator zCx(z) —Cx(0) # 0 for {z € C : ®{z} > 0} as explained in Appendix A.3.11.

2.7 Numerical Computation

In the previous section, we derived the GLE for a twice-continuously differentiable station-
ary process X (t) and obtained closed-form expression for the term in (2.17).

While the mere existence theorem would be sufficient to use any twice continuously
differentiable process as a valid physical model, these formulas can be used to provide
important physical insights via interpretation and analysis of the GLE parameters and
memory kernel.

In this respect, the Laplace transform representation of the memory kernel is of limited
practical applicability due to the difficulty of numerical inversion to recover the mem-
ory kernel K(t) in the time domain. To this end, we now provide a representation of
the memory kernel K (t) in the Fourier domain, for which numerical inversion is readily
accomplished by means of the fast Fourier transform (FFT).

Let C(t) be a general ACF and suppose C(t) € L'(R), its Fourier transform is then
defined as -
F{C(t)}(w) :/ e e (t)dt.

e e}

The Laplace transform £{C(¢)}(2) is then well-defined in the ROC {z : ®{z} > 0}, and a
simple calculation gives

FLCO}Hw) =2-R{C(2miw)},  C(2) = L{C(H)}(2)

where z = 2miw and R{-} denotes the real part of a complex number. This relation helps
us convert the explicit formula (2.21) in the Laplace domain to the Fourier domain (see
Theorem 2.7.1 below). However, the assumption that C(¢) be integrable is quite restrictive.
If instead we only assume that C(¢) € L*(R) (this is indeed less restrictive than L'(R) since
C(t) is continuous), then F{C(t) }(w) is well defined as the L? limit of F{C(¢)1(|t| < N)}Hw)
where 1(FE) is the indicator function of set E. Furthermore, we can establish the following
limit
C(2miw) = lim C(a + 2miw) = F{1(t)C(t)}

a—07t

in either the L? sense or in the pointwise (a.e. for every w) sense where 1(¢) is the Heaviside
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function, i.e.

1, >0
1(t) =43, z=
0, =<0

Please see Appendix A.3.13 for a complete discussion.

So for numerical purposes, let us assume for the given process x(t), the ACF C(t),
its time derivative C(t) = dC(t)/dt, and the memory kernel K(t) are all in L?(R). Then
we can safely carry out all the calculations in Appendix A.3.14 to derive another explicit
representation formula of the memory kernel K(t) for Theorem 2.1.1, i.e.

Theorem 2.7.1 (Fourier version of Theorem 2.1.1). Let x(t) be any twice differentiable
stationary process. Suppose its ACF Cy(t),Cy(t) € L*(R) and the memory kernel K(t) €
L*(R). Then there exists an interacting particle system for which z(t) is one of the observ-
ables, and xz(t) satisfies the linear GLE (2.4) with parameters explicitly given by

kT __kBT
T T T
1 1
K(w)=F{K w) = —8< — ,
(@) = FIK()}(w) = — {¢(w)}
where )
h(w) = _k:B_T}-{ﬂ(t) - Ca(t)}.

2.7.1 Example: Gaussian Autocorrelation Function

To illustrate the computational result of Theorem 2.7.1, we consider the example of a
stationary process z(t) with ACF given by

2

C.(t) = 026_;7, a,n > 0. (2.22)

By taking its Fourier transform F{-}, we can get the analytic PSD which is again a

Gaussian kernel
2,2, 2

Sp(w) = F{C.()} (w) = V2rmone ™ 7",

Our goal is to estimate the GLE parameters m, x, and K (t) using either C,(t) or S, (w),
which is often available in practice.
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Analytically, we have
d t 2

>, x(t) - _0—2_6727727
dt n?

d? o?d 2 o? 2\ 2
—C(t)=———(te 2 | =—=(1-= 22
dt? Q n2dt(e ) 772< 772)6 ]

Thus, we can obtain x = kgT/C,(0) = kpT/o? and m = —kgT/C,(0) = kpTn?/c>
analytically. In practice, if C,(t) and its derivatives are not analytically available (whereas
S;(w) is known to us), then we could obtain them using numerical integration as follows

kT
N ffooo Sy (w)dw
kT
m= —+s
I (2mw)2S, (w)dw

where the denominators, which are derived from the fact that C.(t) = FH{27miwS,(w)}
and C,(t) = F Y (2miw)?S,(w)}, can be approximated by Riemann sums numerically (or
by some other more advanced numerical methods).

As for the memory kernel

1 1
F{E)}Hw) = —3 4 = ,
o Y(w)
For the Gaussian ACF (2.22) we have
D(w) = / T i Tt iy (2.23)
- 0 ksTn? 7 '

which can be obtained analytically using the Dawson function and associated error func-
tions (Ng and Geller, 1969). In general, we can estimate K(w) numerically from either
C.(t) or S;(w) as described below.

For an arbitrary infinite sequence {a, : n € Z}, let ajny = (ao,...,an) and apLy) =
(ao,...,an,a_(n-1y,-..,a—1). Let FFT denote the discrete Fourier transform operator,
N-1
YN-1] = FFT(I'[N—H) < Yk = Z xne—2mkn/N7
n=0
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and iFFT denote its inverse transform,

N-1
1 .
TIN-1] = iFFT(y[N_l]) — Ty = N E yn62mkn/N,

n=0

For a given sample size N and sampling frequency f; = 1/At, we can estimate K(t) at
time points ¢y = (0, At,..., NAt) by following Algorithm 2.1.

Algorithm 2.1 Numerical algorithm to recover memory kernel K ().

if C,(t) is analytically available then

Yen] —(kBT)flc.x(t[iN]), where t,, = n/At.
else

Yan) & —(kpT) ™" - AFFT{2mi fian) - Solfian)}, where f = 24
end if

~

¢[:I:N] <— FFT{]].(t[:tN] . ¢[:N:N]}

K[ﬁ:N] — iFFT{(?Tf[iN])_l . %{1/77;[:‘:]\/]}}
Keep the symmetric half Ky as the approximation to K(t) at time points #[y.

In order to assess the accuracy of Algorithm 2.1, we verify that the estimated GLE
parameters recover the original PSD S, (w) by

k’BT . K(W)

Sp(w) =

~

)
K+ 2miw - K (w) — 4m2w?

where K(w) (i.e., the memory kernel in the Fourier domain K(fizn))) has already been

obtained in Algorithm 2.1, and K (w) = F{1(t)- K (t)}(w) can be numerically approximated
by using FFT and iFFT, i.e.,

K(f[iN]) = FFT{1jan Ken} = FFT{1[zn) - iFFT{K (flzn)) }}-

Figure 2.1 displays estimates of K(f) and S,(f) computed for T'= 298K, ¢ = 0.01 m,
n = 0.0001 sec, with N = 1000000 samples and sampling frequency f; = 100000 Hz. If we
approximate (2.23) numerically using the FF'T, we can only recover it in the frequency do-
main up to about 10 000 Hz, the result may suffer severe numerical errors for the ultra-high
frequency (due to the condition number (Trefethen and Bau, 1997) inflated by 1/1(w)), as
shown in Figure 2.1a. But note that in the ultra-high frequency range over 10 000 Hz, the
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PSD decays dramatically and is essentially too small to be numerically significant. If we
truncate the frequency up to about 10000 Hz, we can see the recovered PSD is perfectly
matched up with the theoretical one, as shown by Figure 2.1b.

If we calculate (2.23) analytically using Dawson function and replace ¢)(w) obtained at
the step 4 in Algorithm 2.1 with this analytic result, then the recovered K (w) is exact for
all the frequencies w € R, as shown in Figure 2.1c. We can also compare the recovered
PSD using the analytic GLE parameters with the theoretical PSD shown by Figure 2.1d.

2.8 Discussion

We rigorously showed that any twice differentiable stationary process x(t) can be used to
model nanoscopic phenomena without violating the fundamental laws of physics. Inference
about z(t) can be performed using any statistical method of choice, with the GLE param-
eters of scientific interest being recoverable post-inference using the formulas presented. It
might sound “trivial” at first glance, but in a deeper sense, our result establishes a fun-
damental connection between the dynamics of motion in an abstract infinite dimensional
Hamiltonian space and any continuous stationary process defined on a probability measure
space, which allows us to model the single-particle dynamics without too much restriction.

One might question however if our result is still valid for non-stationary processes.
Indeed, we believe our result can be extended to any continuous increment stationary
process. However, a mathematically rigorous and complete proof is the subject of future
research.
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Figure 2.1: (a) Memory kernel numerically recovered by FFT. (b) Theoretical PSD v.s. the
recovered PSD using numerical parameters. (¢) Memory kernel analytically recovered using
Dawson function. (d) Theoretical PSD v.s. the recovered PSD using analytic parameters.

All the figures are displayed on the log-log scale.
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Chapter 3

Parametric Spectral Density Estimation
for High-Throughput Data

3.1 Introduction

3.1.1 Background

Over the last two decades, development of scientific instruments has opened a new era
in biological research, allowing scientists to observe and measure biophysical dynamics
with extremely short time interval as well as ultra-precision. For example, an atomic
force microscope (AFM) can be used to produce ultra-high resolution measurements of
nanoscopic objects and forces (Binnig et al., 1986; Kirmizis and Logothetidis, 2010) which
now becomes an indispensable tool for various scientific studies in biophysics, biomedical
engineering, chemical engineering and molecular biology, etc. (Radmacher, 1997; Hoffmann
et al., 2001; Evans and Calderwood, 2007; Garcia et al., 2007; Sugimoto et al., 2007;
Alsteens et al., 2008; Yu et al., 2017). A huge amount of time series data can be recorded
in those advanced experiments at high-frequency and for extended periods of time. Such
“high-throughput” (HTP) data give us unprecedented opportunities to probe the molecular
mechanisms of many biological processes, yet leading statisticians to theoretical difficulties
in estimation and inference.

As such “high-throughput” (HTP) data typically span timescales over several orders of
magnitude, often it is convenient to analyze them in the frequency domain. That is, suppose
the phenomenon of interest X, is a continuous-time mean-zero stationary Gaussian process
with autocorrelation C(t) = cov(Xs, Xs1¢). Then a frequency domain analysis involves the
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Fourier transform of the autocorrelation, namely the power spectral density (PSD) function
of Xt,

S(f) = / et — F{C(). (3.1)

—00

While the large size of HTP datasets can be dealt with by some nonparametric PSD
estimation techniques (e.g., Bartlett, 1950; Welch, 1967; Thomson, 1982; Gasser et al., 1985;
Nason and Silverman, 1995), in many scientific applications a parametric spectral model
is still preferred. Many such models are members of the continuous-time autoregressive
fractionally integrated moving average (CARFIMA) family (Tsai and Chan, 2005), for
which the PSD is

S(f) = ZP(H + 1) sin(m) x | fi-2 1L F i Seli)F

2m |GEF)P = 2 ey am (i)™

Some CARFIMA processes have a direct physical interpretation. A widely used model for
HTP data is the simple harmonic oscillator (SHO) model as discussed later in Section 3.5.
Others are able to capture diverse stochastic characteristics, such as long-range dependence
(H # %), and the shape or size of multiple spectral modes. For narrowband features such
as the width and location of sharp spectral peaks, parametric methods can offer lower
estimation uncertainty than nonparametric alternatives. Therefore, CARFIMA and other
parametric models have found numerous applications in HTP data analysis, for example:
mRNA molecule tracking in live cells (Burnecki, 2012); identification of chemical bond
lengths and angles (Tsekov, 2016); electroencephalogram (EEG) signal processing (Sanei
and Chambers,; 2013); persistence analysis of geophysical processes (Witt and Malamud,
2013); turbulence characterization of oceanographic surface drifters (Sykulski et al., 2016);
and modeling of X-ray emissions from neutron stars (Barret and Vaughan, 2012).

0< H < 1.

3.1.2 Statistical Challenges

While parametric spectral density estimation serves a wide range of scientific applications,
HTP data present two outstanding challenges as pointed out by Lysy et al. (2022). The
first relates to the theoretical foundation of statistical inference for the HTP data.

(i) The large size of HTP data can render likelihood-based estimation method pro-
hibitively expensive due to the intractability of time-domain maximum likelihood esti-
mation, i.e. the computationally-intensive extraction of C(t) from the PSD model (3.1).
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(ii) The existing asymptotic results in the field of time series are mostly based on fixed
time interval (i.e. with fixed sampling frequency). In recent literature, Fasen and
Fuchs (2013) studied the limiting behavior of the periodogram of high-frequency
sampled stable continuous-time autoregressive moving average (CARMA) processes.
However, the asymptotic properties of many important estimators as the sampling
frequency goes to infinity are still unknown.

The second challenge to PSD estimation is that HTP recordings are often contami-
nated by various sources of instrumental noise. While in many cases such noise can be
incorporated into the PSD model itself, the periodic noise inexorably emitted by electronic
circuitry cannot, and has been shown to severely affect PSD estimates (e.g., Lees, 1995;
Kast et al., 2003; Yang et al., 2009; Littenberg and Cornish, 2015).

To solve the second issue (which will not be covered in this thesis), Lysy et al. (2022)
proposed a two-stage noise elimination approach. The basic idea goes as follows:

(i) Adapt the variance-stabilized least-squares estimator of Moulines and Soulier (1999);
Fay et al. (2002) to the HTP regime, proving its consistency and asymptotic efficiency.

(ii) Eliminate electronic noise outliers via a novel statistical testing framework for hidden
periodicities, for which the Type-I error and false discovery rate can be controlled.
The two-stage procedure refits the least-squares estimator after the outliers have been
removed.

For details, please refer to Lysy et al. (2022) where extensive simulations and experimental
results are included for a popular spectral model for HTP data, a substantial reduction in
parameter mean squared error can be achieved. All the methods discussed and applied in
(Lysy et al., 2022) are implemented efficiently in the R package realPSD developed by Zhu
and Lysy (2021).

3.1.3 Our Contribution

In this Chapter, we establish the theoretical foundations of parametric statistical inference
for HTP data, then propose a robust and efficient parametric spectral density estimation
method based on the Whittle likelihood (Whittle, 1953a,b, 1957), which provides a good
approximation to the likelihood of a stationary Gaussian process and allows us to perform
parameter estimation directly in the frequency domain.
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Under mild regularity conditions, the Whittle estimator is consistent and asymptotically
efficient (Fox and Taqqu, 1986; Dahlhaus, 1989). However, for discrete-time data recorded
at sampling frequency f,, the Whittle estimator involves the discrete-time PSD

o0

> ermilicn/f) = Y S(f+nf), (3.2)

n=—oo n=—oo

1

Sr.(f) 7
which typically is not available in closed form. Even if it were, the large volume of HTP
data can render the Whittle estimator prohibitively expensive (Ngrrelykke and Flyvbjerg,
2010). Thus, practitioners routinely employ a much faster, nonlinear least-squares (NLS)
estimation method, at the cost of substantial reduction in statistical efficiency to ease the
computational burden. In order to avoid the efficiency loss incurred by using the NLS
method, another least-squares estimator based on the log-periodogram (LP) is proposed.

We will rigorously verify and discuss the asymptotic properties of all these estimators for
HTP data.

3.1.4 Outline

The remaining Chapter is organized as follows: In Section 3.2, we discuss some basic set-
tings of HTP data by introducing continuous processes and its sampled processes, revealing
the Poisson summation formula (3.2), a key relationship between the spectral densities of
the two processes. Besides, we also introduce the basic characterization of different pro-
cesses by using different types of memory, and discuss two different ways of describing the
high-frequency asymptotics and explain the rationale behind our choice of HTP settings
motivated by real experiments. Our main results will be shown in Section 3.3 and 3.4 where
we establish the consistency and asymptotic normality of the (bandlimited) Whittle esti-
mator and the log-periodogram estimator. In Section 3.5, we verify the theoretical results
based on a simulation study of a ubiquitous model in scientific research and a real-world
application of AFM calibration.

3.2 Sampling Continuous-Time Processes

In this chapter, we only discuss stationary processes which can always be represented as the
GLE according to our remarkable representation theorem revealed in Chapter 2. Inference
for nonstationary processes is beyond the scope of our current work. Gaussian processes are
often desirable enough in many applications and it can be fully characterized by its mean
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and autocovariance structure. In the following sections, all the processes under discussion
are implicitly assumed to be stationary and Gaussian.

3.2.1 Continuous Time

Consider the continuous-time stationary (zero-mean) Gaussian process { X (¢) : t € R} with
autocorrelation function C(t) = Cov(X(s), X(s+t)). The power spectral density (PSD) of
X(t) is defined as the unique nonnegative symmetric integrable function S(f) satisfying

C(t) = /Oo ™ S(f)df.

—00

Here, frequency f is measured in Hertz. When C(t) is integrable (e.g., when S(f) is
continuous), we have the Fourier inversion theorem

S(f) = / " ity C(t) dt.

o

3.2.2 Discrete Time

Suppose that X (t) is sampled at frequency f; = 1/At to produce the discrete-time pro-
cess {X, = X(nAt) : n € Z}. The discrete-time PSD Sy, (f) is defined as the unique
nonnegative symmetric integrable function on f € (—fs/2, f5/2] such that

1 [fs/2 '
C(nt) = C(n/ 1) = 1 / s (s

Here f is also measured in Hertz. When {C(nAt)} is absolutely summable, we have the
Fourier inversion formula

1

= f_ i e*%inf/fsc(n/fs)_

n=—oo

Sy.(f)

Moreover, under appropriate conditions we have the Poisson summation formula

Sp.(f)= > S(f+nf).

n=—oo
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3.2.3 Finite Samples

Now suppose we have a finite sample of observations X = (X, T X]y,l) and NV = 2K +1.
The discrete Fourier transform of X is defined as the vector X = (X _k,..., Xo,..., Xk)

such that
N—1

Xp=) e Ny, (3.3)
n=0
As with each observation X, we associate a time point ¢, = n - At, with each Fourier
observation X, we associate a frequency fi, = k/N - f,. Moreover, if FFT(-) denotes the
fast Fourier transform (FFT) algorithm function in R or MATLAB, then

FFT(X) = (X0, ..., X, X, ... X_1).

3.2.4 Different Types of Memory

Time series data observed in experiments or real applications are rarely .i.d., that is,
there are always some kind of (weak or strong) dependence between two observations
at different time points. There are many ways to generally characterize the dependence
involved in a stationary processes, e.g. a-mizing or m-dependence. But since we are
discussing stationary Gaussian processes, a more natural way of describing and measuring
dependence is by using second-order autocovariance structure (time-domain) or spectral
information (frequency-domain). Therefore, we have the following concepts:

Definition 3.2.1. A stationary process { X, } with autocovariance function (k) is said to
have

short memory (short-range dependence) if

Shik<oc  and S 4(k) > 0;

kez keZ

long memory (long-range dependence) if

> Iv(k)] = oo

k€EZ
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negative memory (antipersistence) if

SThikl <o and 3 4(k)=0.

kez keZ

Definition 3.2.2. Suppose the spectral density of a stationary process {X,} exists, satis-
fying .
st(f>:|f|_2dg(f)7 fE [_fs/2afs/2]7 |d| <§

where the sampling frequency fs is fixred and g(f) is a continuous function bounded away
from zero. The process is said to have negative memory, short memory or long memory,
ifd € (—3,0), d=0 ord e (0,3), respectively.

Note that for a long-memory process, the spectral density, provided it exists, is un-
bounded at the origin.

These concepts are adapted from two great resources on this subject, Beran et al.
(2013) and Giraitis et al. (2012). We only introduce them in a minimal way necessary
for our discussions in the following sections. For further details, please check out the
aforementioned references.

3.2.5 High-Frequency Asymptotics

High throughput data are collected in a situation where we have a very large (and also
flexible) sampling frequency (i.e., extremely short observation time interval) with an in-
creasing amount of observations, as shown in Figure 3.1. The limiting behavior of various
statistics in this situation is generally called “high-frequency asymptotics”. This topic is
rarely seen in the current literature. Generally, there are two ways to approach this type
of asymptotics:

(1) Assume the sampling frequency f, is a function of the total number of observations
N,ie. N — oo and f; — oo happen simultaneously. Usually NAt = N/f, ~ N
with some rate o, as N — 0o. Fasen and Fuchs (2013) adopted this kind of approach.
The advantage is that it allows us to view the asymptotic process in a straightforward
way. However, it usually incurs more mathematical complexity.! Moreover, this type

'We may need to modify the standard triangular array argument to account for non-independent row
observations to get the asymptotic distribution. Besides, analysis on manifolds may be an indispensable
tool to get a rigorous result. Please see Fasen and Fuchs (2013).
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of asymptotics is not realistic at all in many physical experiments in which people
always need to set a sampling frequency first and then collect more and more data.
It is impossible to alter the sampling frequency after the experiment begins. This
kind of restriction in real experiments leads us to another procedure of asymptotics.

(2) Assume the sampling frequency f; is always chosen (can be arbitrarily large) before-
hand, and then we allow the observation number N to increase. Even though both
fs and N can increase to infinity, we always require taking N — oo under a given
fixed f;. This order indeed makes sense from a practitioner’s perspective because
in experiments we can only first determine the sampling frequency (no matter how
large it is) based on the error bound we would like to control and then collect more
and more observations.

Xn = X(nAt) = X(n/fs) ‘ "" L “ ‘ ‘

' r'“‘ """ f*l()
X(t A\
i iagiad vv‘u o

Figure 3.1: Illustration of HTP data recorded from observing a continuous stationary
process X (t), with an increasing sampling frequency f; = 1/At for extended periods of
time.

In mathematical language, the consistency of a statistical estimator éfs7N to the
true parameter @y can be described as: for any € > 0, there exists a large sampling
frequency fy such that for f; > fo,

lim ’é — 0y <€
N—oo fo.N 0
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More generally, given any random variable { Xy, y}, the limiting process is

lim lim X = lim ( lim X = lim Y
fs—00 N—oo N fs—>oo(N—>oo fS’N) fs—00 fs
where

Y, =X = lim X .

fs fs,00 Nl_Igo fs, N

This procedure is referred to as the high-frequency asymptotics later on.

3.3 Parametric Spectral Density Estimation

Ideally one would perform parameter estimation? with the log-likelihood £(8]| X)) directly
in the time domain. However, this approach is typically inviable in practice due to the
computational intractability of the autocorrelation of X. Instead, most spectral estimators
make use of the following result.

Proposition 1. Let N = 2K + 1 and define the finite Fourier transform as in ((3.3)). For

- 2
each Xy, let fr = kfs/N denote the corresponding frequency and let V), = )Xk‘ /(N fs).

Then under suitable conditions on the discrete-time PSD Sy, (f) defined in (3.2), as N — oo
we have -

Y, ~ st(fk) X EXpO(l), 0<k<K.

A precise meaning of the convergence in Proposition 1 as the number of variables
K — oo is given by e.g., Proposition 4.5.2 of Brockwell and Davis (2006), or more gen-
erally, by Theorem 2 of Moulines and Soulier (1999) which we have summarized in Ap-
pendix B.2.3. For ease of exposition, we shall employ Proposition 1 heuristically to mo-
tivate our estimators, providing rigorous derivations of their theoretical properties in the
Appendix.

2A underlying model or an estimation method is said to be parametric if its spectral density or autoco-
variance structure is known up to an unknown Euclidean parameter, e.g. CARFIMA model. If the spectral
density is known to depend on an Euclidean parameter and an unknown infinite-dimensional parameter,
it is called semiparametric, e.g. S(u) = |u|~%g(u) where |d| < 3 and g is some unspecified function. For
details please see Giraitis et al. (2012). The distinctions between parametric and semiparametric methods
are not the focus of our work here. We just mention these concepts for a better organization of our results.
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3.3.1 Whittle log-Likelihood Estimator

The Whittle likelihood (first introduced by Whittle (1953a)) is an approximation to the
exact Gaussian likelihood which is usually intractable for complex models. Usually it can
be defined in both a continuous form and a discrete form as used in Hannan (1973); Fox
and Taqqu (1986); Dahlhaus (1989). The continuous form Whittle likelihood £% (8| X) can
be written as

1

8(60) = B O1X) =~ [ (toesutri0)+ 50 ) o

A 2
where In(f) == 5% SN e"'f'”Xn‘ for f € [—m, 7.

For computational purposes, we also need its discretized form !ZV\‘,/(0|X ), i.e.

(9) = IV (0]X) = —— (1 Si.(f;:0 M) 3.4
N( ) N( | ) 2Nj€HN 0g fs(f] )+Sfé(fj70) ( )
where j € IIy = {—[N/2] +1,...,-1,0,1,...,|[N/2]}, fj = j/N - fs and In(f;) is

similarly defined.

Since the periodogram Iy = (In(f1),...,In(f;),---,In(fK)) can be computed in
O(N log N) time using the FFT, maximization of the Whittle log-likelihood (3.4) is con-
siderably easier than that of the original likelihood £(8]| X).

Motivated by Proposition 1, the discretized Whittle log-likelihood function (Whittle,
1953a,b, 1957) can be written as

K

(oY) =-3 [1og8f5<fk,e>

k=1

_{_L
st(fkva) ‘

For the same reason due to FFT, maximization of the Whittle log-likelihood (3.5) is con-
siderably easier than that of the likelihood ¢(0||X’) in the original time domain.

(3.5)

For fixed interval (i.e. fs fixed) stationary processes, the asymptotic behavior of the
Whittle MLE 6% = argmax, (¥ (6] X) has been widely studied in the literature. Consis-
tency and asymptotic efficiency of the Whittle MLE @y = arg max, £(6]|Y") have been es-
tablished by Fox and Taqqu (1986); Dahlhaus (1989). Since for HTP applications Sy, (f, 6)
is not available in closed form, a natural approximation is to truncate (3.2) at a finite
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number of terms

Si.(f,0)~ Y S(1.9), (3.6)

In|<M

with M = 100 being commonly recommended in practice (e.g. Comte, 1996; Tsai and
Chan, 2005). However, f; — oo requires that M — oo in order to maintain the same order
of accuracy (Comte, 1996). Moreover, each evaluation of the Whittle log-likelihood (3.5)
with the truncated approximation (3.6) requires K' M evaluations of S(f, @), which for HTP
datasets with K in the millions would bear a massive computational burden. In contrast,
we show in Lemma B.1.2 of Appendix B that under mild conditions we have

lim sup sup |S.(f,0)—S(f,0)|=0, (3.7)
fs=o0 6co |F1< fmax

for a compact set ® and predetermined frequency fu.x < fs. In other words, approxima-
tion (3.6) becomes arbitrarily accurate even with a single term M = 1 over a predetermined
bandwidth, leading to the following extension of the Whittle estimator to the HTP setting:

Theorem 3.3.1. Let 6y denote the true parameter value, and consider the bandlimited
Whittle likelthood

K

max Yk
Canx (0 1Y) == |log S(fi,0 ’
(01 Y) ;[Og U0 55 0)

where Kmax = | fmaxN/ fs|, and let Ow = argmax/{y, (0 |Y). Then for fixed fs and under
Assumptions 3.5.1 — 8.3.5, there exists Oy, and Ly, such that for N — oo we have

\/N(éw — Ofs) — N(O,If_sl),

and as fs — oo we have 0y, — 60y and Ly, — Ly, ., where

1 [ ,
Thon = T /_ - 2 10g.S(f,00)] [2 108 S(f.60)]' . (3.8)

The estimator Oy defined in Theorem 3.3.1 is bandlimited optimal, in the sense that

Kmax

~ _Yk
Oy = arg max {——logSs fx,0)]|,
v 0 ,; Sr.(fr, 0) 5 (k:6)
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the bandlimited Whittle estimator with the exact discrete-time PSD, has Fisher informa-
tion converging to Zy, as f; — oo. In contrast, the asymptotic variance of the full Whittle
estimator defined by (3.5) has Fisher information

1 fs /
-  [f1os51.(1.60)] [ 10g S1.(/.60)]'df.

If limy,,. o0 Ly = Zoo exists, then (3.7) implies that limy, o Z}¥ = T, as well, such that
the loss of efficiency due to bandlimiting can be made arbitrarily small. However, for the
CARFIMA model

Vil

S(f.H) = 5t

as fmax — 00 we have

2
I ax =
frn f max

fmax
/ (log £)? df = 2(10g fumax)? — 4108 fuax + 4 — 00.
0

Since I}’SV > Ty .. for sufficiently large f,, bandlimiting incurs an arbitrarily large penalty
in asymptotic efficiency relative to the full Whittle estimator, for fixed fu.x as fs — oc.

Remark 3.3.1. If the tail of the spectral density S(f,0) depends on 0, e.g. S(f,0) =
O(1/|fI**O) for |f| — oo, we should get new information as we increase the frequency
bandwidth 2 fnax. Then the asymptotic variance of our bandlimited estimator Ow cannot be
arbitrarily close to that of the full Whittle estimator given by Dahlhaus (1989), since the
amount of information accumulated can never converge. This reveals the motivation for
the assumption in Lemma B.1.2, i.e., S(f,0) ~ O(1/|f|*T%) as | f| — oo by which we can
show Ly, . converges to the Fisher information matrixz of the full Whittle estimator given
by Dahlhaus (1989), as fmax — o0 and thus is optimal. See Appendiz B.1.1 for further
details.

3.3.2 Central Limit Theorem for the Whittle MLE

We now provide a general central limit theorem for estimating equations of Whittle type.
This theorem may be of independent interest for the study of PSD estimation under model
misspecification.

Theorem 3.3.2. For fized fs, let Sy, (f) denote the discrete-time PSD of {X,, : n € Z},
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and consider the integrated periodogram

N—

Z —2minf/fs x

=0

Nfs

Let g(f,0) : R® © — R where © is a compact p-dimensional parameter space, and let

- ‘ B 1 fs/2 ]N(f>
Oy = arg;ergméN(H), In(0) = o /_fs/2 log g(f,0) + (/.0 df

j
B . 1 R Sy, (f)
60 = argmin o(6).  (o(6) = 5~ / | Jomgl.0)+ s

Now suppose there exists a compact ball @y C © containing 6y such that g(f,0) satisfies
the following assumptions:

Assumption 3.3.1. 0, lies in the interior of ©. If @ #+ 0" € O, the set {f : g(f,0) #
g(f,0"} has positive Lebesque measure.

Assumption 3.3.2. ﬁ f—ff/iz log g(f,0)df is twice differentiable in @ under the integral
Sign.

Assumption 3.3.3. The functions g(f,0) > 0, g'(f,0) = 1/9(f.6), g (f.6), and

%;e,g_l(f,@) are continuous at all (f,0) € {R\ 0} ® Oy.

Assumption 3.3.4. There exists —1 < «, 8 < 1 such that a + < %, g(f,00) < C|f|™,
|269(f,60)| < CIfI7*"" and | 55971 (f,600)| < C|f|77, as f — 0.

Assumption 3.3.5. If o <0, then there exists s(f) € L1(R) such that \%;e,g_l(f, 0) <
s(f) as f = 0. If « >0, then 86,ae,gfl(f, 0) is continuous in (f,0) € R ® O.

Then as N — o0, On — 0y almost surely, and
VN(@x —8,) 5 N (0, A" BA™Y),

where

fs/2 f ,
A= 5200(60), B:21f / [59(f,60)7"] [59(f,60)7"] (Sr.(f)*df.
s J—fs/2
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Remark 3.3.2. The assumptions given above are adapted from Section 2 of Fox and Taqqu
(1986) and Section 8.3 of Giraitis et al. (2012) which are compatible with short-memory,
long-memory (persistent) and negative memory (anti-persistent) processes.

Remark 3.3.3. As pointed out by Dahlhaus (1989), Ox may equivalently be defined in
terms of the discretized Whittle-type likelihood

K

0(8) =" —logg(f:.0)

k=1

_ In(f)
9(fx, 0)

without affecting the result. We proceed with the integrated likelihood In(f) in order to
simplify the proof.

All the proofs are given in Appendix B.2.

3.4 Semiparametric Methods

Despite its advantages relative to time-domain methods, calculating the Whittle estimator
Oy in the HTP setting still often remains a computational challenge, even when S . (f,0)
is analytically tractable. Each evaluation of ¢(6@ | Y') can require millions of evaluations of
Sy, (f,0). This is compounded with the fact that numerical optimization of ¢(6 | Y') can
be unstable, with many iterative algorithms requiring a large number of steps to achieve
convergence.

3.4.1 Nonlinear Least-Squares Estimator

To reduce the computational burden, a common technique to overcome these issues is
to compress the periodogram frequencies into consecutive and non-overlapping bins (e.g.,
Daniell (1946), (Brockwell and Davis, 2006, Section 10.4), (Fay et al., 2002, Section 2)).
That is, assume that K = B - Ng is a multiple of the bin size B, and consider the average
periodogram value in bin m,

|
Ym:EZYk, I, ={k:(m—1)B <k <mB}.

keln,
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It then follows from Proposition 1 that if Sy, (fi) is relatively constant within bins, the
distribution of Y = (Yj,..., Yy, ) can be well-approximated by

Y,, % 8, (f,) x Gamma(B, B), (3.9)
where fn, = (1/B) >,  fr, and Gamma(B, B) is a Gamma distribution with mean 1 and
variance 1/B. This leads to a popular nonlinear least-squares (NLS) estimator

Np

Onis = arg;nin Z (Yoo — Sy, (fims 9))2, (3.10)
m=1
which produces a consistent estimator of @ (Ngrrelykke and Flyvbjerg, 2010).

3.4.2 Log-Periodogram (LP) Estimator

Not only does the sum-of-squares criterion (3.10) reduce the number of calls to Sy, (f,0)
by a factor of B, it can also be minimized using specialized algorithms such as Levenberg—
Marquardt (Levenberg, 1944; Marquardt, 1963), thus rendering the calculation of Onis
considerably faster than that of Oy. The drawback of the NLS estimator is that it of-
ten incurs a significant loss in statistical precision, since (3.10) does not account for the
parameter-dependent variance term var(Y;,) = Sy.(fin, 0)/B. However, taking the loga-
rithm of the compressed periodogram converts model (3.9) to that of constant-variance

additive errors, such that
Zm =logV,, =1og St.(fm) + €m, (3.11)

with exp(én,) S Gamma(B, B). Noting that Ele,,] = Cp = ¢(B) — log B, where 9(-)
is the digamma function, the least-squares estimator corresponding to (3.11) is the log-
periodogram (LP) estimator

Np
Orp = argminz (Zm —Cg — logSfS(fm,O))Q.
6 m=1

The LP estimator was pioneered by Moulines and Soulier (1999) for the purpose of long-
range dependence modeling, i.e., for estimating H in a PSD model of the form Sy, (f) ~
|fI*72 as | f| — 0. In this context and with bin size B = 1, the LP estimator is akin to that
of Geweke and Porter-Hudak (1983) (GPH). However, as B increases, the LP estimator
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dominates that of GPH both in terms of convergence rate (Hurvich et al., 1998; Moulines
and Soulier, 1999) and asymptotic efficiency (Robinson, 1995).

The LP estimator was originally developed to model long-range dependence in a semi-
parametric fashion, and has since been extensively used in this context (e.g., Andrews and
Guggenberger, 2003; Sun and Phillips, 2003; Moulines and Soulier, 2003; Andrews and
Sun, 2004; Dalla et al., 2006). In the fully-parametric setting, asymptotic properties of
the LP estimator have been derived by Fay et al. (2002), and compared favorably therein
to the family of efficient estimators proposed by Taniguchi (1987). However, the theory
of Fay et al. (2002) applies only to PSD models with short-range dependence. The follow-
ing Theorem both circumvents this limitation and extends the LP estimator to the HTP
setting.

Theorem 3.4.1. Let 6y denote the true parameter value, and for arbitrary frequencies

fmin < fmax, consider the bandlimited LP estimator objective function

Nmax
Orp = i Zy — Cp —10gS(Fn, 0))°,
LP argemm Z ( B —log S(f ))

m:Nmin+1

where Nypax = | fmax N/ fs] and Ny = | fainN°/ fs| for any % < 0 < 1. Then for fixed f,,
suppose both Sy (f,0) and S(f,0) satisfy Assumptions 3.8.1 — 3.3.5, as well as B.2.1 —
3.4.2, there exists O, and Ly, such that for N — oo we have

\/N(éLp — st) — N(O, Dp X I;Sl),

where D = BY'(B). Moreover, as f — oo we have 8, — 6y and Ly, — Iy, ., the
bandlimited optimal Fisher information defined by (3.8).

As noted by Fay et al. (2002), the loss of asymptotic efficiency due to binning is typically
negligible, since Dp converges very quickly to 1. For example, Dy ~ 1.05 and for B = 100,
Dy = 1.005. Also note that Z;, here is different from the one in Theorem 3.3.1 for Whittle
MLE, which will be clear in the proof.

The proof of Theorem 3.4.1 is provided in Appendix B.2.5 which relies upon the theo-
retical setup introduced in the following section.

3.4.3 Central Limit Theorem for the LP Estimator

Based on the results of Moulines and Soulier (1999) (summarized in Appendix B.2.3), with
two classical assumptions (adapted from Jennrich (1969)), an analog of Theorem 3.3.2 for
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log-periodogram regression is provided below. Once again this may be of independent
interest for parametric PSD estimation under a misspecified model.

Assumption 3.4.1. Suppose the true data-generating process is the discrete-time process
characterized by Sy, (f) and g(f,0) is some proposed spectral density function, let

fs
D(6) = / (log g(f.6) — log S5, (/)2 d.

Then we assume D(0) is a continuous function in @ € O, and D(0) has a unique minimum
at

0y = argmin D(0) (3.12)
6ce

where Qg s in the interior of O.

Assumption 3.4.2. Suppose %g(f, 0) and %;o,g(f, 0) exist and are bounded for all
near 6y and

fs
7(60) = % / 2 1og (. 80)][.2 log g/, 8u)]'df (3.13)

is positive definite.

Besides, we also need the following technical assumptions to complete our later proof.

Assumption 3.4.3. The function g~'(f,0) is continuous at all (f,0) € {R\ 0} ® Oy and
g (f,60) < C|f|*, where ©y, C' and « are the same as in Assumptions 3.3.3 and 3.3..

Based on the above assumptions, we obtain the following result.

Theorem 3.4.2. For fized fs, let Sy, (f) denote the discrete-time PSD of {X,, : n € Z},
such that Sy, (f) satisfies Assumption B.2.1. Let g(f,0) : R®©® — RT satisfy Assumptions
3.4.1 — 8.4.8 as well as Assumptions 3.3.1 — 3.3.5 in Theorem 3.3.2. Now consider the
least-squares estimator Oy = arg ming Qn(0), where

Np

> (Zn—Cp —10g g(fm: 0))°,  Ny=[N/2B].

m=1

1

Qn(0) = Ny

Then Oy — 0y where 0y is defined by (3.12), and
VI (85 —60) SN (0, (2Z(80) — A(6)) - 4B/ (B)Z(6)) - (2 Z(6) — A(60)) ).
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where Z(6y) is defined in (3.13) and

fs
A(6) = fi/o (log Sy, (f) — log g(f; 00)) 5engr log g( £, 00)d .

The proof is given in Appendix B.2.4.

3.5 Numerical Study

In order to visually reveal the statistical properties proposed in Theorem 3.3.1 and Theorem
3.4.1, we introduce the following simulation study that is based on a ubiquitous model for
HTP data known as the Simple Harmonic Oscillator (SHO).

3.5.1 Simple Harmonic Oscillator

The SHO model is a stochastic extension of the deterministic mass-spring system, describ-
ing a type of periodic motion where movement from rest state entails a restoring force
directly proportional to the displacement. Physics of oscillators have been employed to
model ocean surface drifter trajectories (Sykulski et al., 2016) and AFM cantilever calibra-
tion (Chon et al., 2000). That is, the time-dependent position X; of a particle of interest
satisfies the differential equation

th = _kXt — §Xt + Ft7 (314)

where X, and X, are the particle’s velocity and acceleration, m is its mass, k is the spring-
like restoring force, ¢ is the friction coefficient, and F; is the thermal force driving the
particle’s motion. It is modeled as a mean-zero white noise process with cov(Fy, Fy, ) =
2kpTso(t), where 4(+) is the Dirac delta function, T is absolute temperature in Kelvin and
kg is Boltzmann’s constant.

In fact, equation (3.14) can be regarded as a degenerate GLE influenced by a harmonic
potential U(z;) = —ika? with the memory kernel being §(¢), then the noise term is white
or Markovian. A detailed construction of such a simple harmonic oscillator heat bath is
given in Zwanzig (2001, Section 1.6).
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Applying Fourier transform simply gives us the spectral density of X,

kT /(k - 7 foQ)
[(F/fo)2 =107+ [£/(foQ)]”

where fy = /k/m /(2n) is SHO resonance frequency and Q = Vkm /< is its “quality
factor”, which measures the width of the spectral peak around f,. The SHO is used
pervasively in the natural sciences, e.g., describing the random oscillations of a particle
trapped in an optical tweezer (Norrelykke and Flyvbjerg, 2010), chemical bond lengths
and angles (Tsekov, 2016), X-ray emissions from neutron stars (Barret and Vaughan, 2012),
and oceanographic surface drifters (Sykulski et al., 2016).

S(f) = (3.15)

3.5.2 Simulation Setup

In our simulation study, the true underlying data were generated using a standard FFT-
based algorithm (e.g., Labuda et al., 2012). The parameters used in all simulations are
displayed in Table 3.1. Each dataset consists of a 5s time series sampled at 10 MHz
(N =5 x 107 data points) from the SHO model (3.15).

When we fix all parameters except @ € {1, 10,100, 500}, the corresponding SHO spectra
displayed in Figure 3.2 represent a broad range of stochastic oscillatory phenomena.

For the estimation comparison, we added pure white noise to the original data such
that the noisy observations follow the following PSD.

kT /(k - foQ)
[(F/fo)2 = 1) + [f/(foQ)])

for which A,, represents the additional noise component in the frequency domain, and the
parameters to be estimated are 8 = (k, fy, @, Ay,).

S(1.6) = Ay +

For each simulation setting M = 1000 datasets were generated, and for each dataset
we calculated the three estimators BW, BNLS, and Op. Bandlimiting was applied by using
only the Ny, = 325000 periodogram frequencies between f.;, = 15kHz and fh.x =
80kHz, outside of which the remaining frequencies add little information about 6. In
practice, determining a suitable frequency bandwidth may require a combination of good
domain knowledge and a preliminary nonparametric estimation. For the NLS and LP
estimators, the bin size was set to B = 100. For all estimators, the optimization problem
was reduced from four to three parameters by a profile likelihood procedure (Lysy et al.,
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Table 3.1: SHO parameters in baseline environment.

SHO Parameter | Value
Temperature | T'= 298K
Noise Magnitude | A,, = 19000 fm? Hz !
Cantilever Stiffness | £ = 0.172Nm™!

Resonance Frequency | fo = 33.533 kHz
Quality Factor | @ € {1, 10,100,500}

1le+09

1le+08 =

1e+07

PSD (fm?/Hz)

1le+06

10 20 40 80 160
Frequency (kHz)

Figure 3.2: Baseline PSDs over a range of quality factors (Q). The dashed vertical lines
indicate the frequency bandwidth used for parameter estimation.

2022, Appendix A). The profile likelihood was maximized using the Levenberg-Marquardt
algorithm (Levenberg, 1944; Marquardt, 1963) for Orp and Oys, whereas for the Whittle
estimator the more general BFGS algorithm (Fletcher, 1987) was used. Both algorithms
require gradient information, for which we have provided an efficient C++ implementation
via automatic differentiation in the R/C++ package realPSD (Zhu and Lysy, 2021).
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3.5.3 Baseline Estimation Comparison

Figure 3.3 displays parameter-wise boxplots for each of the estimator standardized relative
to its true value. The numbers on top of each boxplot correspond to the mean squared error
(MSE) ratios between each estimator and the Whittle estimator Oy, hereafter referred
to as the MLE. That is, for each of the SHO parameters ¢ € (fy,k,Q) and estimator
j € {NLS,LP,MLE}, the corresponding MSE ratio in Figure 3.3 is calculated as

M (i
Zi:l(‘?? — ¢0)?

M, (i ’
Zz’:l(@ng) — ¢0)?

where ( is the true parameter value and gbgi) is its estimate by method j for dataset 7.

Ri(p) =

1.4+ 5.48
.NLS.LP.MLE‘ '
1.27 5.23 !
. : 0.99 1.00
<g 1.33 101 1.00 429 101 1.00 3 1.2 1.00
10- S SIS —— e —
! !
0.8 1 B
1.2 1 157
1.00 1.00
1.14 N
195 1.51 1.00 1.00
™ 102 1.00 212 b0 100 ;
X
R e et e %%%
E - = ==
0.94 | 1
i
183 101 1.00
1.014
= 275 1.01 1.00 3.20 1.01 1.00 311 1.03 1.00
«> 1.001 e ——— = ==
0.99
Q=1 Q=10 Q=100 Q=500

Figure 3.3: Comparison of NLS, LP, and MLE estimators in the baseline simulation envi-
ronment. Numbers indicate MSE ratios of the corresponding estimators relative to MLE.

For low quality factor ¢ = 1, the NLS method has roughly 1.5-2 times higher MSE
than the MLE. For higher values of ), the MSE of NLS increases to roughly 3-5 times
that of MLE. In contrast, the LP estimator achieves virtually the same MSE as the MLE,
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but at a 150 to 200 times smaller computational cost. This is due in large part to the bin
size B = 100 providing must faster log-likelihood evaluations, and also to the Levenberg—
Marquardt algorithm typically converging in fewer steps than BFGS.

3.5.4 Electronic Noise Contamination

In many real applications, observations are usually contaminated by some electronic noise.
In order to assess the performance of three estimators, we simulated periodic noise com-
ponent of the following form.

g(t) = D - sin(27(t + ¢)

The frequency ( of each sine wave was drawn from a Normal with mean and standard
deviation
sine = fo = 33.533 kHz, Osine = 20 Hz.

This scenario is particularly difficult for SHO parameter estimation due to the proximity
of ¢ to the SHO frequency fy, but it is not particularly uncommon. For details, please
refer to Lysy et al. (2022).

Figure 3.4 displays a simulated dataset with electronic noise contamination. The cutoff
line was based on the noise-removal procedure proposed by Lysy et al. (2022) which we do
not care about here.

Figure 3.5 displays boxplots of each parameter estimate relative to its true value with
the existence of electronic noise. To assess the impact of the noise contamination, these
estimates do not include the preliminary denoising step. The numbers in the plot corre-
spond to MSE ratios between the estimator with noise contamination, relative to its own
performance in the baseline dataset. The ratios formula is given below.

M /(2
Zizl(spg',zloise - 900)2

M /(7
Zi:l(gog‘,l))ase o 300)2

Rj(p) =

Y

where @;f%ase and @;fr)mise are parameter estimates with method j for dataset ¢ under baseline
and noise-contaminated settings, respectively. At low (), the MSE ratios are close to one,
suggesting that the estimators are relatively insensitive to the electronic noise. However,
for high @ the effect of the noise is considerably more detrimental, particularly for NLS. In

all cases, the performance of the LP estimator is affected the least, indicating it is naturally
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Figure 3.4: Simulated SHO periodogram with ¢ = 100 and added electronic noise, along
with the FWER periodogram cutoff corresponding to an FDR level of a = 1%.

more robust than NLS and MLE to periodic noise contamination, even before the denoising
technique is applied.

So far, we have gained some basic insights into the performance of three different es-
timators. Since we are not focused on the two-stage noise removal method, we will not
discuss the improvement of estimates after the noise removal. For the details of effective-
ness of our noise removal method and further simulation based on severe periodic noise
conditions, please refer to Lysy et al. (2022).

3.5.5 Application: Calibration of an AFM

Finally, we introduce a real-world application of fitting the SHO model — the calibra-
tion of an atomic force microscopy (AFM), a very-high-resolution type of scanning probe
microscopy, with demonstrated resolution on the order of fractions of a nanometer.

In a typical AFM experiment, the cantilever’s bending response is measured in oppo-
sition to its spring-like restoring force, which requires proper calibration of the cantilever
stiffness in order to convert measured displacement readings into force (Cleveland et al.,
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1993; Burnham et al., 2002; Clarke et al., 2006; Sader et al., 2011). This is accomplished
by fitting various parametric models to a baseline spectral density recording, i.e., to a
cantilever driven by thermal noise alone.

The problem of calibrating an AFM cantilever mainly focuses on fitting its periodogram
which is displayed in Figure 3.6. The data consist of a 5-second time series recorded
by a commercial cantilever (TR400-S Olympus) at a sampling frequency of f, = 5 MHz
(N = 2.5 x 107 observations). The objective is to determine the parameters of the best-
fitting model to the first cantilever eigenmode (Figure 3.6b), which is severely contaminated
by electronic noise near its peak (around 33.5kHz).

While the PSDs in the simulations of Section 3.5.2 are dominated at low frequencies
by white noise, that of the experimental data in Figure 3.6a exhibits power-law behavior,

S(f)y~1/f* as f—0.

This phenomenon is referred to as “1/f noise” and features prominently in AFM experi-
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Figure 3.6: (a) Periodogram for a TR400-S Olympus cantilever recorded for 5s at 5 MHz
(N = 2.5 x 107 observations). The data have been averaged by bins of size B = 100 to
enhance visibility. (b-c) Magnified view of first and second eigenmodes.

ments (e.g., Harkey and Kenny, 2000; Giessibl, 2003; Heerema et al., 2015). It is due in
this case to slow fluctuations of the measurement sensor. Depending on the value of «v, 1/ f
noise induces long-range dependence in the cantilever displacement (0 < o < 1), or even
lack of stationarity (o > 1). Failing to account for it can significantly bias SHO parameter

estimates. Fortunately, 1/f noise can be readily dealt with by adding a correction term to
the SHO model (3.15), which becomes

S ks fo, Q) A, Apya) = Ay + 0 ksT/(k - 7 foQ)

oL ) =1+ £ Q)]

(3.16)
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Model (3.16) is used to calibrate the SHO AFM parameters.

In addition to the first eigenmode near 33.5 kHz, the AFM data contain higher eigen-
modes arising from the flexural oscillations of the cantilever beam (Sader, 1998). The first
of these higher eigenmodes is displayed in Figure 3.6c.

It is essentially important to calibrate the higher eigenmodes for many bimodal and
multifrequency AFM imaging techniques (e.g., Martinez et al., 2008; Garcia and Proksch,
2013; Herruzo et al., 2014; Labuda et al., 2016b). We could do this by fitting separate
SHO models to each successive eigenmode. However, as the peak amplitude of these higher
modes approaches the noise floor, the accuracy of separate SHO estimators rapidly dete-
riorates. An alternative avenue is to combine SHO models on the basis of hydrodynamic
principles (van Eysden and Sader, 2006; Clark et al., 2010) and other scaling laws (Labuda
et al., 2016a) which we do not pursue here.

Figure 3.7 displays the periodogram of the AFM data over the frequency range used
for parameter estimation (Npanga = 200000 periodogram frequencies). The data were fit
with the two-stage estimator for the MLE method and for the NLS and LP methods with
bin size B = 100, for two special cases of the SHO + noise model (3.16). The first fixes
A =0, i.e., SHO + pure white noise, and the second fixes Ay, = 0, i.e., SHO + pure 1/f
noise. We refer to these models as SHOW and SHOF, respectively. Indeed, fitting the
full model (3.16) to the data in Figure 3.7 resulted in very large standard errors for A,
Ag, and «, suggesting a lack of parameter identifiability. For more detailed analysis of the
effects caused by both white noise and 1/f noise, please refer to Lysy et al. (2022).

Figure 3.7 displays SHOW and SHOF models fit with the various methods (missing
is the SHOW MLE estimator which failed to converge). The SHOW model fits the data
considerably worse than SHOF. Out of the SHOF estimators, the fit of NLS is somewhat
worse than that of LP and MLE, which are virtually indistinguishable from one another.
This is because the NLS estimator penalizes the distance between empirical and fitted
PSD on the regular scale, whereas Figure 3.7 plots these on the log scale. Therefore, visual
differences at the tails of the plot are downweighted by NLS relative to differences near the
peak (around 33.5kHz). In contrast, the LP estimator penalizes differences on the log scale,
thus weighting them uniformly on the visual scale of Figure 3.7. For further discussion
about the estimation and noise contamination effects on the standard error estimation,
please refer to Lysy et al. (2022, Section 5.1).

The estimation results above were obtained with a bin size of B = 100, for which the
NLS and LP estimators are two orders of magnitude faster than the MLE. To investigate the
impact of bin size, Figure 3.8a plots parameter estimates for the NLS and LP methods for
values of B = 10 to 1000. The behavior of NLS is considerably more erratic, presumably
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Figure 3.7: Periodogram (averaged by bins of size B = 100) and the fitted SHOW and
SHOF models using NLS, LP and MLE estimators (not shown is SHOW - MLE which
failed to converge). The large spikes indicate frequencies at which there is electronic noise
contamination.

due to small changes in the bin end points having larger impact on S(f,,,0) than on its
logarithm. A similar pattern is seen for standard errors in Figure 3.8b. The NLS parameter
estimates and standard errors appear to be negatively correlated, resulting in fluctuation
of the coefficient of variation (CV) in Figure 3.8c by a factor of two. In contrast, the effect
of bin size on the LP standard error and CV is imperceptible.

3.6 Conclusion

We laid the theoretical foundations for the asymptotic properties of the Whittle MLE and
LP estimators for HTP data upon which Lysy et al. (2022)’s work relies. Our theoretical
results may help shed some time on this relatively new direction of time series analysis.

In addition, we introduced two numerical studies to evaluate the theoretical properties
under various situations, including (1) simulated SHO model with white noise measurement
error; (2) simulated SHO model with periodic electronic noise; (3) real world AFM data
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Figure 3.8: NLS, LP, and MLE estimators for bin size B = 10 to 1000. (a) Parameter
estimates. (b) Standard errors. (c) Coefficient of variation (CV).

fitted by SHO model with noise term. From the numerical results, we can see that the
Whittle MLE and the LP estimators are indeed bandlimited optimal as suggested by
Theorem 3.3.1 and Theorem 3.4.1, respectively. In particular, the LP estimator may be
more robust, and in most cases can achieve a level of statistical efficiency comparable to the
MLE at a small fraction of computational costs. This advantage is largely due to the data
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compression by binning of periodogram ordinates before the estimation. This is the key
ingredient of our successful two-stage noise removal method proposed in the work of Lysy
et al. (2022). A potential direction of new research may be to employ adaptive bin size in
the data compression, depending on the local shape of spectral density, or to propose some
other more effective data reduction techniques.

Moreover, the numerical studies provide great examples of performing parameter infer-
ence (in particular spectral estimation) given the massive amount of (possibly noisy) data
generated from an underlying GLE model. However, the SHO model is just a degenerate
GLE with the memory kernel being a Dirac delta function. For a general GLE with non-
trivial memory kernel and nonlinear potential force term, the convolution term will make
statistical inference much more difficult, as we shall discuss in Chapter 4.
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Chapter 4

Quasi-Markovian Approximation of the
Generalized Langevin Equation

4.1 Introduction

Recall the GLE from Chapter 2:
t
X(t)=-U'(X(t)) — / K(t—s)X(s)ds + F(t), (4.1)
0

where we have assumed for simplicity that the particle mass m = 1, and where the force
ACF Cp(t) = 871K (t), with 8 = 1/(kgT) being a constant assumed to be known (7 is the
temperature preset in an experiment). In this Chapter, we are interested in parametrizing
the potential energy Uy(x) and memory kernel K, (t) by unknown parameters 8 = (¢, n)
and estimate these using discrete observations of the GLE X = (X,...,Xy), where
X, = X(nAt) forn=1,...,N.

4.1.1 Statistical Challenges

However, there are two main challenges.

First, analytically the easy solutions to GLEs have largely been restricted to the linear

case where the potential is harmonic, i.e. U(z) = %/@xQ. However, linear GLEs can only

be useful for systems near equilibrium. In a nonlinear system (“nonlinear” here means the
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potential energy contains higher powers than quadratic), the application of linear GLE is
limited. For example, it cannot be used to treat nonlinear transport processes (Zwanzig,
2001, Chapter 9). Due to the complex nature of nonlinear problems, solving nonlinear
GLEs analytically is difficult, let alone obtaining its analytic likelihood function, which
impedes the likelihood-based inference.

Second, the convolution term fot K (t—5)X(s)ds reveals that the trajectory X (t) is non-
Markovian since at time t it depends on the entire past trajectory. Therefore, numerically,
we still lack a proper and general way to approximate the exact GLE. By “proper”, we
mean if we have a theoretical autocovariance structure or spectral density, we would like
to fully recover the covariance information either in the time domain or in the spectral
domain (via the Fourier transform) by using the discretized GLE. By “general”, we mean
the discretization method should be suitable for a general class of or hopefully any nonlinear
GLEs. If this could be done, it would provide a framework for fast parameter fitting of
GLE and thus propel the development of many single-particle experiments.

A promising approach to GLE inference is that certain GLE models can be recast as
stochastic differential equations (SDEs). We say that a d-dimensional stochastic process
X (t) = (Xq(t),...,Xq4(t)) is an SDE when it satisfies the differential equation (Oksendal,
2013)

dX (t) = A(X(t))dt + =(X (t))/2dB(1), (4.2)

with some stochastic noise driven by Brownian motion B(t) where A(X) is a d-dimensional
drift function and X(X) is a d x d positive-definite diffusion matrix. As for modeling GLEs
using discrete observations, if the memory kernel K(¢) is a sum of exponential functions
(Fricks et al., 2009; McKinley et al., 2009), then we can characterize the GLE by adding
a finite number of auxiliary variables latent variables. That is, we have the following
quasi-Markovian approzimation of the GLE (qmGLE).

Theorem 4.1.1 (Pavliotis, 2014, Proposition 8.1). Consider the GLE (4.1) for which the
memory kernel K(t) may be written as

K(t) = (e7 X, X),

where X € R? and A € R™? 45 a positive definite matriz. Then the law of the GLE process
X(t) in (4.1) is identical to that arising from the system of SDEs

dX(t) = V(t)dt
dV (1) = —Ug(X (t))dt + (X, z(t))dt
dz(t) = = (V(H)A + Az(t)) dt + ZdB(t),
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where z(t) € R, 2(0) ~ N(0,372I) (8 > 0) and the diffusion matriz ¥ € R4 satisfies
E3=572(A+ AT
where T denotes the conjugate transpose, and B(t) is d-dimensional Brownian motion.

The above quasi-Markovian scheme (or a similar one) was first proposed by theoretical
physicists and mathematicians, for example Eckmann et al. (1999); Kupferman (2004), and
later was carefully studied from a mathematician’s perspective by Ottobre and Pavliotis
(2010). However, the main focus was on the solution or infinitesimal generator, the ergodic
properties and some other analytic properties instead of the parameter inference.

In contrast to GLEs, there is an enormous amount of studies on likelihood-based param-
eter inference for the SDE with (full or partial observations). One direction is to consider
estimators alternative to the MLE, for example indirect inference (Gourieroux et al., 1993),
efficient methods of moments (Gallant and Long, 1997), estimating functions (Bibby et al.,
2004), and higher-order Taylor approximations to the intractable likelihood function (Ait-
Sahalia, 2002, 2008). However, arguably the most widely-used approach is Bayesian data
augmentation via an Euler-Maruyama numerical discretization scheme (or simply Euler
scheme, as explained later in Section 4.2), for which sampling from the joint posterior
distribution of parameters and latent variables is achieved by using a variety of Markov
chain Monte Carlo (MCMC) methods (e.g., Elerian et al., 2001; Eraker, 2001; Roberts and
Stramer, 2001; Golightly and Wilkinson, 2008; Kou et al., 2012; Whitaker et al., 2017).

In the context of the data augmentation approach, the complete data is generated
from a so-called state-space model (defined in Section 4.2.1), for which sampling from the
latent variables can be done efficiently using a particle filter (Andrieu et al., 2010). The
simplest particle filter is the so-called bootstrap filter (Gordon et al., 1993) which proposes
latent variables from their forward distribution. As the bootstrap particle filter works very
poorly for SDE problems, a bridge proposal developed by Durham and Gallant (2002)
specifically for SDEs has been successfully used instead (e.g., Chib et al., 2004; Golightly
and Wilkinson, 2008; Whitaker et al., 2017; Picchini and Forman, 2019; Botha et al., 2021).
However, the qmGLE is a hypoelliptic diffusion (Ottobre and Pavliotis, 2010), for which
using the Euler discretization for parameter inference must be done with care (Pokern
et al., 2009; Ditlevsen and Samson, 2019). In particular, it precludes a direct application
of the SDE bridge proposal, as we shall show in Section 4.3.2.
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4.1.2 Owur Contribution

In this Chapter, we propose to use a non-degenerate discretization scheme for the qmGLE
via the Ito-Taylor (IT) expansion presented in Pokern et al. (2009). These authors show
that the I'T scheme produces biased estimates of SDE drift parameters when used in a
Gibbs sampler which alternately updates parameters and latent variables conditioned on
each other and the observed data. However, we argue in Section 4.3.4 that this problem
does not affect MCMC (or other inference methods) based on particle filters which in-
tegrates the latent variables out of the problem, rather than sampling from them along
with the parameters. A different discretization scheme for hypoelliptic diffusions is given
by Ditlevsen and Samson (2019), which ostensibly does not break down in the Gibbs sam-
pling scheme described above. However, our I'T scheme is much simpler, and indeed the
main contribution of this chapter is to extend the SDE bridge proposal of Durham and
Gallant (2002), originally developed for the Euler scheme, to the IT scheme as well. We
believe this will lead to an efficient particle filtering method for the gmGLE and for hypoel-
liptic diffusions in general. That being said, the work in this Chapter is merely conceptual,
as implementation of the proposed particle filter is the subject of future work.

4.1.3 Outline

The remainder of this chapter is organized as follows. In Section 4.2 we introduce our model
settings and present the particle filter algorithm along with the bridge proposal tailored
to SDEs. In Section 4.3 we demonstrate why this approach breaks down for the qmGLE.
Then, we introduce the modified discretization scheme and build the corresponding bridge
proposal for general particle filters. Concluding remarks are offered in Section 4.4.

4.2 SDE Inference with Particle Filters

Before we discuss the parameter inference for the qmGLE, let us introduce some basic
knowledge of particle filters and SDEs.

Consider the SDE (4.2) in the context of parameter inference,
dX (1) = Ag(X (1))dt + Zp(X (1))/2dB(t) ,

where Ag and Xy now depend on some unknown parameters 8 to be estimated from the
data. In many scientific experiments, X (¢) is measured with error at times ¢,, = nAt such
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that the observed data is Yo.nv = (Yo, ..., Yy) with

Y, & (Y, | X.,0),

where X,, = X (¢,). Assume that the initial value of the SDE at time ¢ty = 0 has the prior
distribution Xy ~ (X | €). Then the likelihood function is given by

£(9 | YE);N) = /p(YE):N,Xo:N\O) dXo.nv
N N (4.3)
- / [W<XO | 0) : Hg(Y;z | Xme) ' Hp(Xn | Xn—he) d‘X—O:N‘

n=0

However, this expression requires the SDE transition density p(X,, | X,_1,8), which is
rarely available in closed form. Instead, the likelihood function is often approximated by the
so-called Euler—-Maruyama discretization method (Maruyama, 1955; Pedersen, 1995a,b).
Namely, for m > 1, let X™ denote the value of the SDE at time nAt/m, such that
xm = x, = X (t,). As m — oo, At/m — 0, the normal approximation

X o N(X™ 4+ Ag (XD AL m, Se(X ™)AL /m) (4.4)
becomes increasingly accurate (Kloeden and Platen, 1999), at the expense of greater com-

putational effort. Thus, the Euler approximation of resolution m (Kou et al., 2012) to the
likelihood function is

N Nm
Lm(0 | Yo) = / [ﬂxé’“)|e>-Hg<Yn|X,s;?7e>-Hso<X£Lm> X, 6) | axim)
n=0 n=1

where ¢(X™ | X™),8) is the PDF of the normal distribution in (4.4), and we have

n—1»

Ln(0 | Yon) = L(0 | Yo.n) as m — oo (Pedersen, 1995b, Theorem 4).

4.2.1 State-Space Model

The above SDEs can be treated under a general model framework known as state-space
models (e.g., Murphy, 2012, Chapter 18). A general state-space model with static param-
eters O € © C RY consists of a hidden state process {S,},>0 and an observation process
{Y,.}n>0, which can be illustrated by Figure 4.1.
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ey

Figure 4.1: Hlustration of the state-space model.

The hidden state process is characterized by its initial state density Sy ~ me(-) and
state transition density is assumed to be Markovian

p(Sn+1 ‘ SO:n79> = f@(SnJrl ‘ Sn): n > 0

where Sy, = So, ..., S,. The state process {S,,},>0 is observed, not directly, but through
another process {Y,,},>0. The observation Y,, is assumed to be conditionally independent
given S,, and its marginal probability density is given by

p(KL | Y-l:n—lu SO:n70) :p<K7, | Sn70) - QG(Y;L | STL): n Z 1

When 6 is known and the current time is T = NAt, Bayesian inference relies on the
posterior density pg(So. | Yo.n) < pe(So.n, Yo.n) where the joint likelihood can be written
as

P(Son. Youx | 6) = 7(S0 | ) [ fo(S | Sons) [ 90(¥s | S0)

n=1 n=0

If @ is unknown, we ascribe a prior density 7(@) to it. Then the joint density is
p(ea SO:N7 K)N) X p(SO:N7 K):N | 0)71-(0)

Alternatively, under a hierarchical sampling framework, the SSM can be expressed as

So~7m(Sy | )
Sn ~ f@(Sn | Sn—l)
Yn ~ g@(sn)
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In our SDE problem, at time n, the observation is still Y,,, while the hidden state is

S, =x"

(n—1)m+1:nm
The prior on Sy = (S, ,,..., 8™, is given by

Sy ~ (8™ | ),
Sm) — ), —-m+1<n<0.

)

In other words, we use the SSM prior for Xém , and set the dummy variables x\™ =

form=-m+1,...,—1.

The task of Bayesian inference is to condition this joint distribution on some particular
data observations, Y.y to obtain the posterior distribution p(So.n, @ | Yo.n5), which can be
written as

p(SO:Na 0 | YON) = p(e | 1fON) p(SON | 07K)N)

To obtain the first factor p(6 | Yy.n) is parameter estimation, while to get the second
factor p(So.n | 0, Yo.n) conditioning on some @ drawn from the first is state estimation
or filtering problem (Murray, 2013). For non-linear non-Gaussian SSMs, p(0, So.n, Yo.n)
does not have closed form expressions, rendering analytic inference difficult in practice.
Therefore, it is necessary for us to resort to approximations for which particle filters are
designed.

4.2.2 Particle Filters

The particle filter is used to construct an efficient Monte Carlo approximation of the in-
tractable likelihood function (4.3) by sampling Bayesian posterior distributions recursively,
which is a particularly effective method to deal with the SSM.

There are numerous variants of particle filters, a standard algorithm of particle filter
is given by Algorithm 4.1. For a complete description under the coherent framework of
sequential Monte Carlo (Liu, 2004; Robert and Casella, 2004), please refer to Doucet et al.
(2001, 2009); Johansen (2009).

Suppose we set J particles for our problem, then we initialize the particle filter by
sampling J random variables from our prior distribution 7(Sy | €) and assigning each an
equal weight 1/J. These random variables are referred to as particles. The particle filter
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algorithm runs sequentially as new observations are coming in through three main steps:
propagation, weighting and resampling.

(i)

(2)

(i)

Propagation: Suppose at the end of step n— 1 we have .J particles S} _,,..., 87 | (the
“bar” notation will be justified momentarily). Each particle is advanced to the next
observation time n according to a proposal distribution S7 ~ ¢(S,, | S _;,Y,,0).

Weighting: Each particle is weighted according to the likelihood of the new observa-
tion, i.e., the incremental weight for particle j is calculated as

i — 9(Ya | S1)fo(S] | S))
! q(S4 1Y, S _.0)

(4.5)

There are many ways to define the weight by using different proposal distributions,
as we shall see in Section 4.2.3 and Section 4.3.5.

Resampling: We sample the new particles S, ..., 87 with replacement with probabil-
ity proportional to w? to obtain the at the end of step n the set of particles S2, ... S7.
Simply discarding particles does not work. Instead, we usually follow some well-
designed resampling mechanisms, one of which is to draw the number of offsprings of
the current particle (known as the parent particle) from a multinomial distribution
such that parent particles with larger weights tend to produce more equally-weighted
new offsprings to move forward to the next observation time/generation whereas the
one with small weights tend to be eliminated. This strategy is designed to overcome
the well-known particle degeneracy problem that the particle weights {w%}}]:l tend
to be more and more skewed and concentrated such that eventually only one particle
has non-zero weight (Doucet et al., 2009).

In fact, in the current literature, there are two equivalent ways of describing the multi-
nomial resampling mechanism. One is to sample a number of offsprings for each parent par-
ticle from a multinomial distribution according to their particle weights. Let (OL, ..., OJ)
be the offspring vector at time n, it is drawn from a multinomial distribution, i.e.

(OL,...,0)) ~ Multinomial(.J;w., ..., o)

n
J J

J! ;
1 _ J _ _ —J\T;j _
PO, =,...,0;, _x‘])_—azl!...xﬂ | |(wﬁl) 7 jE:1xj—J.

Jj=1
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Algorithm 4.1 Particle filter.
1: At timen =0

2: for each particle jin 1:J do

3 Initialize particle S ~ qo(So | 0).

4 Initialize weight w) < (87 | 8)/q0(SY | 6).
5. end for
6
7
8
9

:forn=1,...,N do

Normalize weights @), = w? /> wk .
for each particle 7in 1:J do
10: Sample ancestral index A’ ~ Categorical {wﬁfl};ﬁ:l.
11: Propagate particle S7 ~ (S, | §4,)Y,,6).
12: Weight w), < go(Y, | $2)fo(S5 | S270)/a(S% | S0, Y. 6).
13: end for
14: end for

15: Return marginal likelihood: £(8 | Yo.v) « [T, <% Z;’:l w%)

Another way is to sample the ancestor index A’ of particle j at step n as shown in
Algorithm 4.1. Let (AL,..., A7) be the vector of ancestor indices, then it follows the
categorical distribution (with J categories) defined as follows

Al S Categorical(w;. _,,...,w.) ), j=1,...,J
P(A =k)y=a" |, ke{l,...,J}

For more different resampling strategies, please refer to Doucet et al. (2009) and also Hol
et al. (2006); Kuptametee and Aunsri (2022).

In the Bayesian context, Algorithm 4.1 can be used to estimate the posterior parameter
distribution p(@ | Yy.n) via the particle filter approximation

B0 | Yov) < L(8 | Yoy) - 7(6). (4.6)

The (approximate) posterior (4.6) can be sampled from using the family of particle marginal
Metropolis-Hastings (PMMH) algorithms proposed in Andrieu et al. (2010). With minor
modifications, Algorithm 4.1 can also be used to return a draw from p(So.n | 0, Yo.n),
which could in turn be used in a Gibbs sampler which alternates between draws from
p(So.n | 0, Yo.n) and p(@ | So.n, Yo.n). However, for hypoelliptic diffusions this so-called
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particle Gibbs sampler (Andrieu et al., 2010) must be implemented with extreme care to
approximate the posterior distribution correctly (Pokern et al., 2009). We shall return to
this point in Section 4.3.4.

4.2.3 SDE Bridge Proposal

We now return to the SDE inference problem described at the beginning of section 4.2,
and assume henceforth that we have a normal measurement model

ind
Y, ~

(AS,, Q) (4.7)
In this setting, inference for noise-free SDEs can be achieved by setting €2 = 0 or for
numerical stability Q = ¢2Z for some small constant o, > 0.

The particle filter described by Algorithm 4.1 requires us to specify a proposal distri-
bution in (4.5). If we set go(S? | Y, Sf&l) = fo(S7 | Sﬁél) which is the forward transition
density of the hidden states, then w’ = go(Y,, | S?), which gives us the bootstrap particle
filter.

The bootstrap filter is widely used for many applications and easy to implement, but it
works poorly when there is little noise in the measurement model Y,, ~ go(Y;, | S,) since
the incremental weights would then be calculated according to a deterministic model. For
this reason, a proposal tailored to SDEs has been developed by Durham and Gallant (2002);
Chib et al. (2004); Golightly and Wilkinson (2008).

Yg Yl

@ h

Figure 4.2: Illustration of the bridge proposal with resolution m = 3.

The idea of the bridge proposal goes as follows. When we are at time ¢, = (n — 1)At

(m)

for n > 1 and want to move forward, we need a proposal distribution to sample X (n—1)m-+1
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which is one of the intermediate particles unobserved. Given the information obtained
up to time ¢,_; = (n — 1)At and the fact that when ¢ = nAt, we must have X (t) =

X and Y(t) = Y,, we would like to find the conditional distribution of X ((1T_)1)m "
(m)

0:(n—1)m (@nd the prior initialized X (_%) s X Erf)) with the required ending point
(n,xﬁ”,;?) at time nAt, which is the idea behind our bridge proposal. Then we can
(m)

given X,

recursively sample X for 0 < k < m. In this way, Y, is the observation that

(n—1)m+k
corresponds to state variables S, = X ((:_)1)7,1 S mm under the framework of SSMs. Figure
4.2 illustrates this idea with m = 3 as an example. As long as our SDEs are driven

by Brownian motions, the random noise within the small time interval At/m follows a
normal distribution. Therefore, the diffusion bridge is analytically tractable. For normal
distributions, we have the following result (proved in Appendix C.2).

Lemma 4.2.1. Suppose that we have

X | W~ NW + pxw, Exw)
Y | X, W ~ N(AX, Q).

then
X | ~N| (pw+pxw|.| 2w SwH+Zxw Ew+Exw)A’| ], (4.8)

where py = Alpw + pxw| and Xy = A(Sw + Zxw)A’ + Q, such that

WY ~N (pw +ZwASH (Y — py), Sy — SwA'SASy ) . (4.9)

The bridge proposal for the state variable S; then proceeds recursively as follows:

(i) Without loss of generality, assume we are at time ¢, = At, i.e. n = 1, and that

(m)

for fixed 0 < k < m the proposal values until X (nelymik = X ,E,m) are given. Now

suppose we wish to specify the proposal distribution for X ,gﬂ given our observation

Y(t,) =Y.

(ii) Approximate X (¢) as a Brownian motion with constant drift for ¢ € (£A¢, At):
AX (1) = Apdt + 2 dB(t),
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where Ay = Ag(X\™) and 2 = Zp(X,™). This means that for any LAt < s <
s+ u < At we have

X(s+u)| X(s) ~N(X(s)+uly,uXy),

To obtain the proposal for X,Eﬂ:i, we apply the formula to (W, X,Y) = (X,Sﬂ, xm Y1),
for which we have

- At A
Xngri ~N (Xé )+ EA]{H E2k>
m m At At
X | X1~ N (ngﬁ +H(m—k—=1)— Ay, (m—k- 1)E2k)

Y| X0 X[~ N (AXDD, Q)
such that in the formula (4.9) we have

m At At
pw = X" 4 A= Sy o= — %,
m m

A At
py = AX™ = k=D)AL, Sy = m—k—1)2ATA 1 Q.
m m

4.3 Parameter Estimation of the Quasi-Markovian GLE

Now we are ready to focus on the parameter inference for the qmGLE.

4.3.1 Reparameterization

Clearly there is an identifiability issue if we try to estimate the parameter A, A (and
implicitly ) given by Theorem 4.1.1. The identifiability issue motivates us to assume
that A is symmetric such that we can diagonalize A = PDPT where P € R¥? is an
orthogonal matrix, i.e. PPT = PP =TI and D € R¥* is a diagonal matrix with diagonal
components p = {p1,...,pa}. We notice that

d
K(t) = (A AA) = (Pe PPIAX) =) Nle o
=1
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where we used the orthogonality of P. Since 3T = 257 1A, and the eigenvalues p;,
i =1,...,d are all positive (since A is assumed to be positive definite), we can further
require X = \/ﬂ/ﬁ = 2/ ,BPD%PT. With these restrictions, we can eliminate the
identifiability issue, then the original SDEs become

dX (t) = V(t)dt,
dV (1) = —U,(X(t))dt + (X, z(t))dt,
dz(t) = — (V()X + PDP 2(t)) dt + v2/8PD>PHdB(1),

Now apply an orthogonal transformation P' onto the third equation, i.e. let
Z(t) = Plz(t)
and accordingly,
p="PIX,
B(t)=P'B(t),

we have

dZ(t) = — (V()u + DZ(t)) dt + D2dB(t).
Since (A, z(t)) = 0, Nizi(t) = (PIAPIZ()) = S0, i Zi(t), and (multidimensional)

Brownian motion is invariant under orthogonal transformation, i.e. B(t) is again a d-
dimensional standard Brownian motion (each component is a one-dimensional Brownian
motion and different components are independent), the original SDE can be expressed as

d
dV(t) = —Up(X(®)dt + Y i Zi(t)dt,

AZi(t) = = (V(D)ps + piZs(t)) At + \/2p:/BdB(t), i =1,....d.
Therefore, if we can estimate the parameters @ = (u, p, @) from the above SDE, we can

recover our original GLE and the memory kernel K (t) = (e P*PTA, PTA) = Z?Zl pze=Pit,
Note that d is predetermined in experiments.
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4.3.2 Degenerate Euler Scheme

In order to perform simulation, a natural approach is to apply an Euler—-Maruyama scheme
to discretize the SDE. We wish to simulate date at time intervals of At by sampling at
an internal frequency At,, = At/m for m > 0 using a simple procedure to be described

below, and keeping only every m-th observation. In other words, let X, (m) ,n=20,1,... be
the value of X () at time t = nAt,, such that X, = X™_ Then the Euler scheme for the
qmGLE is

X\ = X = VM ALm,

n

d
Vi = Vi = —U, (X)) At/m + Z i At fm,

an)ﬂ an) - (V(’" Wi + piZ ) At/m 4+ +/ 2/)1/5ABM

ud

where AB:}L = BZ(nJrl B(m) N(O,At/m),i=1,...,d.

The Euler discretized qmGLE can be treated as an SSM. At time t,, = nAt, the hidden
state vector is
Sn — (X(m) V(m) Z(m)

m(n—1)+1:mn’> " m(n—1)+1:mn’ “m(n—1)+1: mn)

where Z\™ = (Zl(t . Zg? ). Tt is clear that S, only depends on the last state S, _;
and thus is Markovian. At each observation time, there are d 4 2 number of state variables
whereas the randomness only comes from d independent Brownian motions. Denote {Y,, =

X,(nnﬁ)} as the observation sequence, then the measurement model (4.7) becomes
Y, ~ N (X5 07) (4.10)

which is just a special case of Lemma 4.2.1 with A =[} 8] and Q = 02 A.

Then we can see that it would be meaningless to directly apply the bridge proposal
under the degenerate Euler scheme. Note that the system of SDEs becomes

Vn(ﬁf) At 10 0 0
Sumi1 = Spm = | —UL(Xw) + ' Z5) | =+ (0 1 0 0
S e L o o ) B

If we blindly apply the bridge proposal formula (4.9), the result degenerates to (4.10) with
o = 0, which is equivalent to the bootstrap particle filter. The intuition behind is indeed
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simple in that the d-dimensional Brownian motion (randomness) is essentially independent
of the “deterministic” variables of dimension 2, resulting in failure of constructing a mean-
ingful diffusion bridge. However, there is a deep root behind the degeneracy problem, as
we shall discuss next.

4.3.3 Hypoelliptic Diffusions

A deeper reason behind the failure of the Euler scheme lies in the fact that qmGLE belongs
to a class of hypoelliptic diffusion processes where a smooth density solution exists (Hor-
mander, 1961), but the diffusion matrix is not of full rank (Pokern et al., 2009; Ditlevsen
and Samson, 2019). In such cases, the ergodicity of the (degenerate) Euler discretiza-
tion scheme may fail since the Lyapunov condition given in Mattingly et al. (2002) is not
satisfied.

Moreover, for SDEs with partial observations, under the degenerate Fuler scheme, the
unobserved components (e.g. V (t)) are directly computed via the time differentiation from
the observed coordinates (e.g. X (¢)) in order to be compatible with the model, which leads
to estimating missing paths with incorrect quadratic variations.

From an abstract mathematical point of view, the generator of the qmGLE solution is
actually a degenerate second-order hypoelliptic differential operator (Ottobre et al., 2012)
which can be written in Homander’s “sum of squares” form (Hormander, 1967). This
hypoelliptic structure leads to the failure of estimation based on the degenerate Euler
discretization scheme as we previously pointed out. Without modifying the Euler scheme,
even the bridge proposal tailored to SDEs would certainly fail. We are then motivated to
propose a non-degenerate discretization scheme by propagating the noise from the “rough”
components Z(t) to the “smooth” components X (t), V(t), which we shall provide in the
next section.
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4.3.4 Modified Discretization Scheme

For our convenience of the following exposition, let us restate the qmGLE of interest for
parameter inference,

AV (t) = —UL(X (1))t + i i Zi(t)dt, (4.11)

where o; = \/2p; /3. Moreover, let

and

To propagate the randomness to the full qmGLE model, we design a modified Euler
discretization scheme by using the g-times integrated Wiener process (Schober et al., 2019)
with ¢ = 2.

When t,, = nAt, let X,, = X(t,,), Voo = V(tn), Zn = Z(tn), AXn(s) = X(t,+5)— X(tn)
for s € R, and similarly for AV, (s), AB;,(s), AW,(s). Then for small s > 0, the SDE
(4.11) may be approximated on the time interval ¢ € (¢,,t, + s) by

AX,(s) = / (Vo + AV, (h)) dh
0
d s
AVi(s) = —Ub(X)s + 3 /0 (Zin+ AZs () dh
i=1

AZ;n(8) = — (Vo + piZin) s+ 0iAB; (), i=1,...,d.
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Let UZ(JTL)(S) for j € {0,1,2} be defined as

U(2) (S) = O'ZABZ n(S),

iwn

UL (s) = / s U2 (h)dh,

such that Ul(]n) (s) is the j-th order derivative of Uisgl)(s) at time s.
Let UV (1) = (UY9(1), ..., UY)

I (1)) and consider the 3d-dimensional process

U.(t) = (UL (1), UM (1), UP(1)).
Then upon letting A;,, = u; Vs, + piZin, and A,, = (A1, ..., Adn), we have
AW, (5) = X(W,,,5) + Z,(s),

where each of the three terms above is a (d 4 2)-dimensional process with

Vi — 3UL(X,)s? +,u(Zs2—%A %) i w 0 0
AW, s) = —UW(Xn)s + 1/ (Zns — 5A,,5%) , Za(s)= 10 0 | U,s).
—AnS 0 0 Laxd

Note that U, (s) is a Markov process, with U,,(0) = 0 and
U (S + h) | U N{ ® ldxd) Un(8>7 E(h) ® d1ag(a2)} )

where ® is the Kronecker matrix product, and

1 h in? L5 Lpt Lps
R(h) = [0 1 "h |, B(h)=|ght gh* 57|,
00 1 Ips Ip2 7

Note ¥(h) can be derived using (Schober et al., 2019, Eq (10) for ¢ = 2). In Appendix
C.1, we also give a clear and direct derivation of this covariance matrix without referring
to the aforementioned result (which is a more general one for our purposes).
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It follows that Z,(s) is also a Markov process with Z,(0) = 0 and

Zo(s+ 1) | Zals) ~ N (R(W)Z,(5), 2(h))

where

i 1 h shy ) 3 7h? %7h4 %h:;u’diag(az)

R(h)= |0 1 hy' |, S(hy=| g g7’ ghiwdiag(a®)|
0 0 1gxqg sh® diag(o?)p  3h?diag(o?)p  hdiag(o?)

2

and where v = Ele p2o?. Then we have the following algorithm to simulate Wy, ..., Wy,

(i) Fix the value of Wy, or draw it from its stationary distribution.

(ii) Given W,,, generate W, via
W1 = W, + AX(W,,, At) + Z,(At),

where Z,(At) < N(0, (At)).

Essentially speaking, this propagation of noise is equivalent to adding the first non-
zero Brownian noise terms arising in the It6—Taylor (IT) expansion (Kloeden and Platen,
1999, e.g. Chapter 5, p. 182) of the “smooth” components X (¢) and V' (¢) in W (¢), which is
similar to the idea suggested by Pokern et al. (2009), leading to the exact covariance matrix
obtained from the integrated Wiener process (IWP). The modified discretization scheme
is then in agreement with the truncated Ito—Taylor expansion up to error terms of order
O(At'®) in the rows that correspond to Z(t), resulting in a weak order 1.5 convergence
scheme (Kloeden and Platen, 1999).

Pokern et al. (2009) showed that the IT scheme obtained above can be used to estimate
the diffusion coefficients consistently, as well as to infer the unobserved “rough” compo-
nents of the path. However, it produces a bias of order O(At) in estimates of SDE drift
parameters when used in a Gibbs sampler which alternately updates parameters and latent
variables conditioned on each other and the observed data. This result warns us that we
should be very careful about applying the parameter inference method even with a non-
degenerate discretization scheme. They also showed that the simple Euler scheme cannot
be used to estimate the diffusion coefficients consistently. This complements a result of
Roberts and Stramer (2001) that Gibbs samplers for regular SDEs have arbitrarily poor
mixing time in the diffusion parameters as the resolution number m increases.
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However, it is important to note that these negative results do not imply that the IT
(or Euler) scheme is in and of itself invalid. Indeed, Kou et al. (2012) prove that the Euler
scheme converges in distribution to the true posterior p(8 | Yy.n) as m — co. It seems that
the proof can be adapted for hypoelliptic diffusions with the IT (or Euler) scheme though
we have not pursued this here. The point is that it is not the discretization scheme which
is at fault, but rather the algorithm used to sample from it. The failures of the I'T scheme
for hypoelliptic diffusions are demonstrated only for the Gibbs sampler which alternates
between parameter and latent variable updates. It is our hope that the PMMH algorithms
which operate on the marginal posterior p(@ | Yp.n) directly, i.e., which integrate out
the latent variables for each value of @, would not suffer for the estimation bias reported
by Pokern et al. (2009). Ditlevsen and Samson (2019) proposed an order 1.5 strong IT
approximation scheme to solve the issue of estimation bias for the drift parameters using
the non-degenerate scheme in Pokern et al. (2009). However, their scheme applies only to
one-dimensional smooth variables, whereas we have both X (¢) and V'(¢). More importantly,
their scheme is more complicated than ours, such that Ditlevsen and Samson (2019) have
to integrate out the latent variables using a bootstrap particle filter. In contrast, the
simplicity of our scheme allows us to extend the bridge proposal of Durham and Gallant
(2002) to the IT setting. This is the heart of the novel contribution of this Chapter, which
we develop in the following Section.

4.3.5 Particle Filtering with Bridge Proposal

For resolution number m > 1, let Wém) denote the value of the SDE at time t, = nAt,
such that W) = W, = W (t,). Then we establish the SSM with hidden states

{Sn = W(m) }nZl

(n—1)m+1:nm

and observations {Y}, },>1.
A bridge proposal for S,, is constructed as follows (0 < k < m — 1):

(i) Without loss of generality, suppose n = 1, we have W(T_)I)m = Wk(m) = W (kAt/m)

is given, and we wish to draw the proposal for Wk(fl) =W((k+1)At/m).
(ii) For 0 < s < (m — k)At/m, let Wi(s) = W (kAt/m + s). Then consider the

approximation

W (EAt/m + s) = pi(s) + Zi(s),
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where pi(s) = W, (m) )\(W(m s) and Zj(s) is a Markov process as defined above.
Under this approximation we have the model

W | W™~ N (i (At/m), B(At/m)
m = m At <
W™~ N (i (A1) + R(AL) (W) — (), B(At)
Y | W WL W o N (AW, Q)

‘ Wk+17

where At = (m — k — 1)At/m. We may now apply Lemma 4.2.1 and formulas for
conditional distributions of the multivariate normal to sample

Wi~ pW W ),

namely

k+1 )| W(m Y1 ~ N (A1, Qpegr)-

In fact, we can derive the joint distribution of (Wk(fl)7 Y)) as

P e (] Landise T R)

where II,, , = AI%(Atk)i(%)R(Atk)’A’ + AX(At) A’ + Q. Note I, is the sum of
three symmetric, positive definite matrices, and thus is invertible. Then by applying the
formula for the conditional distribution of a multivariate normal distribution, we get find
the formulae for Ay ; and Q44

Akt = p(At/m) + S(At/m)R(At) ATL LY
Q1 = T(At/m) — B(At/m)R(AL,) AL AR(At,) S(At/m)

A general result regarding the joint distribution of (W&m), W,C(TI), Y1) and the condi-

tional distribution ( ) | Wk(fl), Y1) is given in Appendix C.3. We can now embed this
bridge proposal into the particle filter described in Algorithm 4.1.
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4.4 Concluding Remarks

In order to at least partially solve the parameter inference problem for the general nonlinear
GLE, we favored a type of quasi-Markovian scheme (denoted as qmGLE) to convert the
non-Markovian GLE to a Markovian system of SDEs with the same solution process (Pavli-
otis, 2014; Ottobre and Pavliotis, 2010). Based on the qmGLE, we analyzed the limitations
of default particle filter techniques (e.g. bootstrap particle filter) and carefully derived the
bridge proposal for particle filters. Furthermore, we revealed that the failure lies in the de-
generate Euler scheme such that the bridge proposal is essentially as bad as the bootstrap
filter due to a lack of randomness, which is an intrinsic problem for hypoelliptic SDEs.
Then we were motivated to propose a modified scheme based on the integrated Wiener
process to propagate randomness into the full qmGLE system. By applying the particle
filter with the bridge proposal, we present a promising method to perform particle filtering
and parameter inference. We have discussed parameter estimation conceptually in Sec-
tion 4.2.2. The implementation of a careful designed estimation algorithm and extensive
numerical verification will be the subject of future work.

Our proposed method avoids the degeneracy caused by hypoelliptic diffusions. The
non-degenerate discretization scheme with data augmentation is guaranteed to converge in
distribution to the true posterior, as shown by Kou et al. (2012). However, a badly designed
parameter inference method could easily ruin this. That basically explains some reasons
behind the failure of the Gibbs sampler used by Pokern et al. (2009) and the success of the
particle filter method proposed by Ditlevsen and Samson (2019), aside from their different
discretization schemes, for the parameter estimation of hypoelliptic SDEs. We believe our
proposed method, i.e. the particle filter with bridge proposal built upon a non-degenerate
[to-Taylor approximation scheme for the qmGLE can avoid the parameter estimation issue
as long as a well-designed inferential algorithm is implemented such that the parameter
estimation is not intertwined with the updating of latent variables. Some promising meth-
ods are available in the current literature, e.g. either the particle MCMC (Andrieu et al.,
2010) or simulated maximum likelihood (e.g. Cappé and Moulines, 2005; Poyiadjis et al.,
2011; Corenflos et al., 2021). But the implementation of parameter estimation with careful
numerical checks will be left for future research.

We realized there is another way to simulate the diffusion process, using the exact al-
gorithm (EA) proposed and studied by Beskos and Roberts (2005); Beskos et al. (2006a,b,
2009) and Fearnhead et al. (2008). However, the EA method requires the diffusion pro-
cess to have some good analytic properties. In contrast, we still prefer a non-degenerate
discretization scheme which allows us to build more advanced sampling mechanism for
Bayesian parameter estimation.
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One last thing to note is that in our parameterization, we have assumed A to be
symmetric such that it can be easily diagonalized. In general, it may not be true. For
a general positive definite A, a better way to overcome the identifiability issue may be
needed. But this will lead us to a challenging field of memory kernel approximation for
the GLE, which will also be the subject of future work, as discussed in Chapter 5.
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Chapter 5

Conclusion and Future Work

In Chapter 2, we established a representation theorem which reveals the fundamental con-
nections between the GLE and any continuous weakly stationary process. This result
greatly helps and facilitates the process of statistical modeling based on complex data
generated from an underlying GLE dynamics, which was illustrated by the example of
parametric spectral density estimation for the HTP data in Chapter 3. Moreover, we also
proved in Chapter 3 the theoretical high-frequency asymptotics of three main statistical
estimators of interest, the Whittle-type MLE, LP estimator, and NLS estimator, laying
the foundation for a very efficient and robust noise removal procedure proposed by Lysy
et al. (2022). Finally, in Chapter 4 we made an attempt with thorough theoretical con-
sideration to solve the inference problem for the nonlinear (and also non-Markovian) GLE
with extensive applications in more complex thermodynamic environment. By designing
a non-degenerate discretization scheme with additional randomness introduced from the
integrated Wiener process, we propose a particle filter technique with a bridge proposal to
fit the quasi-Markovian SDE approximation of the GLE. We emphasize the critical point
that the failure of designing a suitable inferential algorithm would easily destroy the con-
vergence of the discretization scheme (or the data-generating model). To properly deal
with the parameter estimation for the hypoelliptic SDEs, we suggest performing the task
solely in the parameter space without sampling problematic latent variables along the way.
Particle filter based methods, which can be used to integrate latent variables, are promising
for this purpose.

However, there are still some very interesting and promising topics left unsolved or for
future research.

For the fundamental theorem we established in Chapter 2, it is likely that there is
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a non-trivial extension to the continuous increment stationary process. But to prove the
conjecture in a rigorous mathematical language (mainly based on unbounded operators and
semigroup theory) is not easy, especially in the abstract infinite dimensional Hamiltonian
Hilbert space. That being said, this direction is also very promising in that once proved
completely, it would certainly give much deeper insights to our understanding of complex
thermodynamics and its relationship with various stochastic processes in statistics.

For asymptotic properties of likelihood-based estimators under HTP data, a theoreti-
cally intriguing topic may be the case where the sampling frequency f, and the number of
sample size N can approach infinity simultaneously. Even though we have already argued
that from an experimental perspective, this case may be of no practical interest, at least in
scientific experiments. But mathematically, there is certainly a huge gap between the high-
frequency (and even high-dimensional at the same time) asymptotics and the traditional
large sample asymptotics in time series, which may be worth filling.

Finally, for the nonlinear GLE, an efficient and general implementation of our proposed
method is the subject of future work. As for the methodology per se, we actually assumed
that the matrix A in the memory kernel v(t) = (e~4'X, ) is symmetric and thus easily
diagonalizable. Otherwise, we would certainly face some identifiability issues. A long-
lasting research interest in the realm of GLEs is about the memory kernel approximation.
Due to the mathematical intricacy caused by the convolution integral in the GLE, this task
is non-trivial. Over the years, many techniques have been proposed to address this problem,
either numerically or analytically. In summary, there are two main directions. The first one
is data-driven methods, i.e., to recover the memory kernel based on data. For example, Lei
et al. (2016) developed rational function approximation using Laplace transform; Brennan
and Venturi (2018) designed a conditional expectation technique. The second direction
is to approximate the memory kernel from first-principles based on the internal nonlinear
structure without using simulation. A classic and well-known example is the continued-
fraction expansion proposed by Mori (1965a), or using recurrence relations (Lee, 1982a,b).
For further discussions on this, please refer to Zhu and Lei (2021) and the references therein.
This topic remains to be the subject of future work.

Overall, better statistical models and inference methods are indispensable in nanoscopic
systems for us to verify, investigate and understand the hidden dynamics of individual
molecules or nanoparticles from enormous amount of noisy observations, as scientists zoom
in on the intrinsically stochastic world. In retrospect of what Richard Feynman said over
sixty years ago, the same is so true for statistics today. This thesis only serves as a
small step forward to fill some theoretical gaps in this realm, hoping we or other research
colleagues could make a further leap in the near future.
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Appendix A

Appendix for Chapter 2

In this Appendix, there are three main sections. Section A.l presents some basic con-
cepts related to self-adjoint operators and then introduce the functional calculus as well
as the spectral theorems. Section A.2 shows in detail some other examples of Hamiltonian
systems. Section A.3 gives detailed proofs of all the results in the paper.

A.1 Self-Adjoint Operators

In this section, we present some important concepts related to self-adjoint operators that
are crucial for readers to understand the mathematical tools applied in our construction
of Hamiltonians and later proofs. These materials in this section are adapted from classic
references Hille and Phillips (1957); Rudin (1973); Reed and Simon (1981); Yosida (1995);
Engel and Nagel (2000); Lax (2002); Hall (2013). Some properties are given directly or
stated with only succinct proof. For the remainder of this section, we will work with a
complex separable Hilbert space .77, which can be finite or infinite.

Definition A.1.1 (Adjoint operator). Let A be a linear (possibly unbounded) operator
defined on a dense subspace dom(A) C . The adjoint of A is an operator A" whose
domain dom(A") consists of all vectors v € H for which there is a vector z € H such
that

(Au,v) = (u, z) (A.1)

holds for all u € dom(A). For such v,z € 3 we write Alv = z.
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The reason behind our focus on a subspace & is that if A is defined everywhere on .77
and satisfies (A.1), then it can be shown that A must be bounded due to the closed graph
theorem. Thus, unbounded linear operators can only be defined on a subspace of 7.

Usually the subspace dom(.A) is assumed to be dense. This assumption is motivated
by the fact that the denseness of the domain is necessary and sufficient for the existence
of the adjoint operator A'. Since u ++ (Au,v) is a continuous linear map on the domain
dom(.A) of A which can be extended to the whole space .7 by the Hahn-Banach theorem,
the Riesz theorem tells us that there is a unique w € ¢ satisfying

(Au,v) = (u,w), VYu € dom(A)

where w is uniquely determined by v if and only if the linear map u +— (Au,v) is densely
defined (which is equivalent to A being densely defined). Finally, we can set ATv = w to
define Af. The upshot is that as long as dom(.A) is dense, for any given v, Afv is unique
if exists.

Definition A.1.2. For a linear operator A on F€, the set of values
o(A) ={z€C: (2] —A) has a bounded inverse}

is called the spectrum of A.

Definition A.1.3. An operator A is called self-adjoint if dom(A') = dom(A) and AT = A,
and skew-adjoint if dom(A") = A" and AT = —A.

It turns out that if A is self-adjoint, then o(A) C R (Hall, 2013, Theorem 9.17).
More generally, self-adjoint and skew-adjoint operators admit some degree of theoretical
tractability via the so-called Spectral Theorem which we introduce momentarily. By way
of motivation we first present a consequence of this result.

Theorem A.1.1 (Functional Calculus, Hall, 2013, Definition 10.5). Let A be a self-adjoint
operator on . Then for any measurable function f : o(A) — C, there exists a unique op-
erator f(A) such that for any x € I, there exists a unique finite measure p, (independent

of f) with p(R\ (c(A)) =0 such that

Az, z) = / F (), (A2)

with

dom(() = { € 7+ [ 1Ol < oo}
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A few consequences of the functional calculus are:

(i) Addition and multiplication operations on regular functions extend directly to their

operator versions, i.e., (f + ¢)(A) = f(A) + g(A) and (fg)(A) = f(A)g(A).
(ii) For given f(A), its adjoint f(A)" is such that
(f(A) 2, 2) = (@, f(A)z) = (f(A)z,2)
for any « € dom(f(.A)). On the other hand, (A.2) implies that

A7) = / TV (),

such that f(A)f = f(A).

(iii) The operator £ = iA is skew-adjoint, and the operator e’ = €4 defined by func-
tional calculus precisely agrees with the corresponding Cy-semigroup defined by Def-
inition 2.2.1.

A.1.1 Spectral Theorem: Direct Integral Form
For our purposes we shall require the spectral theorem in two equivalent forms. The first of
these hinges on the concept of a direct integral Hilbert space (Hall, 2013, Definition 7.18).

Suppose we have a partition of the real line R = II°° .S,,, and consider the family of
Hilbert spaces {J4, A € R} such that

5 = C", AeSp,n>0
62, )\ESO,TL:O,

where ¢? is the Hilbert space of square-summable (complex) infinite sequences. Let (-, )y
and | - [ denote respectively the inner product and norm on J23.

Now, let p be a o-finite countably additive measure on R, and consider functions s(-)
defined on R such that:

(i) s(\) € 4.
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(ii) s(A) is square-integrable with respect to p:

[ 15000 Z M Edu()) < oc.

The set of such functions forms a (complex, separable, finite or infinite) Hilbert space
called a direct integral which we denote by S#P{I1>2 /S,,, u}, on which the inner product
is defined as

(5.0 = [ (500l Z )y RIS

Direct integrals provide the fundamental tools to define the spectral decomposition of
a self-adjoint operator A:

Theorem A.1.2 (Hall, 2013, Theorem 10.9). Let A be a self-adjoint operator on 7. Then
A is isomorphic to a direct integral AP {11 Sy, u} with p(R\ o(A)) =0 on which A is
a multiplication operator:

A s(A) = As(N).

Moreover, the functional calculus on the direct integral is given by

F(A) (X)) = F(N)s(N),

dom(f(A) [F(N)s(N)Rdu(A) < oo
= Lo f o) |

The direct integral J#®{I1°° oSmM} in Theorem A.1.2 is not unique. However, if
AL S ,ul} and {11 S5 15} are both candidates for the result of Theo-

rem A.1.2, then S = 5 and ul and py are absolutely continuous with respect to each
other (Hall, 2013, Proposition 7.22).

with

A.1.2 Spectral Theorem: Projection-Valued Measure Form

The second form of the spectral theorem requires the following definition.

Definition A.1.4. Let 5 be a complex separable Hilbert space and ZA(R) the Borel sets
on the real line. A function p from B(R) to the bounded linear operators on H is called
a projection-valued measure if it satisfies the following:
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(i) For each E € B(R), u(F) is an orthogonal projection on a closed subspace Vg C .
That is, we have p(E)x = z for x € Vg and p(E)x = 0 for x € Vi, the orthogonal
complement of V.

(ii) p(0) =0 and u(R) = 1.
(111) For disjoint sets Ey, Es, ... € B(R), for all v € H we have

o0

H (U?’ilEj) v= ZM(EJ‘)U-

j=1
(tv) For all E,F € B(R), we have W(EN F) = pu(E)u(F).
If 1 is a projection-valued measure and ¢ € 7, then

oo BR) =R, g y(E) = (¢, u(E)o)

is a positive finite measure (Hall, 2013, Proposition 7.11). This can be generalized to the
following lemma:

Lemma A.1.1. If p is a projection-valued measure and ¢, ¢ € F, then

g - B(R) — C, tpo(E) = (b, n(E) )
is a complex measure.

Proof. By direct calculation note that

1 ;
s = 5 [t pare — (. + Hos)] — 3 [tptigario — (Mpp + Higig)]

where each of the terms above is a positive finite measure, such that the result follows from
the definition of a complex measure. m

Thus for measurable functions f : R — C we can define operators u(f) = [ f(A\)du(A)
on ¢ via

(b, 1)) = / FOds(N), b e A

We are now ready to present the spectral theorem in terms of projection-valued mea-
sures:
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Theorem A.1.3 (Hall, 2013, Theorem 10.4). Let A be a self-adjoint operator on 7. Then
there exists a unique projection-valued measure pg with ps(R\ 0(A)) =0 such that

A= / Adpa()

Moreover, the functional calculus is obtained via

- / S\ dua()
o(A)

don(f() = {o € 7 [ Midiag < o0}

with

A.2 ACF Representation with Hamiltonians of Interest

For the following examples we introduce the notion of Sobolev spaces.

Definition A.2.1. Let u(z) and v(x) be locally integrable function on R. Then v(z) is
called the k-th weak derivative of u(z) if

dk
[ uta) grotade = (-1* [ v)ota)ds
for all smooth functions ¢(x) with compact support.

Weak derivatives generalize regular derivatives in that the two coincide when the latter
exists, and the former also obeys the formula for integration by parts.

Definition A.2.2. The Sobolev space W*P consists of the subset of functions f € LP such
that f and its weak derivatives of order up to k are all in LP.

The Sobolev space W*? is a Banach space with respect to the norm

s = ( s |pdm)
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The Sobolev spaces H* = W*? are Hilbert spaces with inner product
k
(u,v) = Z/u(i)(a:)v(i)(a:)dx.
i=0 VR

A.2.1 Wave Equation Hamiltonian

Let us consider the heat-bath Hamiltonian given in Pavliotis (2014). The infinite-dimensional
system is characterized by the one-dimensional wave equation d2q = 92q where q = q(z, t)
is the position and p = p(x,t) = 9,q is the conjugate momentum. The Hamiltonian is
given by

M) = 5 [ (o +10.qP) s

The resulting Hamiltonian equations of motion are just the wave equations,

6?—[ 87-1, 8 87—[

_ O0H 87—[ 87—[ o
Op = — 5 dq + - 9(0q = 0,9. (A.4)

For I' = (q, p), the Hamiltonian can be written as
L
H(r) = ST

The corresponding Hilbert space 7% is equipped with an inner product as follows
(I, Ty) = / (0:010,92 + p1pz) d.
R

Define an operator &7 as
0 1
7= o)
Then the Hamiltonian equations of motion (A.3) and (A.4) can be expressed as
8tr - %F

for I' = (q,p). It is an ODE in terms of ¢ which has the solution I'; = e“'T';.
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Consider an observable X; = (f,I';) in the dual space of 7% where f = (o, f) € H5.
Since .7 is skew adjoint, we have

Xy = (f,Ty) = (7" f,Ty)

taol

where e is a strong continuous one-parameter unitary group. Thus,

<Xu; Xu+t>,7f’ = <€7%uf7 eid(u+t)f> = <€Mtf7 f>
is in fact an ACF of a Gaussian process. In the following subsection, we can explicitly
establish the construction.

The d’Alembert solution is not as useful as the Fourier solution. Instead, we can turn
to the Fourier solution of the wave equation

0? 02

(1) = (). (4.5)

Let q(z,0) = f(z) and 2q(z,0) = g(z), by taking the Fourier transform (w.r.t. z) of (A.5)
and recalling that differentiation w.r.t. ¢ commutes with the Fourier transform, we obtain
21 ¢12 0

where q(&,t) = F{q(z,t)}. For each £, (A.6) is an ODE in ¢ whose solution is given by

q(&, 1) = C1(&) cos(2m¢[t) + Co(&) sin(27[E]t) (A7)
where C1(§) and Cy(€) are constants determined by the initial conditions

0

Flale.0) =a6.0) = £t F{Jaw0)} = Fa€0) = o0

By setting t = 0 in (A.7), we find

~

Ci(§) = f(§)  and  27[¢[C5(E) = 9(&).

Thus, the solution to (A.5) is given by

. sin(27|&|t)

atet) = [ | Feycostemelo) + 0 i | s
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The covariance of a stationary random variable can be written as (suppose here f =
(a.p) € %)

(Xus Xue) = (e foe™ W0 f) = (' [, f)

-3 / (0:a(x, )0,a(x0) + p(a, 1p(,0) ) .

By the Plancherel’s theorem, we have

/ dza(z, 1)da(z, 0)dz = / |2ml¢[ (&) cos(2rlét) + 3(€) sin(2rl¢|t)] 2nlé|F(€)de
[ ottt iide = [ [~2rlel)sinnlele) +a(e) cos(erleln] eI

Let a = 2x|€|f(€), b = §(€) and 6 = 2r|¢|, we have

(Ko Xt orr = 5 [ (@ P)costonnae = 5 [ (4 €IFOF + 1a(6)) cosC2rele)de

Thus, we can connect the inner product with the autocovariance (or equivalently the PSD)
of any given continuous and stationary process as we previously did.

A.2.2 The Klein—Gordon Hamiltonian

Let us consider the Klein-Gordon Hamiltonian (e.g. Goldstein et al., 2002, Section 13.6)

1

H(a,p) = 5 /R (p® + (Va)* + m?q?) dz

where q = q(z,t), p = p(z,t), m € R and the corresponding inner product can be defined
as

R
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The Hamiltonian equations of motion can be calculated using Poisson brackets (or func-
tional derivatives)

. OH
q—é‘tq—(s—p—{q,ﬂ}—p

. OH

p=0p= ~%q = {p, "} = V?’q—m*q

which gives us the famous Klein—-Gordan equation

62

Now, let us apply the Fourier transform trick again. We have the Klein—-Gordan equation
in the frequency domain as follows

82
A1) = — (47 +m?) (&, )

which is a second-order homogeneous ODE in ¢ for each fixed ¢ with the solution written
as

q(&, 1) = C1(&) cos(0t) + Co(€) sin(67)
where 0 = /4m2[]2 +m2 and Cy(&) = f(£), Co(€) = §(€)/0 determined by the initial

conditions 5
4(6,0)=f(©)  and  Z4(£,0) = §(8)

where q(&,t) = F{q(x,t)}. Therefore, the solution to the Klein-Gordan equation in the
time domain can be written as the inverse Fourier transform

atet) = [ 7€) eoston) + a0 s

The inner product between two observables can be written as

<Xua Xu-i-t)%”’ = <6_£{uf7 e_td(u—i_t)f) = <€£{tf> f) f = (qa p) €A

= %/R (p(m,t)p(a:, 0) + Vq(x,t)Vq(x,0) + m?q(z, t)q(x, o)) de.
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By the Plancherel’s theorem, we have

/R (e, )p(z, 0)dz = / (—0F(€)sin(8t) + 4() cos(et) ) 5€)de
/Vq z,1)Vq(z, O)dx—47r2|§|2/( (€) cos(61) + §(€) sin(6t) )

/qut dex—m/( ) cos(6t) g(§)Sln )

Plug the above results into the inner product expression and notice that § = \/4mw2|£|? + m2,
we get

(X Xoridoer =5 [ [ ) P + La(€)F] cos (00) e

which corresponds to the Fourier transform of the PSD of a stationary process.

A.3 Proofs of Technical Results

A.3.1 Proof of Proposition 2.2.1
Proof. First, let ®(t) = e'*, we have
C(t) = C(0)] = [(Xo, (®(t) — ) Xo)| < [[@(t) = T)|[[| Xo]* = 0

as t — 0 since || Xy is just a constant and ®(t) is strongly continuous at t = 0. Then by
using the group property, we have the fact that ®(—t) = ®(¢t)~! = ®(¢)', we can show the
positive definiteness,

doCti—t)zz =Y (Dt —t;)f. Hlzzy = Y _(D(t;) (k) f, f)ziZ
=Y (@t f, (1) )z = ) 2®(t:) f, % 0(45) f)
= ” Zzz f”2 > 0.

Finally, it is indeed (conjugate) symmetric

C(t) = (P(—t)Xo, Xo) = (Xo, D(—1)Xo) = C(—1).
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But since all the ACFs we are discussing are essentially real-valued functions, this just lead
to the time symmetry of an ACF. m

A.3.2 Proof of Theorem 2.3.1

Proof. Since L is a skew-adjoint operator on J7¢, iL is self-adjoint. Using the direct
integral version of the spectral theorem (Theorem A.1.2), 77 is isometrically isomorphic
to a direct integral % = #7{11°°,S,,, u} under which we have

F(L) = f(=i- (iL)) : s(A) = f(—iA).5(})
Thus, for X € " we have

(e™*X, X) = /

R

Ms(A), s adu() = / s (V)2du(N),

R

where s()\) is the element of 7% identified with X € J#” via Theorem A.1.2. Let us now
consider the measure v for which the Radon—Nikodym derivative with respect to p is given
by dv(A\)/du(X) = |s(A)[3. Due to the square-integrability assumption on s()), v is a finite
positive measure for which we have

(e™* X, X) :/eit)‘dy()\),

R

which shows that (e7**X, X) is an ACF.
Conversely, suppose that C(t) is an ACF with spectral decomposition

C(t) :/Re”’\dy(/\),

and that v is absolutely continuous with respect to u, such that we have the Radon-—
Nikodym derivative dv(A)/du(N) = a(A) > 0. Now consider the function

s(A) = (a(N)Y2,0,...).

It then follows that

o(t) = / Es(N)2du()) = / ePa(\)du(N),
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which completes the proof.

A.3.3 Proof of Theorem 2.4.1

We first introduce the characterization of continuous stationary processes introduced by [t
(1954).

Definition A.3.1. Let 1 be a non-negative finite measure on B(R), the Borel sets on the

real line. A random measure .# is a function from B(R) to the complez-valued random
variables such that for any E, F € B(R) we have

cov( M (E), #(F)) = u(ENF).

As a consequence of Definition A.3.1, we also get

lLZ(E)|* = n(E), EeBR),
%(El) L%(Eg) lf ElﬂE2:(Z), El,EQ E%(R),

,///(i E,) = i‘///(E”) for disjoint sets Ey, Fa, ... € B(R).
n=1 n—0
Thus for f € L2(R) we can define random variables of the form
(D) = [ 1)
by Lebesgue integration. That is, for simple functions f(z) =" ¢;1(x € E;) we have
M) =S et (B,
i=1
and for arbitrary f € Li(]R), A (f) is the mean square limit of .Z(f,), where the f, are

simple functions converging in mean square to f.

As a consequence, we have

cov (A (o). (f2)) = / AN RN,
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Ito’s characterization of continuous stationary processes is then as follows:

Theorem A.3.1 (Ito, 1954, Theorem 4.1). Let X; be a continuous stationary process with
mean zero and ACF

cov(Xy, Xo) = /emdu()\). (A.8)

Then there is a unique A (\) with measure p such that
X, = / (). (A.9)
R

Conversely, any random measure A (\) with respect to pu defines a continuous stationary
process X, with ACF given by (A.8).

This motivates us to construct such a random measure in the context of Hamiltonian
systems as given in Section 2.2. To realize this, we use the projection-valued measure form
of the spectral theorem (Theorem A.1.3) to obtain the unique projection-valued measure
i for which the functional calculus is given by

f(£) = / F(—iNdpe(N).

(Note that u, is actually ;e in the statement of Theorem A.1.3 since it is ¢£ which is
self-adjoint.)

Lemma A.3.1. For ¢, ¢ € S the function s : B(R) — C defined by

pi,o(E) = (e (E), ¢).

1s a complex measure, and for a measurable function f we have

( / FO) (N, 6) = / S o(N).

Proof. When ¢ = 1 the result is given by Hall (2013), Proposition 7.11. Otherwise, a
direct calculation shows that

1 ;
P = 5 [t dprd — Hupap — Heg] — 3 (b rigaprio = My — Higid)

and a similar calculation holds for ([ f(A)duz (N, ¢). O
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Now consider the Hamiltonian system {.7, w(+,-), £} embedded in the complex Hilbert
space #¢¢ on which L is skew-adjoint. For the remainder of the proof we shall only refer
to ¢, and thus for easy of notation let us denote it by . Thus, let X € 5’ be an
observable of the system. Let {X;,t > 0} denote the trajectory of X. Then

(X, Xo) = (X, X) = { / e ps (M) X, X)

:/eitAduX,X()\)
and similarly
Xt(F) = /eit/\dux,p()\).

Given a random measure .# on jiy, x, the idea now is to construct a probability distribution
p(I") for I' in such a way that puxr = .. In this manner, {X;(I') : ¢ > 0,I" ~ p(I'")} is the
(mean-zero) continuous stationary process characterized by .# and p = px x in (A.8) and
(A.9) of Theorem A.3.1.

Theorem A.3.2. Let X € " and .# be a random measure on pux x. Then there exists
a vector space F* 2D H, a bilinear map (-,-)* : F x F*, and a probability distribution
p(I") on S* with the following properties:

(1) The bilinear form (-,-)* is an extension of the inner product (-,-) on J, i.e., for any
o, ' € A we have (¢, 1) = (o, ).

(ii) For any ¢ € A the random variable
Z(¢) = Z(¢; 1) = (o, 1), T ~p(T)
is well defined.
(iii) For E € B(R),
Z(pe(E)X) = M (E).

The proof closely follows the construction of Gaussian measures on infinite-dimensional
separable Hilbert spaces (Gross, 1967). As therein, the probability distribution p(T") is
such that Pr(I" € ) = 0. However, the extension of the inner product (-, -) from 52 x
to the bilinear operator (-, -)* on J#* x . is all that is required to construct the stochastic

119



process X;, or more generally, the stochastic process {Z(¢) : ¢ € S}. Finally, note that
for T' € 22,

Z(ue(E)X:T) = (ue(B)X.T) = (ue(B)X,T) = pxr(E),

which completes the proof of Theorem 2.4.1.
Proof. Let i = pux x, and for any f € Li(R) define

o(f) = pc(f)X,
such that

(1), v(f2)) = (pe(f1)X, pe(f2) X >
= (X, ﬂc(fl)ﬂc(ﬁ)

<X pc( f1f2 /f1 f2 dM )

Therefore, if { f,}72; is an orthonormal basis for L2 (R) *, then {v, };2, is a set of orthonor-
mal vectors m%” Let V =span{v, :n > 1} and VL = {v € 5 : (v,0') =0 for all v’ €
A} be the orthogonal complement of V. Then V7 is also a Hilbert subspace with or-
thonormal basis {v,}°__,, where @« — 1 € {0,N, 00} is the cardinality of W. Thus, any
element ¢ € 7 can be uniquely expressed as

(e o)
¢ = Z ApnUn,

n=—o

where the coefficients a,, € C are such that > 7 |a,|* < co. Indeed, this construction
provides an isomorphism between 57 and the square-summable complex sequences ¢2.

Let us now define random variables {X,,}2°  such that X,, = .Z(f,) for n > 1 and

independently X, SN (0,1) for n < 0. By construction, the X, have mean zero, variance
one and are uncorrelated with each other. Moreover, for ¢ € 2 let {a,(¢$)}>2_, denote the
corresponding element of 2 defined by the isomorphism above, and consider the random

! Since L?(R) is separable, {f,,}5° is a finite or countably infinite collection of elements in L?(R) such
that their linear combinations are dense in L?(R). This can be extended to L?(R%) (Stein and Shakarchi,
2005, Theorem 1.3 in Chapter 4).
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variable

N
Zn(9) = ) an(d) X,
Then for M < N we have
N
E(Zn(0) = Zu(@)? = Y laa(@)]’,
n=M-+1

which shows that Z;(¢), Z2(¢), ... is a Cauchy sequence, and thus converges in the Hilbert
space consisting of all random variables with finite second moment. In other words, for
any ¢ € ¢ we have a well-defined random variable

Z(¢) =Y an(d)Xn.

Indeed, identifying .7* with the support of the random sequences { X, }2° __,
I' € 2* with a specific instance of the sequence {X,,(I')}° __, by defining

and a specific

oo

(@.1) = Y an(¢)Xn(I)

we have proved parts (i) and (ii).

To prove part (iii), for f € L7 (R) let

Z(f) = Z(pe()X).

Then for f, in the orthonormal basis { f,};2, of L?(R), by construction we have Z(f,) =
A (fy). For arbitrary f=>"" anf, € L2(R), let S, = >/, arfr. Then by linearity of
both Z(f) and .#(f) we have Z(S,) = .#(S,). Finally, for M < N we have

1Z(Sx) — Z(Sar)|? = |4 () — A (Sar)|? = / 1Sw(A) = Sar (N 2dp(N)

which shows that Z(S,,) = #(S,,) is a Cauchy sequence, and thus both converge in mean
square to the same random variable. That each converges to Z(f) = .Z(f) is obtained by
an identical argument. We now have the proof of (iii) by setting f(\) = 1(A € E).

]
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A.3.4 Proof of Proposition 2.5.1

Proof. Decompose the Hilbert space 7 as the direct sum of a closed subspace G and its
orthogonal complement G, i.e. 7 = G@ G+, for any x € S, v = y + 2 where y € G,
z € G*. The projection operator P : # — G, then since (y1, z3) = (y2, 21) = 0,

(Px1,x2) = (Y1, Y2 + 22) = (y1,y2) = (11 + 21, y2) = (w1, Px2)

which implies P = P*. It is obvious dom(P) = dom(P*), therefore, P is self-adjoint.
Similarly, Q is also self-adjoint. O

A.3.5 Proof of Proposition 2.5.2

Proof. For any x € ¢ and if Pz # 0, by the Cauchy—Schwartz inequality, we have

(Px, Px) (Px, 732x> (x,Px)
Px|| = = = < ||z
L T e I

which implies that ||P|| < 1. For nonzero P, i.e. P # 0, then 3z € J# such that Px # 0,
and ||P(Pz)|| = ||Pz|| implies |P|| > 1. Combing the two results gives us ||P|| = 1 if it is
nonzero.

Similarly, PL is also bounded, i.e.

[PL|| _ [[{Lx, A)(A, A)TTAN _ [(z LA A _ [l=ILA]- AL [[£A]
] ] FAP el = AT 1Al

which is just a constant. O]

A.3.6 Proof of the Zwanzig Operator Identity

Proof. Let A and B be two unbounded operators (we do not require .4 and B commute
with each other), and assume that A, —A, B, and A + B are well-defined generators of
strongly continuous semigroups. Let us define

K(t) = e AR dom(K) = dom(A) N dom(B). (A.10)
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Applying the product rule to take the derivative (w.r.t. t), we have (notice that A and
e~At commute) for x € dom(A) N dom(B),

%K(t)l’ — —Ae_AtG(A+B)t.I‘ + G_At(.A + B)e(A+B)tI _ G_AtB . €(A+B)tl‘.

Using the definition (A.10) of K(t) to replace A5 gives us

d

EIC(t)x = e A BeMK (1) (A.11)
By the semigroup property, we know that e~ and e*+5)? are both continuous in ¢ (since
A + B is also self-adjoint or skew-adjoint) such that K(t) must be continuous in ¢, and
that /C(0) = Z. Taking the integration of (A.11) yields

t
K(t)r =Zx+ / e Be K (s)xds.
0

Applying e from left on both sides and then using the definition (A.10) of K(t), we
get

t
€(A+B)t$:€At$+/ GA(t_S)BG(A+B)S$dS.
0

By setting A = £ and B = —PL, we have A+ B = (Z — P)L and dom(L) Ndom(PL) =
dom(L). For any x € dom(£) and Lx € dom(L)

t
Py — ety — / LI PLeT P s,
0

Rearranging the above equation (moving the integral term to the LHS) gives us (2.12).
O

Remark A.3.1. It should be noted that for the proof to be valid B can be unbounded as
long as A+ B can generate a strongly continuous semigroup and dom(A) N dom(B) is
nonempty. Another proof based on the bounded perturbation theorem (i.e., B is assumed
to be bounded, then A+ B is consequently a well-defined generator of a strong continuous
semigroup) is implied by Corollary I11.1.7 in Engel and Nagel (2000).
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A.3.7 Proof of Proposition 2.5.3

Proof. Let Q = T — P, we have already shown that P and O are self-adjoint. Since L is
skew-adjoint, we have

which implies that (PL)* = —LP. Additionally, we have dom(PL) = dom(—LP) =

dom(L). Similarly, (QL)* = —£Q. By the property of semigroups we have (e!<)* =
e—tEQ'

Now consider the autocorrelation of the random force F'(t).

According to (2.16), we have

(F(t), F(t +u)) = ("2 QLB(0), "L QLB(0))
= (e"CCQLB(0), e'%Fe " QLB(0)) (since tQL and uQL commute)
= (e7"2eRFQLB(0), e“CQLB(0))
where e7#£Qe!QL £ ¢~tEQHRL gince —tL£Q and tQL do not commute.

Since 2 and e'?* are bounded, by the dominated convergence theorem we can take
the time derivative of (F(t), F(t + wu)) inside the inner product (i.e., to interchange the
derivative and the integral), by the product rule we get

%(F(t), F(t 4+ u) = (S (e7122e12C QLB(0)) , "2 QLB(0))

LOe™E2!%E 4 7£QQ L0 QLB(0), "L QLB(0))

dt

(- )

eftEQ(QE »CQ) tQﬁQLB( ) uQﬁQLB(O)
(

(s
{
=
= (e7"2(QL — LQ)QLEB(0), "“QLB(0)
(e C(QLOL — LOL)e' 2 B(0), e"“QLB(0
= (
-
-
-

)

e2(QLOL — LOL)CEB(0), OLEB(0))
.cge-w(QcQ.c—.cg.C) RLRB(0), “2£B(0))
e LO(QLOL — LOL)EEB(0), ¢“2EB(0))
eEQ(LOLOL — LOLOL)EEB(0), e LB(0)) =0

which implies that

%(F(t),F(Hu» =0 = (F(t),F(t+u)) = (F(0),F(u)) = (QLB(0), " QLB(0))
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That is, the function ¢ — (F(t), F(t + u)) is independent of ¢. We can then denote
Cr(t) = (F(s),F(s+1t)). To see it is a valid ACF, we still need to verify its positive
semi-definiteness and symmetry.

According to Proposition 2.2.1, it immediately follows that Cr(t) is positive definite.
To check its (conjugate) symmetry, we need to show Cp(t) = Cp(—t). Indeed,

Cr(—t) = (QLB(0), e t2£QLB(0)) = (e~ QLB(0), QLB(0))
= (e "2QLB(0), QLB(0)) = (QLB(0), " *QLB(0)) = Cr(t).

A.3.8 Proof of Lemma 2.6.1

Proof. 1f
Clt) = (£ X, X) = / ()

R

is the autocorrelation of a k-times continuously differentiable stationary process, then by Ito
(1954), Theorem 5.2 we have

/)\del/()\) < 00.
R

form=0,..., k.

On the other hand, using the direct integral version of the spectral theorem (Theo-
rem A.1.2), the embedding Hilbert space S is isometric to {1125, u}, wherein
f(L) : s(A) = f(—iA)s(A). Furthermore, in the proof of Theorem 2.3.1 (Appendix A.3.2)
we showed that the element s(\) € {11225, u} corresponding to X is such that
dv(\)/du(X) = |s(A)[3. Thus we have

v = [ emisoauy

- / A Rda(A) < oo,

which by Theorem A.1.2 shows that s(\) € dom(L™) for m =0,..., k. O
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A.3.9 Some Calculations for the Acceleration Form GLE

Civen A = [X, X] and B = X where X is the displacement of interest and X = £X is the
velocity, X = £X is the acceleration rate. We have

Q= ((LX, X), (LX, X)) ( ;
= ((X, X),0) (<X’ ng <X,2‘(>‘1) - <<XX—§§0>

QAT(t) = (@ o) (X (t)) - <X’—X>X(t> - —MX(t),

xx) ")\ X(t) X, X) (X, X)
F0)=Z-P)LX=X-QA(0) =X + g ;(; X,

= (0.422)  since (F(1), X) =0,

(X,X)
AT — s = (0 @Y (XE=9)\ _(F().X) o) _M s
K940 = (0.505) ($177) - ) = T K
where we used the property that £ is skew-adjoint such that (A, LA) = —<£A, A) =0.

Similarly as what we did in Appendix A.3.7, we can also verify that C(t) = (F(0), F(t))
is symmetric and positive semi-definite.

Notice that @ L col(.,A4(0)) by the definition of P, we have
F(t) = QL B 1 col(A(0)) <+ (F(1),.A(0)) = 0.
We can see this for any 1 < j < d,

(F(1), Aj(0)) = (" PE(T — P)LB(0), A;(0)) = (e"“QLB(0), A;(0))
= (QLe"EB(0), A;(0))
= (Le'EB(0), QA;(0)) =

tQL

where we applied the property that QL and €'~ commute
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As a consequence, F(t) is along the direction of Q, then if follows that QF(t) = F(t).
This can also be proved as follows

QF(t) = (I = P) F(t) = F(t) = PF(t) = F(t) — (F(t), A(0))X 4, A'(0) = F(¢).

A.3.10 Proof of Lemma 2.6.2

Proof. Using the projection-valued measure form of the spectral theorem (Theorem A.1.3),

<e%ﬁw,¢>=3/74”dyw¢<Ax

R

where p1y4(E) = (ic(E)Y, ¢) and p,c is the projection-valued measure associated with
the self-adjoint ¢£. The desired result follows from interchange of integral and derivative,
which itself follows since 1 € dom(L£) implies that

@mT%@=/3W4MWWQ%

R

d

hence e = ¢ (—i)\) is integrable with respect to iy, 4. O

A.3.11 Laplace Transforms of Observables and Correlation Func-
tions

Consider in general an observable A(t) € ¢ with the associated an element f € JZ, i.e.,
by the Riesz representation,

A(Ty) = (f.T0) = (f,€'T) = (e £.T)

where Ty = eI, I' = (q,p) € 4 and L is the Liouville operator determined by the
Hamiltonian. The Laplace transform £{-} of A is well-defined as

A(2)(T) = £{AT))} = /O et T)dE /O e et £ That

tL

since e~*£ is a unitary (semi-)group, ||e~**|| = 1 such that for any fixed T,

AT = [ £, )] < [N < oo.
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Moreover, since Cy(t) = (A(u), A(u +t)) = (f,e £ f), the Laplace transform of this is
well-defined for $(z) > 0 and given by

Ca(z) = £{Ca(t)} = / et et e

where |e7#(f, e~ f)| < e7®3)*|| f||* which guarantees the decay of the Laplace transform.

If we consider another observable B(t) € ¢ associated with g € 7, the cross-
correlation Cyp = (A(t), B(s)) = (e7* f,e=*g) also has a valid Laplace transform, i.e.

Cas(2) = £{Cus} = /OOO e e f e g)dt

where e (e7£ f e £ g)| < e f|l||g]| by the Cauchy-Schwartz inequality.

When we assume A(t) is twice continuously differentiable, we have A(t) € dom(L)
and LA(t) € dom(L). Then it immediately follows that C4(t) = (A(u), A(u + t)) and

Ca(t) = (A(u), A(u 4 t)) have valid Laplace transforms.

Note that since £{Cx (t)} = 2Cx(z) — Cx (0) is the Fourier transform of e~*Cly (t)1(t >
0) € L'(R) for R(z) = a > 0, by the Riemann-Lebesgue lemma we have
‘llim L{Cx(t)} =0 — |l‘im 2Cx(z) = Cx(0)
Z|—00 Z|—00
If £{Cx(t)} = 2Cx(z) — Cx(0) = 0 for R{z} > 0, we would have C'x(z) = Cx(0)/z which
implies the inverse Laplace transform Cx(t) = Cx(0). This is certainly a contradiction.

For R{z} > 0, (2.21) will always be valid such that K(z) is an analytic function in its
ROC.

A.3.12 A Useful Lemma About the Time Derivatives of ACFs

Let us show a useful property about the time differentiation of the (twice differentiable)
autocovariance function (ACF) of a stationary process.

Lemma A.3.2. For any stationary process X (t) with twice continuously differentiable
autocovariance function C(t — s) = (X (t), X(s)), we have

(X(1),X(s)) =C(t =), (X(),X(s)) = =Clt—s), (X(t),X(s)) = —C(t ).
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Proof.

((0), x () = (im TOZTEZ20 g
= lim - [(X(0), X(s) — (X(t — A1), X(s))]
= im Ait C(t — ) — C(t — s — A)]
_ %C(TMH_S 2 6(—s).

where we can verify the interchange of limit and the inner product by the continuity of
inner products using the Cauchy—Schwarz inequality. Similarly,

X(s)— X(s— As)>
" As—0 As

— Jim i (X (1), X(s)) — (X(t), X(s — As))]

. 1
= lim S [C(t = 5) — C(t = s+ AU)]

. 1
= = lim o= [C(t = s+ As) = C(t = )]

d .
= 0Tl 2 C(t - ).

Immediately, we have (X (t), X(s)) = —C(t — s). O

Remark A.3.2. If we define C(t — s) = (X (s), X(t)), then we have the same result with
a different formulation

(X(1), X(s)) = =C(s — 1), (X(),X(s)) =C(s —1), (X(1),X(s)) = ~C(s — ).

Since C(t) is an even function such that C(t) is an odd function and C(t) is again even, we
further have —C(s —t) =C(t — s), C(s —t) = =C(t — s) and —C(s —t) = —C(t — s), which

coincides with the result of Lemma A.3.2.
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A.3.13 Hardy Space and the Boundary Value of the Laplace Trans-
form

Let z = a + 2miw where a is a positive constant. Consider an ACF C(t) € L*(R), given
1(t) as the Heaviside function, 1(¢)C(t) € L*(R, ), then the Laplace transform

C(z) = Cla + 2miw) = h e~ MLt o ydt = h e 2T (e7C(t)) dt
. l i
= / e 2™ (em 1 (8)C(t)) dt = Fl{e *1(t)C(t) }Hw)

is in the Hardy space #2(C) satisfying (Stein and Shakarchi, 2005, pp. 213-221)

(i) C(z) is an analytic function in the right half-plane ${z} = a > 0;

(ii) By Plancherel’s theorem, it can be shown

sup /00 ‘C(a—l— 27Tiw)‘2da < o0

a>0 —00

(iii) C(2miw) = limg_o+ C(a + 2miw) = F{1(t)C(t)}(w) in either the L?(R) sense or in
the pointwise (a.e. for every w) sense. (The proof of a.e. convergence requires the
result of L?(R) convergence together with Poisson integral representation to carry
out approximations in L?(R).)

Similarly, for z = a — 2miw, we also have (note C(t) is an even function on R, i.e.

Ct) =C(=1))

C(z) = /0 N e #C(t)dt = /0 N e>We M (t)dt = / : e 2™ (e™C(t)) dt
= /Oo e 2™ (e™(1 —1(t))C(t)) dt

o0

is in the Hardy space J#2%(C) with the limit C(—27iw) = lim,_+ C(a — 2miw) = F{(1 —
1())C(t) Hw)-
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Then we can establish

FLCH)}(w) = /0 h e (1) dt + /_ e PMC(t)dt = C(2miw) + C(—2miw) (A.13)

=2 R{C(2miw)}.
A.3.14 Technical Derivations of the Fourier Formulas

(i) First we show how to calculate the PSD S(w) of X(¢) given the memory kernel C(t).
Rearrange (2.21), we have

By adding the above two equations together we have

; . C0)0(C(2) +C(—2))
C(2) +C(—2) = 12C(2) + 22 + 0]

where we have used the property that C(—z) is the complex conjugate of C(z) since C(t) is
a real function. Let z = 27iw, we have

C(O)0F{C(t)}
127miwC (2miw) + k/m — Am2w?|?
B kgT/m - F{C(t)}
2miwF{L(t)C(t)} + Kk/m — 4m2w?|?
B kgT - F{K(t)}
C2miwF{1(t) - K(1)} + K — 4m2w?m)?
]{IBT . K(w)

a 2miwK (W) + & — 4m2w?m|?

S(w) = F{C(t)} = C(2miw) + C(—2miw) =

which is exactly the Fourier transformed GLE equation. Note that 6C(0) = kT /m and
K(t) = mC(t) is the memory kernel in the GLE when we take mass m as an explicit

coefficient. We denote K (w) = F{K(t)} and K(w) = F{1(t) - K(t)}.
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(ii) Now we show the recipe to calculate the memory kernel (in the frequency domain)
given the PSD of X (t) based on the Laplace transform relation (2.21). Let z = 2miw and
z = —2miw, respectively, in (2.21), we have

27iw) + 2miwC(0)

sy (Ar%w? — 0)C(
C(2miw) = il (2ni ) 00 (A.14)
5 o (Amtw? — 0)C(—2miw) — 2miwC(0)
C(=2miw) = —2miwC(— 27mcu) C(0)
Adding the two equations together gives us
e 5 omin) — 0C(0)F{C(t)}
FACW)} = C@miw) + C(=2miw) = 12miwC (2miw) — C(0)]?
which gives
FIK (1)} = F{mC(t)} = b T {C(1)} (A.15)

|2miwF{1(t)C(t)} — var(X(0))|?
where K (t) = mC(t), 0C(0) = kgT/m and F{1(t)C(t)} = C(2miw).

(iii) We can show an alternative way to get the same result based on a time-dependent
Hamiltonian and maximum entropy distribution of the stationary system. If we define

V(W) = k — Ar%wm + 2miwK (W), (A.16)

then it follows that

kgT 1 kT -
& %{ - }: BZ Sk — 4n%w?m + 2miwK (w)}

—— - (2mw) - R{K ()}
= kpT - 2R{K (27iw)} = kT - K(w)  (by (A.13))
which gives
1 1

K(w) = F{K(t)} = —$ {m} . (A.17)

Notice that K (w) = F{1(t) - K(t)} = K(2miw) according to (A.12). Based on (A.14),
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we further have
(4m2w?*m — k)C(2miw) + 2miwmC(0)
2miwC (2miw) — C(0)
Ureim) . amiwC (2miw) + 2miwmC(0)
2miwC (2miw) — C(0)
% - [2miwC (2miw) — C(0) 4 C(0)] + 2miwmC(0)
2miwC (2miw) — C(0)

K(2miw) = mC(2miw) =

(4m2%w*m — k) (4mw?m — k) , C(0)
= - + - + 2miwm — -
27w 27w 2miwC (2miw) — C(0)
_ WrtWPm—rk) K C(0)
B 27w 2miw  2miwC(2miw) — C(0)

which gives us (note kC(0) = kgT')

1
2miwC (2miw) — C(0)

omiwK (2miw) = (4n°w?m — k) — kgT -

According to the definition (A.16) of ¢~ (w), we have

V(W) = k — AW m + 2miwK (W)
1 (A.18)

" 2riwC (2miw) — C(0)

— —kpT

which implies that
1 .
Y(w) = ——— (2miwC(27iw) — C(0)) .
kgT

It then follows that (w) is indeed the Laplace transform of a well-defined function in the
time domain, i.e.,

dlw) = ‘/@% ey =efwy

Z2=2miw

2=2miw

where ¢(t) = —,CBLTC(t)

We can also establish the result in terms of the Fourier transform of ¢(¢). Notice that
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C(t) is an odd function (so is (t)), we can obtain

FO} = i) - d(c0) =~ 2oy -sewy| ]
. ' B . | e e (A.19)
=57 CF{C(t)} = T 2miwS (w).

~

As we argued in (A.12), ¥(w) can be computed as

d(w) = £{o (1)} = F{1(t) - (1)} (A.20)

Z=2miw
This result proves the following claim

Proposition A.3.1. 1)(w) = daa(w) where by definition da(t) = —kBLTC"A(t) and paa(w) =
F{L(t)paa(t)}-

It is worth noting that the above relation (in terms of the Laplace transform) is not a
special case just for z = 2miw. In general, if we define

~

V2) =k + 2Pm o+ Zf((z)

We still have |
2K(2) = —(2*m + k) — kC(0) - m

which gives us
- 1
-1
z)=—kgT - ————.
v P2 26z) - ¢(0)
However, to make connections between the Laplace transform and the Fourier transform,
we have to take z = 2miw and z = —2mw.

(iv) We have two versions of the same result, one is given by (A.15) whereas the other
is given by (A.17), (A.19) and (A.20), both of which are derived from (2.21) and by making
use of (A.12) and (A.13) with z = £2miw. To see they are really the same, it is easier to
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derive (A.15) from (A.17) and (A.18), i.e.

—kgT - —— 1 }
2miwC(2miw) — C(0)

1 kpT N -
T J - S {—2miwC(=2miw) — C(0
Tw  |2miwC(2miw) — C(0)|? S {—2miwC(—2miw) 0)}
1 kpT

" T et —cp | 2meMe2mL)
)

kpT - 2R{C(—2miw)}
[2miwC (2miw) — C(0)2
B kgT - S(w)
 2miwC(2miw) — C(0))2

where we noticed that C(t) is a real, even function and therefore C (—2miw) is the complex
conjugate of C(2miw) and S(w) = F{C(t)} = 2R{C(2miw)} = 2R{C(—2miw)} by (A.13).

Remark A.3.3. The formula given by (A.15) is more straightforward based on our previous
derivation whereas the set of formulas given by (A.17), (A.19) and (A.20) is more artfully
constructive and reveals some fundamental structure not directly seen from our projection

deriwation approach. Now, all the pieces from both perspectives are coherently connected
and essentially the same.
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Appendix B

Appendix for Chapter 3

B.1 Useful Lemmas
Let us first prove a useful argument used implicitly by Dahlhaus (1989) in his proof of
Theorem 2.1.

Lemma B.1.1. Suppose we have a sequence of possibly random objective functions {{,,(60)}5°,
and a target function (@), and define

0, = arg gélgﬁn(ﬂ), 0, = arg 1921(516(0),

where © is a compact parameter space. Then if

lim sup |¢,(0) — £(0)] =0,

n—oo 0cO®
we have lim,,_, o én = 0y as well.
Proof. Since ¢,(0) is minimized by 6, and ¢ (@) is minimized by 6y,

gn(én) < &L(HO) = gn(én> - é( ) </ ( ) (90>
(80) <UB,) = €(By) —n(B,) < 6(9 ) (n(6,)
— - (6(0 ) = 0,(0,)
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Therefore,

£0(0,) = £(00)| < max {|6(6,) = (8, 10a(60) = €(00) |
< sup|6,(8) — (8)| = 0
6co

as n — 0o. By the triangle inequality, we further have

€6,) = €80)| = [(6,) — (.(6,) + €.(6.) — £(60)]

< ‘e(én) — Ln(00)| + |€a(6,) —5(0@‘
< 2sup|l,(0) —£(0)] =0
00

as n — 00, such that lim,,_,, én = 0y as well. O

We now establish a uniform bound on |Sy, (f) —S(f)|, a crucial ingredient in the proof
of our main results.

Lemma B.1.2. Suppose that S(f) = O(1/|f]**°) as | f] — oo for § > 0. Then there exists
fo such that for fs > 2fy,

1 1 1 1
0= 80 = SU) M | s * 57702 f])‘;} =M Lfs/z)w TSR

for any |f| < fs/2. Consequently, we have limy, o supy s, |Sy,(f) — S(f)| = 0.

Proof. To establish the upper bound, by the tail assumption S(f) = O(1/|f|**%) as |f| —
00, we have S(f £ nf,) < SM/|f £ nf|"™ for |f +nfs| > fo, which is the case for any
|f| < fs/2 as long as f,/2 > fy. Thus,

0<Su(f)=S(f) =D S(f —nf) +S(f +nf.)

M & 1 1
=73 Z (nfo= D (nfot )0

n=1
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for any |f| < fs/2. By the integral convergence test we have

S 1 > 1
; (nf, — f 1+5 = (f, — )i+ +/1 (@f, — )1+ dz
1 1

B (fs - f)1+6 - 5fs(fs - f)6
1 1

AT A TR T

and similarly

o0

1 1

2 r T f R T T A A
1 1
=G SR
which completes the proof. O]

Remark B.1.1. If S(f) is continuous and strictly positive in R and S(f) ~ C|f|~24®)
as f — 0 for —1 < d(0) < %, then there exists fy such that for f, > 2fo,

Sy e i i i

S(/) (Fo— 15 67,05 = 177 ) = U =1

Thus, for arbitrarily small € > 0,

o (S,(f) ) [ « gou e 1/8 }
/o (S(f) jar<M /o(f PR / oy %df

g 1 . 1- 2d 1 o L
- [(fs - 1>1+51 (1 - 2d)f 0 (fs - fmaX)1+61 /e S<f>df]

— 0

0< <M

|f| — 0.

as fs — 00, for any fized fmax > 0, —% <d=4d(0) < %, 51,09 > 0.
Similarly, by using the fact log(1 + z) < x for all x > —1, we can also obtain

/Ofmx (logif?—%))2df—>0
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as fs — 00.

Moreover, for short memory (d = 0) and long memory (0 < d < 3) processes, since
|fI7% <1 as|f| — 0, we further have

lim sup Sp.(/) =1.
1:2%9 1< e S(f)

B.1.1 Technical Details in Remark 3.3.1

If S(f,0) = O1/|f|'T®) as | f| — oo, for the CARFIMA (p, H, ¢) model with p = ¢ and

H being unknown, we have

1 fmax ,
Lion = 4fmax/ %logS f,60) ) (a%logS(f, 00)) df

fmax

(
fmax( /(H)2_490 H)
1

log | f] + 4(l0g | ) af

4fmax S \ P(H)? ©(H)

1 © (H 2 @’(H) Jmax 1 Frnax )

T 20(H?  Joe 9(H) / | log|fldf + 5 /  Goglflyar
- %:’;((IF{])) B 290<( )) (log(fmax) - 1) + 2 [(10g fmax>2 - 210gF + 2}

~ 2(log fmax)2 — 00

as fmax — 00. In such a case, the asymptotic variance of our bandlimited estimator cannot
be arbitrarily close to that of the full Whittle estimator given by Dahlhaus (1989), since
the amount of information accumulated can never converge.

If we set the CARFIMA model with p = ¢ with H being known while ¢ is the only
unknown parameter, i.e. S(f,0) ~ o - o(H)|f|'72"#. Thus, we can set a large enough
bandwidth fi,.« such that

1 fmax ,
Ifmax - 4f /f (dﬁg log st (f7 00)) (% log st (f7 00)) df (as fs — OO)
1 4 ’
— E/_ (a%logst(x,O)) (%logst(x,O)) dzr  (as fmax — 00)

which is the information matrix of the full Whittle estimator given by Dahlhaus (1989).
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B.2 Proofs of Theorems

B.2.1 Proof of Theorem 3.3.2
Proof. (i) Under Assumptions 3.3.3 — 3.3.5, by Lemma 1 of Fox and Taqqu (1986) we have

lim sup |- Z0n(0) — 240(0)] = 0. (B.1)

N—>009 ®

Note that 60(00) 0 is easily established by passing the derivative under the integral
sign (Assumptlon 3.3.2), such that limy_,o, @y — 0y by Lemma B.1.1. Moreover, Since
for N > N, Oy is in a convex compact neighborhood of 6y, by the mean value theorem
for N > Ny we have

a%gN(éN) = 2 0n(6o) + aeae,ﬁN(ec)(éN —6)
—  VN(Oy — 60) = [5255(n(60:)] " - VN[= 50w (60)],

Where 0, = cOy + (1—=¢)fy for 0 < c< 1, and the second hne holds since by construction
fN(ON) = 0. Since (B.1) implies that E[Z(y(80)] — Z(y(6,) = 0, by Proposition 1
of Fox and Taqqu (1986), we have

VN (=205 (8y) — 0) % N(0, B),
and since |0, — 6y < |6y — 6|, by Lemma 1 of Fox and Taqqu (1986) we have

2N (0,) = 520:00(8) = A,

Nim se5w

such that

VN(Ox — 6y) = [52050n(00)] 1 VN[~ 2 x(80)] % N (0, ABA™Y).
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B.2.2 Proof of Theorem 3.3.1

Proof. Let us consider for bounded frequencies |f| < fiax

(o) = — /fmlogS(fe)+S(f"90>df

4fmax — fmax (fa )
Fma S1.(f, 60
0 = g [ ows(r0)+ Ll ar

By Assumption 3.3.2, we may interchange integral and derivatives to obtam E 0(6) =
which implies that 8, = arg min, 63(0).

Let @y, = argming £} (0) and

L I(f)
Oy —argmm T~ /_fmaxlogS(f,O) + S(f,@)df

such that by Theorem 3.3.2 we have limy_, éw = 0y,. Moreover, for fixed fi,.x we have

1 [T | Sp(f,80) — S(f.6
558(0>—e$(9))=—4fmax/ £t SO()f 0)<f’ J

by noting the compactness of ® to apply Remark B.1.1 following Lemma B.1.2 globally
for all @ € ®. By Lemma B.1.1 it now follows that lim¢ _,., 8, = 6y.

df =0

*fmax

As for the asymptotic covariance, by Theorem 3.3.2 as N — oo we have

W(éw —efs> LN (0, A;'ByA}Y),
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where Ay, = Ay (0y,), By, = By,(0y,), and

Ay, = 52 0(05,)

: 80810/ /fmax (1 _ Sulf 00)) o S(f, o)df
- 4fmax — fmax S<f70) S(fa 0)
IR L M)
o /f (1 s )0
Sfmax
B0 | iy losS(7.0)) (fylosS(7.0)1) S,.(7.0%a
_ 1 Jmes st (f7 00))2 .
~i ], Cagar) evow

By Lemma B.1.2 and dominated convergence, for any 8 € © we have lims _,., Ay (0) =
A(0) and limy, _,., By (0) = B(0), where

L e S(f,600)\ 55 S(f.0)
AO) = g /f (1 " S(1,0) ) “sire Y
L e 28(f, eo>)
4fmax /fmax <1 S(fv 0) C(f7 O)df7
o 1 Fma S(f: 00) ) ? .
Bst<0) - 4fmax /—fmax <S(f, 0) C<f70)df

Since limy, o Oy, = 0y, it follows that limy, . Af (0) = A(0y) and limy,_,., By, (0) =
B(6y). Straightforward algebraic manipulation show that A(8y) = B(6,) = Zy,..., where

fmax
L= 7= | (plogS(1.60) (G loxS(f,0)) .

fmax

Therefore, limy, o A;:B fSAjisl =7y, .., which completes the proof. O
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B.2.3 Summary of the Main Results in Moulines and Soulier (1999)

Our later proof relies heavily on Theorem 2 and Theorem 3 of Moulines and Soulier (1999)
which we summarize here.
S;.(f) where —5 < d <

Assumption B.2.1. B0 Suppose Sy, (f) = |1 —¢€'f 2 5 and
S3.(f,0) is a 2mw-periodic positive continuous function, differentiable on [—fs/2, fs/2]\{0},
and there ezists a finite constant C* such that Vf € [—fs/2, fs/2] \ {0},

—2d

d c
‘@%mkur

Theorem B.2.1 (Moulines and Soulier, 1999). If X, X1,... is a stationary Gaussian
process and B.2.1 holds, then for all 1 < m < N we have

Zm = logym = logst(fm) + TINm + T'Nm,

where Xnm = exp(nm + Cp) = Wi, . Wim, each Wi, = (W](Vlzn, . W](V%i)) s a 2B-
dimensional vector of i.i.d. standard Gaussian random variables, and
sup |cor(W](\;)k,W](Vj)m)\ < ¢; log(m)k~4mld=1, 1<k<m< Ng,
1<i,j<2B ’ ’

|7Nm| < cqlog(l+m)/m.

Moreover, for two nondecreasing integer sequences {vy}n>o and {wy}n>o such that 1 <
vy < wy < Np. Let By, be a triangular array of nonidentically vanishing real numbers,

and define

wN wN
SN — Z 6N,m77N,m S?\] = Z 6]2\77777,7
Mm=vN m=vnN
wN
anN = Z |Bnm! by = vN?ﬂ?ng |BNml -
m=vnN
Then if (i) imy oo bn/sy — 0 and (1) impy_ o0 %ffvm = 0, we have the central limit

theorem

sy'Sx 5 N (0,4/(B))
where Y'(+) is the derivative of the digamma function ().

143



Among other things, it follows from Theorem B.2.1 that Xy, ~ X%Zm) and are asymp-
totically independent, from which follows Proposition 1.

B.2.4 Proof of Theorem 3.4.2

Proof. The proof of strong consistency is a straightforward application of Jennrich (1969),
Theorem 6, which we omit for brevity. The proof of asymptotic normality leverages The-
orem 2 and Theorem 3 of Moulines and Soulier (1999) (hereby Theorem B.2.1 above).

By an identical argument to the one in the proof of Theorem 3.3.2, for N > N, we have

£ Qv (0x) = 5Qn(80) + 505 Qn(0.) - (6 — 60)
N , A~ 171 .
= VNOy - 0) = [250n(0.)] VN (-5Qn(60)).
where 6, = cOx + (1 —¢)8, for 0 < ¢ < 1. The proof will be complete upon (i) establishing

a central limit theorem for —v/ N 8%@ ~(60p) and (ii) showing that limy_,q %;9,62 ~N(0.) =
2Z(6o) — A(6o).

The Limit of —v'NZQn(6y)
Note that

Np
—VN&Qn(60) = VN - NLB > (log ¥, — Cp —log g(fun. 60)) - 55108 9(fin, 60)
m=1 (B.2)

Np
1 _
=VN- N, > & 10g g(fm, 00) - €xm,
m=1

where by Theorem B.2.1 we have

enm = log Y,, — Cg — logg(fm, 6o)
=logV,, — Cp —log S, (fm) +1og Sy, (fm) — log g(fm, 6o)
= NNm + TNm +10g8 Sy (fm) —10og g(fm, 6)-
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Using the notation of Theorem B.2.1, let

BNm = (fn,00),  on = [fuiNg/fs],  wn = Np,

\/—ae o logyg
1

where 5 < 6 < 1 and fuin > 0 is a constant. It follows that the lower frequency bound
N fs/N = fainNG/N — 0 as N — co. We shall obtain the desired result by establishing
a central limit theorem for Y "~ on BN.mNNm and show that the remaining terms in (B.2)
are negligible as N — oco. Thus,

=3 B 73 > (e 1080 80)] [ log (s 0)]

m=vnN m=vyN

fs
%%A[%mmﬂM%mww%W%ZH%%wo

as N — oo. Moreover, Assumptions 3.3.3, 3.3.4 and 3.4.3 imply that

M=w$%|MM
<Oy F} log g(fsN°~'/(2B)’, 6|

\/—|ae YfNOTL/(2B)°, 80) - g(f N/ (2B)°, 60)]

< ch c(fo, B,§)N*| 77

1
=0 (Ng—(l—&(aw)) —0

as N — oo (where C' and (' are some constants), such that limy_, by /sy = 0. Similarly,
by assumption 3.3.4 and 3.4.3 we have

anN = \/F fs Z |389 logg fm’eo ‘ = \/ NB)v

m=vnN
such that oo N
0< lim N8 < i CNE P log N = 0.
N—oo SN'UN N—oo
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Thus, by the central limit theorem in Theorem B.2.1 we have

VN - (NLB 3 %log(g(fm,eo))'nmm) 4 N (0,4Bv/(B)T(8)))

Now let us decompose

Np vy—1
Z BNmENm = (SN + Z 5N,m77N,m>
m=1 m=1
Ng Ng ) )
+ Z BNmTNm + Z BNm (log Sy, (fm) —log g(fm, 90)) .
m=1 m=1

To establish our central limit theorem for Zﬁi 1 Bnmen,m, we need to show that Sy is the
dominant part. So first, we note that

cqlog(1
Z ﬂN mTNm = \/N_B Z m
rc (
log(2) + /
P (2) i
C
O%@ /
Np
- (WV_B
as Ngp — 0o, where we used the fact that f(z) = log(1 + z)/x is a positive, decreasing
function for x > 0, C' is some constant changing from step to step, and € € (0, %), Ny > 2

+m)
N

IN

(by the integral test)

(
x
No Np ,.e
@ﬂiﬂm+/ ﬂm)
xXr

Ny T

B log(1 + a:')dm)

IN

¢ 1dx) —0
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is a constant integer such that log(1l + =) < 2 when = > N,. Moreover,

Np
Z BN,m [IOgst(fm) - 1Og g(fm; 90)]

\/N_B Z log(g fma 6)) - [logst(fm) — log g(ﬁm 00)]

:\/x_;?f ]i Za%log(g(fm,eo)). [log Sy, (fin) — 1og g(fin, 00)]
Np

_\/F > 2 10g(g(fin, 00)) - [10g Sy, (fin) — 108 9(fins 00)] A fim

Y 0(1/Ng) 0

as Ng — 00, where the last step is because the Riemann sum converges to its limit
a%D(OO) = 0 with a rate faster than /Np (e.g., Chui, 1971, Theorem 1). Finally,

EQ N, 5N7mnN7m)2 = o(1) since by the regularity assumptions on ¢(f,8) and Theo-
rem B.2.1,

E <XN: ﬁN,mUN,m) = O (UN/NB) = O(l)

The Limit of ;2 Qn(6.)

Note that

Np

agag/QN 00 Z logg fmaeo)) (% 10gg(fm,90))/

Np
— N— Z INm + TNm + 10887, (fin) = 108 g(fin, 00)) 70557 108 9(fim, 00),
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Under the regularity conditions and by Theorem B.2.1, similarly we can show as Ng — oo
that

e Z 25108 9(fm» 00)) (%108 g(fm, 60)) — 2 Z(6)

Np

N Z NNm + TN m) 5000" logg(fm, 6y) —

1 & . . . _
o > (log Sy, (fin) — log g(fin: 60)) 55 108 9(fim B0) — A(6y)
m=1

where

fs
A(8y) = fl / (log S1.(f) — log g(f,00)) 52 log g(f, B}l

~

Thus, limy e 5oy Qn(00) = 2Z(8y) — A(6y). Finally, since limy o 8. = 8 and Qn(6)
is continuous about 6y, we obtain the desired limit limy_c Qn(0,) = 2Z(6,) — A(8,),
which completes the proof of Theorem 3.4.2. O]

B.2.5 Proof of Theorem 3.4.1

Proof. Let
f 1 Jmax 2
Dy(o) = ; / (log S(/,0) — log S(/, 60))?,
i I 2
Df(8) = [ oz S(1.0) ~ og S, (£.00)"

Then by Assumption 3.3.2 we may pass the derivative under the integral sign, such that
B%Dg)(eo) = 0, which implies that 6, = argmin D{(@). Moreover, by setting vy =
[fuin NS/ fs] and wy = |fmaxNp/fs| for some constant frequencies 0 < fom < fmax
we can apply the same proof of Theorem 3.4.2 with g(f,8) = S(f,0) to show a central

limit theorem for
wN
E ﬁN,m ENm-
m=1
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We find that limy_,e O1p = 0;,, where 0y, = argmin, D*(6), and with corresponding
asymptotic variance terms

1 fmax
1(61) = 57— | s lowS( 00l o S( 6,14
Smax
Aby) =+ / (log Sy, (£, 80) — log S(£,01.)) 5 lou S(f, 07, )df.
Moreover,

\/olo) /Dl 6 \/
1 e Sy, fﬁ))2
_\/fmax/o 10g—8(f,0) df =0

as fs — 0, which follows from Remark B.1.1. Therefore, as a consequence of Lemma B.1.1
we have limy,_, 0y, = 0. Similarly, by repeated application of Remark B.1.1 we find that
lims, _,0 A(0;,) =0, and limy,_,0Z(0;,) = Zy, .. as defined by (3.8). O

Sfmax
/O (log Sy.(f.0) — log S(f.0))? df
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Appendix C

Appendix for Chapter 4

C.1 Covariance Structure of g-times Integrated Wiener
Process

Generally, let W(@(t) be the g-times integrated Wiener process, we have for 0 < t; < ¢,
W () Y(t) / W (s)ds
t1

=WO(t) + [sW(s )]

- /t2 sdW(s) (by Ito’s lemma)
WO £ W ()t — 1) + 1 / " (s / " div(s)
= W(l) (tl) =+ W(t1)<t2 — t1> + /t2 (tg — 8)dW(S)

Iteratively, we can derive the general formula

(ta—t)*  [" (t2 — 5)*
(a) 8 (4
W@ (t,) ZW k‘ +/tl AW (s).

q!
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The covariance of the increments AW = WO (ty) — WO (¢) and AW = WO (t,) —
WU(t1) (0 <4, j < q) is given by

_ J
Cov(AWD, AW ) = { / / (t2 SZ‘]' = W (s)aw (r)

(ty — 7)i(ts —
:/ 2 T) ( 2 T) dr (by 1td’s isometry)
t1

17!
_ (tZ _ tl)i-‘rj-i-l
(it 7+ Dilj!

where we implicitly used the fact that

E {/f(w,t)dW(t)} =0

for all f such that E [[ f*(w,t)dt] < oo since W (t) is a martingale.

Also note that for the integrated Wiener increment process, using It6’s lemma we can
easily derive
to to
/ (W(s) — W(t)) ds = / (tz — 5)dW (s)
t1 t1

which contributes the same stochastic integral as the integrated Wiener process. Therefore,
we can construct the covariance structure for ¢ = 2, i.e. we obtain a multivariate normal

random vector W,, = (AWéz), AWﬁl), AW,)

(A)°  (Apt (AD?

20 8 6
W, ~N(0,%), > = (A8t>4 <A;>3 (A;)Q
(Aﬁt)3 (A2t)2 At

as desired.

C.2 Proof of Lemma 4.2.1

Proof of (4.8). It is clear to see that p(IW, X,Y) is a multivariate normal so it suffices to
find its mean and variance. To that end, let Zy, Zx, Zy be independent vectors of i.i.d.
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normal random variables of size corresponding to the dimensions of W, X, Y then we have

W = pw + 211/1//2ZW
X =W + pxyw + Sy Zx
= pw + pxw + 211/1//2ZW + Eig/‘QWZX
Y = AX +%/°Zy
= Alpw + pxw + S Zw + B Zx) + Q2 2y

= Alpw + pxw] + A[SY Zw + E;/ﬁWZX] + Q2 Zy.

The following steps will be computing the covariance between each of the variables using
the equations derived above

cov(W, X) = cov(pw + 2{1/[//2ZW7 pw + pxw + 2%1//2ZW + E§</|2WZX)
= cov(Z 2 Zw, S Zw + Ei(/‘QWZX)
B 1/2 1/2 1/2 1/2
cov(W.,Y) = cov (pw + Xy Zw, Alpw + pxw] + A[Sy Zw + Sy Zx] + Q77 Zy
= cov (E%QZW, A[E%;[//QZW + Eﬁ(/fWZX] + Ql/2ZY)
=3y A

COV(X, Y) = cov ([LW + uxjw + Z%QZW + Z%QWZX, AUIJW + Mx|w]+

AR Zw + Eﬁ(/ﬁwzx] + Ql/zzy>

X|\w X|w

= cov (E%QZW +3YV2 Zy A2 Zy + B2 24 + Ql/QZy>
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Similarly, we have the variance of each variable

var(W) = var(pw + E%ZZW)

— %y
1/2 1/2
var(X) = var(uw + pxyw + Xy Zw + EX|WZX)
=Xy + 2X|W

var(Y') = var(Alpw + pxw] + A[Sy Zw + E;/fWZX] + QY2 zy)
=AW +Zxw)A + Q.

]

Proof of (4.9). Given the joint distribution from (2), we can directly apply the formula for
the conditional distribution of a multivariate normal to obtain p(W1Y") ~ N (pwy, 2wy ).
In this context we have

pwy = pw + EwAENY — py)
Swiy = Sw — SwA'S; LA,

which completes the final formulation. n

C.3 A General Derivation of the Result in Section 4.3.5

Proposition C.3.1. Let W (t) be a d-dimensional continuous-time Gaussian process with
E[W ()] = p(t) such that W (t) — u(t) is a homogeneous Markov process, i.e., we have
matriz valued functions 3(t) and R(t) such that

W (t+h) | {W(s):s<t}~N(ut+h)+RMR) (W) —pnd),E(h).
Consider time points tg < t; < tg, and suppose that
Y | Wi(ty), W(t1), W(ts) ~ N(AW (t5), Q).

Then we can find the joint distribution p(W (t2), W (t1),Y | Wy) and the conditional
distribution p(W (t1) | W(to),Y) both of which are multivariate normal.

Remark C.3.1. In Section 4.3.5, we actually have a special case where W (ty) = Wr(nm),
W (ty) = W) and W (L)) = W™,
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Proof. Let W (t) = W(t) — pu(t), and let W; = W (t;), W; = W (t;), etc. First, we derive
the joint distribution p(W7, Wy, Y | W) from the following factorization
Wi | Wy ~ N (R W, 3)
Wy | Wi, Wy ~ N (RyW, 3,)
Y | Wo, Wi, Wy ~ N (AW, + 3,9),
where 21 = ﬁ:(tl — tifl), Rz = R(tz — tl',l), and ,6 = A[l;(tg)

We know that p(Wy, Wy, Y | W) is multivariate normal, so we just need to find
its mean and variance. To do this, note that we can sample from p(Wy, Wa, Y | W)
by first generating Zy, Z, Z> as independent vectors of 7.7.d. normal random variables of
compatible dimension, then setting

W, = Ri\W, + L Z,
W, = RoW, + L, Z,
= Ry(R\W, + L, Z,) + L»Z,
Y = AW, + B+ Q' 2,
— A(R2<R1WO + L1Zy) + Ly Z,) + B+ 027,

where L; is the lower Cholesky factor of XN], = L;L!. Thus, we may calculate
COov (Wl, WQ | Wo) = COV <R1V~V0 + L1Z0, RQ(R1W0 + L1Z0) + L2Z1)

= COV <L1Z0, R2L1Z0 + LQZl>

= L, cov(Zy, Zy) L) R, + L, cov (Zy, Z,) L,
— 3R,

The rest can be calculated similarly
cov(WA, Y | W) = cov (R Wy + L1 Zo, A(Ro(RaWo + LiZ0) + LaZ1) + B+ 02, )
= cov <L1Z07 AR2L1Z0 + ALy Z, + 91/2Z2)

= Lycov(Zy, Zy) LyR,A’ + 0
=3 R,A"
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COV(WQ, Y | Wg) = COV <R2W1 -+ L2Z1, A(RQ(RlWO + L1Z0> -+ LQZl) + ﬂ + Q%Z2>
= COV <R2L1Z0 + LQZl, AR2L1Z0 + AL2Z1 + QI/QZ2>
= RQLl COV(Zo, Zo)LllRIQA/ + LQ COV(Zl, Zl)L,QA,
- RgilR/QAl -+ EQA/.

Once we have the joint distribution p(Wy, Wy, Y | W), we can use the formula for the

conditional distribution of a multivariate normal to obtain p(Wy | W,,Y), and then
p(W1 | Wy, Y). The joint distribution of p(W; | Wy, Y') is given by

W, R,W, Pl SR, . LIRA
Wa|Wod | | RoRy W, || RX1  ReS Ry + 3  RyY RA 4+ 5, A

'Y AR,R\W, + 3] |AR,S, AR,X R, + A, ARY R,A' + A, A +Q
and

-Wl | W ~ N Rl(Wo —~[.l,(~t0)) + [J,(tl) ?1~ o ilRIQAI~

'Y 0 AR, R\W, TARY, ARSI RLA'+ ASLA' + Q)

O
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