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Abstract

This thesis develops and analyzes advanced parameter estimation techniques for dis-
cretely observed nonlinear first- and second-order stochastic differential equations (SDEs),
focusing on splitting schemes and their applications.

Initially, new numerical properties of splitting schemes, specifically the Lie-Trotter and
Strang schemes, are established, enabling more accurate and robust parameter estimation
under less restrictive assumptions on the drift parameter. Theoretical advancements
include proving the LP convergence of the Strang splitting scheme and demonstrating
the consistency and asymptotic efficiency of the associated estimator, confirmed in a
simulation study of the three-dimensional stochastic Lorenz system.

Expanding this work to second-order SDEs, we introduce and adapt the Strang split-
ting scheme to address hypoelliptic systems and scenarios involving partial observations
caused by the unobserved velocity variable. The proposed estimators are shown to be
both theoretically robust and computationally fast, with variations in the asymptotic
variance depending on the likelihood approach used. The theory is illustrated by apply-
ing the Kramers oscillator model to model paleoclimate data.

The thesis further extends to developing multivariate Pearson diffusion models, which
generalize existing univariate Pearson diffusion frameworks by incorporating linear drift
and a quadratic function in the diffusion structure. The Strang splitting scheme for
nonlinear processes with Pearson-type noise is proposed, and the closed-form solutions
for the first two moments are derived. The applicability of these models is demonstrated
through their appearance in genetic research and epidemiological modeling, as well as a
generalization of the Kramers model with the student-type noise. The simulation studies
validate the dominance of the proposed estimator in estimating diffusion parameters with
higher accuracy compared to existing methods.

iii



Sammenfatning

Denne afhandling udvikler og analyserer avancerede teknikker til at estimere parametre
i diskret observerede ikke-linesere fgrste- og andenordens stokastiske differentialligninger
(SDE’er), med fokus pa splitting schemes og deres anvendelser.

Indledningsvis etableres nye numeriske egenskaber for splitting schemes, specifikt Lie-
Trotter- og Strang-skemaerne. Dette muligggr mere ngjagtig og robust parameteresti-
mation under mindre restriktive antagelser om driftparameteren. Desuden bevises LP-
konvergens af Strang-skemaet og konsistens og asymptotisk normalitet af estimatoren.
Resultaterne bekraeftes i et simulationsstudie af det tredimensionelle stokastiske Lorenz-
system.

Vi generaliserer metoderne til andenordens SDE’er og introducerer og tilpasser Strang-
skemaet til hypoelliptiske systemer og scenarier, der involverer uobserverede variable,
da hastighedsvariablen ikke er observeret. De foreslaede estimatorer er bade teoretisk
robuste og beregningsmeessigt hurtige, hvor den asymptotiske varians afheenger af hvilken
approximation til likelihood funktionen, man veelger. Teorien illustreres pa Kramers
oscillatormodel, anvendt pé palacoklimadata fra den Grgnlandske indlandsis.

Afhandlingen udvider metoderne yderligere til multivariate Pearson diffusionsmodeller,
som generaliserer eksisterende univariate Pearson diffusioner ved at kombinere lineser
drift med en kvadratisk funktion i diffusionsstrukturen. Vi udvikler Strang-skemaet for
ikke-lineaere processer med Pearson-type stgj, og eksplicitte formler for de forste to mo-
menter udledes. Anvendeligheden af disse modeller vises gennem eksempler i genetisk
forskning og epidemiologisk modellering, sdvel som en generalisering af Kramers-modellen
med Pearson-type stgj. Simulationsstudierne validerer fordelene ved den foreslaede es-
timator af diffusionsparametre med stgrre ngjagtighed sammenlignet med eksisterende
metoder.
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Contributions and Structure

This PhD thesis consists of two parts.

The first part, which includes Chapters 1 to 5, outlines the problem and objectives
addressed in the thesis. It provides the necessary information to understand the included
papers and the additional work beyond them. Instead of serving as a literature review,
this part identifies and connects the common themes across the papers, placing them
within a unified framework.

Following the introduction, the second part consists of three chapters, each presenting
a paper with appendices. All theorems, sections, etc., are numbered according to the
paper in which they appear. The three papers are the following.

Paper I (Parameter Estimation in Nonlinear Multivariate SDEs with Additive Noise)
introduces the splitting schemes estimators for elliptic SDEs with additive noise. A new
asymptotic theory of the estimators is developed for SDEs with non-Lipschitz drift and
super-linear growth. The chapter contains the following paper:

e [Pilipovic et al., 2024a| P. Pilipovic, A. Samson, and S. Ditlevsen. Parameter es-
timation in nonlinear multivariate stochastic differential equations based on split-
ting schemes. The Annals of Statistics, 52(2):842 — 867, 2024a. doi: 10.1214/
24-A082371. URL https://doi.org/10.1214/24-A0S2371.

Paper II (Parameter Estimation in Nonlinear Multivariate Second-order SDEs with
Additive Noise) generalizes the splitting schemes estimators to a specific subclass of hy-
poelliptic diffusions induced by second-order stochastic differential equations. Moreover,
the methodology is adapted to work in case of partial observations. The chapter contains
the following paper:

e |Pilipovic et al., 2024b] P. Pilipovic, A. Samson, and S. Ditlevsen. Strang splitting
for parametric inference in second-order stochastic differential equations, 2024b.

Paper status: Submitted.

Paper IIT (Parameter Estimation in Nonlinear Multivariate SDEs with Pearson-type
Noise) introduces a new model class denoted as SDEs with Pearson-type Noise and pro-
poses a method for estimating parameters using Strang splitting together with Gaussian
approximation. The chapter contains the following paper:

e P. Pilipovic, A. Samson, and S. Ditlevsen. Strang splitting parameter estimator
for nonlinear multivariate stochastic differential equations with Pearson-type mul-
tiplicative noise, 2024.

Paper status: working paper.


https://doi.org/10.1214/24-AOS2371
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1 Introduction

Understanding the behavior of complex systems under the influence of random fluctu-
ations is a fundamental challenge in various scientific fields. Our research contributes
to this field, focusing on the parameter estimation problem in multivariate nonlinear
stochastic differential equations (SDEs) based on discrete observations.

To demonstrate the practical value of SDE-based models, we study in Paper II the
Dansgaard-Oeschger (DO) events — abrupt climatic shifts recorded during the last glacial
period. DO events are characterized by sudden warming followed by gradual cooling,
which takes decades to centuries to millennia. Relevant research questions about the DO
events include the mechanisms driving these rapid changes, the factors influencing their
occurrence, and the distribution of waiting times between such events. We investigate
whether we can fit models incorporating dynamical oscillations and stochastic resonance,
such as the Kramers oscillator (also known as the stochastic Duffing oscillator), to address
these questions and enhance our understanding of the underlying climate dynamics.

Despite the evident potential of SDE-based models, parameter estimation of such mod-
els presents three main challenges. First, a universal framework for parameter estimation
applicable to all SDE models is lacking. Most SDE models do not have a closed-form
likelihood function, a fundamental element of traditional statistical inference. Second,
hypoelliptic SDEs introduce additional complexities, as the noise does not directly affect
all system components but can influence them indirectly through the system’s dynamics.
Third, only partial observations are often available, meaning not all variables affecting
the system’s dynamics can be directly measured. In cases of partial observation, the
behavior of hidden variables must be inferred from the observed data, adding another
layer of complexity to parameter estimation in SDEs.

This thesis addresses these three problems by proposing to approximate the SDE using
splitting schemes. Splitting schemes are numerical methods that decompose the SDE into
simpler sub-problems, which are easier to solve and can be combined to approximate the
solution of the original SDE. Using these schemes, we can derive a pseudo-likelihood,
which facilitates the construction of estimators without a closed-form likelihood function.

We develop estimators for different setups and model classes using the pseudo-likelihood
obtained from the splitting schemes. We rigorously prove convergence properties for the
splitting schemes and the asymptotic properties of the obtained estimators, specifically
their consistency and asymptotic normality, allowing for standard inferential procedures.

We also conduct extensive numerical simulation studies to demonstrate the practi-
cal performance of the estimators. These studies show that our proposed methods can
accurately and quickly estimate parameters even in the presence of nonlinearities, hy-
poellipticity, and partial observations, thus providing a robust framework for analyzing
complex systems modeled by SDEs.



1 Introduction

The rest of this part of the thesis is organized as follows. Chapter 2 introduces the
model class and discusses the assumptions. In Chapter 3, we recall the maximum likeli-
hood estimation (MLE) for SDEs and compare the most commonly applied approximated
MLE methods. In Chapter 4, we introduce the splitting schemes, first in the ordinary
differential equation (ODE) settings, followed by the extension to the SDE setup. Chap-
ter 5 discusses the computational tools used to make the implementation faster and more
robust.



2 Stochastic Differential Equation Model

This chapter introduces and discusses the fundamental setup of models described by
SDEs. We consider the following SDE

dX; = F(t, X; 0M) dt + (¢, X;02)dW,, X =x0 € X. (1)

Here, X; € X C R? is a unique, strong solution defined on a complete probability
space (2, F,Pg) with a complete, right-continuous filtration (F¢)¢>0. The m-dimensional
Wiener process W = (Wy):>¢ is adapted to F;. The probability measure Pg is param-
eterized by 0 = (0(1), 0(2)). The closure of the parameter space © is © = Oy1) X Op),
where ©ga) and By (2) are two open convex bounded subsets of R” and R®, respectively.
The initial value x¢ can be either deterministic or random. The drift function and dif-
fusion matrix are defined as F : [0,00) x X x ©pa) — R% and X : [0,00) x X' x Op2) —
R¥*™ respectively. The matrix-valued function X7 : R? x Oy — R4 defined as
23T (t,x;02) = B(t,x;0?)3(t,x; 0T is assumed to be positive semidefinite.

This setup represents a general form of SDE models. However, certain conditions are
typically imposed on the drift F and diffusion function X to ensure the existence and
uniqueness of a strong solution. In the context of parameter estimation problems, these
conditions also help guarantee the theoretical and numerical properties of the estimators.

A unique, strong solution is one where the initial conditions and the driving noise
uniquely determine the path of the SDE. In contrast, a weak solution only requires that
the distribution of the paths matches the SDE. In Paper I, we are also interested in
the numerical aspects of discretization schemes, which is why we base our work on the
assumption of a strong solution. Moreover, we are interested in how the strong order of
convergence influences parameter estimation.

According to [Kloeden and Platen, 1992|, approximation X converges strongly with
order ¢ to the strong solution X of SDE (1) at time T, if there exists a constant C' that
does not depend on h, such that

E[| X7 — Xr||] < ChY,

where h is the time step size between two consecutive observations. Sometimes, the
strong order of convergence is defined by L? instead of L' norm as in Milstein [1988].
Then, the order of convergence is also called the mean-square convergence. In Paper
I, we further explore the LP convergence of SDE approximations. In this context, LP
convergence implies mean-square convergence when p = 2, and mean-square convergence
implies strong order convergence.

Additionally, we examine one-step convergence, which measures the accuracy of a single
discretization step. This can be expressed as

IE[X¢, — ®n(Xy, ) | Xe, , = x]|| < ChY,
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where <AI5h is the one-step approximation h-flow. While strong order convergence is im-
portant to simulate trajectories, the one-step approximation error has important impli-
cations for estimating process parameters. MLE relies on the distribution of a one-step
ahead state as described in Chapter 3. The exact distribution is usually unavailable, so
approximation methods are required. Thus, a better convergence rate for the one-step
approximation error leads to a better likelihood approximation.

In Paper I, we present novel results concerning the numerical properties of the Strang
splitting scheme, highlighting how these convergence aspects correlate with the non-
asymptotic accuracy of parameter estimation based on splitting schemes.

2.1 Common Assumptions

1. Lipschitz Continuity and Linear Growth. It is common to assume that both
drift function F : [0, 00) x X x Oy — R? and diffusion function X : [0, 00) x X' x
Op(2) — R satisfy the Lipschitz continuity (2) and linear growth (3) conditions.
Specifically, for all x,y € X, and all ¢ > 0, there exist constants Lg,Cg € (0, 00)
that do not depend on ¢, such that

|IF(t,x;01)) — F(t,y; 0) || + |Z(t,x;0@)) — Z(t,y;0@)|| < Lo[x —y[l. (2)
and
IF(t,%;0W)|| + [|2(t, x; 0@)|| < Co(1 + |1x]]). (3)

These conditions are widely adopted because they simplify the proofs of the exis-
tence and uniqueness of strong solutions and the estimators’ asymptotic properties.

2. Constant Diffusion Function. Another common assumption is that X does
not depend on state x, that is, X(¢,x;0®)) = X(¢). This assumption simplifies
the statistical inference significantly and makes different estimators well-defined.
Nonetheless, this assumption is often not realistic in practical applications.

3. Elliptic Diffusion. Another important assumption often made in the study of
SDEs is that the diffusion function X(¢, x; 9(2)) is elliptic. This means that the
squared diffusion matrix X7 (¢,x;0?) is positive definite for all ¢ and x. This
assumption ensures non-degeneracy of the diffusion term, which is crucial for some
discretization schemes and estimators, as they are well-defined only if the ellipticity
condition is satisfied.

These assumptions are simple. However, they limit the model’s applicability in real-
world scenarios requiring nonlinear growth and nonlinear state-dependent hypoelliptic
diffusion functions.



2.2 Our Approach

2.2 Our Approach

In the three Papers I, II, and III, we assume an autonomous SDE, meaning that the
functions F and ¥ do not depend on time ¢. This assumption simplifies the derivations,
but our approach can easily be extended to non-autonomous SDEs. Here, we provide
an overview of how to generalize the autonomous assumption to handle non-autonomous
SDEs. Additionally, we assume that the initial value xq is deterministic. While this
assumption simplifies the analysis, our method can be adapted to accommodate a random
initial value. We maintain this assumption in the thesis for clarity and simplicity.

The following subsection discusses how our work relies upon and extends the three
Common Assumptions 2.1.

2.2.1 Non-Lipschitz and Polynomial Drift

We do not impose the strong conditions of linear growth and Lipschitz continuity on F.
Instead, we adopt weaker conditions:

1. One-Sided Lipschitz Condition. Function F is twice continuously differentiable
with respect to x and 0. Additionally, for all 8 € © t > 0, for a sufficiently large
p > 1, there is a constant Lg > 0 such that:

x—y)" (F(t,x;00) - F(t,y;01)))

2p—1

T

d
SISt x:02) — Bty )P < Lollx — y[%, x,y € X
=1

2. Polynomial Growth. Function F grows at most polynomially in x, uniformly in
0W | i.e., there exist constants Cpa) > 0 and p > 1 such that for ¢ > 0:

1B (t,%;01)) = F(t,y:0D)|* < Coon (L+ x>+ Iy [IP~?) I~y vx,y € &.
Additionally, the derivatives of F are of polynomial growth in x, uniformly in @(1).

These weaker conditions are sufficient for a unique, strong solution to exist [Tretyakov
and Zhang, 2013] and better reflect the needs in practical scenarios. We demonstrate
through numerical studies on the Lorenz system (an example that does not satisfy the
one-sided Lipschitz condition) that these conditions are sufficient but not necessary. The
primary requirement is a unique, strong solution to the SDE (1). By adopting these more
flexible assumptions, we aim to broaden the applicability of our methods while ensuring
mathematical rigor.

2.2.2 Constant and Pearson-type Diffusion Function

In Papers I and IT we make the strong assumption of constant diffusion function, (¢, Xy; 0(2)) =
3. We refer to SDEs with constant diffusion functions as SDEs with additive noise. On
the contrary, if the diffusion function depends on the state vector X, it is said that SDE
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has multiplicative noise. The additive noise assumption is necessary for the splitting
schemes used in all three papers. While we formally introduce these schemes in Chapter
4, we intuitively go into the main idea here to explain why we need a constant diffusion.

Starting with SDE (1) with additive noise, we can split the drift function F into a sum
of linear and nonlinear functions. Then, we split the original SDE (1) into two differential
equations: a linear SDE with additive noise and a nonlinear ODE. Although this is not
the only way to split SDE (1) and might not be optimal, it is the most natural approach.
This is because then we obtain an Ornstein-Uhlenbeck (OU) process, which is the solution
of the linear SDE with additive noise. The OU process is well-studied and understood
with an explicit closed-form solution and known Gaussian transition probability. This
splitting strategy provides a pseudo-likelihood for statistical inference for SDEs using
splitting schemes. It can inspire new ideas and methods for further development of this
approximation method. For example, in Paper III, we generalize the constant diffusion
function assumption to allow quadratic functions of the state vector X in the squared
diffusion matrix X7 (t,x;0?)). We refer to SDEs with this type of diffusion matrices as
SDEs with Pearson-type noise as a generalization of Pearson diffusions, a standard and
powerful class of one-dimensional models. While allowing for non-constant diffusion, one
loses the well-defined properties of the OU process. However, we can still find closed-form
formulas for the first two moments of a linear SDE with this type of diffusion function.
These formulas allow for approximating the transition density of the linear SDE with a
Gaussian density with the first two correct moments.

2.2.3 Hypoelliptic Diffusion

The SDE (1) is said to be hypoelliptic if ZX T (¢, x; 0(2)) is not of full rank, while the solu-
tion admits a smooth transition density with respect to the Lebesgue measure. According
to Hérmander’s theorem [Nualart, 2006|, this is fulfilled if the SDE in its Stratonovich
form satisfies the weak Hormander condition.

The Stratonovich form of SDE (1) is given as

d

1 m
dX; = | F(t,Xi:00) = 233" 0125, X4 0%) S5, X3 0%)) | dt @
k=1 j=1

+ 3(t,X4;0?) 0 AW,

where 3. is the jth column of ¥. Then, the Stratonovich SDE (4) has drift
1 d m
G(t,Xy;0) = F(t,X;00) — 3 > Z N2 (t, X; 0Dy, (t, Xy 0P, (5)

To describe the weak Hormander condition, we start by introducing the Lie bracket. The
Lie bracket [f, g] of two smooth vector fields f,g : R? — R? is defined as

[f,9] = (Dxg(x)) f(y) — (Dxf (x))g(y),
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where Dy f is the Jacobian matrix of function f.
We define the set H of vector fields by initially including X.;, j = 1,2, ...,d, and then
recursively adding Lie brackets

HeH=[G H|, S, H|,... [SqH eH

The weak Hormander condition is met if the vectors in H span R? at every point (¢, x; ) €
[0,00) x X x O.

In Paper 11, we work with second-order SDEs. We show that they are hypoelliptic
under the assumption of additive noise. In Paper I1I, we create a framework that includes
hypoelliptic SDEs, also with multiplicative noise.

Now that we set up the model class, we focus on parameter estimation.






3 Parameter Estimation from Discrete
Observations

Parameter estimation is a common challenge in practical modeling with SDEs. While
collaboration with domain experts might provide us with the parametric form of the SDE;,
the specific parameter values often remain unknown. Typically, we have experimental
data that we use to estimate these parameters. This section aims to give an overview of
solutions to these problems, focusing specifically on statistical likelihood-based inference
methods.

Working with SDEs with additive noise is much more manageable because many meth-
ods are designed explicitly for SDEs with constant diffusion coefficients. Additive noise
simplifies the SDE, making it more tractable for various methods and analyses. However,
many real-world systems exhibit state-dependent diffusion, leading to two possible ap-
proaches: 1) transforming the SDE to reduce the multiplicative noise to additive noise or
2) generalizing methods that work with additive noise to handle multiplicative noise. We
first discuss the transformation approach, as our initial focus is on models with additive
noise. In Section 3.4, we recall different estimation methods and discuss which methods
can work only with additive noise and which can be used or generalized to work with
multiplicative noise.

3.1 Lamperti Transform

The Lamperti transform converts an SDE with state-dependent diffusion into an SDE
with unit diffusion. This transformation is always possible for univariate SDEs. Some-
times, extending the univariate Lamperti transform to the multivariate setting is possible.
For example, the following theorem (Theorem 4 in [Moller and Madsen, 2010]) outlines
a possible multivariate Lamperti transform.

Theorem 1 (Multivariate Lamperti Transform). Let X; be a solution of SDE (1), where
3(t, X5 02) € R4 s a diagonal matriz with diagonal elements X0 (t, Xy; 03)) that
depend only on Xt(l), i.e.,

200t X, %) = 200 (2, X7 60). (6)

Then, the ith element of the Lamperti transformation

(i) _ (@) (). g(2)y .— / -
Y — O, xD. 9@y — _ d 7
t /l,Z) ( Pt A ) E(Z”L) (t’ x; 0(2)) € z:Xt(L)’ ( )
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is given by the following SDE
, (4) -0(2)
dY;(l) _ <3w (t,z;0'%))

FO@ 0 (¢, v,";6) 15 61) ) dt

+ -
O oy 0D (YO, Y, 62)71560)
102D (¢ 2 0(2) ;
L Loxt(t, = 617) | dt +aw.
2 ot xzzb(i)(t,th;GO))_l

Applying the Lamperti transform, we obtain a so-called reduced SDE with additive
noise with identity diffusion matrix

dY,; = Fy(t, Y, 9) dt + dWy, Yy =yo. (8)

Here, the drift term Fy is expressed as a function of the original drift F', diffusion X,
the transformation v, and the transformed state Y;. Sometimes, we apply a similar
transformation that leads to an SDE with additive noise but not necessarily with an
identity diffusion matrix. This can be useful to avoid a transformation depending on the
parameters we wish to estimate. We thus abuse the notation of the Lamperti transform
and refer to any transformation that converts an SDE with state-dependent diffusion
into an SDE with constant diffusion.

We note that the Lamperti transform is applicable in more general multivariate SDE
settings with a more complex structure of diffusion matrix 3. See, for example, Ait-
Sahalia [2008] and his necessary and sufficient condition for a multivariate Lamperti
transform to exist.

In the next section, we assume that the SDE has additive noise, either by model
construction or, if possible, obtained from the Lamperti transform.

3.2 Stochastic Differential Equations with Additive Noise

To compare common parameter estimators in Section 3.4 and introduce the splitting
schemes in Chapter 4, we assume that SDE (1) has additive noise, that is,

dX, = F(t,X;00) dt + £(1:;02)dW,, Xy =x0 € X. (9)

Instead of estimating 8 directly, we only estimate parameters in =Tt 0(2)) because
the covariance matrix of X; depends on X 7. For any orthogonal matrix Q, ¥ and
3Q induce the same distribution due to the properties of the Wiener process W;. More
formally, any two matrices ¥; and X9 that satisfy ;% = 222;— generate the same
covariance structure for X;. Hence, the matrix 3 is only identifiable up to orthogonal
transformations. That means that we cannot uniquely determine X itself, but rather we
can only estimate the equivalence class of ¥ defined by X7,
For that reason, we half-vectorize ¥X T as

s :=vech(ZX") = (X 11, [E2 12, [ZZ a2, .0, [BE 14, o, [22 T aa)-

Since X T is a symmetric d x d matrix, ¢ is of dimension s = d(d + 1) /2. For a diagonal
matrix, instead of a half-vectorization, we use ¢ := diag(ZZT). Then, when we refer to
the diffusion parameter, 8, we refer to the parameter of s(t; 0(2)).

10



3.3 Maximum Likelihood Estimation

3.3 Maximum Likelihood Estimation

We might have a set of observations of the state X; at a finite number of time points.
Alternatively, we might only have partial observations of the state possibly corrupted by
noise. In this thesis, we focus on the case where we observe the state X; directly without
additional observational errors. When dealing with partial observations, we assume a
specific structure indicating which state components are observed and which are not.
This structure is motivated by the second-order SDE framework, which systematically
handles partial observations in the modeling process.

Assume we observe N + 1 values of the SDE, X;,, Xy,,...,X;,. A classical method
for SDE parameter estimation is the MLE. We assume the observations are equidistant,
ie., tyi1 —ty = hforall k=0,1,..., N — 1. Additionally, we consider high-frequency
asymptotics where the number of observations IV goes to infinity, the step size h goes to
zero, and the length of observed time interval T' = Nh goes to infinity. This last condition
is necessary to prove the consistency of the drift parameter. Moreover, when proving
the estimator’s asymptotic normality, we require that Nh? goes to zero, a condition
sometimes referred to as a rapidly increasing experimental design.

Due to the Markov property of SDEs, we can write down the likelihood of the observed
values given the parameters as follows

N-1

p(thv B 'XtN | 0) = H p(th+1 | th;e)v
k=0

where p(Xy, ., | Xy,;0) is the transition density of the SDE and can be obtained as a
solution to the Kolmogorov forward equation.

In the MLE method, we wish to maximize the preceding likelihood expression or,
equivalently, minimize the negative log-likelihood:

N_
L£(0) = —logp(Xyt,,... Xy |0) = — logp(th+1 | X¢,30). (10)
k=0

—_

Thus, the MLE of the parameters is obtained by finding the vector of parameters that
minimizes the negative log-likelihood £(0), i.e.,

éMLE = arg min 5(9)
(7]

The minimum can be computed analytically by setting derivatives to zero or using nu-
merical optimization methods. However, we need to evaluate the likelihood, which is
generally intractable because the transition densities are not available in closed form.
For linear SDEs, we know the transition densities, allowing explicit evaluation of the
likelihood. We cannot analytically solve the Kolmogorov forward equation in the mul-
tivariate nonlinear case, making the transition density intractable. In this situation, a
typical approach is to replace the SDE or its transition density with a tractable ap-
proximation. We can use various SDE discretization methods, such as Euler-Maruyama

11
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(EM), strong order 1.5 scheme, or local linearization (LL), to form an SDE approximation
whose transition density we can evaluate. Alternatively, we can directly approximate the
transition density of the SDE, for example, using Gaussian approximations or Hermite
expansions.

The following section briefly overviews different MLE approximation methods. It serves
as a literature review and a comparative analysis of other approaches. By examining these
methods, we can evaluate their effectiveness, understand the assumptions they rely on,
and determine how they can be generalized or adapted for specific classes of models.
This discussion highlights the similarities and differences between various approximation
techniques, their outcomes, and their practical implementations.

3.4 Approximate Maximum Likelihood Estimators

The intractability of the transition density challenges parameter estimation in nonlinear
SDEs. We use approximations for the likelihood or transition densities to facilitate eval-
uating the likelihood function. This section explores various methods for approximating
the solution of SDE or its transition density to enable maximum likelihood estimation.

In the rest of this section, we suppress the notation for the parameter, so for example,
F(t,x) stands for F(¢,x;0(), and so on.

3.4.1 Estimators Based on Approximated Solutions

One approach to parameter estimation in nonlinear SDEs is to approximate the solution
of the SDE with a continuous- or discrete-time system for which the transition density is
known or can be computed more easily. Below, we discuss three standard methods: the
EM, the strong order 1.5, and LL estimators.

3.4.1.1 Euler-Maruyama Estimator

The EM method is a straightforward discretization scheme used to approximate the
solution of SDEs. It originates from the It6-Taylor expansion, which provides a framework
for approximating the solution of an SDE by expanding it in terms of the increments of
the Wiener process [Kloeden and Platen, 1992]. The EM method uses only the first-order
terms of the expansion.

The EM approximation of the SDE (1) is defined as follows

Xy = Xy, + hF (L, Xo) + Z(tr, Xi, ) AWy,
where AW ~ N(0, h). The simplicity of this method makes it a versatile tool, as it does
not restrict the diffusion function ¥ to be constant and can be easily applied to SDEs

of any dimension. Furthermore, the method avoids the need to compute the Jacobian,
making it computationally fast and easy to implement.

12



3.4 Approximate Maximum Likelihood Estimators

The discrete process th has a Gaussian transition density, leading to the transition
density approximation:

P(Xty iy | Xt,30) %N<th+1;u£z M (31, 00), 4 (1, x50 )))
where
i (b X0, 00) = xu, + B (b, %1,),
QELEM] (b, Xe; 0?) = hEST (ty,x1,).

This results in the following approximation of the negative log-likelihood:

N-1
1
£EMI(X. 9) = kzo log det (27 (14, X, ))

N—-1
EM EM _ EM
(X — i (1, X0, TR (1, X0 ) (X, — (1, X)),

k=0

_'_

N

While the method is highly straightforward to implement and seemingly versatile with
a non-constant diffusion function, it does have some major limitations. For instance,
Hutzenthaler et al. [2010] proved that the EM discretization diverges from the true so-
lution of SDEs with super-linear drift terms. Moreover, it is unsuitable for hypoelliptic
SDEs, as it approximates the covariance by hX3 T, which is not of full rank.

Even for linear SDEs that have explicit transition densities, the EM approximation
does not have the correct covariance matrix since the true covariance is not RXE .

For all the previous reasons, the EM method can lead to significant bias in the param-
eter estimators.

3.4.1.2 Strong Order 1.5 Estimator

By taking more terms into the It6-Taylor expansion, we can form methods of arbitrary
order. One such method is the strong order 1.5 scheme (SO1.5) [Kloeden and Platen,
1992], which includes noise terms up to order h3/2 and deterministic terms up to order h2.
The SO1.5 scheme can be used to discretize SDEs with non-constant noise because all
involved iterated It6 integrals have known distributions. However, higher-order iterated
It6 integrals in the SO1.5 scheme become challenging since the final noise distribution
consists of a summation of different distributions like Gaussian and chi-square, making
it impossible to find the closed-form likelihood.
Thus, we only consider the SO1.5 approximation for SDEs with additive noise:

th+1 = th + hF(tk, th) + E(tk)AWk

h? ) ) )
+ 5 | OF (t, Xa,) + Dy (b, X, ) B tr, X, ) + Z F(ty, X0, ) [Z2T ()]s
z] 1

+ DiF(ty, X, )2 (te) ACk + = (1) (RAW — AC),

13
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where A, and AW} are jointly normally distributed as

31 h2
5] (1[5 )
AW, 0" |21 nI
This additional noise structure allows the method to capture more complex details of the

SDE’s dynamics, leading to a more accurate approximation.
The transition density is approximated as

P(Xt | X4,50) = N (thﬂ; ,ULSOM] (th, X4,30), QEOI'S} (th, %45 9)) )

where

h2
w1l (1, x4, 5 0) = x4, + hF (b, x1,) + 5 (OF (1, x1,) + DxF (%0, ) F (11, x1,))

o d
+ hz Z aZjF(tk,th)[EZT(tk)]ij,
ij=1
[SO1.5] T h? T T T
PO (1, x1,36) = KEET () + 5 (22 (t) DI F (ty, %1, ) + D F(th, %1, ) S5 (tk)>
h? T h? T T T
+ 588 () + (DXF(tk,xtk)EE (tx) DIF (b3, %1, ) + 0,55 (tk))
3
+ % (z’(tk)z(tk)TD,I F(ty, %y, ) + DxF(tn, xtk)E(tk)E’(tk)T) .
Under the assumption of a constant diffusion function, the SO1.5 method provides an
accurate MLE approximation even in hypoelliptic scenarios [Ditlevsen and Samson, 2019].
It offers significantly higher precision than the EM method. However, despite its increased
accuracy, this method has two practical issues. First, the covariance matrix Q%SOLE)]
might not be positive definite. This issue is more likely to occur for large step size h. A
common way to avoid this is to approximate log det QEOI'S} and (QLSOM])*1 around h =
0 using a Taylor expansion. Second, the SO1.5 method requires additional computations,
specifically the computation and implementation of the Jacobian and Hessian of the drift
function F' and the derivative of 3, making it computationally more complex and slower

than the EM method.

3.4.1.3 Local Linearization Estimator

The LL method offers an alternative approach to approximating solutions to SDEs with
constant diffusion functions [Ozaki, 1985, Shoji and Ozaki, 1998, Shoji, 1998, Ozaki et al.,
2000]. This method involves approximating the nonlinear SDE locally (between each two
consecutive points) with a linear one, allowing for a more tractable solution.

The basic idea behind the LL is to approximate SDE (8) in the interval [¢,¢ + k) by
the following linear SDE

dX, = A(t,X;; 00X ds + a(s,t,Xy,0)ds + B(s)dW,,  se[t,t+h), (12)

14



3.4 Approximate Maximum Likelihood Estimators

where functions A and a are derived by linearizing the drift F. The linear SDE (12) has
the following solution

t+h N .
Xy = exp(A(t, X )h)X; + / exp(A(t,X¢)(t + h —u))a(u, t, Xs; 0) du
o )
+ / exp(A(t, Xy)(t +h —u))X(u) dW,,.

To derive A and a, we start by linearizing F in each interval [t,¢ + h) using the Itd
formula. Specifically, we get

A(t,X,) = DyF(t,X,),
and
a(s,t,Xy,0) = F(t,X,) — DyF(t, X)X,
+ | O F(t,Xy) + Z F(t,X)[ZZ" (1)) | (s —1).
t,j=1

By construction, the LL yields a Gaussian transition density. After some algebraic ma-
nipulations, the approximation of the transition density becomes:

p(xtk+1 ‘ th; 0) ~ N <th+1 ) I’L%LL] (tk‘v th; 9(1))7 Q%LL] (tk‘, th; 0)) )
where

“;LLL} (tkv Xty 0) =Xy + r%(DXF(tk’ th))F(tk” Xl‘k)
+ (hr%(DxF(tk,xtk)) — 1}, (DxF (tr, x1,)))

at tk,th Z tk,th [EZ ( )] ’

i,j=1

[LL] bt T
Q, (tk,xtk;O):/ exp(DxF (g, x¢, ) (tpr1 — w) XX (u) (13)

tg

exp(DxF " (1 x0,) (b1 — 1)) d

In the previous equation, we introduced the following notation
h
rp(M) = / exp(Mu)u" du, n=0,1. (14)
0

Integrals r}} can be computed in various ways, leading to different numerical implemen-
tations of the LL scheme. One approach is to solve the integrals analytically. However,
this involves finding the inverse of the Jacobian matrix, yielding numerical instability
because it depends on the data points and parameters, making it likely that the inverse
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does not exist. Alternatively, we can express these integrals using matrix exponentials,
resulting in a more stable numerical implementation.

If 3 does not depend on time ¢, the integral in the covariance matrix QELLL] also
can be represented using only the matrix exponential, which enhances the stability and
efficiency of the computation. Chapter 5 discusses this approach in more detail. For
diffusion matrix 3 that depends on ¢, we can Taylor-expand it and then use the same
technique as in the case of constant X.

It is not hard to see that the LL discretization is of strong order 1.5 as proved in

[Jimenez and Biscay, 2002]. Namely, by taking the Taylor expansion of H%LL], we get

h2
1" (4, %1,50) = x4, + WF(t, x1,) + 5 (OF (1, x1,) + DxF (tr, %0, ) F (11, x1,)

h? &
+ Z Z aiQ,jF<tk7 xtk)[zzT(tk)]ij + R(hsv Uk, Xty 9)7
ij—=1

where R(h3, tg, x1,; 0(1)) is a generic notation for residuals of order at least h3. We ob-

serve that it matches “501.5] up to order h3. Interestingly, the covariance matrices QM
and QLSOM)] coincide only up to order h? as it can be seen in the following approximation

h2
A (th,%0,:0) = hEET (1) + = (BB (80) DIF (tr, x0,) + DiF (1, %0,)ZZ (1) )

h? h3

+ SOEET () + (atzzT(tk)DIF(tk, x1, ) + DxF(ts, xtkatEET(tk)))
h3

+ & (0PET () + 2587 (0) DL F(te, x,) DL F (b, x1,))

3

h
+ = (zzT(tk)D; F(tr, xi,)? + DxF(ty, xtk)QEET(tk)) L R(AY th, e, 6).

The LL estimator performs well for SDEs with constant diffusion terms and nonlinear
drift, providing robust parameter estimation even in complex scenarios such as for hy-
poelliptic diffusions [Melnykova, 2020]. One notable advantage of the LL scheme is that
it produces the correct solution for linear SDEs, a property not shared by discretizations
based on the Itd-Taylor expansion. Moreover, unlike the SO1.5 scheme, the covariance
matrix is always positive definite within the parameter space, regardless of the data
points or step size h. Thus, the LL estimator is numerically stable and reliable across
various scenarios.

The need to compute the integrals ry and the covariance matrix Q%L] based on the
Jacobian matrix makes the LL scheme slower than more straightforward methods. This
increased computational intensity is a trade-off for the method’s improved precision and
robustness.

3.4.2 Estimators Based on Approximated Transition Densities

Directly approximating the SDE’s transition density is an alternative to discretizing it.
The most common methods include Gaussian approximations and Hermite expansions.
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3.4.2.1 Gaussian Approximated-Likelihood Estimator

Previous sections introduced three methods based on discretization methods that yield
Gaussian likelihoods. Alternatively, we can start by assuming that the transition density
is Gaussian and derive the likelihood from this premise. The method begins with a
Gaussian approximation (GA) of the transition density, expressed as

GA
p(th_H ‘ Xt 0) ~ N(th+1 ; N[GA] (tkv Xt 9(1))’ Q% ](tka Xt 0))

Since the first and second moments of SDE (1) are generally unknown, we can approx-
imate them using a Taylor expansion [Kessler, 1997]'. We approximate the mean and
covariance functions using the Taylor series expansion of

h— E[p(t+h, X 0) | Xy =x]

for some function ¢. Consider the Taylor series expansion centered at h = 0 for the
expectation of the function ¢ of the state variable X

BIp(+ h Xiani 0)] = 3 S E(1, X0 0)]
n=0

It6 lemma yields

C%E["b(t’ X;;0)] = E[Lo(t, Xi; 0)],

where L is the generalized” infinitesimal generator of SDE (1)

L(b(tv X 0) = at¢(t’ Xt; 0) + Dx¢(ta X H)F(tv X3 0)

d
+% > %0(tx0)BT (t,x0));.

3,j=1

Now, repeating the same idea, we derive second-order derivatives

dQIE t,X¢; 0 _d dIE t,X¢; 0 —dIEL t,X4:0)] = E[L%¢(t,Xy; 0
a0 X0)] = 1 (510 X:0)]) = S ELO( X4:6)] = EIL0(1, Xi:0)].
Inductively, .

S El6(1, X0:0)] = E[L"(1,X;0)).

Thus, the Taylor series expansion centered at h = 0 becomes

oo n

Elg(t + b, Xps0) = D I (t, X, )]

n=0

n Papers I-IT1, we refer to the GA estimator as the Kessler (K) estimator.
2Infinitesimal generator plus the time derivative.
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Conditioning on X; = x, the expectations in the series disappear and we get

o0

hn
Elep(t +h, X 0) [ Xp =] = ) L g(t, x;0).
n=0

To approximate the conditional mean, choose ¢(¢,x) = x and get the following approx-
imation up to order h?

h2
,UJELGA2] (tk, Xt 3 9(1)) =Xy, + hF(tk, th) + ? (8tF(tk, th) + DXF(tk, th)F(tk, th))

h? &
o D O F (e x )(BET (t, x4, )iy
i,j=1

T

Similarly, to approximate the covariance, choose ¢(t,x) = xx ', and use the formula

Cov(X;) = E[X; X, ] — E[X,E[X,]"
Then, the approximated conditional covariance matrix up to order h? is

QLGA2] (tk,th 0) = hZZT(tk,th)

h?
+ (D F(t,x,)S8 " (th, x,) + 5 (b, x4, ) DI F(L, %0, ) + atEET(tk,xtk))

Z&iEET(tk,xtk)F() (tr, Xe,) + = Z 02,88 (tr, x4, [ZB T (te, x4, )ij
= i,5=1

Under the assumption of additive noise, the GA method up to order h? provides the
same transition density as the SO1.5 scheme. This result illustrates how starting with
different ideas can produce the same results. However, unlike SO1.5, the GA method
can incorporate multiplicative noise. Additionally, we can add more terms to expand
the conditional mean and covariance at the price of increased derivation complexity.
Specifically, we advise using a symbolic computation tool like Mathematica Wolfram
Research, Inc. to derive higher-order GA approximation. The same issues encountered
with the SO1.5 method, such as possible non-positive definite covariance matrices, are
also the case of the GA method.

This idea of Gaussian approximation and expanding the first two moments of SDE (1)
solution inspired a lot of research and was foundational for estimators proposed among
others by [Uchida and Yoshida, 2012, Hurn et al., 2013, Gloter and Yoshida, 2020, Iguchi
and Beskos, 2023|. Moreover, this idea is vital in Paper III that combines the splitting
scheme with a Gaussian approximation.

3.4.2.2 Hermite Expansion Estimator

Another groundbreaking idea is the Hermite expansion (HE) method [Ait-Sahalia, 2002,
2008], which has motivated extensive research and the development of various parameter
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estimators for SDEs. This method approximates the transition density of SDE (1) by
Hermite series expansion. While the HE method can be applied in non-reducible cases,
i.e., for SDEs that cannot be reduced using the Lamperti transform (7), for illustrative
purposes, we only focus on scenarios where the SDE (1) can be reduced to a unit diffusion
process Y¢ (8). Moreover, this method can be applied to time-inhomogeneous SDEs
[Choi, 2013, 2015]. However, in this section, we assume that SDE (1) is autonomous,
i.e., the drift and the diffusion functions do not depend on time t.

The core idea is to transform the original SDE into a unit diffusion process, bringing
the transition density closer to a Gaussian distribution. This transformation is followed
by conditional standardization, which allows an approximation of the transition density
as a standard Gaussian. Adding terms in the Hermite expansion further improves the
accuracy of this approximation.

The HE method can be categorized into two primary types: the finite expansion,
which uses a limited number of Hermite polynomials, and the infinite expansion, where
the series of Hermite polynomials extends to infinity. In this discussion, we illustrate the
latter, demonstrating how an infinite series of Hermite polynomials can approximate the
transition density precisely.

When the SDE (1) is reducible to a unit diffusion process Y; (8), the negative log-
likelihood of Y, can be approximated up to order h” as

[HE] d '~ < th i) | =P )
LEH(Y;0) = =5 Z log(2mh) + Z + Z HC (YVtwer | ¥00),
k=0 k= k=0 j=0

where the coefficients C}(,j ), j=-1,0,1,..., J are obtained from the Kolmogorov backward
and forward equations as

d
_ 1 1 i i
ng )(ytk+1 | ytk) = §||ytk+l - Yk||2 = 9 Z(ygk)ﬂ - yt(k))2’
=1
0 d
C(Y)(ythrl | y,.) = Z(yigk)ﬂ - ytk / F( (Y, + u(Yte — i) | ye,) du

=1

) 1 ) )
Cg)(ytk“ | ytk) = ]/0 G(Yj')(ytk + U(Ytkﬂ - ytk) ’ ytk)uj_l d’U,, ] = ]-a 25 o
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The functions Gg) are calculated as follows

8F()y 0O |y
Oy ) = 3° 2% W) ZF T s AR LY,

pt 8y(1)
2
_ 1 i 320@ (ytk+1 | ytk) (8C§?) (ytk+1 ’ ytk))
2 — 8(:1_/(2))2 6y(z)
d (3-1) d a2~(-1)
; i 00y " (Yirr 1 Yt) 1= 0°Cy (Yo, | ¥1,)
GP i |y0) = 3 Y (i) X520 = % el T
pt + Oy 2 P 8(y( ))
d j—1 i—1—m
_ 1 Z jz -1 80( )(Ytk'ﬂ ‘ Ytk) 8C§Z )(ythrl | Ytk)’j > 9.
e e AL oyt oyt

Finally, use the change of variable formula together with the Lamperti transform ) (7)
to obtain the HE approximated negative log-likelihood based on X;

N-1
1 1 [ (xt, 15 0) — P(xt,;0)|?
[HE] 2 T - k+1 k
LIP(X;9) = 3 k§::1ogdet (%hzz (xtk70)> +5 3 -

2
k=0

N-1 J hi
7OV (@ x0130) | x4 0):0).

A general implementation of this method is highly complex due to iterative calculation
of coefficients C)(/j). In practice, the HE approximation is used up to order h2, and as
in the case of the GA method, it is highly advisable to use symbolic computation tools.
In Paper I, we compare our proposed method to the HE estimator and illustrate poor

performance for larger h of this method due to small order J = 2.

20



4 Splitting Schemes

This section introduces splitting schemes and their induced estimators. It starts by
motivating splitting schemes in deterministic differential equations and then extends the
idea to SDEs with additive noise. It also compares the new estimators to those in Section
3.4. Finally, the section ends by extending the idea to SDEs with Pearson-type noise.

First, we assume that the diffusion matrix is zero, 3 = 0, reducing the SDE (1) to a
deterministic ODE

dx(t

fi):Faxaxmm, x(t) = x € X. (15)
The basic idea of splitting methods for the time integration of ODEs can be formulated

as follows. Given the ODE (15), suppose that function F can be expressed as a sum of

M functions Fl7 : [0,00) x X x Oy — R

M
F=) Fm, (16)

m=1
such that each independent sub-ODE
dflgt) =Pl x(t);00),  x(t)=x0, m=1,....M (17)

can be solved exactly. Their solutions are denoted by h-flows CI’EZH] (x0) at time step
t = h. A toy example of splitting a vector field into a sum of two vector fields where
each describes an ODE that can be solved explicitly is depicted in Figure 1.

S Pt s

S poat e

A7/ = et =

S Pt e

A7) Pt d I
F Fll F2l

Figure 1: Two-dimensional vector field split into a sum of two uncoupled vector fields.

Having derived the explicit solutions of the sub-equations, we need to compose them
properly. Two common ways of composition are the Lie-Trotter (LT) and the Strang
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(S) splitting. The Lie-Trotter splitting approximations are obtained by composing the
solutions of the sub-equations at time ¢ = h and starting from xg. Specifically, the
Lie-Trotter composition of flows is

ol — pllo... 00l (18)

Expanding @gfﬂ
®j,(x0) to first-order accuracy, i.e., @LLT} (x0) = ®p(x0) + O(h?), where @, is the correct
h-flow of ODE (15).

Higher-order approximations can be achieved by introducing additional intermediate
steps with appropriately chosen coefficients. An example of higher-order approximation
is the Strang splitting, given by

into a Taylor series reveals that it approximates the exact solution

o®g]o®[2} o--~o<I>[M}

S M 2
ol = oM ... 0l Vo b

h/2 h/2 (19)

It turns out that the S splitting has one order higher accuracy compared to the LT, that
is @E] (x0) = ®p(x0) +O(h3). Tt is possible to derive a splitting scheme for any arbitrary
order of convergence. However, there is a threshold between complexity and precision,
where the more precise splitting schemes are naturally more complex to work with. Thus,
in this thesis, we focus only on the LT and the S splitting and mainly work with the
latter due to its superiority.

Figure 2 illustrates the composition schematic for the LT and S splitting for the ex-
ample from Figure 1.

h/2 [S]
— xP(tg41)
[LT] X[LT](tk+1) 7
@y, //>' " olS) /[I]/
7 @, g h
[LT](t ) 7
X p) ———
o2 [S] —
h X (tk) CD[hQ/Q

Figure 2: Schematic of the Lie-Trotter (left) and Strang (right) splitting approximations
in case of two vector fields FI! and F[2I.

Here, we mention just a few reasons why splitting methods are popular in the the-
ory and applications of dynamical systems. According to [Blanes et al., 2009], splitting
schemes are simple to implement, explicit, and require modest storage while preserving
structural properties of the exact solution, such as symplecticity, volume, and conserva-
tion of first integrals. These properties make splitting methods particularly valuable for
long-term and geometric numerical integration, where preserving the solution’s qualita-
tive features is important.

Before generalizing splitting schemes to the SDE setting, we note three primary am-
biguities regarding the splitting schemes.
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4.1 Stochastic Differential Equations with Additive Noise

First, it is not clear how to split a vector field F and into how many sub-vector fields.
To remove this ambiguity and to set up the foundation of splitting estimators in SDEs,
we start by splitting F into a sum of two sub-vector fields. This idea also relies on the
recent study of Buckwar et al. [2022] that motivated our first paper. Moreover, following
the same research, we decided that it is the most natural to split the drift into a sum of
a linear part and a nonlinear part. We mentioned this in the previous section, and the
following section explains the idea in detail.

Second, even after we decided to split the drift into linear and nonlinear parts, there
are infinitely many ways to do so. The question is, which one is the optimal strategy?
The immediate follow-up question is: what is an optimal strategy? We mentioned that
in the ODE setting, the generally defined LT and S splitting schemes have the order
of convergence h? and h?, respectively, for any number of split vector fields and any
choice of splitting. Similar statements are confirmed in the SDE setting. Thus, the
order of convergence is the same independently of the splitting strategies, so in that
sense, every strategy is optimal. Moreover, in Paper I, we prove that the asymptotic
results for parameter estimators based on the LT and S splitting hold for any choice of
splitting into linear and nonlinear parts. Therefore, every splitting strategy leads to the
same asymptotic results. On the contrary, for a finite step size h and finite sample size
N, numerical properties of the splitting schemes and, based on them, induced estimators
differ based on the splitting strategy. We discuss this in the first paper, where we suggest,
without formal proof, to choose the linear part as the linearization of the drift F around
the system’s equilibrium, if it exists. Intuitively, this means that around the equilibrium,
the system is mainly governed by the linear part, while far from the equilibrium, the
system is governed by the nonlinear dynamics. If this splitting is not possible, we assume
the most straightforward possible strategy that can be implemented.

The third and last ambiguity is the order of composition. Given that we choose to split
the drift into linear and nonlinear parts and that we know how to choose the linear part,
there is still the question of whether we define the LT splitting as @f] otbg] or as @g] o@fl,
and similarly for the S splitting. We show in Paper I that the order of splitting is not
important for the order of convergence of these two splitting approximations of an SDE.
Moreover, we discuss in the same paper why we choose a specific order of composition
to define the parameter estimators.

Now, we move on to the splitting schemes for SDEs with additive noise and the corre-
sponding parameter estimators.

4.1 Stochastic Differential Equations with Additive Noise

Following Buckwar et al. [2022], we begin by splitting the drift term F of SDE (1) into
linear and nonlinear components

F(t,x;0M) = A6W)(x — b(t; 0M)) + N(¢t, x; 0W). (20)

Unlike in Buckwar et al. [2022], in our splitting strategy, we allow the intercept vector
—Ab. The intercept is a crucial part of the splitting strategy since it will enable linear
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4 Splitting Schemes

sub-SDE to have an equilibrium different from zero. Another important point is the
time-independent matrix A. This assumption is necessary to derive a solution for the
linear SDE. While time-dependent A is possible, we do not discuss this scenario here.

Next, we solve the resulting sub-equations independently. The first sub-equation in-
corporates the linear part and the noise term

dXM = A(@W)(x — b(t;00)) dt + B(t) AW, (21)
while the second sub-equation deals with the nonlinear part
ax? = N(t, x;00) dt. (22)
SDE (21) is linear, so we can solve it as

X = oM(X) = gy (1, X1 00) 4 6,

trt+1 K
where
trt+1
Ent, = / exp(A(tpr1 — u))X(u) dW, ~ N (0, Q2 (tx; 0)), (23)
tg
and
1 tet1
(b, X1, ; 01)) = exp(Ah)xy, — / exp(A (tgs1 — 1)) Ab(u) du, (24)
123
bt T T
Qp(t; 0) = / exp(A(tpr1 —u)) XX (u) exp(A " (tgy1 — u)) du. (25)
tg

We avoided writing parameter 6 for clarity in the previous two equations. We see that
both pp and €2 are not in closed form. To compute pp, we either need to split the
drift such that intercept b is time-independent like we do in Paper I, or we somehow
numerically compute the integral in py,.

On the other hand, calculating €2, is discussed in the next section. Before that, notice
how €, is similar to Q%L] (13), with the difference of A in €y, instead of DxF(tx,x, )

in Q%LL], making €2, much simpler to implement and faster. This similarity also suggests

that it is a good idea to choose A as a linearization of F around the equilibrium, that is,
A = DyF(ty,x*), where x* is the equilibrium.

For the second sub-equation, an ODE (22), we would ideally like to solve it analytically

x 2!

th+1

(2]. 0(1))

tr ?

— olP(xP) = pu(th, X

127
Then, for all ¢, > 0 and (1) € O, the time h-flow fj, fulfills the following semi-group
properties

fO(tk7 xtk; 0(1)) == th)

26
Fros(ti, %0, 00) = ity + 5, Fo(te, x1,;00);00), £, > 0. (26)

24



4.1 Stochastic Differential Equations with Additive Noise

Alternatively, we can use numerical methods such as the fourth-order Runge-Kutta
method to approximate f,. Then, the semi-group properties (26) will not hold, but
we can still use it as an approximation up to a certain order of convergence that will
depend on the approximation method.

The splitting approximations are obtained by composing the solutions @E} and @f].
The LT splitting is given by

XU (@[1] [2]) (X[LT]) Hh(tk,fh(tk,XP;T]§9(1))§0(l))+5h7tk' (27)

tp+1

If we define
“E'L }(tkﬁxtk’ 0(1)) = l‘l’h(tka fh(tkaxtk; 0(1))7 0(1))7

then, the LT splitting becomes

X = D, X 00) + 6,

tot1

In Appendix A, we Taylor-expanded u% } and Q[LT] 2, in case of additive noise as

h2
e 0) = 1, + WF (1) + T (AF(x1,) + D (1, )N (1)) + R(R, 1, 00),

2
2, (x,,;0) = hEBT + %(EEJTAT +AZET) + R(W%, %, 0).

Compared to methods in Section 3.4, such as SO1.5, it is clear that the LT method is of
strong order 1 due to the misalignment between coefficients in front of h2.

As in the majority of the methods discussed in Section 3.4, LT yields a Gaussian
transition density that approximates the negative log-likelihood as

| N1
£ 0) Z log det € (t,)
2=
LNl
+§ (th+1 l"’% }(tkvth))TQh(tk)il(th+1 ng }(tk”th))
k=0

On the other hand, the Strang splitting is given by

S 2 1 2 S
X5, = (200 2 o @ll,) (X5

- (28)
= fun)2 (tka,uh(tka Ty (te, X3, ;0);00)) 4 €h,tk;9(1)) :
The Taylor expansion of (I)E}Q <I>[ ] E’L/]Q obtained in Appendix A in case of additive
noise is
S S h S h? S S
Xp, = XE P (XS + €, + 5 DaNXE) s, + 5 DF(XE)FXE)
(29)
Z £h tkgh tk]w + R(h5/2 tk 7£h e )
i,j=1
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4 Splitting Schemes

Compared to all previous methods, the expansion is fundamentally different due to the
appearance of the random variables &, +, . If we also expend &4, (23), then approximation
(29) becomes

1

X = x4 prxl) 4 2AW, 4+ 1A + 5

th41

DNX) =AW, — ATAG,

P 5D FXPHF(X Z xXPhEAaw,Aaw] =T (30)
,j=1

+ R, X 0),

ty
where A¢, and AWy, are jointly normally distributed as in (11). From equation (30), we
see that the S splitting does not yield a Gaussian transition density. Moreover, we can
see that the conditional mean is correct up to order h®, matching the other higher-order
methods. This property of the S splitting implies that it has order 3 one-step error,
unlike the LT method, which has only order 2. In contrast, the conditional covariance
is correct only up to order h, making the S splitting have strong order 1 and not 1.5 as
other methods. These properties are formally proved in Paper I.
While the LT splitting (27) yields Gaussian transition density, the S splitting (28) is
a nonlinear transformation of a Gaussian. Therefore, we shall assume that the nonlinear
solution fj, has an inverse f; L or equivalently, the backward flow f_j. Then, we can
rewrite the Strang splitting approximation as

Fonp(ti, X0 10W) = py(ti, Fjo(ti, X1 00); 00) + &, (31)

Under the assumption of well definiteness of the backward flow f_;, the semigroup
property (26) yields

Fryo(tixe) = Fult — B/2, Fopjati. x,))-
If we define
1) (e, e, 00) = g (ta, Fiulte — 12, %1,;00);00),
Y = f o X 0W), k0,1, N,

then the S splitting becomes
S S S].

Notice that if ODE (22) is autonomous, then u,f} (xtk;B(l)) = p,%T] (x¢,;0M).
Finally, the Strang approximated negative log-likelihood is

N-1

1

S
£y, e) =3 > logdet Q, (1)

k=0

1 N-1 S S

5 20 (Vi = ) (b Y0 ) T Q)™ (Yo — m1y (8, Yo ).

k=0
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4.1 Stochastic Differential Equations with Additive Noise

Since we do not observe Y, after the change of variable, the Strang approximated negative
log-likelihood becomes

N-1

LB(X;0) == " logdet (1)

DO | =
T
- o

(Fnjo (s X)) — 112 (b £ ot X)) T (85) ™"
0

(f*h/Z(tk+17 th+1) - IJ’E] (tk7 f*h/Q(tkv th)))

+

N | =

(33)

B
Il

N-1

— Z log | det Dxf—h/2(tk+1’ th+1)’
k=0

We can slightly rewrite the previous log-likelihood in a more compact form. We start by
converting the last term in (33) from time tx4; to ¢ by

N-1
Z log |det Dxf_p2(tk+1, Xty 1)| = —log| det Dx f_p, 2(to, Xt,)|
k=0
N-1
+ ) " log|det Dy f_pa(t, Xt
k=0

+log |det Dxf_p/2(tn, Xiy )|
Notice then that properties of functions log, det, and f;, yield
—log | det Dx f_p,/2(tk, Xy, )| = log | det Dx fp, /2 (tk, X4, )|
_ % log(det Dy fi o (t, X1, ))?

1
=3 log det(Dx f /2 (tr, th))Q'

Then, combining the logdet terms in (33) yields

N-1
1
5 (log det Qp,(tr,) — 21og |det Dx f_p 2 (trt1, th+1)|)
k=0
| N1 ) (34)
=3 log det (2, (tx) (Dx fr/2(te, Xi,,))7)
k=0

+log | det Dx fp,/2(tn, Xy ) det Dx f_p /2 (to, Xip)|-

The last term in equation (34) is irrelevant in the asymptotic case when N — oo, so we
ignore it for now. Then, the previous derivations suggest to define

Qf} (te, Xt ) = Dx fr2(ti Xt ) (tk) Dxc fr o (ti, Xt,,) - (35)
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4 Splitting Schemes

Matrix QLS} is richer in information than Q%LT] since it includes data, but more impor-
tantly, it incorporates both the linear and nonlinear dynamics of the original SDE. The
previous argument implies that the Strang splitting yields a much better estimator than
the Lie-Trotter. Our Paper I confirms this statement.

Continuing with the previous derivation that is not investigated in other papers, equa-
tion (35) yields

Qi (ti) " = Dy frso(ti, th)TQE] (k> X1, 0) " Do fya(ths Xy,)- (36)

Combining all the previous, we get the following representation of the Strang approxi-
mated negative log-likelihood

N-1

1
L[S] (X, 0) = log ’ det Dxfh/2(tN’ XtN) det Dxf_h/Q(tQ, Xto)’ + 5 Z log det QELS] (tk’ th)
k=0
1 N-1 o T
+ 5 (Dxfh/Q(tka th) (.f*h/2(tk+1) th-‘rl) - “[}L ] (tk7 f*h/2(tk7 th)))>
k=0

Qf](tkath)ilDth/Z(tk7th) (.f*h/Z(tk—l—lath_;rl) - ME](tk,f—h/Q(tkaxtk))> .

Thus, the Strang splitting also yields a Gaussian likelihood up to an asymptotically
negligible term, where the random variable

Dxfh/Q(tka th) <‘f—h/2(tk‘+1, th+1) - Hf] (tka f—h/Q(tk‘7 th))) (37)

is conditional zero-mean Gaussian with covariance matrix QE] (tk,xy,;0). The previous
derivations and conclusions give more intuition about the Strang splitting estimator and
are not mentioned or further analyzed in the three papers.

To conclude this section, we note that the LT and S splitting estimators are defined
fundamentally differently from the other estimators in Section 3.4, while the LT shares
more similarities with them than the S estimator. The S estimator is more complicated to
understand with more sophisticated assumptions, such as the existence of the backward
flow. This existence is needed only locally for h < hg, where hg is a known threshold.
The S estimator will perform poorly in the case of non-existing backward flow for h > hy.
We must approximate the backward flow to be well-defined to solve this issue. However,
if this assumption is fulfilled, the complexity of implementation and the computational
speed of the Strang splitting estimator will not increase compared to the Lie-Trotter.
Still, the accuracy increases drastically, as shown in Paper I.
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4.2 Stochastic Differential Equations with Pearson-type Noise

4.2 Stochastic Differential Equations with Pearson-type
Noise

In Paper III, we assume that the SDE (1) has the following coordinate-wise form of the
squared diffusion matrix 237 (¢, X;; 0)

(EXT(t,x09)); =x"a (£0P)x + x" 87 (1;0%) +49(£;0?)), i,j=1,2,..4d,
(38)

where a¥ : [0,00) x O 2y — R B 2 [0,00) X Og2) — RY, and 47 : [0,00) x Oy — R
are such that, for all ¢+ > 0, @ (t) are symmetric, and ¥ (t) = /! (t), BY(t) = B7(¢t),
Y (t) = ~474(t), for all i,j = 1,...,d.

This way of defining the SDE (1) is implicit since we do not explicitly define the
diffusion matrix 3(t, x; 9(2)). This leads to the possibility of different SDEs having the
same squared diffusion matrix, a problem of identifiability mentioned in Section 3.2,
which we do not address here.

In Paper I1I, we refer to SDEs with a diffusion matrix defined by (38) as SDEs with
Pearson-type noise. This term originates from the fact that, under the linear drift F, the
SDE (1) with a diffusion matrix defined by (38) can be seen as a multivariate general-
ization of Pearson diffusions, a univariate class of models with linear drift and squared
diffusion that is a quadratic function of the state variable.

In Paper III, we derive explicit formulas for calculating the covariance matrix for
multivariate Pearson diffusion. This allows us to combine the strategy of Gaussian ap-
proximation with splitting schemes. Specifically, consider the following splitting of (1)

X} = A0 (X} —b(t60)) dt + B(t, X 67) AW, Xy =x0,  (39)
ax? =N, X[ 00) ar, Xy =x0.  (40)

Equation (39) describes a multivariate Pearson diffusion whose solution cannot be ex-
plicitly obtained in general. However, we can approximate it by assuming the transition
density is Gaussian, as seen in Section 3.4. For multivariate Pearson diffusions, the
mean and covariance can be calculated explicitly, as presented in Paper III, enabling the
approximation of (39) as

x

tkt+1

1 <1 1 1
= 0 (X)) = (s X5 00) + €n (11, X1 0), (41)
where &, (t, X1,;0) %! Nyg(0, (g, Xy,;0)) for k =0,..., N — 1. Note that ¥} is not
the exact h-flow @E] of SDE (39), but rather an approximation based on the Gaussian
transition density assumption.

The function gy, in (41) is the same as in (24). However, €, (t5, Xy, ; 0) is not equal
to that in (25), but is more complicated due to the quadratic term of the state variable
in (38). To calculate €, (t;, Xy, ; 0), we need the covariance of the multivariate Pearson
diffusion, calculated in Paper I1I for the autonomous case. In the non-autonomous case,
we need additional approximations, as discussed in the next section.
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5 Computational Tools

This chapter focuses on the computational tools needed for parameter estimation. It
comprises two main parts.

The first part addresses the computations of integrals involving matrix exponentials.
They are required for the covariance matrices of the splitting and LL schemes and the
integrals necessary for implementing the mean vector of the LL scheme. It is also needed
to evaluate the covariance matrix of the multivariate Pearson-type diffusion introduced
in Paper III.

The second part discusses the implementation and optimization of objective functions
in the programming language R. Given that base R lacks automatic differentiation, we
use the torch package, which originates from PyTorch for Python and is implemented in
C++ for R. This part also briefly explains automatic differentiation, its importance, and
details on coding our estimator in R.

5.1 Integrals Involving Matrix Exponentials

Evaluating integrals involving the matrix exponential is fundamental in many areas of
control theory and systems analysis. Our workflow requires evaluating covariance ma-
trices such as (13) and (25), and integrals needed for the mean vectors such as (14) and
(24).

For now, we assume that we work with autonomous SDE; that is, the previously
mentioned integrals can be written as

/t exp(B(t — s))A ds, /t exp(B(t — s))Asds (42)
0 0

and
/0 exp(B(t — 5))Cexp(B' (t — 5))ds, (43)

where A, B, and C are constant matrices of appropriate dimensions. When the matrix
B is invertible, the first integral in equation (42) can be simplified to

t
/ exp(B(t — 5))A ds = (exp(Bt) —I)B1A. (44)
0
However, B usually depends on a current data point and parameters, so in the optimiza-
tion step, so it is likely that B will not be invertible. Moreover, other integrals do not

necessarily have a nice closed-form formula. Thus, we use Theorem 1 in Van Loan [1978]
to avoid these issues.
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Theorem 2 (Theorem 1 in Van Loan [1978]). Let ny,ng, ng, ny be non-negative integers,
m =n1 + ng + nz + ng, and the m x m block triangular matriz

Al B1 C1 D1
M — |On2xm Ay B, G
017,3 Xni 0713 XNy A3 B3

On4><n1 0714 XNy 077,4 Xns3g A4

Then, fort >0

Fi(t) Gi(t) Hi(t) Ky()
0 Fy(t) Ga(t) Ha(t)

exp(Mt) = | 20 F:f(t) Gi(t) 7
0 0 0 F4(t)

where

F;(t) =exp(Ajt), j=1,2,3,4,
t
exp(Aj(t —s))Bjexp(Ajy1s)ds, j=1,2,3,

t
exp(A;(t — s))Cjexp(Ajias)ds

G,(t) =

H;(t) =

S— —

0

t s
+ / / exp(A;(t —s))Bjexp(Ajii1(s —r))Bji1exp(Ajor)drds, j=1,2,
0o Jo
t

Ki(t) = | exp(Ai(t—s))Diexp(Ays)ds

S~

+ /Ot /03 exp(Aq(t — s))Cqexp(As(s — 7))Bsexp(Ayr)drds
+ /0 /0 exp(Aq(t — s))Bjexp(Aa(s — 1))Caexp(Ayr)drds

+ /0 /08 /07" exp(Ai(t — s))Byexp(Aa(s — r))Baexp(As(r — w))BgeA” dw dr ds.

To evaluate the integrals in (42), we start by constructing the following block matrices

B A O
Mlz[g ‘];‘], M= |0 0 1
0 0 0

Then, the corresponding values Gi(t,M;), and H;(t,M3) are given by the integrals
in (42) respectively. Here, notation Gq(¢, Mj) denotes that Gi from Theorem 2 was
obtained by exponentiating block matrix M;j.

Similarly, the integral in (43) equals G (¢, M3)F/ (t, M3), where M3 is

B C
M3 - |:0 —BT:| .
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5.1 Integrals Involving Matrix Exponentials

For a non-autonomous SDE, the target integrals become

/0 exp(B(t — 5))A(s) ds, (45)
and .
/0 exp(B(t — 5))C(s) exp(B' (t — 5)) ds, (46)

where B is a constant matrix, while A and C are sufficiently smooth, matrix-valued
functions with domain [0,00) and appropriate co-domain dimensions. Following the
ideas from [Carbonell et al., 2008], they first generalize Theorem 2 to allow for an arbi-
trary number of block matrices within matrix M. Subsequently, they perform a Taylor
expansion of matrices A and C. For example,

b i s s pr
%ZS,'CZ':C()-F/ Cldr—i-//ngwdr—l—...,
i—o U 0 0 Jo

where C; is the ith derivative of C at s = 0. Then, the integral (46) is approximated as
¢
/ exp(B(t — 5))C(s) exp(BT (¢ — 5)) ds
0
t
R~ / exp(B(t — 5))Coexp(B' (t — s) / / exp(B(t — 5))Crexp(B' (t — 5)) drds

///exp (1 — $))Caexp(B (1 — 5)) dwdrds . . (47)

Finally, using the generalized version of Theorem 2, the approximation (47) can be
obtained by taking the exponential of

B C, Cpi ... C (of] Co
o -B" 1 ... o0 0 0
O o0 -BT ... o 0 0
M= : : : - : : :
0O 0 o ... -BT 1 0
0O o o ... 0 -B" 1
0 o0 0o ... O 0 -BT]

Namely, if N(¢) = exp(Mt), then the solution is obtained by multiplying the upper right
corner block matrix of N by the transpose of the upper left corner block matrix. A
similar reasoning holds for calculating the integral (45).

The results above enable stable numerical implementations of the LL and splitting
schemes estimators. Furthermore, Theorem 2 facilitates the explicit derivation and im-
plementation of formulas for the covariance of multivariate Pearson diffusions, as demon-
strated in Paper III.

In the subsequent section, we explore the numerical challenges of estimating param-
eters by optimizing nonlinear multidimensional objective functions in R. Additionally,
we provide a brief overview of how the matrix exponential is implemented in the torch
package.
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5.2 Parameter Estimation Using the torch Package

In this section, we review different types of gradient-based optimization and discuss the
importance of using automatic differentiation over numerical differentiation. We then
introduce the torch package [Falbel and Luraschi, 2024] as a bridge between automatic
differentiation and the R programming language. Following this, we provide a subsection
on resilient propagation, a gradient descent algorithm used in our optimization process.
Finally, we discuss how to implement this estimator in R and briefly connect the imple-
mentation of the matrix exponential of the previous section, one of the key elements of
the log-likelihood objective functions.

5.2.1 Optimization

When doing parameter estimation in SDE models, the goal is to optimize an objective
function typically derived from the log-likelihood equation, as defined in (10). Whether
exact or approximate, this function requires optimization to estimate parameter values
that best fit the data.

Deterministic optimization techniques rely on differentiation to determine the direction
and rate of change in function values, mostly known as gradient descent. There are three
primary types of differentiation used in gradient descent optimization [Griewank and
Walther, 2008]:

1. Symbolic Differentiation involves solving derivatives analytically and providing
exact expressions. This method is exact and does not introduce numerical error.
However, symbolic differentiation can lead to expression swell, where derivatives
become increasingly complex, requiring more computational resources in terms
of time and memory. The complexity can scale factorially with the number of
operations, making it impractical for functions with many variables or complex
relationships.

2. Numerical Differentiation employs finite difference methods such as forward
and central differences to approximate derivatives. While straightforward, this
approach introduces two primary types of errors: truncation and round-off errors.
Truncation error occurs when the finite difference approximation does not precisely
replicate the true derivative, which becomes more pronounced with a larger step
size. The truncation error is of order O(h) for forward differences and of order
O(h?) for central differences. Conversely, round-off error arises from the limitations
of floating-point arithmetic, becoming more significant with a smaller step size.
Therefore, as the step size h decreases, the round-off error increases due to floating-
point precision limits. Thus, a balance between minimizing truncation and round-
off errors is needed. The computational cost for evaluating each derivative is low,
at O(1) per evaluation.

3. Automatic Differentiation (AD), unlike symbolic and numerical differentia-
tion, computes derivatives accurately to machine precision, avoiding truncation
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5.2 Parameter Estimation Using the torch Package

and round-off errors using the splitting of functions into elementary operations
and applying the chain rule through techniques known as forward and reverse ac-
cumulations. Forward accumulation is efficient for functions with more outputs
than inputs. In contrast, reverse accumulation, also known as backpropagation,
is suitable for functions with more inputs than outputs, which is common in opti-
mization problems with large parameter spaces and real-valued objective functions.
The costs for AD depend on the mode; reverse mode often requires more memory
to store intermediate results.

The base R programming environment does not support AD. However, R can be inte-
grated with other programming languages that support AD through the use of packages
such as TMB (Template Model Builder) [Kristensen et al., 2016] or RStan [Stan Develop-
ment Team, 2024], which handle AD efficiently for complex, high-dimensional models.

In our research, we employ the torch package for R, which is based on PyTorch,
originally a Python-based library that has been extended to R through C++. PyTorch
is a library mainly intended for deep learning, but its employment of AD is useful for
optimizing any objective functions efficiently, making it suitable for MLE.

The torch package in R offers a syntax that is similar to native R syntax, with slight
modifications to accommodate object-oriented programming principles. In torch, one
can apply methods directly to objects, which differs from the usual functional approach
in R. This design allows for a more intuitive workflow for complex data structures like
tensors, a primary data structure in torch and equivalent to arrays in R. This means
that one must convert numerical arrays into tensors to work effectively with torch. This
conversion is straightforward; for example, a numeric array par can be transformed into
a tensor using torch_tensor(par). This approach leverages the flexibility of object-
oriented programming while maintaining compatibility with R’s syntax, making torch
an accessible and powerful tool for statistical inference in R.

Using torch is not only useful for AD but also for many different optimizers imple-
mented in torch. In our study, we compared all available optimizers in torch to find the
most effective one for our needs. We chose optim_rprop because it consistently demon-
strated robustness across different models of interest. It also reliably converged to the
true values for different approximations of log-likelihood functions from Chapter 3.4 and
different initial parameter values. In the following subsection, we briefly describe this
optimization method.

5.2.2 Resilient Propagation

The Resilient Propagation (RProp) algorithm is a gradient-based optimization method
designed to improve the efficiency of backpropagation used in training neural networks.
Developed by Riedmiller and Braun [1993|, RProp is particularly effective in address-
ing the limitations of traditional gradient descent methods, which can suffer from slow
convergence and instability due to issues like vanishing or exploding gradients.

The main innovation is RProp’s ability to adaptively adjust the size of the parameter
updates independently, allowing each parameter to be estimated based solely on the
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sign of the gradient rather than its magnitude. This feature distinguishes RProp from
other methods, as it mitigates the adverse effects caused by small or large gradients,
which can otherwise lead to inefficient optimization or numerical instability. Its ability
to dynamically adapt update sizes makes it particularly useful in parameter estimation
with highly nonlinear log-likelihoods, where traditional methods may struggle to achieve
robust convergence.

In the RProp algorithm, each parameter is associated with an individual update value.
This value is dynamically adjusted during optimization based on the gradient’s sign.
When the sign of the gradient for a particular weight remains consistent between succes-
sive iterations, RProp increases the update value, allowing the algorithm to take larger
steps in the direction of the minimum. Conversely, if the gradient’s sign changes, indi-
cating that the algorithm may have overshot the minimum, the update value is decreased
to prevent further divergence.

Furthermore, RProp is not only robust but also computationally efficient. It requires
less tuning of hyperparameters, such as learning rates, which can be a challenge in other
gradient-based methods. Despite these advantages, RProp is primarily suited for batch
updates rather than stochastic or mini-batch approaches. This limitation arises because
RProp relies on consistent gradient information from the entire dataset to adjust update
values effectively. However, this constraint does not affect our work since we focus on
parameter optimization in the context of statistical optimization, where batch processing
is more suitable and aligns with our goal of optimizing parameters with precision rather
than dealing with real-time data updates.

5.2.3 Implementing the Estimator in torch

In this subsection, we show the implementation of a parameter estimation step using
the torch package in R to minimize a negative log-likelihood objective function. The
estimator function, defined in Code 1, optimizes model parameters by minimizing the
objective function, which depends on the parameters, data, and step size h. The
optimization process involves initializing the parameters, setting up an optimizer, and
iteratively updating the parameters based on the gradient of the objective function.
This iterative process continues until the parameters converge or the maximum number
of iterations is reached. Through the torch package, we use AD, which significantly
improves the computation of gradients required for the optimization algorithm.

5.2.4 Implementing the Matrix Exponential in torch

Section 5.1 dealt with avoiding the direct computation of integrals involving matrix
exponentials by simply computing and manipulating matrix exponentials. Therefore,
having an efficient way to calculate the matrix exponential is essential. Here, we briefly
present the main idea behind implementing the matrix exponential in torch.

The function torch_matrix_exp is based on the method proposed by Bader et al.
[2019], which introduces an optimized approach to computing the Taylor polynomial for
the matrix exponential. Traditional methods like the Paterson-Stockmeyer technique re-
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1 estimator <- function(objective, data, h, par_star, num_iterations) {

3 # convert parameters to torch tensors with gradient tracking
4 par_star <- torch_tensor(par_star, requires_grad = TRUE)

5 # create a RProp optimizer

6 optimizer <- optim_rprop(par_star)

7

8 calc_loss <- function() {

9 # reset gradients

10 optimizer$zero_grad()

11 # calculate the objective function value

12 value <- objective(par_star, data, h)

13 # perform reverse accumulation to compute gradients

14 value$backward ()

15 value

16 }

17

18 for (i in 1:num_iterations) {

19 # save current parameters for convergence check

20 par_old = as.matrix(par_star)

21 # perform an optimization step and update par_star

22 optimizer$step(calc_loss)

23 value_new <- calc_loss() # recompute the loss function
24 par_new = as.matrix(par_star) # update new parameters
25

26 if (norm(par_new - par_old) < 10°-5) break # convergence check
27 }

28 convergence <- 0

29 # check 1f the loop ts completed without convergence

30 if (i == num_iterations) convergence <- 1

31

32 # return the optimized parameters, final value, and iterations
33 list(as.numeric(par_star), as.numeric(value_new), i)

34 }

Code 1: Estimator based on RProp optimization algorithm using torch in R
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quire many matrix multiplications, which can be computationally expensive. The method
of Bader et al. [2019] reduces the number of these multiplications, making the process
more efficient. The reduction is achieved by combining the optimized Taylor polynomial
approximation with the scaling and squaring technique.

The scaling and squaring technique works by first scaling down the matrix by a power
of two, computing the exponential of the smaller matrix, and then squaring the result
repeatedly to get the exponential of the original matrix. By optimizing the Taylor poly-
nomial, the proposed method further enhances the efficiency and accuracy of this process.

This approach improves performance and maintains high accuracy for a wide range of
matrix sizes and norms. Numerical experiments have shown that this method outper-
forms traditional Padé approximants, particularly in terms of computational efficiency.
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| Parameter Estimation in Nonlinear
Multivariate SDEs with Additive Noise

This chapter contains the following paper:

e |Pilipovic et al., 2024a| P. Pilipovic, A. Samson, and S. Ditlevsen. Parameter es-
timation in nonlinear multivariate stochastic differential equations based on split-
ting schemes. The Annals of Statistics, 52(2):842 — 867, 2024a. doi: 10.1214/
24-A0S2371. URL https://doi.org/10.1214/24-A0S2371.

This paper focuses on developing and analyzing efficient parameter estimation tech-
niques for discretely observed nonlinear SDEs. Specifically, we start with splitting
schemes for SDE discretization and prove a new numerical property regarding the order
of convergence under less restrictive assumptions on the drift parameter. Moreover, we
introduce estimators based on these discretization schemes and establish their asymptotic
properties.

To develop these new estimation techniques, we first outline the theoretical framework
in Section 2 of the paper, motivating and leveraging the use of the Lie-Trotter and
Strang splitting schemes and introducing the estimators. This section discusses how these
methods allow us to split the solution of the original SDE into an Ornstein-Uhlenbeck
process and a nonlinear part, facilitating more accurate and stable parameter estimation.
We then move on to prove the first key result of the paper. Section 3 establishes that the
Strang splitting scheme achieves an LP convergence rate of order 1, a property already
known for the Lie—Trotter scheme. These proofs are non-trivial due to our assumption
of the one-sided Lipschitz condition on the drift parameter, which is less restrictive than
the global Lipschitz condition commonly used in the literature. This relaxation broadens
the applicability of our methods but also involves more complex proofs.

Following the numerical developments, Section 5 states the second main result of
the paper regarding the estimators’ consistency and asymptotic efficiency. This section
demonstrates that, under the one-sided Lipschitz assumption, the estimators perform re-
liably and provide robust parameter estimates. The theoretical results are complemented
by a numerical study on the three-dimensional stochastic Lorenz system presented in Sec-
tion 6. The numerical study shows that the Strang estimator performs well in terms of
both precision and computational speed, surpassing several state-of-the-art techniques.
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The likelihood functions for discretely observed nonlinear continuous
time models based on stochastic differential equations are not available ex-
cept for a few cases. Various parameter estimation techniques have been pro-
posed, each with advantages, disadvantages and limitations depending on
the application. Most applications still use the Euler-Maruyama discretiza-
tion, despite many proofs of its bias. More sophisticated methods, such as
Kessler’s Gaussian approximation, Ozaki’s local linearization, Ait—Sahalia’s
Hermite expansions or MCMC methods, might be complex to implement,
do not scale well with increasing model dimension or can be numerically
unstable. We propose two efficient and easy-to-implement likelihood-based
estimators based on the Lie-Trotter (LT) and the Strang (S) splitting schemes.
We prove that S has L? convergence rate of order 1, a property already known
for LT. We show that the estimators are consistent and asymptotically efficient
under the less restrictive one-sided Lipschitz assumption. A numerical study
on the 3-dimensional stochastic Lorenz system complements our theoretical
findings. The simulation shows that the S estimator performs the best when
measured on precision and computational speed compared to the state-of-the-
art.

1. Introduction. Stochastic differential equations (SDEs) are popular models for physi-
cal, biological and socioeconomic processes. Some recent applications include tipping points
in the climate (Ditlevsen and Ditlevsen (2023)), the spread of COVID-19 (Arnst et al. (2022),
Kareem and Al-Azzawi (2021)), animal movements (Michelot et al. (2019, 2021)) and cryp-
tocurrency rates (Dipple et al. (2020)). The advantage of SDEs is their ability to capture and
quantify the randomness of the underlying dynamics. They are especially applicable when the
dynamics are not entirely understood, and the unknown parts act as random. The following
parametric form is common for an SDE model with additive noise:

(1) dX; =F(X;; B) dr + X dW;, Xp =xo.

We want to estimate the underlying drift parameter # and diffusion parameter X based on dis-
crete observations of X;. The transition density is necessary for likelihood-based estimators,
and thus a closed-form solution to (1). However, the transition density is only available for
a few SDEs, including the Ornstein—Uhlenbeck (OU) process, which has a linear drift func-
tion F. Extensive literature exists on MCMC methods for the nonlinear case (Chopin and
Papaspiliopoulos (2020), Fuchs (2013)) however, these are often computationally intensive
and do not always converge to the correct values for complex models. Thus, we need a valid
approximation of the transition density to perform likelihood-based statistical inference.
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The most straightforward discretization scheme is the Euler-Maruyama (EM) (Kloeden
and Platen (1992)). Its main advantage is the easy-to-implement and intuitive Gaussian tran-
sition density. Both frequentist and Bayesian approaches extensively employ EM across theo-
retical and applied studies. However, the EM-based estimator has many disadvantages. First,
it exhibits pronounced bias as the discretization step increases (see Florens-Zmirou (1989)
for a theoretical study, or Gloaguen, Etienne and Le Corff (2018), Gu, Wu and Xue (2020)
for applied studies). Second, Hutzenthaler, Jentzen and Kloeden (2011) showed that it is not
mean-square convergent when the drift function F of (1) grows super-linearly. Consequently,
we should avoid EM for models with polynomial drift. Third, it often fails to preserve im-
portant structural properties, such as hypoellipticity, geometric ergodicity, and amplitudes,
frequencies and phases of oscillatory processes (Buckwar et al. (2022)).

Some pioneering papers on likelihood-based SDE estimators are Dacunha-Castelle and
Florens-Zmirou (1986), Dohnal (1987), Florens-Zmirou (1989), Genon-Catalot and Jacod
(1993), Kessler (1997). The first two only estimate the diffusion parameter. Florens-Zmirou
(1989) used EM to estimate both parameters and derived asymptotic properties. Genon-
Catalot and Jacod (1993) generalized to higher dimensions, nonequidistant discretization
step, and a generic form of the objective function, however, only estimating the diffusion
parameter. Kessler (1997) proposed an estimator (denoted K) approximating the unknown
transition density with a Gaussian density using the true conditional mean and covariance, or
approximations thereof using the infinitesimal generator. He proved consistency and asymp-
totic normality under the commonly used, but too restrictive, global Lipschitz assumption on
the drift function F.

A competitive likelihood-based approach relies on local linearization (LL), initially pro-
posed by Ozaki (1985) and later extended by Ozaki (1992), Shoji and Ozaki (1998). They
approximated the drift between two consecutive observations using a linear function. In the
case of additive noise, this corresponds to an OU process with a known Gaussian transition
density. Thus, the likelihood approximation is a product of Gaussian densities. Shoji (1998)
proved that LL discretization is one-step consistent and L? convergent with order 1.5. Shoji
(2011), Jimenez, Mora and Selva (2017) extended the theory of LL for SDEs with multi-
plicative noise. Simulation studies show the superiority of the LL estimator compared to
other estimators (Gloaguen, Etienne and Le Corff (2018), Gu, Wu and Xue (2020), Hurn,
Jeisman and Lindsay (2007), Shoji and Ozaki (1998)). Until recently, the implementation of
the LL estimator was numerically ill-conditioned due to the possible singularity of the Jaco-
bian matrix of the drift function F. However, Gu, Wu and Xue (2020) proposed an efficient
implementation that overcomes this. The main disadvantage of the LL method is its slow
computational speed.

Ait-Sahalia (2002) proposed Hermite expansions (HE) to approximate the transition den-
sity, focusing on univariate time-homogeneous diffusions. This method, widely utilized in
finance, was later extended to both reducible and irreducible multivariate diffusions (Aft-
Sahalia (2008)). Chang and Chen (2011) found conditions under which the HE estimator has
the same asymptotic distribution as the exact maximum likelihood estimator (MLE). Choi
(2013, 2015) further broadened the technique to time-inhomogeneous settings. Picchini and
Ditlevsen (2011) used the method for multidimensional diffusions with random effects. When
an SDE is irreducible, Ait-Sahalia (2008) applied Kolmogorov’s backward and forward equa-
tions to develop a small-time expansion of the diffusion probability densities. Yang, Chen and
Wan (2019) introduced a delta expansion method, using Itd—Taylor expansions to derive an-
alytical approximations of the transition densities of multivariate diffusions inspired by Ait-
Sahalia (2002). While Ait-Sahalia’s approach allows for a broad class of drift and diffusion
functions, the implementation can be complex. To our knowledge, there have not been any
applications to models with more than four dimensions. Furthermore, computing coefficients
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even up to order two can be challenging, while higher-order approximations are often nec-
essary for nonlinear models. Hurn, Jeisman and Lindsay (2007) implemented HE up to third
order in univariate cases, emphasizing the importance of symbolic computation tools like
Mathematica or Maple. Their survey concluded that while LL is the best among discrete
maximum likelihood estimators, HE is the preferred overall choice. They highlighted that the
HE proposed by Ait-Sahalia (2002) has the best trade-off between speed and accuracy, prov-
ing more feasible than LL in most financial applications. Similar results are found in Jensen
and Poulsen (2002), Lopez-Pérez, Febrero-Bande and Gonzdlez-Manteigav (2021). However,
LL’s broad applicability contrasts with the limitations of Hermite expansions, particularly for
high-dimensional multivariate models exceeding three dimensions.

Apart from the above-mentioned general methods, there are some specific setups. Sgrensen
and Uchida (2003) investigated a small-diffusion estimator, Ditlevsen and Sgrensen (2004),
Gloter (2006) worked with integrated diffusion, and Uchida and Yoshida (2012) used adap-
tive maximum likelihood estimation. Bibby and Sgrensen (1995) and Forman and Sgrensen
(2008) explored martingale estimation functions (EF) in one-dimensional diffusions, but they
are difficult to extend to multidimensional SDEs. Ditlevsen and Samson (2019) used the 1.5
scheme to solve the problem of hypoellipticity when the diffusion matrix is not of full rank.

More recently, contributions from Gloter and Yoshida (2021a, 2021b) have extended the
research of Uchida and Yoshida (2012). Gloter and Yoshida (2021a) introduced a nonadap-
tive approach and offered similar analytic asymptotic results as Ditlevsen and Samson (2019)
without imposing strict limitations on the model class. Iguchi, Beskos and Graham (2022)
proposed sampling schemes for elliptic and hypoelliptic models that often result in condition-
ally non-Gaussian integrals, distinguishing their approach from prior works. As the transition
density of their new scheme is typically complex, Iguchi, Beskos and Graham (2022) created
a closed-form density expansion using Malliavin calculus. They recommended a transition
density scheme that retained second-order precision through prudent truncation of the ex-
pansion. This closed-form expansion aligns with the works of Ait-Sahalia (2002, 2008) and
Li (2013) on elliptic SDEs, although with a different approach. Iguchi, Beskos and Graham
(2022) deliver asymptotic results with analytically available rates, beneficial for both elliptic
and hypoelliptic models.

Table 1 provides a comprehensive overview of estimator properties, finite sample per-
formance and required model assumptions for the most prominent state-of-the-art methods.
While asymptotic properties might be similar in most cases, the finite sample properties are
often different. The table also includes the Lie—Trotter (LT) and the Strang (S) splitting esti-
mators, which we propose in this paper. The comparison encompasses four key characteris-
tics: (1) Diffusion coefficient allowed in the model class, distinguishing between additive and
general noise; (2) Asymptotic regime, the conditions needed to prove the asymptotic proper-
ties; (3) Implementation, assessing the complexity of implementation, dependence on model
dimension and parameter optimization time and (4) Finite sample properties, evaluating per-
formance for fixed sample size N and discretization step size .

An essential aspect of any estimator is the practical execution in real-world applications.
Although the previously mentioned research contributes significantly to the theoretical devel-
opment and broadens our understanding of inference for SDEs, its practical implementations
tend not to be user friendly. Except for precomputed models, applications by nonspecialists
can be challenging. Our main contribution is proposing estimators that are intuitive, easy to
implement, computationally efficient and scalable with increasing dimensions. These char-
acteristics make the estimators accessible to researchers in various applied sciences while
maintaining desirable statistical properties. Moreover, these estimators remain competitive
with the best state-of-the-art methods, particularly concerning estimation bias and variance.

We propose to use the LT or the S splitting schemes for statistical inference. These nu-
merical approximations were first suggested for ordinary differential equations (ODEs) (see,



TABLE 1

Comparison of the proposed Lie-Trotter (LT) and Strang (S) splittings (in bold) with five state-of-the-art estimators: Euler—-Maruyama (EM), Kessler (K), Estimating functions (EF),
Local linearization (LL) and Hermite expansion (HE). The comparison focuses on four key characteristics: (1) Noise type—additive or general, (2) Asymptotic regime—investigating
conditions where asymptotic properties align with the exact MLE, (3) Computational time and implementation—evaluating implementation and parameter optimization costs and

(4) Finite sample properties—assessing performance under fixed N and h. The finite sample properties of the estimators are likely influenced by specific experiment designs

Estimator  Noise type Asymptotic regime Computational time and implementation Finite sample properties
EM General h— 0, Nh — oo, Fastest optimization and implementation. Earliest bias exhibition with increasing h.
Nh2 >0 Straightforward for any dimension.
(Florens-Zmirou (1989))
Kupto General J fixed: h — 0, Nh — oo, Fast optimization. Unbiased if the exact mean is known.
order J NhP — 0, forany p € N*  Straightforward for J < 3. For larger h, a higher order of J is needed.
(Kessler (1997)) Performance between EM and LL.
EF General h fixed: N — oo (Bibby Fast optimization. Unbiased also for large &, but not efficient.
and Sgrensen (1995)) Requires moments of the transition density. Good performance.
Mainly suitable for univariate models.
LL Additive (possible h— 0, Nh — oo, Slowest discrete ML approximations. Best among all discrete ML approximations.
generalization) Nh2 =0 (Ozaki (1992)) (Hurn, Jeisman and Lindsay (2007)) (Hurn, Jeisman and Lindsay (2007))
(Jimenez, Mora and Straightforward for any dimension.
Selva (2017))
HE up to General h fixed: N - 00, J — oo, Slower than LL in the univariate case. For larger £, a higher order of J is needed.
order J N2 +2 50, Implementation becomes significantly more complex in higher Better than LL in the univariate case.
J > 2 fixed: N — oo, dimensions or for J > 2. (Hurn, Jeisman and Lindsay (2007)) (Hurn, Jeisman and Lindsay (2007))
h— 0, Nk — oo,
Nh2/+1 —5 0 (Chang and
Chen (2011))
LT Additive (possible h— 0, Nh — oo, Slower than K, but notably faster than LL. Performance relative to EM varies based on
(proposed) generalization) Nh? =0 Straightforward implementation for given nonlinear ODE solution. splitting strategy and model.

S Additive (possible

(proposed)  generalization)

h— 0, Nh — oo,
NhZ >0

Scales well with the increasing dimension.
Slower than LT, but notably faster than LL.

Straightforward implementation for given nonlinear ODE solution.

Scales well with the increasing dimension.

As good as LL.

“While Kessler (1997) did not explicitly explore the scenario of a fixed £, it is a reasonable assumption that the asymptotic results will hold as N — oo and J — oo.
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e.g., Blanes, Casas and Murua (2008), McLachlan and Quispel (2002)), but their extension to
SDEs is straightforward. A few studies have investigated numerical properties (Ableidinger
and Buckwar (2016), Ableidinger, Buckwar and Hinterleitner (2017), Bensoussan, Glowinski
and Rascanu (1992), Buckwar et al. (2022)). Barbu (1988) applied LT splitting on nonlinear
optimal control problems, while Hopkins and Wong (1986) used it for nonlinear filtering.
Abdulle, Vilmart and Zygalakis (2015), Bou-Rabee and Owhadi (2010) used LT splitting
to investigate conditions for preserving the measure of the ergodic nonlinear Langevin equa-
tions. Recently, Bréhier and Goudenge (2019) showed that LT splitting successfully preserved
positivity for a class of nonlinear stochastic heat equations with multiplicative space-time
white noise. Additional studies on the application of splitting schemes to SDEs include those
by Alamo and Sanz-Serna (2016), Leimkuhler and Matthews (2015), Milstein and Tretyakov
(2003), Misawa (2001), Bréhier and Goudenge (2019). Regarding statistical applications,
to the best of our knowledge, only Buckwar, Tamborrino and Tubikanec (2020), Ditlevsen,
Tamborrino and Tubikanec (2023) used splitting schemes for parametric inference in combi-
nation with Approximate Bayesian Computation, and Ditlevsen and Ditlevsen (2023) used it
for prediction of a forthcoming collapse in the climate.
This paper presents five main contributions:

1. We introduce two new efficient, easy-to-implement, and computationally fast estima-
tors for multidimensional nonlinear SDEs.

2. We establish L? convergence of the S splitting scheme.

3. We prove consistency and asymptotic normality of the new estimators under the less
restrictive assumption of one-sided Lipschitz. This proof requires innovative approaches.

4. We demonstrate the estimators’ performance in a stochastic version of the chaotic
Lorenz system, in contrast to prior studies that primarily addressed the deterministic Lorenz
system.

5. We compare the new estimators to four discrete maximum likelihood estimators from
the literature in a simulation study, comparing the accuracy and computational speed.

The rest of this paper is structured as follows. In Section 2, we introduce the SDE model
class and define the splitting schemes and the estimators. In Section 3, we show that the S
splitting has better one-step predictions than the LT, and we prove that the S splitting is L”
consistent with order 1.5 and L? convergent with order 1. To the best of our knowledge, this
is a new result. Sections 4 and 5 establish the estimator asymptotics under the less restrictive
one-sided global Lipschitz assumption. We illustrate in Section 6 the theoretical results in
a simulation study on a model that is not globally Lipschitz, the 3-dimensional stochastic
Lorenz systems. Since the objective functions based on pseudo-likelihoods are multivariate
in both data and parameters, we use automatic differentiation (AD) to get faster and more
reliable estimators. We compare the precision and speed of the EM, K, LL, HE, LT and S
estimators. We show that the EM and LT estimators become biased before the others with in-
creasing discretization step &, HE (of order 2) works only for the smallest / in the simulation
study, and the LL and S perform the best. However, S is much faster than LL because LL
calculates a new covariance matrix for each combination of data points and parameter values.

Notation. We use capital bold letters for random vectors, vector-valued functions and ma-
trices, while lowercase bold letters denote deterministic vectors. || - || denotes both the L2
vector norm in R¢ and the matrix norm induced by the L? norm, defined as the square root
of the largest eigenvalue. Superscript (i) on a vector denotes the ith component, while on a
matrix it denotes the ith row. Double subscript ij on a matrix denotes the component in the
i-th row and jth column. If a matrix is a product of more matrices, square brackets with sub-
scripts denote a component inside the matrix. The transpose is denoted by T. Operator Tr(-)
returns the trace of a matrix and det(-) the determinant. Sometimes, we denote by [ai]?zl a
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vector with coordinates a;, and by [b; j]?’ j=14 matrix with coordinates b;;, fori, j =1,...,d.

We denote with 9; g(x) the partial derivative of a generic function g : R? — R with respect

to x@ and 8i2jg(x) the second partial derivative. The nabla operator V denotes the gradient

vector of a function g, Vg(x) = [0; g(x)]?zl. The differential operator D denotes the Jaco-
bian matrix DF(x) = [9; F/) (x)]f{ =1 for a vector-valued function F : R — R<. H denotes
the Hessian matrix of a real-valued function g, H,(x) = [9;; g(x)]ld’ j=1- Let R represent a
vector (or a matrix) valued function defined on (0, 1) x R<, such that for some constant C,
IR(a, X)|| <aC(1+ |x|)€ for all @, x. When denoted R, it is a scalar.

The Kronecker delta function is denoted by 81.] . For an open set A, the bar A indicates
closure. We use Z to indicate equality up to an additive constant that does not depend on 6.

.. P 4a P—a.s. : . o
We write —, — and ——> for convergence in probability, distribution, and almost surely,
respectively. I; denotes the d-dimensional identity matrix, while 074 is a d-dimensional
zero square matrix. For an event E € F, we denote by 1g the indicator function.

2. Problem setup. Let X in (1) be defined on a complete probability space (€2, F, Pg)
with a complete right-continuous filtration (F;);>0, and let the d-dimensional Wiener pro-
cess W = (W,);>o be adapted to F;. The probability measure Py is parameterized by the
parameter = (B, X). Rewrite equation (1) as follows:

2) dX; = A(B)(X; —b(B)) dt + N(X;; B) dr + X dW,, Xo = Xo,

such that F(x; B) = A(B)(x — b(B)) + N(x; B). Let ©® = O x Oy be the parameter space
with ®4 and O being two open convex bounded subsets of R” and R¥*4 respectively.

Functions F, N : R¥ x @,3 — R are locally Lipschitz, and A, b are defined on @ﬂ and take
values in R?*? and R?, respectively. Parameter matrix ¥ takes values in R?*¢. The matrix
¥ X T is assumed to be positive definite and determines the variance of the process. Since any
square root of X " induces the same distribution, X is only identifiable up to equivalence
classes. Thus, instead of estimating X, we estimate > > ", The drift function F in (1) 1s split
up into a linear part given by matrix A and vector b and a nonlinear part given by N. This
decomposition is essential for defining the splitting schemes and the objective functions used
for estimating 6.

We denote the true parameter value by 8y = (B8, X¢) and assume that y € ®. Sometimes
we write Ag, by, No(x) and ZZJ instead of A(B(), b(B¢), N(x; B) and YoX !, when refer-
ring to the true parameters. We write A, b, N(x) and XX T for any parameter #. Sometimes
we suppress the parameter to simplify notation, for example, [E implicitly refers to Eg.

REMARK 1. The drift function F(x) can always be rewritten as A(x —b) 4+ N(x) for any
A, b by setting N(x) = F(x) — A(x —b), including choosing A and b to be zero. The splitting
proposed below will then result in a Brownian motion (3) and a nonlinear ODE (4).

REMARK 2. We assume additive noise, sometimes referred to as constant volatility,
meaning that the diffusion matrix does not depend on the current state. This assumption can
be restrictive and even rejected by the data in some applications. The proposed methodology
can be extended if the diffusion is reducible (Definition 1 in (Ait-Sahalia (2008))) by apply-
ing the Lamperti transform to obtain a unit diffusion coefficient. However, if the transform
depends on the parameter, estimation is not straightforward. In this paper, we only consider
additive noise.



848 P. PILIPOVIC, A. SAMSON AND S. DITLEVSEN

2.1. Assumptions. The main assumption is that (2) has a unique strong solution
X= (X{)e(0,1], adapted to (F;)ef0,7], which follows from the following first two assump-
tions (Theorem 2 in Alyushina (1987), Theorem 1 in Krylov (1990), Theorem 3.5 in Mao
(2007)). We need the last three assumptions to prove the properties of the estimators.

(A1) Function N is twice continuously differentiable with respect to x and 6, that is, N €
C?. Additionally, it is one-sided globally Lipschitz continuous with respect to x on R x ® B
that is, there exists a constant C > 0 such that

x—y) " (Nx; 8) =N(y; B)) < Cllx—y|* Vx,yeR%

(A2) Function N grows at most polynomially in x, uniformly in @, that is, there exist
constants C > 0 and x > 1 such that

INGx; B) —=N(y: B)|* < C(1+ X172 + |y ) Ix —y[> Vx,yeR%

Additionally, its derivatives are of polynomial growth in x, uniformly in .

(A3) The solution X of SDE (1) has invariant probability vy(dx).

(A4) X7 is invertible on Os.

(AS) Function F is identifiable in 8, that is, if F(x, ;) = F(x, B8,) for all x € R4, then
B1=B.
Assumption (A3) is required for the ergodic theorem to ensure convergence in distribution.
Assumption (A4) implies that model (1) is elliptic, which is not needed for the S estimator,
whereas the EM estimator breaks down in hypoelliptic models. We will treat the hypoelliptic
case in a separate paper where the proofs are more involved. Assumption (AS) ensures the
identifiability of the parameter.

Assume a sample (th)li\;o = Xo.y from (2) at time steps 0 =19 <ty <--- <ty =T. For
notational simplicity, we assume equidistant step size h =ty — tx—1.

2.2. Moments. Assumption (Al) ensures finiteness of the moments of the solution X
(Tretyakov and Zhang (2013)), that is,

E[ sup I1X,1%7] < C(1+ Ixol™”) Vp>1.
tel0,T]

The infinitesimal generator L of (1) is defined on sufficiently smooth functions g : R? x ® —
R given by

Lg,g(x;0) =F(x; B) ' Vg(x; 0) + % Tr(Z X He(x; 6)).

The moments of (1) are expanded using the following lemma (Lemma 1.10 in Sgrensen
(2012)).

LEMMA 2.1. Let Assumptions (A1)—(A2) hold. Let X be a solution of (1). Let g €
C P2 be of polynomial growth and p > 2. Then

l .
Wi
NI ROIAREDY FL,J,Og(ka_l; 0)+ R(h'.X;,_,).
j=07"
We need terms up to order R (%7, X;,_,). Applying Lg on g(x) = x@, Lemma 2.1 yields
. . . h? . 1
E[XV X, , =x]=xD + hFD(x) + > (F(X)TVF(’)(X) +5 Tr(Z2 "Hq) (x))>

+ R(h3, x).
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2.3. Splitting schemes. Consider the following splitting of (2):
(3) dxM=AX!"—b) dr + = aw,, X} =x,,
4) dxP =NxP) ar, xP =x,.
The solution of equation (3) is an OU process given by the following i-flow:

(5) X' = o (X)) =eMX! +(I— A+ 8

Tk—1

where &, ¢ Ll N0, ;) for k=1, ..., N (Vatiwutipong and Phewchean (2019)). The co-

variance matrix €2;, and the conditional mean of the OU process (5) are provided by
h h2
ﬂh — / eA(h—M)zzTeAT(/’l—u) du = hZZT + ?(AZZT 4+ ZZTAT)
0
(6)
+ R(h, X0),

7w B) = AP x4 (1— ABMb(B).

Assumptions (Al) and (A2) ensure the existence and uniqueness of the solution of (4)
(Theorem 1.2.17 in Humphries and Stuart (2002)). Thus, there exists a unique function
fn ‘RY x Op — R4, for h > 0, such that

2 2] (w2 2
®) Xy =@ (X5 ) = £ (X0, 0 B).
For all B € ©g, the time flow f, fulfills the following semigroup properties:
) fox; B) =x, FrasxB)=fi(fs(x:B); B), 1.5=0.

REMARK 3. Since only one-sided Lipschitz continuity is assumed, the solution to (4)
might not exist for all 4 < 0 and all Xy € R?, implying that the inverse f ;1 might not exist.

If it exists, then f ;1 = f_,. For the S estimator, we need a well-defined inverse. This is not
an issue when N is globally Lipschitz.

We, therefore, introduce the following and last assumption.
(A6) Function f ;1 (x; B) is defined asymptotically, for all x e R?, B € © g, when h — 0.

Before defining the splitting schemes, we present a useful proposition for expanding the
nonlinear solution f (Section 1.8 in (Hairer, Ngrsett and Wanner (1993))).

PROPOSITION 2.2. Let Assumptions (A1)—(A2) hold. When h — 0, the h-flow of (4) is

2
F400 =%+ NGO + = (DNGONG) + R(E, ).

Now, we introduce the two most common splitting approximations, which serve as the
main building blocks for the proposed estimators.

DEFINITION 2.3. Let Assumptions (Al) and (A2) hold. The Lie-Trotter and Strang
splitting approximations of the solution of (2) are given by

(10) Xi = o) (X ) = (@) o @) (XI)) = (1, (X)) + 8

Ik Tk—1 Tk—1 Tk—1

[S]. _ IS1(xIS]
XPl=ol¥(x

Tk—1

= fh/z(uh(fh/z(XE,f’L)) + Eh,k)'

2 1 2 S
- )= (@ 0 @10 D) (X))
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REMARK 4. The order of composition in the splitting schemes is not unique. Changing
the order in the S splitting leads to a sum of 2 independent random variables, one Gaussian
and one non-Gaussian, whose likelihood is not trivial. Thus, we only use the splitting (11).
The reversed order in the LT splitting can be treated the same way as the S splitting.

REMARK 5. Splitting the drift F(x) into a linear and a nonlinear part is not unique.
However, all theorems and properties, particularly consistency and asymptotic normality of
the estimators, hold for any splitting choice. Yet, for fixed step size & and sample size N,
certain splittings perform better than others. In this paper, we present two general and intu-
itive strategies. The first applies when the system has a fixed point; here, the linear part of
the splitting is the linearization around the fixed point. The linear OU performs accurately
near the fixed point, with the nonlinear part correcting for nonlinear deviations. Simulations
consistently show this approach to perform best. Another strategy is to linearize around the
measured average value for each coordinate. An in-depth analysis of the splitting strategies
for a specific example is provided in Section 2.5.

REMARK 6. Trajectories of S and LT splittings coincide up to the first 4 /2 and the last
h/2 steps of the flow CIDEZZ/]z. Indeed, when applied k times, the S splitting can be written as

(@) (xo) = (Cbh/z o (@) 0@ [2}1/2)()(0)

Thus, it is natural that LT and S have the same order of L? convergence. We prove this in
Section 3. However, the LT and S trajectories differ in their output points (10) and (11). Strang
splitting outputs the middle points of the smooth steps of the deterministic flow (8), while LT
splitting outputs the stochastic increments in the rough steps. We conjecture that this is one
of the reasons why the S splitting has superior statistical properties.

2.4. Estimators. In this section, we first introduce two new estimators, LT and S, given
a sample Xo.;,, . Subsequently, we provide a brief overview of the estimators EM, K, LL and
HE, which will be compared in the simulation study.

2.4.1. Splitting estimators. The LT scheme (10) follows a Gaussian distribution. Conse-
quently, the objective function corresponds to (twice) the negative pseudo-log-likelihood:

LT (X, 5 0) £ N log(det 2,(8))
(12) +Z (X — i (FnKi_y: B): B)) ' R (0) ™

x Xy, — mn (F 1 Xe_ 13 B); B)).

The S splitting (11) is a nonlinear transformation of the Gaussian random variable g, (f, /> X
(th—l; ﬁ)’ ﬂ) + gh’k- We first define

(13) Zy(B) = fi,yXys B) — (12X B B)-

Afterwards, we apply a change of variables to derive the following objective function:

N
L5 Xo.y38) £ N log(det 2,,0)) + > Zy, (B) 1,(0) ™ Zy, (B)

(14) =

N
-2> log\deth;/lz(th; B)|.
k=1
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The last term is due to the nonlinear transformation and is an extra term that does not
appear in commonly used pseudo-likelihoods.

The inverse function f ,7] may not exist for all parameters in the search domain of the
optimization algorithm. However, this problem can often be solved numerically. When f ,:1
is well defined, we use the identity — log | det Df;l (x; B)| =log|detD f,(x; B)| in (14) to
increase the speed and numerical stability.

Finally, we define the estimators as

Alk]

(15) Oy = argminﬁ[k] (Xo:y:0), ke{LT,S}.
0

2.4.2. Euler-Maruyama. The EM method uses first-order Taylor expansion of (1):
(16) XIEMI . x[EM] hF(X[EM B) + ‘SElElEA]’

Tk Tk—1 fk—1 >

where §[EM L Ny, hEX ) fork =1, ..., N (Kloeden and Platen (1992)). The transition
density p!BMI(X, |X;,_,; 0) is Gaussian, so the pseudo-likelihood follows trivially.

2.4.3. Kessler’s Gaussian approximation. The K estimator uses Gaussian transition den-
sities plKl (X, IXy,_ ;5 8) with the true mean and covariance of the solution X (Kessler (1997)).
When the moments are unknown, they are approximated using the infinitesimal generator
(Lemma 2.1). We implement the estimator K based on the 2nd-order approximation:

Xi = Xi R (G B) + &0 (X))

(17) 2 |
K K] . T (K d
+5 <DF(X£k ) 0. CRY e S[T(ZE H o (X, ]I,ﬁ))],-ﬂ),
where &)X tk Ky ~ N0, 2050)), and K@) = h=ET + 2 (DFXIN ; pEET +
ZETDTF(X,k 1> B)). The covariance matrix is not constant, which makes the algorithm

slower for a larger sample size.

2.4.4. Ozaki’s local linearization. Ozaki’s LL method approximates the drift of (1) be-
tween consecutive observations by a linear function (Jimenez, Shoji and Ozaki (1999)). The
LL method consists of the following steps:

(1) Perform LL of the drift F in each time interval [z, t + &) by the [t6—Taylor series;
(2) Compute the analytic solution of the resulting linear SDE.

The approximation becomes

(18) X[LL] — xILLI 4 q)h (th 1. 9) +§[LL](X[LL])

Tk—1 Tk—1

where &) (X)) ~ A (0, 2)7(9)), and

Tk—1

@l (g) . / " DFUM )5 5 T DL B TG
’ 0

oI (x; 0) := Ry, 0(DF(x; B))F(x; B) + (hRy.0(DF(x; B))
— Ry 1 (DF(x; B)))M(x; ),

h
Ry, (DF(x; B)) := /0 exp(DF(x; B)u)u’ du, i=0,1,
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1
M(x: 0) = - (TrHi (x:6). ... TrHy (x 0)) ",

82F(k) d
H(x:0) = (227, 0| N

We can efficiently compute R;, ; and ol hk (0) using formulas from (Van Loan (1978)); see
(Gu, Wu and Xue (2020)). For more details, see the Supplementary Material (Pilipovic, Sam-
son and Ditlevsen (2024)).

Thus, p!tH (X, X5 @) is Gaussian and standard likelihood inference applies. Similar to

K, SZ,EL,];] (@) depends on the previous state Xg‘Ll], which is a major downside since it is harder

to implement and slower to run due to the computation of N — 1 covariance matrices. Unlike
K, LL does not Taylor expand the approximated drift and covariance matrix, so the influence
of sample size N on computational times is much larger.

2.4.5. Ait-Sahalia’s infinite Hermite expansion. The HE method (Ait-Sahalia (2002,
2008)) approximates the likelihood using two transformations to make data resemble a nor-
mal distribution, facilitating corrections for finite samples. First, X; is transformed to unit
diffusion Y, using the Lamperti transform. Then Y, is transformed into a more normal-like
Z,. Finally, the objective function is a Hermite expansion in terms of convergent power series
in &, around this normal density before reverting back to X;. The Lamperti transform can be
omitted for nonreducible diffusions (Ait-Sahalia (2008)). For additive noise, the HE objective
function of order J is given as

LUE(Xo., :0) £ Nlog(det XX )

(19) cy P Xp)ly X))
—22( Y h e +Z c(”(ﬂxtmy(xtk 1)))
k=1 ji=0
Function y is the Lamperti transform, and functions C 1(/ ), for j =—1,0,1,..., J are calcu-

lated recursively according to Theorem 1 in (Ait-Sahalia (2008)).

2.5. An example: The stochastic Lorenz system. The Lorenz system is a 3D system intro-
duced by Lorenz (1963) to model atmospheric convection. The model is originally determin-
istic exhibiting deterministic chaos, that is, tiny differences in initial conditions lead to un-
predictable and widely diverging trajectories. The Lorenz system evolves around two strange
attractors, implying that trajectories remain within some bounded region, while points that
start in close proximity may eventually separate by arbitrary distances as time progresses
(Hilborn (1994)). We add noise to include unmodeled forces and randomness. The stochastic
Lorenz system is given by

dX, = p(Y, — X,) dt + oy dW,
(20) dY, = (rX, — Y: — X, Z)) dt +o» dW?,
dZ, = (XY, — cZ,) dt + o3 AW,

The variables X;, Y; and Z; represent convective intensity, and horizontal and vertical temper-
ature differences, respectively. Parameters p, r and ¢ denote the Prandtl number, the Rayleigh
number and a geometric factor, respectively (Tabor (1989)). Lorenz (1963) used the values
p =10, r =28 and ¢ = 8/3, yielding chaotic behavior.

The system does not fulfill the global or the one-sided Lipschitz condition because it is
a second-order polynomial (Humphries and Stuart (1994)). However, it has a unique global
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FIG. 1. An example trajectory of the stochastic Lorenz system (20) starting at (0, 1,0) for N = 10,000 and
h = 0.005. The first row shows the evolution of the individual components X, Y and Z. The second row shows
the evolution of component pairs: (Y, Z), (X, Z) and (X, Y). Parameters are p = 10, r =28, ¢ = 8/3, 012 =1,
022 =2and0§ =1.5.

solution and an invariant probability (Keller (1996)). Thus, all assumptions (A2)—(AS), except
(A1) hold. Even so, we show in Section 6 that the estimators work.

Different approaches for estimating parameters in the Lorenz system have been pro-
posed, mostly in the deterministic case. Zhuang et al. (2020) and Lazzis, Rivera and Lopez-
Caraballo (2016) used sophisticated optimization algorithms to achieve better precision.
Dubois et al. (2020) and Ann et al. (2022) used deep neural networks in combination with
other machine learning algorithms. Ozaki, Jimenez and Haggan-Ozaki (2000) used Kalman
filtering based on LL on the stochastic Lorenz system.

Figure 1 shows an example trajectory of the stochastic Lorenz system. The trajectory was
generated by subsampling from an EM simulation, such that N = 10,000 and & = 0.05,
with parameter values p = 10, r = 28, ¢ = 8/3, 012 =1, 022 =2 and 032 = 1.5. Even if the
trajectory had not been stochastic, the unpredictable jumps in the first row of Figure 1 would
still have been there due to the chaotic behavior.

We suggest to split SDE (20) by choosing the OU part (3) as the linearization around
one of the two fixed points (x*, y*,z*) = (£/c(r — 1), £/c(r — 1),r — 1). For sim-
plicity, we exclude the fixed point (0,0,0) since X and Y spend little time around this
point; see Figure 1. Specifically, we apply a mixture of two splittings, linearizing around
(Ve(r —1),/c(r —1),r — 1) when X > 0 and around (—+/c(r — 1), —/c(r — 1),r — 1)
when X < 0. We denote these estimators by LTix and Spix. The splitting is given by

—-p p 0 x* 0
Anix = |: I =1 _x*:| ) bmix = |:y*:| ) Nmix(x, y,2) = |:_(x —x*)(z - Z)’():| :
ot * (x —x%)(y =)

y X —C Z
The OU process is mean-reverting toward bpix = (x*, y*, z*). The nonlinear solution is

Fai (2> D) = [@ — y*)eos((x —x*) — (c — ) sin(h(x — %)) + y*} .
( = y*)sin(h(x — x*) + (= — ) cos(h(x — x*)) +=*

The solution is a composition of a 3D rotation and translation of (y, z) around the fixed point.
The inverse always exists, and thus, Assumption (A6) holds. Moreover, det D f ;nlx p() =1
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The mixing strategy does not increase the complexity of the implementation significantly,
and it is straightforward to incorporate into the existing framework. Thus, this splitting strat-
egy 1s convenient when the model has several fixed points.

An alternative splitting linearizes around the average of the observations. Let (i, ty, tz)
be the average of the data, where we put u, = u, since the difference of their averages is
small, around 1073. We denote these estimators by LTaye and S,ye. The splitting is given by

—-p p 0 M
Aavg= r—u; =l —pux|, bavg= Mx |

L Mx Ky  —C Mz
i 0
Navg(x, y,2) = —(x =)@ =)+ —1— )y

(x — ) (Y — px) + 12 —cpey
The nonlinear solution is

ILL.X'
2
Cllz —ML
favg,h(x, v, 2) = ‘ ;Lx+xz_—ﬂxx \

px (r—=1—puz)
Mz+7x_ux

X—Mx

_ 2 —1-= .
<y—/br%> COS(h(x—Mx))— <z—uz—W) Sm(h(x—ux))

o2\ L
(%m—‘ﬁfiﬁ") SIH(h(x—/Lx))Jr(z—uz—W) cos (h(x—pux))

9

where f oo (e, ¥, 2) = (o, Y Fhpte (r = 1= o), 2+ hp? —cpg) T and det D f 1 () =
1.

3. Order of one-step predictions and L?” convergence. In this section, we investigate
L? convergence of the splitting schemes and the order of the one-step predictions. Theo-
rem 2.1 in Tretyakov and Zhang (2013) extends Milstein’s fundamental theorem on L? con-
vergence for global Lipschitz coefficients (Milstein (1987)) to Assumptions (A1) and (A2).
This theorem provides the theoretical underpinning for our approach, drawing on the key
concepts of L? consistency and boundedness of moments.

_ DEFINITION 3.1 (L” consistency of a numerical scheme). The one-step approximation
®;, of the solution X is L? consistent, p > 1, of order go — 1/2>0, if fork=1,..., N and
some g1 > gy + 1/2:

[E[Xy, — Bn(Xy_ )Xy, =X]| = R(R" %),
5 1
(ELIX, — B4 (X, |7 1X;,, =x])7 = R(H®, ¥).

DEFINITION 3.2 (Bounded moments of a numerical scheme). A numerical approxima-
tion X of the solution X has bounded moments, if for all p > 1, there exists constant C > 0,
such that, fork=1,..., N:

E[IX;, 1771 < € (1 + [Ix0]?P).

The following theorem (Theorem 2.1 in Tretyakov and Zhang (2013)) gives sufficient
conditions for L? convergence of a numerical scheme in a one-sided Lipschitz framework.
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THEOREM 3.3 SLP convergence of a numerical scheme). Let Assumptions (Al) and
(A2) hold, and let X;, be a numerical approximation of the solution X;, of (1) at time ti. If:

(1) The one-step approximation izk =, (itk_l) is L? consistent of order qo — 1/2; and
(2) X has bounded moments,

then X is LP convergent, p > 1, of order go — 1/2, that is, fork =1, ..., N, it holds:
~ 1
(E[IX, — Xy IPP]) 7 = R(h%71/2,x0).

3.1. Lie-Trotter splitting. We first show that the one-step LT approximation is of or-
der R(h?,xp) in mean. The following proposition is proved in the Supplementary Material
(Pilipovic, Samson and Ditlevsen (2024)) for scheme (10), as well as for the reversed order
of composition. We demonstrate that the order of one-step prediction cannot be improved
unless the drift F is linear.

PROPOSITION 3.4 (One-step prediction of LT splitting). Assume (A1)—(A2), let X be the

solution to (1) and let CDLLT] be the LT approximation (10). Then, fork =1, ..., N, it holds:

HE[th - q)EzLT] Xy )Xy, = X] H = R(hz’ kafl)'

L? convergence of the LT splitting scheme is established in Theorem 2 in Buckwar et al.
(2022), which we repeat here for convenience.

THEOREM 3.5 (L? convergence of the LT splitting). Assume (A1)—(A2), let XM pe the
LT approximation defined in (10) and let X be the solution of (1). Then there exists C > 1
such that forall p>2,and k=1, ..., N, it holds:

E[|X, — X)) 7 = R(h, %0).

k

Now, we investigate the same properties for the S splitting.

3.2. Strang splitting. The following proposition states that the S splitting (11) has higher
order one-step predictions than the LT splitting (10). The proof can be found in the Supple-
mentary Material (Pilipovic, Samson and Ditlevsen (2024)).

PROPOSITION 3.6.  Assume (A1)~(A2), let X be the solution to (1) and let ®' be the S
splitting approximation (11). Then, fork =1, ..., N, it holds:

(21) HE[th - CDElS](ka—INka—I = X] ” = R(h3’ ka—l)-

REMARK 7. Even though LT and S have the same order of L? convergence, the crucial
difference is in the one-step prediction. The approximated transition density between two
consecutive data points depends on the one-step approximation. Thus, the objective function
based on pseudo-likelihood from the S splitting is more precise than the one from the LT.

To prove L? convergence of the S splitting scheme for (1) with one-sided Lipschitz drift,
we follow the same procedure as in Buckwar et al. (2022). The proof of the following theorem
is in the Supplementary Material (Pilipovic, Samson and Ditlevsen (2024)).
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THEOREM 3.7 (L? convergence of S splitting). Assume (A1), (A2) and (A6), let XI5] be
the S splitting defined in (11) and let X be the solution of (1). Then there exists C > 1 such
that forall p>2and k=1, ..., N, it holds:

(B[IXq —X5'|7])

<=

= R(h,x0).
Before we move to parameter estimation, we prove a useful corollary.

COROLLARY 3.8. Let all assumptions from Theorem 3.7 hold. Then (E[|Z; —
EnilIPDYP = R(h, x0).

PROOF. From the definition of Z;, in (13), it is enough to prove that
B pXn) = 4 (Frp X)) = Eni"D7 = Rk, x0).

From (11), we have that £, , = f;/lz(XES]) — 1 (f (X)), Then

Tk—1
E[[| £,/ Xe0) = e (Frpp X)) — El”1"
< CEUIFrKn) = FihKENPT+ B[ f oK) = Frp (XD IPD) Y
= C(E[”th - XES] Hp] + E[”th4 - Xl[‘ksil ”p])l/p + R(h’ XO)-

We used Proposition 2.2 that X, X!3] have finite moments and f, 125 f ;/12 grow polynomially.
The result follows from L? convergence of the S splitting scheme, Theorem 3.7. [J

4. Auxiliary properties. This paper centers around proving the properties of the S es-
timator. There are two reasons for this. First, most numerical properties in the literature are
proved only for LT splitting because proofs for S splitting are more involved. Here, we estab-
lish both the numerical properties of the S splitting as well as the properties of the estimator.
Second, the S splitting introduces a new pseudo-likelihood that differs from the standard
Gaussian pseudo-likelihoods. Consequently, standard tools, like those proposed by Kessler
(1997), do not directly apply.

The asymptotic properties of the LT estimator are the same as for the S estimator. However,
the following auxiliary properties will be stated and proved only for the S estimator. They can
be reformulated for the LT estimator following the same logic.

Before presenting the central results for the estimator, we establish the groundwork with
two essential lemmas that rely on the model assumptions. Lemma 4.1 (Lemma 6 in Kessler
(1997)) deals with the pth moments of the SDE increments and also provides a moment
bound of a polynomial map of the solution. The proof of this lemma in the Supplementary
Material (Pilipovic, Samson and Ditlevsen (2024)) differs from that in Kessler (1997) due to
our relaxation of the global Lipschitz assumption of the drift F. Instead, we use a one-sided
Lipschitz condition in conjunction with the generalized Gronwall’s inequality (Lemma 2.3
in Tian and Fan (2020) to establish the result, see the Supplementary Material (Pilipovic,
Samson and Ditlevsen (2024))).

Lemma 4.2 (Lemma 8 in Kessler (1997), Lemma 2 in Sgrensen and Uchida (2003)) con-
stitutes a central ergodic property that is essential for establishing the asymptotic behavior
of the estimator. The proof when the drift F is one-sided Lipschitz is identical to the one
presented in Kessler (1997), particularly when combined with Lemma 4.1.

LEMMA 4.1. Assume (A1)—(A2). Let X be the solution of (1). For ty >t > ty_1, where
h =ty —ty—1 < 1, the following two statements hold:
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(1) For p > 1, there exists C,, > 0 that depends on p, such that
E[IX: — Xy, 171 Fy ] < Cplt = te-))P/(1+ Xy, 1)

(2) If g : R? x © — R is of polynomial growth in X uniformly in 0, then there exist con-
stants C and C;_,,_, that depends on't —t;_,, such that

E[|gXs: 0)[|1Fi ] < Cros, (1 + 11X, INE.

LEMMA 4.2. Assume (A1), (A2), (A3) and let X be the solution to (1). Let g : R x © —
R be a differentiable function with respect to X and 0 with derivative of polynomial growth in
X, uniformly in 0. If h — 0 and Nh — oo, then

1 Y Py,
N};g(xrk,o) Nhh—_’(()’g /g(X,G) dvo(x),

uniformly in 0.

Lastly, we state the moment bounds needed for the estimator asymptotics. The proof is in
the Supplementary Material (Pilipovic, Samson and Ditlevsen (2024)).

PROPOSITION 4.3 (Moment bounds). Assume (A1), (A2), (A6). Let X be the solution of
(1), and Zy, as defined in (13). Let g(X; B) be a generic function with derivatives of polynomial
growth, and B € Og. Then, fork =1, ..., N, the following moment bounds hold.

(i) EgolZy (Bo)I Xy, =x1=R*#>, Xy, )
(ii) EgylZy(Bo)eXy: B)TIXy, = xI = 2(EX[DTg(x;B) + Dgx;BETXT]) +
R(h?, Xy, ,);
(i) Ego[Zs, (Bo)Zsy, (Bo) "1Xs , =x1=hEX] +R(H>, X, ).

S. Asymptotics. The estimators @ are defined in (15). However, the full objective func-
tions (12) and (14) are not needed to prove consistency and asymptotic normality. It is enough

to approximate €, up to the second order by AX X " + %2 (AXXT + XX TAT) (see equation
(6)). Indeed, after applying Taylor series on the inverse of 2, we get

2,0)"'= 2 (527)"" (1+ A+ ZETAB)(22)7)) + Rihx0)

— %(ZZT)_I(I _ g(A(ﬁ) +22TAB)T(EET) Y + R, x0)

= %(zzT)—l E %((EZT)_lA(ﬁ) +AB) (X)) + R(h. x0).

Similarly, we approximate the log-determinant as

2
log det R5,(0)= log det<hZZT + %(A(ﬁ)ZET + zzTA(ﬁ)T)) + R(h?, x0)
L logdetZZT—l—logdet<I + g(A(ﬁ) + ZZTA(ﬁ)T(ZZT)_1)> + R(h?%, x0)

—=logdetZX " + gTr(A(ﬁ) +22TAB) T (ZZT) ) + R(h% x0)

=logdetTX " + A TrA(B) + R(h%,Xo).
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Using the same approximation, we obtain

2log|det D f, ;»(x; B)|=21log

det(I + gDN(X; ﬂ))‘

=2log

1+ gTI'DN(X; ,B)‘ + R(h,X)

= h Tr DN(x; B) + R(h?, x0).

Retaining terms up to order R(N h2,x¢) from (12) and (14), we establish the approximate
objective functions:

LYT0) := Nlogdet X T+Nh TrA(B)
41 Z Xy — (1K ,: )1 B) T (E2T)
(22) x (X,k — mn(f X3 B); B))
—Z Xy, — (£ X, B): B)) (ZET)™!
x AB) Xz, — (1 Xe_ys B); B)),

L£I90) := NlogdetSET+NhTrA(B) + — Z Z, B (=x")""'z,B)
(23) N k 1 N
~>"Z, (BT (ZZT)'ABZ, (B) + 1 Y Tt DN(Xy; ).
k=1 k=1

Unlike other likelihood-based methods, such as Kessler (1997), Ait-Sahalia (2002, 2008),
Choi (2013, 2015), Yang, Chen and Wan (2019), our estimators do not involve expansions.
The objective functions are formulated in simple terms without hyperparameters, such as
the order of the expansions. Hence, our approach is robust and user friendly, as we directly
employ (12) and (14). The approximations (22) and (23) are only used for the proofs.

5.1. Consistency. Now, we state the consistency of ﬁ y and ﬁ; The proof of Theo-
rem 5.1 is in the Supplementary Material (Pilipovic, Samson and Ditlevsen (2024)).

THEOREM 5.1. Assume (A1)—(A6). Let X be the solution of (1) and ﬁN = (EN, ﬁ;)
be the estimator that minimizes either (22) or (23). If h— 0and Nh — oo, then

A

Py,
Bn — Bo- 2):N > XX

5.2. Asymptotic normality. First, we need some preliminaries. Let p > 0 and B,(0¢) =
{6 € O|||0 — 6p]| < p} be a ball around 6. Since 0y € O, for sufficiently small p > 0,

B,(0p) € ©. Let Ly be either (22) or (23). For 0 N € B,(00), the mean value theorem yields

1 N A~
(24) ( /0 He, (60 +1 @y — 00) dr)(oN —60) = —V Ly (60).

With ¢ := vech(ZXT) = (ZZ )11, [EX 112, [EX ]2, .., [EZ T Niay oo, [EE T ), we
half-vectorize £X T to avoid working with tensors when computing derivatives with respect
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to XX ".Since XX " isa symmetric d X d matrix, ¢ is of dimension s =d(d + 1)/2. For a
diagonal matrix, instead of a half-vectorization, we use g := diag(X > 7). Define

r o1 1
——0gg Ly (0 ——0g LN (0
25) Cy@) = | N e N'h petn(® ,
_N—ﬁaﬁgﬁN(O) NaggﬁN(O)
_ ) 1
(26) .. /Nh(ﬂN_ﬂO):| - ——maﬁﬁszo)
N = ; N = ,
| VN(Gn —s0) —JiﬁagﬁN(oo)

and Dy := fol Cn(@Oo+ t(@N —60p)) dr. Then (24) is equivalent to Dysy = A . Let

. con =T i)

where

[Cs00)];, ,;, = f(algilFo(X))T(ZE(—)r)_l(8,31.2F0(X)) dw(x), 1<ipia<r

1 —1 ~1 o
[Cc00)]), j, =5 Tr((05;, Z%g)(EZg) (05, Z%)(ZXg) ), 1< ji p<s.

Now, we state the theorem for asymptotic normality; the proof is in the Supplementary
Material (Pilipovic, Samson and Ditlevsen (2024)).

THEOREM 5.2. Assume (A1)~(A6). Let X be the solution of (1), and 0y = (B, Sy) be
the estimator that minimizes either (22) or (23). If 09 € ®, C(0¢) is positive definite, h — 0,
Nh — oo and Nh* — 0, then under P,

VNhBy —Bo) | d .
(28) [ NGy —en |7 N(0,C'(80)).

The estimator of the diffusion parameter converges faster than the estimator of the drift
parameter. Gobet (2002) showed that for a discretely sampled SDE model, the optimal con-
vergence rates for the drift and diffusion parameters are 1/+/Nh and 1/+/N, respectively.
Thus, our estimators reach optimal rates. Moreover, the estimators are asymptotically effi-
cient since C is the Fisher information matrix for the corresponding continuous-time dif-
fusion (see Kessler (1997), Gobet (2002)). Finally, since the asymptotic correlation is zero
between the drift and diffusion estimators, they are asymptotically independent.

6. Simulation study. This section presents the simulation study of the Lorenz system,
illustrating the theory and comparing the proposed estimators with other likelihood-based
estimators. We briefly recall the estimators, describe the simulation process and the opti-
mization in the programming language R (R Core Team (2022)), and present and analyze the
results.

6.1. Estimators used in the study. The EM transition distribution (16) for the Lorenz
system (20) is

X Xy X x+hp(y —x) h<712 0 0
Yo ([| Yoo | = |y |~ N ||y +hGtx—y—x2)|,| 0 hoy 0
Zy 11 LZy, z z+h(xy —c2) 0 0 hoi
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We do not write the closed-form distributions for K (17), LL (18) and HE (19), but we use
the corresponding formulas to implement the likelihoods. We implement the two splitting
strategies proposed in Section 2.5, leading to four estimators: LTix, LTavg, Smix and Saye.
To further speed up computation time, we use the same trick for calculating €2 in (6) as for
calculating SZEELL]; see the Supplementary Material (Pilipovic, Samson and Ditlevsen (2024)).

6.2. Trajectory simulation. 'To simulate sample paths, we use the EM discretization with
a step size of #5™ = 0.0001, which is small enough for the EM discretization to perform
well. Then we subsample the trajectory to get a larger time step 4, decreasing discretization
errors. We perform M = 1000 Monte Carlo repetitions.

6.3. Optimization in R. To optimize the objective functions, we use the R package
torch (Falbel and Luraschi (2022)), which uses AD instead of the traditional finite dif-
ferentiation used in optim. The two main advantages of AD are precision and speed. Finite
differentiation is subject to floating point precision errors and is slow in high dimensions
(Baydin et al. (2017)). Conversely, AD is exact and fast, and thus used in numerous applica-
tions, such as MLE or training neural networks.

We tried all available optimizers in the torch package and chose the resilient backpropa-
gation algorithm optim_rprop based on Riedmiller and Braun (1992). It performed faster
than the rest and was more precise in finding the global minimum. We used the default hyper-
parameters and set the optimization iterations to 200. We chose the precision of 107> between
the updated and the parameters from the previous iteration as the convergence criteria. For
starting values, we used (0.1,0.1,0.1,0.1,0.1, 0.1). All estimators except HE converged af-
ter approximately 80 iterations. The HE estimator only converged with the smallest time step,
h = 0.005, achieving convergence in 43%—72% of cases across various sample sizes N. This
probably occurs due to a polynomial approximation of the likelihood that can be unstable at
the boundaries, especially for larger /. Incorporating higher-order approximations and adding
constraints in the optimization step might improve performance. For further analysis, see the
Supplementary Material (Pilipovic, Samson and Ditlevsen (2024)).

6.4. Comparing criteria. We compare eight estimators based on their precision and
speed. We compute the absolute relative error (ARE) for each component QA](\}) of the esti-
mator 6 y:

M 50 (D)
NONLIR = i vd
r=1 0,r

For S and LL, we compare the distributions of 0 N — 0o more closely.

The running times are calculated using the tictoc package in R, measured from the
start of the optimization step until the convergence criterion is met. To avoid the influence of
running time outliers, we compute the median over M repetitions.

6.5. Results. In Figure 2, AREs are shown on log scale as a function of 4. While most
estimators work well for a step size no greater than 0.01, only LL, Sy,ix and Saye perform
well for 7 = 0.05. The LT,y is not competitive even for 7 = 0.005. The performance of
LTnix varies, sometimes approaching the performance of K, while other times performing
similarly to EM. Thus, LT yx is not a good choice for this specific model. The bias of EM
starts to show for 7 = 0.01 escalating for 4 = 0.05. The largest bias appears in the diffusion
parameters due to the poor approximation of SZEM. K is less biased than EM except for p and
r when & = 0.05. The HE estimator converged only for 4 = 0.005. The ARE is calculated
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Comparing ARE for the Lorenz system estimators for N = 10000

0.100
0.010 0.010

0.001

ARE

10.00

0.005 0.01 0.05

estimator — Smix — Savg — LL -- LTmix -- LTavg -- K — EM — HE

FIG. 2.  Comparing the absolute relative error (ARE) as a function of increasing discretization step h for eight
estimators in the stochastic Lorenz system. The sample size is N = 10,000. The y-axis is on log scale. The HE
estimator (purple dot) converged only for h = 0.005, and only for 60% of the simulated data sets.

from the 601 simulations out of a total of 1000 in which convergence was achieved. For these,
the performance of HE in estimating drift parameters is comparable to the best estimators.
However, the diffusion parameters are not well estimated, with the estimation of 032 being the
least accurate. Drift parameters are generally estimated better for larger £ for fixed N due to
a longer observation interval T = Nh, reflecting the ~/N& rate of convergence.

We zoom in on the distributions of Spix, Save, LL in Figure 3. We also include HE for
h = 0.005, based on the 60% converged estimates. For clarity, we removed some outliers
for 012 and 022. This did not change the shape of the distributions, it only truncated the tails.
Estimators Syix, Save and LL perform similarly, especially for the smallest &, where HE
performs slightly worse, particularly for p, 022 and 032. For h = 0.05, the drift parameters are
underestimated by approximately 5—10%, while the diffusion parameters are overestimated
by up to 20%. Both S estimators performed better than LL, except for p and 012.

While the LL and S estimators perform similarly in terms of precision, Figure 4 shows the
superiority of the S estimators over LL in computational costs. The LL becomes increasingly
computationally expensive for increasing N because it calculates N covariance matrices for
each parameter value. The next slowest estimators are Spix and HE, followed by LTpix,
Savg, K, LTaye and, finally, EM is the fastest. The speed of EM is almost constant in N.
Additionally, it seems that the running times do not depend on 4. Thus, we recommend using
the S estimators, especially for large N.

Figures 5 and 6 show that the theoretical results hold for Syix and LT,ix. We compare how
the distributions of 8 y — 8 change with sample size N and step size h. With increasing N,
the variance decreases, whereas the mean does not change. For that, we need smaller 4. To
obtain negligible bias for LT ix, we need a step size smaller than 7 = 0.005. However, Spix
is practically unbiased up to 2 = 0.01. This shows that LT estimators might not be a good
choice in practice, while the S estimators are.
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Comparing Smix, Savg, LL and HE estimators for the Lorenz system for N = 10000

2 2
e e e
001 0.01 0.01 0.10 0.10 010 =
0.05 0.05 0.05 I
0.00 0.00 M 0.00 0.00 M 0.00 0.00 o
[=]
-0.05 -0.05 -0.05 S
0ot 001 001 -0.10 -0.10 -0.10
0.010 0.010 0.010 02 0.2 0.2
0.005 0.005 0.005 0.1 0.1 0.1 >
1
0.000 0.000 0.000 0.0 0.0 0.0 “F o
o
-0.005 -0.005 -0.005 -0.1 -0.1 0.1 =
-0.010 -0.010 -0.010 0.2 02 0.2
0.02 0.02 0.02 0.2 * 0.2 0.2 *
r ? T
1
000 —==—— 000 —= 0.00 0.0 #— 0.0 0.0 P o
< - s 2
0.02 T 0.02 -0.02 + 0.2 0.2 0.2
Smix Savg LL HE Smix Savg LL HE Smix Savg LL HE Smix Savg LL HE Smix Savg LL HE Smix Savg LL HE

estimator . Smix . Savg . LL |I| HE

F1G. 3. Comparing the normalized distributions of (9 N —00) @0 (where @ is the element-wise division) of the
Lorenz system for the Spix, Savg, LL and HE estimators for N = 10,000. Each column represents one parameter,
and each row represents one value of the discretization step h. The black dot with a vertical bar in each violin
plot represents the mean and the standard deviation. The HE estimator (purple) converged only for h = 0.005,
and only for 60% of the simulated data sets.

Comparing running times for the Lorenz system estimators

| h = 0.005 i h=0.01 i h=005

60

1000 5000 10000 1000 5000 10000 1000 5000 10000

estimator — Smix — Savg — LL -- LTmix -- LTavg -- K — EM — HE

FIG. 4. Running times as a function of N for different estimators of the Lorenz system. Each column shows one
value of h. On the x-axis is the sample size N, and on the y-axis is the running time in seconds. The HE estimator
(purple) achieved convergence only for h = 0.005, and only in 43%-72% of cases across various sample sizes N.

Asymptotic distributions of the Smix estimator for h = O 01

PN

) Q‘D DO H O W\Q’\‘L‘b
()QQQ ()QQQQ &0%%’\ QS QT QO QQQQQQQ
QQQQQQQQQQQQ

N [ 10000 [ 5000 [7] 1000

F1G. 5. Comparing distributions of 0 N — 0 for the Syix estimator with theoretical asymptotic distributions (28)
for each parameter (columns), for h = 0.01 and N € {1000, 5000, 10,000} (colors). The black lines correspond to
the theoretical asymptotic distributions computed from data and true parameters for N = 10,000 and h = 0.01.

:
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Asymptotic distributions of the LTmix estimator
p ‘ l r

h =0.01

| c || %
_‘LJLHTLJL__L _ A

][

-
i
-

N N N
PP R I O F P N PP PNt st oN oP o oF

N [ 10000 [ 5000 [ 1000

FIG. 6. Comparing distributions of ] N — O¢ for the LT ix estimator with theoretical asymptotic distributions
(28) for each parameter (columns), for h € {0.005,0.01} (rows) and N € {1000, 5000, 10,000} (colors). The
black lines correspond to the theoretical asymptotic distributions computed from data and true parameters for
N = 10,000 and corresponding h.

The solid black lines in Figures 5 and 6 represent the theoretical asymptotic distributions
computed from (28). For the Lorenz system (20), the precision matrix (27) is given by

. (y —x)? x2 72 1 1 1
co) = diag( [ “5 a0, [ S o, [ S a0, e )
1.0 920 030 207 20y, 203

The integrals are approximated by taking the mean over all data points and all Monte Carlo
repetitions.
Some outliers of 822 are removed from Figures 5 and 6 by truncating the tails.

7. Conclusion. We proposed two new estimators for nonlinear multivariate SDEs. They
are based on splitting schemes, a numerical approximation that preserves all important prop-
erties of the model. It was known that the LT splitting scheme has L? convergence rate of
order 1. We proved that the same holds for the S splitting. This result was expected because
the overall trajectories of the S and LT splittings coincide up to the first #/2 and the last

h/2 move of the flow CDEZZ/]Z. Nonetheless, S splitting is more precise in one-step predictions,
which is crucial for the estimators because the objective function consists of densities be-
tween consecutive data points. Therefore, the obtained S estimator is less biased than the
LT.

We proved that both estimators have optimal convergence rates for discrete observations of
the SDEs. These rates are +/N for the diffusion parameter and ~/N# for the drift parameter.
We also showed that the asymptotic variance of the estimators is the inverse of the Fisher
information for the continuous time model. Thus, the estimators are efficient.

In the simulation study of the stochastic Lorenz system, we show the superior performance
of the S estimators. We compared eight estimators based on different discretization schemes.
Estimators based on Ozaki’s LL and the S splitting schemes demonstrated the highest preci-
sion. However, the running time of LL is notably influenced by the sample size N, unlike the
S estimator, which experiences a more gradual increase in runtime with larger N. This makes
the S estimator more appropriate for large sample sizes. The LT, EM, K and HE estimators
perform well for small £, but for larger £ the bias increases.

While the proposed estimators are versatile, they come with certain limitations. These in-
clude assumptions like additive noise and equidistant observations. However, under specific
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conditions, the Lamperti transformation can relax the constraint of additive noise. Equidis-
tant observations can easily be relaxed due to the continuous-time formulation. Furthermore,
we assumed that the diffusion parameter X7 is invertible. However, there are applications
where models with degenerate noise naturally arise, like second-order differential equations.
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ticle (Pilipovic, Samson and Ditlevsen (2024)) contains proofs of results from the main text,
auxiliary results, additional discussions and figures.

Computer code (DOI: 10.1214/24-A0S2371SUPPB; .zip). R code that reproduces nu-
merical results for the simulation study in Section 6.
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In this paper, we generalize the splitting-scheme parameter estimation to second-order
SDEs. This class of models is interesting to analyze because they are typically converted
into first-order systems by introducing an auxiliary velocity variable, creating a first-
order hypoelliptic system. Moreover, the velocity variable is not observed, making these
models ideal for investigating different methodologies for both hypoelliptic systems and
partial observations.

To motivate this type of model, we describe paleoclimate data from the Greenland ice
core in Section 2 and attempt to model it using the Kramers oscillator. The Kramers
oscillator is a physical model that describes the motion of a particle in a double-well
potential with friction. It is used to reflect the switching between metastable states
during glacial periods. This application highlights the real-world relevance and potential
impact of our approach.

To address hypoellipticity, we propose an estimator based on the Strang splitting
scheme. Given that the velocity variable is unobserved in real-world data, we adapt the
Strang-based estimator to function under partial observation scenarios. This adaptation
leads to the development of two types of estimators: one that uses the full likelihood
based on the full hypoelliptic SDE and another that relies on the marginal probability
derived from the velocity coordinate. These estimators are not only theoretically robust
but also practical, being easy to implement and computationally fast. In Section 3, we
prove the main results and highlight the differences in the asymptotic variance of the
diffusion estimator, depending on the type of likelihood used.
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ABSTRACT

We address parameter estimation in second-order stochastic differential equations (SDEs), prevalent
in physics, biology, and ecology. Second-order SDE is converted to a first-order system by introducing
an auxiliary velocity variable raising two main challenges. First, the system is hypoelliptic since the
noise affects only the velocity, making the Euler-Maruyama estimator ill-conditioned. To overcome
that, we propose an estimator based on the Strang splitting scheme. Second, since the velocity is
rarely observed we adjust the estimator for partial observations. We present four estimators for
complete and partial observations, using full likelihood or only velocity marginal likelihood. These
estimators are intuitive, easy to implement, and computationally fast, and we prove their consistency
and asymptotic normality. Our analysis demonstrates that using full likelihood with complete
observations reduces the asymptotic variance of the diffusion estimator. With partial observations,
the asymptotic variance increases due to information loss but remains unaffected by the likelihood
choice. However, a numerical study on the Kramers oscillator reveals that using marginal likelihood
for partial observations yields less biased estimators. We apply our approach to paleoclimate data
from the Greenland ice core and fit it to the Kramers oscillator model, capturing transitions between
metastable states reflecting observed climatic conditions during glacial eras.

Keywords Second-order stochastic differential equations, Hypoellipticity, Partial observations, Strang splitting
estimator, Greenland ice core data, Kramers oscillator

1 Introduction

Second-order stochastic differential equations (SDEs) are an effective instrument for modeling complex systems
showcasing both deterministic and stochastic dynamics, which incorporate the second derivative of a variable - the
acceleration. These models are extensively applied in many fields, including physics [Rosenblum and Pikovsky, 2003],
molecular dynamics [Leimkuhler and Matthews, 2015], ecology [Johnson et al., 2008, Michelot and Blackwell, 2019],
paleoclimate research [Ditlevsen et al., 2002], and neuroscience [Ziv et al., 1994, Jansen and Rit, 1995].
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The general form of a second-order SDE in Langevin form is given as follows:
X, = F(X:, Xy, 8) + Ty €

Here, X; € R? denotes the variable of interest, the dot indicates derivative with respect to time ¢, drift F represents the
deterministic force, and &; is a white noise representing the system’s random perturbations around the deterministic
force. We assume that X is constant, that is the noise is additive.

The main goal of this study is to estimate parameters in second-order SDEs. We first reformulate the d-dimensional
second-order SDE (1) into a 2d-dimensional SDE in Itd’s form. We define an auxiliary velocity variable, and express
the second-order SDE in terms of its position X; and velocity V:

dXt = Vt dt7 XO = X0,

2
AV, = F (X, Vi: B)dt + SdW,, V= vy, @

where W, is a standard Wiener process. We refer to X; and V as the smooth and rough coordinates, respectively.

A specific example of model (2) is F(x, v) = —c(x, v)v — VU(x), for some function c(-) and potential U(-). Then,
model (2) is called a stochastic damping Hamiltonian system. This system describes the motion of a particle subjected
to potential, dissipative, and random forces [Wu, 2001]. An example of a stochastic damping Hamiltonian system is the
Kramers oscillator introduced in Section 2.1.

Let Y, = (X;], V))T.F(x,v;3) = (v ,F(x,v;3)T)T and X = (07, =7T)T. Then (2) is formulated as
dY, =F (Y 8)dt + =dW,, Y, =yo. %))

The notation ~ over an object indicates that it is associated with process Y. Specifically, the object is of dimension 2d
or 2d x 2d.

When it exists, the unique solution of (3) is called a diffusion or diffusion process. System (3) is usually not fully
observed since the velocity V; is not observable. Thus, our primary objective is to estimate the underlying drift
parameter 3 and the diffusion parameter 3, based on discrete observations of either Y, (referred to as complete
observation case), or only X, (referred to as partial observation case). Diffusion Y is said to be hypoelliptic since the
matrix

EET—[g 2%T] )

is not of full rank, while Y, admits a smooth density. Thus, (2) is a subclass of a larger class of hypoelliptic diffusions.

Parametric estimation for hypoelliptic diffusions is an active area of research. Ditlevsen and Sgrensen [2004] studied
discretely observed integrated diffusion processes. They proposed to use prediction-based estimating functions, which
are suitable for non-Markovian processes and which do not require access to the unobserved component. They proved
consistency and asymptotic normality of the estimators for N — oo, but without any requirements on the sampling
interval h. Certain moment conditions are needed to obtain results for fixed h, which are often difficult to fulfill for
nonlinear drift functions. The estimator was applied to paleoclimate data in Ditlevsen et al. [2002], similar to the data
we analyze in Section 5.

Gloter [2006] also focused on parametric estimation for discretely observed integrated diffusion processes, introducing
a contrast function using the Euler-Maruyama discretization. He studied the asymptotic properties as the sampling
interval h — 0 and the sample size N — oo, under the so-called rapidly increasing experimental design Nh — oo
and Nh? — 0. To address the ill-conditioned contrast from the Euler-Maruyama discretization, he suggested using
only the rough equations of the SDE. He proposed to recover the unobserved integrated component through the finite
difference approximation (X4, ,, — Xy, )/h. This approximation makes the estimator biased and requires a correction
factor of 3/2 in one of the terms of the contrast function for partial observations. Consequently, the correction increases
the asymptotic variance of the estimator of the diffusion parameter. Samson and Thieullen [2012] expanded the ideas of
[Gloter, 2006] and proved the results of [Gloter, 2006] in more general models. Similar to [Gloter, 2006], their focus
was on contrasts using the Euler-Maruyama discretization limited to only the rough equations.

Pokern et al. [2009] proposed an Itd-Taylor expansion, adding a noise term of order h%/? to the smooth component in
the numerical scheme. They argued against the use of finite differences for approximating unobserved components.
Instead, he suggested using the Itd-Taylor expansion leading to non-degenerate conditionally Gaussian approximations
of the transition density and using Markov Chain Monte Carlo (MCMC) Gibbs samplers for conditionally imputing
missing components based on the observations. They found out that this approach resulted in a biased estimator of the
drift parameter of the rough component.
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Ditlevsen and Samson [2019] focused on both filtering and inference methods for complete and partial observations.
They proposed a contrast estimator based on the strong order 1.5 scheme [Kloeden and Platen, 1992], which incorporates
noise of order h3/2 into the smooth component, similar to [Pokern et al., 2009]. Moreover, they retained terms of
order h? in the mean, which removed the bias in the drift parameters noted in [Pokern et al., 2009]. They proved
consistency and asymptotic normality under complete observations, with the standard rapidly increasing experimental
design Nh — oo and Nh? — 0. They adopted an unconventional approach by using two separate contrast functions,
resulting in marginal asymptotic results rather than a joint central limit theorem. The model was limited to a scalar
smooth component and a diagonal diffusion coefficient matrix for the rough component.

Melnykova [2020] developed a contrast estimator using local linearization (LL) [Ozaki, 1985, Shoji and Ozaki, 1998,
Ozaki et al., 2000] and compared it to the least-squares estimator. She employed local linearization of the drift function,
providing a non-degenerate conditional Gaussian discretization scheme, enabling the construction of a contrast estimator
that achieves asymptotic normality under the standard conditions Nk — oo and Nh? — 0. She proved a joint central
limit theorem, bypassing the need for two separate contrasts as in Ditlevsen and Samson [2019]. The models in
Ditlevsen and Samson [2019] and Melnykova [2020] allow for parameters in the smooth component of the drift, in
contrast to models based on second-order differential equations.

Recent work by Gloter and Yoshida [2020, 2021] introduced adaptive and non-adaptive methods in hypoelliptic diffusion
models, proving asymptotic normality in the complete observation regime. In line with this work, we briefly review
their non-adaptive estimator. It is based on a higher-order It6-Taylor expansion that introduces additional Gaussian
noise onto the smooth coordinates, accompanied by an appropriate higher-order mean approximation of the rough
coordinates. The resulting estimator was later termed the local Gaussian (LG), which should be differentiated from LL.
The LG estimator can be viewed as an extension of the estimator proposed in Ditlevsen and Samson [2019], with fewer
restrictions on the class of models. Gloter and Yoshida [2020, 2021] found that using the full SDE to create a contrast
reduces the asymptotic variance of the estimator of the diffusion parameter compared to methods using only rough
coordinates in the case of complete observations.

The most recent contributions are Iguchi et al. [2023a,b], Iguchi and Beskos [2023], building on the foundation of the
LG estimator and focusing on high-frequency regimes addressing limitations in earlier methods. Iguchi et al. [2023b]
presented a new closed-form contrast estimator for hypoelliptic SDEs (denoted as Hypo-I) based on Edgeworth-type
density expansion and Malliavin calculus that achieves asymptotic normality under the less restrictive condition of
Nh3? — 0. Iguchi et al. [2023a] focused on a highly degenerate class of SDEs (denoted as Hypo-1I) where smooth
coordinates split into further sub-groups and proposed estimators for both complete and partial observation settings.
Iguchi and Beskos [2023] further refined the conditions for estimators asymptotic normality for both Hypo-I and
Hypo-II under a weak design Nh? — 0, for p > 2.

The existing methods are generally based on approximations with varying degrees of refinements to correct for possible
nonlinearities. This implies that they quickly degrade for highly nonlinear models if the step size is increased. In
particular, this is the case for Hamiltonian systems. Instead, we propose to use splitting schemes, more precisely the
Strang splitting scheme.

Splitting schemes are established techniques initially developed for solving ordinary differential equations (ODEs)
and have proven to be effective also for SDEs [Ableidinger et al., 2017, Buckwar et al., 2022, Pilipovic et al., 2024].
These schemes yield accurate results in many practical applications since they incorporate nonlinearities in their
construction. This makes them particularly suitable for second-order SDEs, where they have been widely used. Early
work in dissipative particle dynamics [Shardlow, 2003, Serrano et al., 2006], applications to molecular dynamics
[Vanden-Eijnden and Ciccotti, 2006, Melchionna, 2007, Leimkuhler and Matthews, 2015] and studies on internal
particles [Pavliotis et al., 2009] all highlight the scheme’s versatility. Burrage et al. [2007], Bou-Rabee and Owhadi
[2010], and Abdulle et al. [2015] focused on the long-run statistical properties such as invariant measures. Bou-Rabee
[2017], Bréhier and Goudenege [2019] and Adams et al. [2022] used splitting schemes for stochastic partial differential
equations (SPDEs).

Despite the extensive use of splitting schemes in different areas, statistical applications have been lacking. We have
recently proposed statistical estimators for elliptic SDEs [Pilipovic et al., 2024]. The straightforward and intuitive
schemes lead to robust, easy-to-implement estimators, offering an advantage over more numerically intensive and less
user-friendly state-of-the-art methods. We use the Strang splitting scheme to approximate the transition density between
two consecutive observations and derive the pseudo-likelihood function since the exact likelihood function is often
unknown or intractable. Then, to estimate parameters, we employ maximum likelihood estimation (MLE). However,
two specific statistical problems arise due to hypoellipticity and partial observations.

First, hypoellipticity leads to degenerate Euler-Maruyama transition schemes, which can be addressed by constructing
the pseudo-likelihood solely from the rough equations of the SDE, referred to as the rough likelihood hereafter. The
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Strang splitting technique enables the estimator to incorporate both smooth and rough components (referred to as the
full likelihood). It is also possible to construct Strang splitting estimators using only the rough likelihood, raising
the question of which estimator performs better. Our results are in line with Gloter and Yoshida [2020, 2021] in
the complete observation setting, where we find that using the full likelihood reduces the asymptotic variance of the
diffusion estimator. We found the same results in the simulation study for the LL estimator proposed by Melnykova
[2020].

Second, we suggest to treat the unobserved velocity by approximating it using finite difference methods. While
Gloter [2006] and Samson and Thieullen [2012] exclusively use forward differences, we investigate also central and
backward differences. The forward difference approach leads to a biased estimator unless it is corrected. One of the
main contributions of this work is finding suitable corrections of the pseudo-likelihoods for different finite difference
approximations such that the Strang estimators are asymptotically unbiased. This also ensures consistency of the
diffusion parameter estimator, at the cost of increasing its asymptotic variance.

When only partial observations are available, we explore the impact of using the full likelihood versus the rough
likelihood and how different finite differentiation approximations influence the parametric inference. We find that the
choice of likelihood does not affect the asymptotic variance of the estimator. However, our simulation study on the
Kramers oscillator suggests that using the full likelihood in finite sample setups introduce more bias than using only the
rough marginal likelihood, which is the opposite of the complete observation setting. Finally, we analyze a paleoclimate
ice core dataset from Greenland using a second-order SDE.

The main contributions of this paper are:

1. We extend the Strang splitting estimator of [Pilipovic et al., 2024] to hypoelliptic models given by second-order
SDEs, including appropriate correction factors to obtain consistency.

2. When complete observations are available, we show that the asymptotic variance of the estimator of the
diffusion parameter is smaller when maximizing the full likelihood. In contrast, for partial observations, we
show that the asymptotic variance remains unchanged regardless of using the full or marginal likelihood of the
rough coordinates.

3. We discuss the influence on the statistical properties of using the forward difference approximation for imputing
the unobserved velocity variables compared to using the backward or the central difference.

4. We evaluate the performance of the estimators through a simulation study of a second-order SDE, the Kramers
oscillator. Additionally, we show numerically in a finite sample study that the marginal likelihood for partial
observations is more favorable than the full likelihood.

5. We fit the Kramers oscillator to a paleoclimate ice core dataset from Greenland and estimate the average time
needed to pass between two metastable states.

The structure of the paper is as follows. In Section 2, we introduce the class of SDE models, define hypoellipticity,
introduce the Kramers oscillator, and explain the Strang splitting scheme and its associated estimators. The asymptotic
properties of the estimator are established in Section 3. The theoretical results are illustrated in a simulation study on
the Kramers Oscillator in Section 4. Section 5 illustrates our methodology on the Greenland ice core data, while the
technical results and the proofs of the main theorems and properties are in Section 6 and Supplementary Material S1,
respectively.

Notation. We use capital bold letters for random vectors, vector-valued functions, and matrices, while lowercase
bold letters denote deterministic vectors. || - || denotes both the L? vector norm in R, Superscript (i) on a vector
denotes the i-th component, while on a matrix it denotes the i-th column. Double subscript 45 on a matrix denotes
the component in the i-th row and j-th column. The transpose is denoted by T. Operator Tr(-) returns the trace of a
matrix and det(-) the determinant. I; denotes the d-dimensional identity matrix, while 044 is a d-dimensional zero

square matrix. We denote by [a,]¢_, a vector with coordinates a;, and by [b;;]¢;_, a matrix with coordinates by, for
i,7=1,...,d. For areal-valued function g : R — R, 0,1 g(x) denotes the partial derivative with respect to z(*) and
65(,,3)36(_7) g(x) denotes the second partial derivative with respect to #(*) and 2(/). The nabla operator V denotes the
gradient vector of g with respect of x, that is, Vxg(x) = [0, g(x)]%,. H denotes the Hessian matrix of function g,

Hy(x) = [0, 9(x)]¢;_,. For a vector-valued function F : R? — R<, the differential operator Dy denotes the
Jacobian matrix DyF(x) = [0, FY) (x)]¢ j—1- Let R represent a vector (or a matrix) valued function defined on

(0,1) x R (or (0, 1) x R¥*?), such that, for some constant C, ||R(a,x)|| < aC(1+ ||x||)¢ for all a,x. When denoted

. . - .. . P .
by R, it refers to a scalar function. For an open set A, the bar A indicates closure. We write — for convergence in
probability P.
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2 Problem setup

Let Y = (Y¢):>0 in (3) be defined on a complete probability space (€2, F,Pg) with a complete right-continuous
filtration F = (F;):>0, and let the d-dimensional Wiener process W = (W,),>( be adapted to F;. The probability
measure Py is parameterized by the parameter 8 = (3, X). Rewrite equation (3) as follows:

dY; = A(B)(Y, — b(B)) dt + N (Y; 8) dt + ZdW,, (5)

where

X 04x I b < 0
A0)= | ata] PO= %)) N = [nhg| ©
Function F in (2) is thus split as F(x, v; 8) = Ax(8)(x — b(3)) + Av(8)v + N(x,v; 3).

Let @5 x Oy, = O denote the closure of the parameter space with © g and Os; being two convex open bounded subsets
of R™ and R%*?, respectively. The function N : R?¢ x Op — R? is assumed locally Lipschitz; functions Ay and A,
are defined on @g and take values in R4*?; and the parameter matrix 3 takes values in R%4 The matrix X7 is
assumed to be positive definite, shaping the variance of the rough coordinates. As any square root of X T induces
the same distribution, ¥ is identifiable only up to equivalence classes. Hence, estimation of the parameter ¥ means
estimation of 2% 7. The drift function F in (3) is divided into a linear part given by the matrix A and a nonlinear part
given by N.

The true value of the parameter is denoted by 8y = (8o, Xo), and we assume that 8y € ©. When referring to the
true parameters, we write Ax o, Ay 0, bo, No(x), Fo(x) and X instead of Ax(Bo), Av(Bo), b(Bo), N(x; Bo),
F(x;8y) and (X, respectively. We write A, A, b, N(x), F(x), and XX T for any parameter 6.

2.1 Example: The Kramers oscillator

The abrupt temperature changes during the ice ages, known as the Dansgaard—Oeschger (DO) events, are essential
elements for understanding the climate [Dansgaard et al., 1993]. These events occurred during the last glacial era
spanning approximately the period from 115,000 to 12,000 years before present and are characterized by rapid
warming phases followed by gradual cooling periods, revealing colder (stadial) and warmer (interstadial) climate states
[Rasmussen et al., 2014].

To analyze the DO events in Section 5, we propose a stochastic model of the escape dynamics in metastable systems,
the Kramers oscillator [Kramers, 1940], originally formulated to model the escape rate of Brownian particles from
potential wells. The escape rate is related to the mean first passage time — the time needed for a particle to exceed the
potential’s local maximum for the first time, starting at a neighboring local minimum. This rate depends on variables
such as the damping coefficient, noise intensity, temperature, and specific potential features, including the barrier’s
height and curvature at the minima and maxima. We apply this framework to quantify the rate of climate transitions
between stadial and interstadial periods. This provides an estimate on the probability distribution of the ocurrence of
DO events, contributing to our understanding of the global climate system.

Following Arnold and Imkeller [2000], we introduce the Kramers oscillator as the stochastic Duffing oscillator - an
example of a second-order SDE and a stochastic damping Hamiltonian system. The Duffing oscillator [Duffing, 1918]
is a forced nonlinear oscillator, featuring a cubic stiffness term. The governing equation is given by:

. . d ot :

Ty + Ny + aU(ﬂit) = f(t), where U(z)= —ag + bI’ with a,06>0, n>0. (7)
The parameter 7 in (7) indicates the damping level, a regulates the linear stiffness, and b determines the nonlinear
component of the restoring force. In the special case where b = 0, the equation simplifies to a damped harmonic
oscillator. Function f represents the driving force and is usually set to f(¢) = 7 cos(wt), which introduces deterministic
chaos [Korsch and Jodl, 1999].

When the driving force is f(t) = /2nT&(t), where £(t) is white noise, equation (7) characterizes the stochastic

movement of a particle within a bistable potential well, interpreting T > 0 as the temperature of a heat bath. Setting
o = /21T, equation (7) can be reformulated as an It6 SDE for variables X; and V; = X}, expressed as:

dX; =V, dt,
)
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where W; denotes a standard Wiener process. The parameter set of SDE (8) is @ = {n,a, b, o%}.

The existence and uniqueness of the invariant measure v (dx, dy) of (8) is proved in Theorem 3 in [Arnold and Imkeller,
2000]. The invariant measure vy is linked to the invariant density 7 through vy (dz, dy) = 7o(x, v) dz dy. Here we
write 7o (z, v) instead of 7(x, v; 6p), and 7(z, v) instead of 7(x, v; @). The Fokker-Plank equation for r is given by

2 52
—’U%TI‘(I, v) + nm(x,v) + T]U%ﬂ'(l‘, v) + %U(x)%ﬂ'(x, v) + ?Wﬂ'(i, v) = 0. )
The invariant density that solves the Fokker-Plank equation is:
2n n. 2
m(x,v) = Cexp <—02U(x)> exp (—;U ) , (10)

where C' is the normalizing constant.

The marginal invariant probability of V; is thus Gaussian with zero mean and variance o2 /(27). The marginal invariant
probability of X; is bimodal driven by the potential U (z):

(z) = Cexp (-i’;U(x)) (11

At steady state, for a particle moving in any potential U (x) and driven by random Gaussian noise, the position x
and velocity v are independent of each other. This is reflected by the decomposition of the joint density m(z, v) into

7(z)m(v).
Fokker-Plank equation (9) can also be used to derive the mean first passage time 7 which is inversely related to Kramers’
escape rate x [Kramers, 1940]:

27 o (AU)
XP | 9
(w1+ﬂ;£J§2 T

where Tharrier = 0 is the local maximum of U (x) and zwen = £+/a/b are the local minima, w = /|U" (Tharrier)| =

Va, 2= \/U"(xwen) = v2a, and AU = U(Tparrier) — U(Twen) = a?/4b, . The formula is derived assuming strong
friction, or an over-damped system (1 >> w), and a small parameter T /AU < 1, indicating sufficiently deep potential
wells. For the potential defined in (7), the mean waiting time 7 is then approximated by

V2m

2
TR exp [ 21 (12)
'r]2 n 2b0'2
ety =3

1
T=—r
K

2.2 Hypoellipticity

The SDE (5) is said to be hypoelliptic if its quadratic diffusion matrix 3T is not of full rank, while its solutions admit
a smooth transition density with respect to the Lebesgue measure. According to Hérmander’s theorem [Nualart, 2006],
this is fulfilled if the SDE in its Stratonovich form satisfies the weak Hormander condition. Since 32 does not depend on
y, the It and Stratonovich forms coincide.

We begin by recalling the concept of Lie brackets: for smooth vector fields f, g : R?? — R2¢, the i-th component of
the Lie bracket, [f, g](?, is defined as

[£,91" = D] ¢V (¥)f(y) — Dy £ (y)g(y).

We define the set H of vector fields by initially including 2, §=1,2,....2d, and then recursively adding Lie brackets
HeH=[FH,EV H],. .. [B% HecH.

The weak Hormander condition is met if the vectors in H span R?? at every point y € R??. The initial vectors span
{(0,v) € R* | v € R}, a d-dimensional subspace. We therefore need to verify the existence of some H € H with a
non-zero first element. The first iteration of the system yields

[ﬁ’i(i)](l) =30,
[i(i)7 ﬁ(j)](l) =0,
fori,7 = 1,2,...,2d. The first equation is non-zero, as are all subsequent iterations. Thus, the second-order SDE
defined in (5) is always hypoelliptic.
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2.3 Assumptions

The following assumptions are a generalization of those presented in [Pilipovic et al., 2024].

Let T > 0 be the length of the observed time interval. We assume that (5) has a unique strong solution Y = {Y; |
t € [0,T)}, adapted to F = {F; | t € [0, T}, which follows from the following first two assumptions (Theorem 2 in
Alyushina [1988], Theorem 1 in Krylov [1991], Theorem 3.5 in Mao [2007]). We need the last three assumptions to
prove the properties of the estimators.

(A1) Function N is twice continuously differentiable with respect to bOLh yand 6,ie., N € C?. Moreover, it is
globally one-sided Lipschitz continuous with respect to y on R?? x ©4. That is, there exists a constant C' > 0
such that for all y;, y» € R4,

(yi —y2) (N(y1;8) — N(y2; 8)) < Clly1 — y2|*.

(A2) Function N exhibits at most polynomial growth in y, uniformly in 8. Specifically, there exist constants C' > 0
and y > 1 such that for all y;, y» € R?9,

IN (y158) =N (y2:8) > < C (1 + lya 72 + [ly2)*72) ly1 — yel*.
Additionally, its derivatives exhibit polynomial growth in y, uniformly in 6.
(A3) The solution Y to SDE (5) has invariant probability v (dy).
(A4) X7 is invertible on Os..
(AS) B is identifiable, that is, if F(y, 81) = F(y, B32) for all y € R??, then 3; = (..

Assumption (A1) ensures finiteness of the moments of the solution X [Tretyakov and Zhang, 2013], i.e
E[ sup [[Y¢]|*] < C(1+ [lyol*”), Vp>1. (13)
te[0,T]

Assumption (A3) is necessary for the ergodic theorem to ensure convergence in distribution. Assumption (A4) ensures
that the model (5) is hypoelliptic. Assumption (AS5) ensures the identifiability of the drift parameter.

2.4 Strang splitting scheme

Consider the following splitting of (5):
ayM = Ayl —b)dt + =dw,, Y =y, (14)
ay? = Ny at, Y = yo. (15)

There are no assumptions on the choice of A and B and thus the nonlinear function N. Indeed, we show that the
asymptotic results hold for any choice of A and b in both the complete and the partial observation settings. This extends
the results in Pilipovic et al. [2024], where it is shown to hold in the elliptic complete observation case, as well. While
asymptotic results are invariant to the choice of A and b, finite sample properties of the scheme and the corresponding
estimators are very different, and it is important to choose the splitting wisely. Intuitively, when the process is close to a
fixed point of the drift, the linear dynamics are dominating, whereas far from the fixed points, the nonlinearities might
be dominating. If the drift has a fixed point y*, we therefore suggest setting A=D F( *) and b= y*. This choice is
confirmed in simulations (for more details see Pilipovic et al. [2024]).

Solution of SDE (14) is an Ornstein—Uhlenbeck (OU) process given by the following h-flow:

Y[ = ‘I’Ell] (Yt[i],l) = ﬁh(Yi],l;,@) + Enk, (16)
fin(y: B) = A (y —b) + b, (7
h — ~
Q= / AR—IFIT AT (=) gy, (18)
0
where €}, j, i Nag(0, ﬁh) fork=1,..., N. Itis useful to rewrite ﬁh in the following block matrix form,

~ QlSSl SRI
Q, — h h 19
h QELRS] QLRR] 19)
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where S in the superscript stands for smooth and R stands for rough. The Schur complement of ﬁh with respect to

QLRR] and the determinant of p are given by:

QP = ol _ olSM @10l det ), = det QI det Q1

Assumptions (A1)-(A2) ensure the existence and uniqlleness of the solution of (15) (Theorem 1.2.17 in Humphries and
Stuart [2002]). Thus, there exists a unique function f;, : R?? x ©5 — R??, for h > 0, such that

Y=o (YE ) = Fu(YEL 5 8). (20)
For all 3 € Og, the h-flow j~'h fulfills the following semi-group properties:
foviB) =y,  fes(viB) = fulFuy: B):B), t.s >0.

v )T, we have:

Fory = (x'

Y X
fh(X,V,,B) - |:fh(X,V;,8):| ) (21)
where fr(x,v; 3) is the solution of the ODE with vector field N(x, v; 3).

We introduce another assumption needed to define the pseudo-likelihood based on the splitting scheme.
(A6) Inverse function fh_ !(y; B) is defined asymptotically for all y € R?? and all 3 € ©4, when h — 0.

Then, the inverse of fh can be decomposed as:
= o x
I (x,v;8) = |: x— 1(X v ,3):| (22)

where f ~1(x,v; B) is the rough part of the inverse of f,jl. It does not equal _f,jl since the inverse does not propagate
through coordinates when f;, depends on x.

We are now ready to define the Strang splitting scheme for model (5).

Definition 2.1 (Strang splitting) Let Assumptions (Al)-(A2) hold. The Strang approximation of the solution of (5) is
given by:

str str 2 1 2 str ~
e (YE) = (@), 0 @) 0 @) (YE")) = Fua(in (Fr /2 (YE™))) + ). 23)

Remark 1 The order of composition in the splitting schemes is not unique. Changing the order in the Strang splitting
leads to a sum of 2 independent random variables, one Gaussian and one non-Gaussian, whose likelihood is not trivial.
Thus, we only use the splitting (23).

2.5 Strang splitting estimators

In this section, we introduce four estimators, all based on the Strang splitting scheme. We distinguish between estimators
based on complete observations (denoted by C when both X and V are observed) and partial observations (denoted
by P when only X is observed). In applications, we typically only have access to partial observations, however, the
full observation estimator is used as a building block for the partial observation case. Additionally, we distinguish the
estimators based on the type of likelihood function employed. These are the full likelihood (denoted by F) and the
marginal likelihood of the rough component (denoted by R). We furthermore use the conditional likelihood based on
the smooth component given the rough part (denoted by S | R) to decompose the full likelihood.

2.5.1 Complete observations

Assume we observe the complete sample Yo.¢,, = (Y3, )i, from (5) at time steps 0 = tp < t; < ... < ty = T.
For notational simplicity, we assume equidistant step size h =ty — trp—1. Strang splitting scheme (23) is a nonlinear

transformation of a Gaussian random variable i, (f), /2( tk . )) + €. We define:

Zix1(B) = F, 5 (Ye:B) = Bon(Fajo(Yo,_,: 8): B), 24)
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and apply change of variables to get:
p(ytk | ytk,—l) = p/\[(o,ﬁh)(%k,k—l | ytk—1)| det Dyf};/lz(ytk)"

Using —log| det Dy f, ), (v: 8) | = log| det Dy fu > (y; B) | and det Dy f > (y3 B) = det Dy fy 2 (v; B), together
with the Markov property of Y., , we get the following objective function based on the full log-likelihood:

N

LY .1:0) = Y (log det 24(0) + Zix—1(8) 2 (0) " Ziee1(8) + 2log | det Dy Fi2(Ye,: B)[) - (25)
k=1

Now, split Zk,k,l from (24) into the smooth and rough parts Zk,k.,l = ((ZLSL_l) (Z%R,]C 1) )T defined as:

EEL {(8) = [Z By =X, = ) (Fapp (Yo _,:8): B), (26)
Zi5 1 (B) = 120 (B2 = Fr (Ye:B) = 1y (Fuj2(Yeu_i:B): B), @7
where S , " 4
wlviB) =) B, e (vi8) = ) v B (28)
We also define the following sequence of vectors
z20,(8) =2 (8) — @) 2l (8). 29)

The formula for jointly normal distributions yields:
- (7 - (R]
pN(O,Qh)(sz‘v‘*l | ytk—l) = p./\/’(o’Q[hRR])(Zk,kfl | ytk—l)
S
: pN(QELSR](QELRR])fle«,F_{L71 S\R]) (ZE@ ]k 1 ‘ Zk k 13 Yte— 1)

This leads to dividing the full log-likelihood £[°F] into a sum of the marginal log-likelihood £I°®! (Y., ; 8) and the
smooth-given-rough log-likelihood £I®S®(Y ., ; 0):

LI(Y o, :0) = LICR(Y o, :0) + LICR (Y, 5 0),

where
N
LI (Y30) = > <1°gdetﬂf‘mw>+zkk L@ o)z (8)
k=1
+ 2log |det Dy f,/2 (Y15 8)| ) ) (30)
N
E[CSlR] YOt ; Z(logdetﬂflm(o) Z[S\R]l(ﬁ)TQ[S\R](O) 1Z[S‘I¢R]1(I@)> 31)
k=1

The terms containing the drift parameter in LICRI in (30) are of order h1/2_ asin the elliptic case, whereas the terms
containing the drift parameter in £(®5/®] in (31) are of order h%/2. Consequently, under a rapidly increasing experimental
design where Nh — oo and Nh? — 0, the objective function (31) is degenerate for estimating the drift parameter.
However, it contributes to the estimation of the diffusion parameter when the full objective function (25) is used. We
show in later sections that employing (25) results in a lower asymptotic variance for the diffusion parameter making it
more efficient in complete observation scenarios.

The estimators based on complete observations are then defined as:

6lobil .~ arg;ninﬁ[‘)bj] (Yo:,:0), obje {[CF],[CR]}. (32)

Although the full objective function is based on twice as many equations as the marginal likelihood, its implementation
complexity, speed, and memory requirements are similar to the marginal objective function. Therefore, if the complete
observations are available, we recommend using the objective function (25) based on the full likelihood.
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2.5.2 Partial observations

Assume we only observe the smooth coordinates Xo.;, = (Xy,)&_,. The observed process X alone is not a Markov
process, although the complete process Y is. To approximate V., , we define the backward difference process:

th - th-—1

Ahth = n

(33)

From SDE (2) it follows that
1 [t
Ahxtk == E Vt dt (34)

tr—1

We propose to approximate V, using A, X, by any of the three approaches:

1. Backward difference approximation: Vy, ~ Ay Xy, ;

2. Forward difference approximation: Vi, ~ ApXy, 3

. . . ApXy, +ARX:
3. Central difference approximation: Vy, ~ ——"—5——",

The forward difference approximation performs best in our simulation study, which is also the approximation method
employed in Gloter [2006] and Samson and Thieullen [2012].

In the field of numerical approximations of ODEs, backward and forward finite differences have the same order of
convergence, whereas the central difference has a higher convergence rate. However, the diffusion parameter estimator
based on the central difference (X;,,, — X;,_,)/2h is less suitable because this approximation skips a data point and
thus increases the estimator’s variance. For further discussion, see Remark 6.

Thus, we focus exclusively on forward differences, following Gloter [2006], Samson and Thieullen [2012], and all
proofs are done for this approximation. Similar results also hold for the backward difference, with some adjustments
needed in the conditional moments due to filtration issues.

We start by approximating Z for the case of partial observations denoted by Z:

Zii1h-1(8) = Fy 5 (Ku, AnXo, 13 8) = Fin (e (X, AnXoy; B); B). (33)

The smooth and rough parts of Z are thus equal to:

Zoh 1 (8) = Xoy, — 1 (Fr o (K. A X3 B): 8), (36)
2k (B) = £ (K A Xy 8) — i (Fajo(Xo . MKy, 8): B), (37)

and
Zo 1 (B) =20 1 (8) - @)zl e, (38)

Compared to Z[ ,]C 1 1n (27), zfﬂl k.k—1 in (37) depends on three consecutive data points, with the additional point

Xt,4, entering through Ay Xy, . Furthermore, X;, enters both fh /2 and u[h ], rending them coupled. This coupling

has a significant influence on later derivations of the estimator’s asymptotic properties, in contrast to the elliptic case
where the derivations simplify.

o . . . = IS IR . L. .
While it might seem straightforward to incorporate Z, ZL ]k 1 and ZL ,]c into the objective functions (25), (30) and
(31), it introduces bias in the estimators of the diffusion parameters as also discussed in [Gloter, 2006 Samson and

]

Thieullen, 2012]. The bias arises because X, enters in both fh 2 and /J,EL , and the covariances of Z ZEC ]k 1> and

Z,L ,]Fl differ from their complete observation counterparts. To eliminate this bias, Gloter [2006], Samson and Thieullen

[2012] applied a correction of 2/3 multiplied to log det of the covariance term in the objective functions, which is
logdet 37 in the Euler-Maruyama discretization. We also need appropriate corrections to our objective functions
(25), (30) and (31), however, caution is necessary because log det €21, (8) depends on both drift and diffusion parameters.
To counterbalance this, we also incorporate an adjustment to & in £2;,. Moreover, we add the term 4 log | det Dy, f}, /2|
to objective function (31) to obtain consistency of the drift estimator under partial observations. The detailed derivation
of these correction factors will be elaborated in the following sections.

10



Strang Splitting Parameter Estimator for Second-order SDEs A PREPRINT

We thus propose the following objective functions:

4 -
LI (X113 0) = 5 (N = 2) log det Q3,4 (6) (39)
N-—1 ~ ~ ~
+ Z (Zk+1,k,k—1(/6)TQ}L(0)_lZk+1,k,k—1(/3) + 61og | det vah,/2(thAhth+1§ﬁ)|) ;
k=1
2
LIPR] (X1 0) = 5 (N —2) log det Qo) (40)
-1

+ Z (Zk+1 k-1 ( 8)" QELRR] (9)_125111,1@,1&-71 (B) + 2log |det Dy fr, /2 (Xt AnXe,, i 8) ‘) ;
k=1

£PSIR] (Xo.tN;G) = 2(N — 2) log det 2" (g) (41)
— [SIR] _1=ISIR
+ Z (ijlq o1 ( 5)TQ[S|R] (9) 1Z£c-',‘-1?k,k—1(/6) + 4log | det vah/z(xtk7Ahth+1;ﬂ)|) . (42
k=1

Remark 2 Due to the correction factors in the objective functions, we now have that
L (Xoi130) # LI (Xoit;0) + LI (X5 0). 3)

However, when expanding the objective functions (39)-(41) using Taylor series to the lowest necessary order in h, their
approximations will satisfy equality in (43), as shown in Section 6.

Remark 3 Adding the extra term 4log | det Dy fy, /2| in (41) is necessary to keep the consistency of the drift parameter.
However, this term is not initially present in objective function (31), making this correction somehow artificial. This can
potentially make the objective function further from the true log-likelihood.

The estimators based on the partial sample are then defined as:

ék}bﬂ = argemin £ (Xo.,;0), obj € {[PF], [PR]}. (44)

In the partial observation case, the asymptotic variances of the diffusion estimators are identical whether using (39) or
(40), in contrast to the complete observation scenario. This variance is shown to be 9/4 times higher than the variance

§CF] H[CR]

of the estimator 6", and 9/8 times higher than that of the estimator based on the marginal likelihood 8

The numerical study in Section 4 shows that the estimator based on the marginal objective function (40) is less biased
than the one based on the full objective function (39) in finite sample scenarios with partial observations. A potential
reason for this is discussed in Remark 3. Therefore, we recommend using the objective function (40) for partial
observations.

3 Main results

This section states the two main results — consistency and asymptotic normality of all four proposed estimators. The key
ideas for proofs are presented in Supplementary Materials S1.

First, we state the consistency of the estimators in both complete and partial observation cases. Let £E$bj] be one of the
objective functions (25), (30), (39) or (40) and é\gf,bﬂ the corresponding estimator. Thus,

obj € {[CF], [CR], [PF], [PR]}.

We use superscript [C-] to refer to any objective function in the complete observation case. Likewise, [-R] stands for an
objective function based on the rough marginal likelihood either in the complete or the partial observation case.

Theorem 3.1 (Consistency of the estimators) Assume (Al)-(A6), h — 0, and Nh — oo. Then under the complete
observation or partial observation case, it holds:

<lobil Peo

[°b” %, By, D)L 55 5 i

11
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Remark 4 We split the full objective function (25) into the sum of the rough marginal likelihood (30) and the conditional
smooth-given-rough likelihood (31). Even if (31) cannot identify the drift parameter (3, it is an important intermediate
step in understanding the full objective function (25). This can be seen in the proof of Theorem 3.1, where we
first establish consistency of the diffusion estimator with a convergence rate of /N, which is faster than \/Nh, the
convergence rate of the drift estimators. Then, under complete observations, we show that

1

= (ER(B,00) = £ (B0, 00) — 2 / (Fo(y) = F(y)) (Z2T) 7 (Foly) - F(y)) duo(y).  (45)
h—0

The right-hand side of (45) is non-negative, with a unique zero for F = F. Conversely, for objective function (31), it
holds:

1
Nh

PGO
(£E€S|R] (,8,0') _ ‘CE\?S‘R] (,BOa 0.)) m 0. (46)

Hence, (46) does not have a unique minimum, making the drift parameter unidentifiable. Similar conclusions are drawn
in the partial observation case.

Now, we state the asymptotic normality of the estimator. First, we need some preliminaries. Let p > 0 and B, (6y) =
{6 € © ] ]|0 —0y|| < p} be a ball around 6y. Since 8y € O, for sufficiently small p > 0, B,(6y) € ©. For

égsbj] € B, (6y), the mean value theorem yields:

( /0 1 H iovn (60 + £ — gy)) dt> 0P — 05) = —vorl® (6y) . 7
Define:
fobi [ﬁaéunguyﬁﬁbﬂ(O)y — {ﬁ%(i)cf(j)ﬁ%bj](e)y:l -
() = N N (48)
[ Bos O] 1 [FPenetRT O]
o VNR(BE — g,) obi] —\/%Vﬁgﬁbj] (60)
SN L/ﬁ(&[obﬂ _GO)] o Ay _ly £lebil g, “9)
N \/ﬁ o~N 0
and Dgi),bj] = fol Cgi}bj] (6o + t(ég\?bﬂ — 6y)) dt. Then, (47) is equivalent to Dgf’,bj]sg(\),bj] = )\E‘\),bj]. Let:
[C5(80)]i1., = / (D50 Fo(y) (EEg) " (9500 Fo(y)) dvo(y), 1 <iryia <1, (50)
[Co (60))1,2 = Tr{((B,00 g )(Bg) ™ (0500 g )(E8g) 1), 1 < ji, jo < 5. (51)

Theorem 3.2 Let assumptions (Al)-(A6) hold, and let h — 0, Nh — oo, and Nh? — 0. Then under complete
observations, it holds:

VNR(BSY — 8o)] Cp(00)"" O
{\/N(&Eévm — aoo) SN <O’ { ﬁosfr 200(90)1D ’

[ ] el o)

under Pg,. If only partial observations are available and the unobserved coordinates are approximated using the
forward or backward differences, then

m( CI - 160)_ d C (00)_1 07>><s
[ \/N(&E\{;VR] - 0'()) =N <0, [ ﬂosxr 200(00)1:|> ’

VNR(BET - 8o)] 4 ( [05(90)1 Orxcs D
[m<&55’NF]ao) SN o, 2ca60) )

under Pg,.
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Here, we only outline the proof. According to Theorem 1 in Kessler [1997] or Theorem 1 in Sgrensen and Uchida

[2003], Lemmas 3.3 and 3.4 below are enough for establishing asymptotic normality of 6. For more details, see proof
of Theorem 1 in Sgrensen and Uchida [2003].

Lemma 3.3 Let Cy(60y) be defined in (48). For h — 0 and Nh — oo, it holds:

[CR] Po, QCB (00) 07‘><s [PR] Po,, QCB(BO) 0r><s
oo s PP i) Cx (00 = 1700 " 2006y

[CF] Po, 2Cﬁ(00) (1 [PF) Po,, QC,B(OO) 0,5
C (”0>—>[ Or 2C,(80)] " Cx 00 =170, " 5C,(80)]"

Moreover, let pn be a sequence such that py — 0, then in all cases it holds:

obj obj P
sup [CKM (00 +0) — P (80)] =2 0.
16ll<pn

Lemma 3.4 Let Ay be defined (49). For h — 0, Nh — oo and Nh? — 0, it holds:

[CR] d 4Cp(0y)  Opxs [PR] d 4C3(00)  Opxs

Ay —>/\f<07 { Ouv,r 2C,(6y) s AN = N[O, 0., C.(6y) ,
[CF] d 4Cp(00)  Orxs [PF] d 4Cp3(00)  O,xs

AN %N(O’[ Osxr  4Cs(60)] ) Av N0, O0.xr 16C,(60)| )’

under Pg,.
Now, the two previous lemmas suggest
SE(\}bj] — (D[’lobj])flAE(\)er] i> C%b‘]] (00)71A53bj] .

The previous line is not completely formal, but it gives the intuition. For more details on formally deriving the result,
see Section 7.4 in Pilipovic et al. [2024] or proof of Theorem 1 in Sgrensen and Uchida [2003].

4 Simulation study

This Section illustrates the simulation study of the Kramers oscillator (8), demonstrating the theoretical aspects and
comparing our proposed estimators against estimators based on the EM and LL approximations. We chose to compare
our proposed estimators to these two, because the EM estimator is routinely used in applications, and the LL estimator
has shown to be one of the best state-of-the-art methods, see Pilipovic et al. [2024] for the elliptic case. The true
parameters are set to 79 = 6.5, ap = 1,by = 0.6 and 6 = 0.1. We outline the estimators specifically designed for the
Kramers oscillator, explain the simulation procedure, describe the optimization implemented in the R programming
language R Core Team [2022], and then present and interpret the results.

4.1 Estimators used in the study

For the Kramers oscillator (8), the EM transition distribution is:

X, | e Y T+ hv 0 0
Vi Vil | |V v+h(fnv+aacfbx3) 10 ho?| )
The ill-conditioned variance of this discretization restricts us to an estimator that only uses the marginal likelihood of

the rough coordinate. The estimator for complete observations directly follows from the Gaussian distribution. The
estimator for partial observations is defined as [Samson and Thieullen, 2012]:

N-2

|2 1

o'l — arg min {3(1\7 —3)logo? + 3 > (AnXy,, = AnXy, — h(—nAp Xy, +aXe, , — bek_l))Q} .
k=1

To our knowledge, the LL estimator has not previously been applied to partial observations. Given the similar theoretical
and computational performance of the Strang and LL discretizations, we suggest (without formal proof) to adjust the LL
objective functions with the same correction factors as used in the Strang approach. The numerical evidence indicates

13
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that the LL estimator has the same asymptotic properties as those proved for the Strang estimator. We omit the definition
of the LL estimator due to its complexity (see Melnykova [2020], Pilipovic et al. [2024] and accompanying code).

To define S estimators based on the Strang splitting scheme, we first split SDE (8) as follows:

Xt _ 0 1 Xt _ 931 0 0
d[vt} = [—m —n} ([w] [0 } ) dt + [aXt — bX? + 2a(X, —x*i)] dt+ M A,
—_— ~——

A b N(X¢,Vi)

where z = £+/a/b are the two stable points of the dynamics. Since there are two stable points, we suggest splitting
with 27, when X; > 0, and 2* , when X; < 0. This splitting follows the guidelines from [Pilipovic et al., 2024]. Note
that the nonlinear ODE driven by N(z, v) has a trivial solution where z is a constant. To obtain Strang estimators, we
plug in the corresponding components in the objective functions (25), (30), (39) and (40).

4.2 Trajectory simulation

We simulate a sample path using the EM discretization with a step size of h*™ = 0.0001 to ensure good performance.
To reduce discretization errors, we sub-sample from the path at wider intervals to get time step h = 0.1. The path has
N = 5000 data points. We repeat the simulations to obtain 250 data sets.

4.3 Optimization in R

For optimizing the objective functions, we proceed as in Pilipovic et al. [2024] using the R package torch [Falbel
and Luraschi, 2022], which allows automatic differentiation. The optimization employs the resilient backpropagation
algorithm, optim_rprop. We use the default hyperparameters and limit the number of optimization iterations to 2000.
The convergence criterion is set to a precision of 10~ for the difference between estimators in consecutive iterations.
The initial parameter values are set to (—0.1, —0.1,0.1,0.1).

4.4 Results

The results of the simulation study are presented in Figure 1. Figure 1A) presents the distributions of the normalized
estimators in the complete and partial observation cases. The S and LL estimators exhibit nearly identical performance,
particularly in the complete observation scenario. In contrast, the EM method displays significant underperformance
and notable bias. The variances of the S and LL rough-likelihood estimators of o% are higher compared to those derived
from the full likelihood, aligning with theoretical expectations. Interestingly, in the partial observation scenario, Figure
1A) reveals that estimators employing the full likelihood display greater finite sample bias compared to those based on
the rough likelihood. Possible reasons for this bias are discussed in Remark 3. However, it is noteworthy that this bias is
eliminated for smaller time steps, e.g. h = 0.0001 (not shown), thus confirming the theoretical asymptotic results. This
observation suggests that the rough likelihood is preferable under partial observations due to its lower bias. Backward
finite difference approximations of the velocity variables perform similarly to the forward differences and are therefore
excluded from the figure for clarity.

We closely examine the variances of the S estimators of o2 in Figure 1B). The LL estimators are omitted due to their
similarity to the S estimators, and because the computation times for the LL estimators are prohibitive. To align more
closely with the asymptotic predictions, we opt for ~ = 0.02 and conduct 1000 simulations. Additionally, we set
o2 = 100 to test different noise levels. Atop each empirical distribution, we overlay theoretical normal densities that
match the variances as per Theorem 3.2. The theoretical variance is derived from C,2(6p) in (51), which for the
Kramers oscillator in (8) is:

1
Co2(680) = . (52)

0
Figure 1 illustrates that the lowest variance of the diffusion estimator is observed when using the full likelihood with
complete observations. The second lowest variance is achieved using the rough likelihood with complete observations.
The largest variance is observed in the partial observation case; however, it remains independent of whether the full or
rough likelihood is used. Once again, we observe that using the full likelihood introduces additional finite sample bias.

In Figure 1C), we compare running times calculated using the tictoc package in R. Running times are measured from
the start of the optimization step until convergence. The figure depicts the median over 250 repetitions to mitigate the
influence of outliers. The EM method is notably the fastest; however, the S estimators exhibit only slightly slower
performance. The LL estimators are 10-100 times slower than the S estimators, depending on whether complete or
partial observations are used and whether the full or rough likelihood is employed.
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Figure 1: Parameter estimates in a simulation study for the Kramers oscillator, eq. (8). The color code remains
consistent across all three figures. A) Normalized distributions of parameter estimation errors (é N — 60) @ 6y in both
complete and partial observation cases, based on 250 simulated data sets with h = 0.1 and N = 5000. Each column
corresponds to a different parameter, while the color indicates the type of estimator. Estimators are distinguished
by superscripted objective functions (F for full and R for rough). B) Distribution of 53, estimators based on 1000
simulations with h = 0.02 and N = 5000 across different observation settings (complete or partial) and likelihood
choices (full or rough) using the Strang splitting scheme. The true value of o2 is set to o2 = 100. Theoretical normal
densities are overlaid for comparison. Theoretical variances are calculated based on C,2(6y), eq. (52). C) Median
computing time in seconds for one estimation of various estimators based on 250 simulations with & = 0.1 and
N = 5000. Shaded color patterns represent times in the partial observation case, while no color pattern indicates times

in the complete observation case.
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Figure 2: Ice core data from Greenland. Left: Trajectories over time (in kilo years) of the centered negative logarithm
of the Ca®" measurements (top) and forward difference approximations of its rate of change (bottom). The two vertical
dark red lines represent the estimated stable equilibria of the double-well potential function. Green points denote up-
and down-crossings of level £0.6, conditioned on having crossed the other level. Green vertical lines indicate empirical
estimates of occupancy in either of the two metastable states. Right: Empirical densities (black) alongside estimated
invariant densities with confidence intervals (dark red), prediction intervals (light red), and the empirical density of a
simulated sample from the estimated model (blue).

5 Application to Greenland Ice Core Data

During the last glacial period, significant climatic shifts known as Dansgaard-Oeschger (DO) events have been
documented in paleoclimatic records [Dansgaard et al., 1993]. Proxy data from Greenland ice cores, particularly stable
water isotope composition (6'80) and calcium ion concentrations (Ca*), offer valuable insights into these past climate
variations [Boers et al., 2017, 2018, Boers, 2018, Ditlevsen et al., 2002, Lohmann and Ditlevsen, 2019, Hassanibesheli
et al., 2020].

The 680 ratio, reflecting the relative abundance of 120 and 160 isotopes in ice, serves as a proxy for paleotemperatures
during snow deposition. Conversely, calcium ions, originating from dust deposition, exhibit a strong negative correlation
with §'80, with higher calcium ion levels indicating colder conditions. Here, we prioritize Ca®" time series due to its
finer temporal resolution.

In Greenland ice core records, the DO events manifest as abrupt transitions from colder climates (stadials) to approx-
imately 10 degrees warmer climates (interstadials) within a few decades. Although the waiting times between state
switches last a couple of thousand years, their spacing exhibits significant variability. The underlying mechanisms
driving these changes remain largely elusive, prompting discussions on whether they follow cyclic patterns, result from
external forcing, or emerge from noise-induced processes [Boers, 2018, Ditlevsen et al., 2007]. We aim to determine if
the observed data can be explained by noise-induced transitions of the Kramers oscillator.

The measurements were conducted at the summit of the Greenland ice sheet as part of the Greenland Icecore Project
(GRIP) [Anklin et al., 1993, Andersen et al., 2004]. Originally, the data were sampled at 5 cm intervals, resulting in a
non-equidistant time series due to ice compression at greater depths, where 5 cm of ice core spans longer time periods.
For our analysis, we use a version of the data transformed into a uniformly spaced series through 20-year binning and
averaging. This transformation simplifies the analysis and highlights significant climatic trends. The dataset is available
in the supplementary material of [Rasmussen et al., 2014, Seierstad et al., 2014].
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To address the large amplitudes and negative correlation with temperature, we transform the data to minus the logarithm
of Ca**, where higher values of the transformed variable indicate warmer climates at the time of snow deposition.
Additionally, we center the transformed measurements around zero. With the 20-year binning, to obtain one point
per 20 years, we average across the bins, resulting in a time step of h = 0.02kyr (1kyr = 1000 years). Additionally,
we addressed a few missing values using the na. approx function from the zoo package. Following the approach of
Hassanibesheli et al. [2020], we analyze a subset of the data with a sufficiently good signal-to-noise ratio. Hassanibesheli
et al. [2020] examined the data from 30 to 60kyr before present. Here, we extend the analysis to cover 30kyr to
80kyr, resulting in a time interval of 7" = 50kyr and a sample size of N = 2500. We approximate the velocity of
the transformed Ca®" by the forward difference method. The trajectories and empirical invariant distributions are
illustrated in Figure 2.

We fit the Kramers oscillator to the — log Ca®T time series and estimate parameters using the Strang estimator. Following
Theorem 3.2, we compute Cg(6y) from (50). Applying the invariant density 7y (z,v) from (10), which decouples into
7o(x) (11) and a Gaussian zero-mean and o3 /(27) variance, leads us to:

1 0 0
2m0
1 (o .2 N\ dA 1 (oo 4 p p
Cp(80) = 0 %f7w£ 7o(z) dz —52 o atmo(x)dz| (53)
0 —0%] > atm(x)de L [T aSm(z) dx

Thus, to obtain 95% confidence intervals (CI) for the estimated parameters, we plug §N into (52) and (53). The
estimators and confidence intervals are shown in Table 1. We also calculate the expected waiting time 7, eq. (12), of
crossing from one state to another, and its confidence interval using the Delta Method.

Parameter Estimate 95% CI

n 62.5 59.4 — 65.6

a 296.7 293.6 — 299.8
b 219.1 156.4 — 281.7
o2 9125 8589 — 9662
T 3.97 3.00 — 4.94

Table 1: Estimated parameters of the Kramers oscillator from Greenland ice core data.

The model fit is assessed in the right panels of Figure 2. Here, we present the empirical distributions of the two
coordinates along with the fitted theoretical invariant distribution and a 95% confidence interval. Additionally, a
prediction interval for the distribution is provided by simulating 1000 datasets from the fitted model, matching the size
of the empirical data. We estimate the empirical distributions for each simulated dataset and construct a 95% prediction
interval using the pointwise 2.5th and 97.5th percentiles of these estimates. A single example trace is included in blue.
While the fitted distribution for — log Ca** appears to fit well, even with this symmetric model, the velocity variables
are not adequately captured. This discrepancy is likely due to the presence of extreme values in the data that are not
effectively accounted for by additive Gaussian noise. Consequently, the model compensates by estimating a large
variance.

We estimate the waiting time between metastable states to be approximately 4000 years. However, this approximation
relies on certain assumptions, namely 62.5 ~ 1 > \/a ~ 17.2 and 73 =~ 02 /2n < a?/4b ~ 100. Thus, the accuracy
of the approximation may not be highly accurate.

Defining the current state of the process is not straightforward. One method involves identifying successive up- and
down-crossings of predefined thresholds within the smoothed data. However, the estimated occupancy time in each
state depends on the level of smoothing applied and the distance of crossing thresholds from zero. Using a smoothing
technique involving running averages within windows of 11 data points (equivalent to 220 years) and detecting down-
and up-crossings of levels +0.6, we find an average occupancy time of 4058 years in stadial states and 3550 years in
interstadial states. Nevertheless, the actual occupancy times exhibit significant variability, ranging from 60 to 6900
years, with the central 50% of values falling between 665 and 2115 years. This classification of states is depicted in
green in Figure 2. Overall, the estimated mean occupancy time inferred from the Kramers oscillator appears reasonable.

6 Technical results

In this Section, we present all the necessary technical properties that are used to derive the main results of the paper.
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We start by expanding €, and its block components QEIRR] 1, Q%S‘R} (6)71, log det QLRR](O), log det Qflm (6)
and log | det D f}, /5 (y; B) | when h goes to zero. Then, we expand Zy, .1 (8) and Zy 1,k 1—1(8) around Yy, _, when
h goes to zero. The main tools used are Itd’s lemma, Taylor expansions, and Fubini’s theorem. The final result is
stated in Propositions 6.6 and 6.7. The approximations depend on the drift function F', the nonlinear part N, and some
correlated sequences of Gaussian random variables. Finally, we obtain approximations of the objective functions (25),
(30), (31) and (39) - (41). Proofs of all the stated propositions and lemmas in this section are in Supplementary Material
S1.

6.1 Covariance matrix ﬁh

The covariance matrix €2, is approximated by:

h _ ~
ﬁhz/ AB—WFT AT (h—u) gy,
0
cot B ccsT ot B e EETAT L SST,x
=hx’ + ?(AEZT +EXTAT) + E(A’é’zzT +2AXXTAT + 22 7(AHT)

4 e e - Y -
+ %(ASEET +3A%ESTAT 4+ 3AXY T (AT +Z2T(AYHT) + R(A, yo). (54)

The following lemma approximates each block of ﬁh up to the first two leading orders of h. The result follows directly
from equations (4), (6), and (54).

Lemma 6.1 The covariance matrix n defined in (54)-(19) approximates block-wise as:

h3 ht

2,5(0) = I8+ T(ABEET + B8TAB)) + R(K,y0),
h? h3

2;0(0) = ST + T (AV(B)8T +288TAV(8)") + R(Wy0),
h? h3

2,19(0) = ST + T 2A(8)22T + B8TAB)T) + R(h, y0).

Q@) =nesT + %Q(Av(ﬁ)zzﬁ +EETAL(B)T) + R(E, v0).

Building on Lemma 6.1, we calculate products, inverses, and logarithms of the components of ﬁh in the following
lemma.
Lemma 6.2 For the covariance matrix ﬁh defined in (54) it holds:
(i) (0) 7 = {(ERT) - J(ERT)TAVB) + A(B)T(SET) ) + R(h.yo);
(i) @ (0)92,(0)7 = 41— {3 (Ay ~ ZRTAL(B)T(S8T)7) + R(H, y0);
(i) 22M(0)2™(0) 10 (9) = B EnT + K (A (B)EET + EETAV(B)T) + R(K%, yo);
(iv) Q) = BT L R(K5,y,);
(v) logdet Q" (0) = dlog h + log det SXT + h Tr Ay (8) + R(h2, yo);
(vi) logdet QM (0) = 3dlog h + log det =T + R(h2,y,);
(vii) log det 25,(8) = 4dlog h + 2log det BT + hTr Ay (8) + R(h2, yo).
Remark 5 We adjusted the objective functions for partial observations using the term clog det QE;]/C, where c is a
correction constant. This adjustment keeps the term h'Tr A (B) in (v)-(vii) constant, not affecting the asymptotic

distribution of the drift parameter. There is no h*-term in Qflm (8) which simplifies the approximation of Qflm (6)~!
and log det QLSlR] (0). Consequently, this makes (41) a bad choice for estimating the drift parameter.
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6.2 Nonlinear solution fh
We now state a useful proposition for the nonlinear solution fh (Section 1.8 in [Hairer et al., 1993]).
Proposition 6.3 Letr Assumptions (Al), (A2) and (A6) hold. When h — 0, the h-flow of (15) approximates as:
Fuly) =y +IN(y) + %Q(Dyﬁ(y»ﬁ(y) +R(K,y), (55)
Flw) =y - 1R@) + (0, Ny)R(y) + RO ). 56
Applying the previous proposition on (21) and (22), we get:
Fuly) = v + INGY) + 2 (D.NG)N(y) + ROW.y), 57
) =v - AN(y) + (D N(y)NGy) + RO ). 58
The following lemma approximates log | det D f;, /2 (y; 3) | in the objective functions and connects it with Lemma 6.2.

Lemma 6.4 Let fh be the function defined in (21). It holds:
2log|det Dfy 2 (Ye,;8) | = h Tr DUN(Yy, 5 8) + R(W*2, Yy, ).
2log |det D f, o (Xi,,, ApXi,,158) | = hTr DyN(Yy, 5 8) + R(A32, Yy, ).
An immediate consequence of the previous lemma and that D, F(y; 3) = Av(8) + Dy N(y; 3) is
log det Q' (9) + 21og | det Dy /2 (Yi,; 8) | = logdet ASET + A Tr D F(Yy, ,;8) + R(h*/%, Yy, ).
The same equality holds when Y, is approximated by (X, , Ay X, ). The following lemma expands function

uh(fh/g(y)) up to the highest necessary order of h.

Lemma 6.5 For the functions fh in (21) and py, in (28), it holds

~ 2
Bl Fpaly) = x4 v + DR 4 RO, y), (59)
(o)) = v+ h(E(y) = SN()) + R(2,y) (60)

6.3 Random variables Zk,k,l and %Hl?k’k,l

To approximate the random variables ZEL_I(ﬂ), ZE}]C—1 (B), ZE],C_l (B), and Zgﬁlk’k_l(ﬂ) around Yy, ., we start

by defining the following random sequences:

I
Moot = o / aw,, ©1)
Wz J, t
1 tr , 1 tht1
k1= 575 (t—tp—1)dWy, &= 1373 (th1 — 1) AWy, (62)
3/2 3/2
h3/ tr—1 h3/ ty
1 tr ) 1 trt1 )
Ck—l = ﬁ/ (t — tk_l) th, Cllc = ﬁ/ (tk+1 — t) th (63)
h5/ te—1 ho/ ty

The random variables (61)-(63) are Gaussian with mean zero. Moreover, at time ¢, they are F;, ., measurable and
independent of F;, . The following linear combinations of (61)-(63) appear in the expansions in the partial observation
case:

U ko1 =&, + &1, (64)
Qri—1:=Cp +2m5-1 — Cp—1- (65)
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It is not hard to check that &, + 1,1 — &,,_; = Uy, —1. This alternative representation of Uy, ;,_1 will be used later
in proofs.

The Itd isometry yields:

1
IE90 [nk—lnl—cr—l | ‘Ftk—l] =1, Eeo [nk—lglj—l ‘ '7:151%1} = ]E’Go [ﬂk—lﬁg—1 | ]:tkfl] = 517 (66)
1 1
Eeo [ékflggc—rfl | ]:tkfl] = 617 Eeo [ékflél—cll | ]:tk—l] = Eeo [5;95;; | ftk—l} = §I7 (67)
2
Eoo[Urk-1Ug oy | Fop ] = 3L Eoo Uk k1(Upp—1+281) " [ Fi ] =1 (68)

The covariances of other combinations of the random variables (61)-(63) are not needed for the proofs. However, to
derive asymptotic properties, we need some fourth moments calculated in Supplementary Materials S1.

The following two propositions are the last building blocks for approximating the objective functions (30)-(31) and
(40)-(41).

Proposition 6.6 The random variables ZWH (B) in (24) and %;Hl’k’k,l (B) in (35) are approximated by:

B2 h5/2 -
Zh 1 (8) = WSy + T (Fo(Ye, ) = F(Yy, )+~ DuFo(Yi, ) oGt 1 + RO, Yy, ),

h3/2
ZECF.,{IL—l(/@) = h2Som—1 + h(Fo(Yy,_,) — F(Ye,_,)) — 5 DvN(Ye, 1) B0t

+ h3/2DVFO (Ytk_l)zosfcq + R(h27 Ytk—1)7
_[s] h2 h5/2 , 3
Zk’,kfl(/a) = _?F(Ytk—l) - TDVF(Ytk—l)EOEkfl + R(h 7Ytk~—1)7
7% e /2
Zip1kk-1(B) = /780 Uk 1 + W(Fo(Ye,_,) = F(Ye, ) = 5= DyN(Ye, ) Do Up -1

. h3/2
— 2D F(Yy,_,)S0é)_ 1 + TDVFO(Ytk—l)EOQk,k—l +R(P*, Yy, ).

Remark 6 Proposition 6.6 yield

Eo [Z)_(B)Z)_ (B)T | Y] = hEE] +R(A%Y,, ) = Y L R(2, Y, ),

7(R] 7[RI 2 2 [RR
Eoy[Zic1 kb1 (8)Zis1en1(B) | Yoo = hERg + R(IZ Y, ) = 2 + RO Yy, ).

. . . . . IR
Thus, the correction factor 2/3 in (40) compensates for the underestimation of the covariance of ZL 4117 kk—1(08)-
Similarly, it can be shown that the same underestimation happens when using the backward difference. On the other
hand, when using the central difference, it can be shown that

—[R],central [R],central

5
Eeo [ZkJrl,lc,kfl(ﬁ)zlﬁ»l,k,kfl(:@)-r ‘ Ytk—l} = Ehzzg + R(h27Ytk—1)7

which is a larger deviation from QEIRR], vielding a larger correcting factor and larger asymptotic variance of the

diffusion parameter estimator.

Proposition 6.7 Let Z&k,l(,@) and %;Hl’k?k,l (B) be defined in (24) and (35), respectively. Then,

ZISIR] R / h?/2 T T Ty -1
fg—1(8) = —TEO(W—1 —2&_4) + W(Av —XX AB) (BX ) )Eonk—1
h5/2 h5/2 , , 3
+ TDVN(Y%fJEOnk—l - TDVFO(YUWJEO(&IC—I - Ck—l) + R(h aYt;«71)v
SISIR h3/? h? h5/2 _
Zuﬂk,kq(ﬁ) =5 ZoUkp-1 — jFo(YtH) + T(AV -IETALB)(ZE2T) HZUk k1
h5/2 h5/2 5
+ TDVN(Ytk,l )30Uk k-1 — TDVFO(Ytk,l)EOQk,k—1 +R(A°, Y, ).
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6.4 Objective functions

Starting with the complete observation case, we approximate objective functions (30) and (31) up to order

R(h?/2, Y:,_,) to prove the asymptotic properties of the estimators OAE\?R] and ég\(,jslp”]. After omitting the terms
of order R(h, Y, ,) that do not depend on 3, we obtain the following approximations:

N
LYY (Your:0) = (N = 1) logdet ZXT 4 >~ nl_ 57 (ZXT) "' Somy s (69)
k=1

N
+ 2\/52 Mi1Z0 (EET)THE (Yo, 13 80) — F(Ye,_1:8))

+ hz (Yi, 1380) = F(Yy, ;8) (=) HF (Yo, ,;:80) — F(Yy, 13 8))

N N
—hYy nl 1B DF(Ye, ;8) (Z2T) ' Som—1 +h Y Tr DJF(Yy,; 8),
k=1 k=1
N
L (Yo,:0) = (N = 1) log det EXT +3 (i1 — 26,) 30 (S2T) 'Sy — 264)  (70)
k=1
N
= 3Ry (M1 —26-1) 20 (B2T) T DIN(Yy, 15 8) S0
k=1
N
—hY (ko1 —261) 20 (B2T)HAVB) - EBTALB) (ZZT) ) Zemk
k=1
LT (Youy:0) = L8 (Yo :0) + LY (Your,:0) (1)

The two last sums in (70) converge to zero because Eg, [(nx—1 — 2&,_1)ni_1|Ft, ] = 0. Moreover, (70) lacks the
quadratic form of F(Yy, ,) —Fo(Y:,_, ). that is crucial for the asymptotic variance of the drift estimator. This implies

that the objective function EESSlR]

is not suitable for estimating the drift parameter. Conversely, (70) provides a correct
and consistent estimator of the diffusion parameter, indicating that the full objective function (the sum of EESR] and
£ICSIR] . .
N ) consistently estimates 6.
Similarly, the approximated objective functions in the partial observation case are:
N-1
2

L8 (Yo,,:0) = 3 (V = 2)logdet 2T+ UL 30 (B8T) T B0 Uk i (72)

k=1

N

+2VhY UL, 10 (B8T)HF (Y5 80) — F(Yi,_,38))
k=1

N—

+hY (F(Yey :80) —F(Yy :8) (E2T) M (F (Y, ,:80) — F(Ye .3 8))

,_.

>
Il
—

=

N—-1
—h Y (Uppo1+26,1) 'S0 DyF (Y, :8) (Z2T) ' SoUs st +h Yy Tr DVF(Yy,; 8),
k=1

>
Il
-

N-—1
L5 (Yo.0:0) = 2(N = 2)logdet 2T +3 Y UL, 2/(S8T) 7 18Us iy (73)
k=1

N
+6VhY UL, 20 (E2T)'F(Ye, 5 80)
k=1
N-1
—3h Z U;k—lngvN(Ytk—ﬁB)T(EZT)ilonk,k—l + 2h Z Tr DyN(Y4,;8),
= k=1
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L (Yo.n:0) = LM (Y003 0) + L™ (Y0103 6). (74)
This time, the term with A (3) — XX TA,(8) T (XX T)~! vanishes because
Tr(Z0Us i1 UL 150 (E27) 7 (Av(B) - ST ALB) T (58T)71) =0
due to the symmetry of the matrices and the trace cyclic property.

Even though the partial observation objective function £IPRI (X, :6) (40) depends only on Xg.;,, we could

approximate it with ﬁ[ﬁm (Yo:tx; 0) (72). This is useful for proving the asymptotic normality of the estimator since its
asymptotic distribution will depend on the invariant probability 1y defined for the solution Y.

The absence of the quadratic form F(Y,, ,) — Fo(Y,_,) in (73) indicates that L’E\F,)S‘R] is not suitable for estimating

the drift parameter. Additionally, the penultimate term in (73) does not vanish, needing an additional correction term of

2h ZkN:jl Tr DyN(Yy,; 3) for consistency. This correction is represented as 4 log | det Dy, f}, /2| in (41). Notably, this
term is absent in the complete objective function (31), making this adjustment somewhat artificial and could potentially
deviate further from the true log-likelihood. Consequently, the objective function based on the full likelihood (39)
inherits this characteristic from (73), suggesting that in the partial observation scenario, using only the rough likelihood
(72) may be more appropriate.

7 Conclusion

Many fundamental laws of physics and chemistry are formulated as second-order differential equations, a model class
important for understanding complex dynamical systems in various fields such as biology and economics. The extension
of these deterministic models to stochastic second-order differential equations represents a natural generalization,
allowing for the incorporation of uncertainties and variability inherent in real-world systems. However, robust statistical
methods for analyzing data generated from such stochastic models have been lacking, presenting a significant challenge
due to the inherent degeneracy of the noise and partial observation.

In this study, we propose estimating model parameters using a recently developed methodology of Strang splitting
estimator for SDEs. This estimator has demonstrated finite sample efficiency with relatively large sample time steps,
particularly in handling highly nonlinear models. We adjust the estimator to the partial observation setting and employ
either the full likelihood or only the marginal likelihood based on the rough coordinates. For all four obtained estimators,
we establish the consistency and asymptotic normality.

The application of the Strang estimator to a historical paleoclimate dataset obtained from ice cores in Greenland has
yielded valuable insights and analytical tools for comprehending abrupt climate shifts throughout history. Specifically,
we employed the stochastic Duffing oscillator, also known as the Kramers oscillator, to analyze the data.

While our focus in this paper has been primarily confined to second-order SDEs with no parameters in the smooth
components, we are confident that our findings can be extended to encompass models featuring parameters in the drift
of the smooth coordinates. This opens up directions for further exploration and application of our methodology to a
broader range of complex dynamical systems, promising deeper insights into their behavior and underlying mechanisms.
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This chapter contains the following paper:

e P. Pilipovic, A. Samson, and S. Ditlevsen. Strang splitting parameter estimator
for nonlinear multivariate stochastic differential equations with Pearson-type mul-
tiplicative noise, 2024.

Paper status: working paper.

This paper introduces a new model class called multivariate Pearson diffusions. This
class features a linear drift and a quadratic function of the state vector in the squared
diffusion matrix. It can be viewed as a generalization of univariate Pearson diffusion,
where the noise structure allows for the explicit derivation of the first two moments.
Additionally, it can be seen as a generalization of a multivariate affine diffusion, which
is defined with a linear drift and a linear function of the state vector in the squared
diffusion matrix. We derive a closed-form expression for the mean and covariance matrix
for multivariate Pearson diffusions using a theorem for computing integrals involving
matrix exponentials (Theorem 2).

We also propose a splitting scheme for a nonlinear process with Pearson-type noise—a
process that shares the same diffusion structure as a multivariate Pearson diffusion but
has a nonlinear drift. We suggest splitting this nonlinear drift into linear and nonlinear
components and then obtaining a pseudo-likelihood from the Strang splitting scheme.
Unlike in the previous two papers, the linear sub-SDE in this context does not yield an
Ornstein-Uhlenbeck (OU) process due to the presence of multiplicative noise. To solve for
the multivariate Pearson diffusion, we recommend approximating the transition density
as Gaussian, with the correct first two moments.

The paper also discusses two existing models from the literature that fit within the
framework of nonlinear multivariate SDEs with Pearson-type noise. The first model is a
coupled multivariate Wright-Fisher diffusion, used in genetic research to describe allele
frequencies across multiple loci. The second model is the stochastic SIR model, which
describes the spread of disease within a population. This model can be considered a
special case of a generalized Lotka-Volterra model, which also falls under the category of
nonlinear multivariate SDEs with Pearson-type noise.

Finally, we introduce a new model called the student Kramers oscillator, a generaliza-
tion of the Kramers oscillator. We prove the existence and uniqueness of the solution to
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the governing SDE and use this model in a simulation study to illustrate the performance
of the Strang splitting estimator. The study demonstrates that the new estimator pro-
vides more accurate estimates of diffusion parameters than any other method evaluated.
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ABSTRACT

This paper extends the one-dimensional Pearson diffusion framework to multivariate models where
the squared diffusion coefficient is a quadratic function of the state X;. It generalizes the multivariate
affine diffusion models, allowing for explicit computation of first and second moments despite the
unknown transition densities. We further allow the drift to be nonlinear, thus introducing multivariate
nonlinear diffusions with Pearson-type multiplicative noise. For example, we propose the Student
Kramers oscillator, which is the Kramers oscillator with a Pearson-type noise, which has the student’s
t-distribution as an invariant distribution, allowing for heavier tails than the usual additive noise. We
prove the existence and uniqueness of Student Kramers oscillator and the existence of its invariant
measure. We propose a novel approach for parameter estimation based on Strang splitting combined
with Gaussian transition density approximation. We start by splitting the nonlinear diffusion into a
linear multivariate Pearson diffusion and a nonlinear ordinary differential equation (ODE). We solve
the nonlinear ODE and approximate the flow of the multivariate Pearson diffusion using Gaussian
approximation, where the first two moments are exact. The Strang splitting approximation and the
corresponding estimator are obtained by composing the solutions of the split subsystems. A case
study using the Student Kramers oscillator demonstrates that our estimator performs comparably to
the Euler-Maruyama, Kessler, and local linearization estimators. Specifically, the results are similar
for drift parameters, while the proposed estimator outperforms the others for diffusion parameters.

Keywords Gaussian approximation, Multivariate Pearson diffusion, Nonlinear drift, Strang estimator, Strang splitting
scheme

1 Introduction

Pearson diffusions, introduced as a versatile class of tractable one-dimensional diffusion models, have found extensive
use in various fields due to their rich statistical properties and ease of parameter estimation [Forman and Sgrensen,
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2008]. These models are particularly advantageous because moments and conditional moments are explicitly available,
making them an attractive choice for statistical inference. For instance, the Ornstein-Uhlenbeck (OU) and the Cox-
Ingersoll-Ross (CIR) processes, special cases of Pearson diffusions, are often used in practical applications due to
their mathematical tractability. Pearson diffusions, with their mean-reverting linear drift and diffusion coefficient
defined as a second-order polynomial, encompass a wide range of stationary distributions, namely the family of Pearson
distributions, including light-tailed and heavy-tailed distributions and with different state spaces.

The estimation of parameters in Pearson diffusions is facilitated by the use of optimal martingale estimating functions
using exact moments, found by use of eigenfunctions of the infinitesimal generator [Bibby and Sgrensen, 1995, Kessler
and Sgrensen, 1999, Forman and Sgrensen, 2008]. This method simplifies the estimation process and ensures consistent
estimators in low-frequency sampling scenarios, often encountered in empirical data. Other estimation methods, such
as the generalized method of moments, quasi-likelihood, and non-linear weighted least squares, are also applicable to
Pearson diffusions, highlighting their flexibility and ease of implementation.

Despite the tractability and versatility of Pearson diffusions, there has been limited work on extending these models to
higher dimensions. Leonenko and Phillips [2012] employed a spectral high-order approximation of the Fokker—Planck
equations for Pearson diffusions. They suggested extending their method to the multivariate case defined by a quadratic
form without a linear term and intercept, similar to equation (3), but did not pursue this further. Thus, a significant gap
remains in the literature concerning the generalization of these models to multivariate settings. Only the OU process is
straightforwardly extended to arbitrary dimensions, following a multivariate Gaussian distribution. A generalization is
desired to model more complex dynamical systems with diverse types of stationary distributions shaped by the diffusion
function.

A Pearson diffusion [Forman and Sgrensen, 2008] is a solution to a one-dimensional stochastic differential equation

(SDE) of the form
dXt:a(Xt—b)dt+\/OéXt2+5Xt+’Yth, (1)

where a < 0, and «, (8, and y are such that the square root is well-defined when X is in the state space. The parameters
of (1) are @ = {a,b, o, 8,7}, where —a > 0 determines the speed of mean reversion, b is the mean of the invariant
distribution, and «, 3, and -y shape the state space and the invariant distribution.

Pearson diffusions can be classified into six cases based on the form of the squared diffusion coefficient o2 (z) =
ax? + Bx + . Each case presents specific conditions for the existence and uniqueness of ergodic solutions and
corresponding invariant distributions. This classification is based on equivalence classes because the Pearson class of
diffusions is closed under translations and scale transformations. Specifically, if (X;);> is an ergodic Pearson diffusion,

SO is (Xt)tzo where Xt = 9 X; + ¢. Up to translation and scale transformations, the ergodic Pearson diffusions are
classified into six forms [Forman and Sgrensen, 2008].

* For o?(z) = v, it is an OU process defined on the entire real line. The unique ergodic solution exists for all
b € R, with the invariant distribution being normal with mean b and variance v/(—2a).

e For 02(x) = S, itis a CIR process, also called a square-root process. The process is defined on the positive
half-line (0, c0). A unique ergodic solution exists for —2ab > (. The invariant distribution is the gamma
distribution with scale parameter §/(—2a) and shape parameter —2ab/f. For 0 < —2ab < S, the boundary
at zero can be reached with positive probability, but with an instantaneous reflecting boundary, the process
remains stationary with the same gamma invariant distribution.

* For 02(x) = ax?, it is a geometric Brownian motion type process, also called a GARCH diffusion. It is
defined on the positive half-line (0, 00). A unique ergodic solution exists for all &« > 0 and b > 0. The
invariant distribution is an inverse gamma distribution with shape parameter 1 — 2a/« and scale parameter
a/(—2ab). The variance only exists for o« < —2a.

e For 0?(x) = a(x? + 1), the diffusion is defined on the entire real line. A unique ergodic solution exists for all
a > 0and b € R. If b = 0, the invariant distribution is a scaled Student’s ¢-distribution with 1 — 2a/a degrees
of freedom. For b # 0, the invariant distribution is a skew ¢-distribution.

s For 0?(x) = az(z + 1), the process is defined on the positive half-line (0, c0). A unique ergodic solution
exists for all @« > 0 and b > a/(—2a). The invariant distribution is a scaled F-distribution with —4ab/c and
2(1 — 2a/«) degrees of freedom. If 0 < b < «/(—2a), the boundary at zero can be reached, but with an
instantaneous reflecting boundary, the process remains stationary with the same F-distribution.

s For 0?(x) = ax(z — 1), the process is a Jacobi diffusion, defined on the interval (0, 1). A unique ergodic
solution exists for & < 0 and b such that min(b,1 — b) > «/(2a). The invariant distribution is a Beta
distribution with shape parameters 2ab/« and 2a(1 — b) /o If 0 < b < «/(2a), the boundary at zero can be
reached, and similar remarks apply to the boundary at one when 0 < 1 — b < a/(2a).
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This classification illustrates the diverse applications of Pearson diffusions, allowing for explicit computation of
invariant distributions and parameter conditions across different state spaces and diffusion forms. An important feature
of Pearson diffusions is the ability to find explicit expressions for the marginal and conditional moments. The k-th
absolute moment, E| X;|*, is finite if and only if o/(—2a) < 1/(k — 1). This implies that all moments exist if o < 0.
However, for & > 0, only moments satisfying k¥ < —2a/a + 1 exist [Forman and Sgrensen, 2008].

Generalizing Pearson diffusions to multivariate settings retains univariate Pearson diffusions’ tractability and statistical
convenience, such as deriving explicit forms for the first two moments and conditional moments. This generalization
allows for a specific Pearson-type invariant distribution for each coordinate of a high-dimensional process. For
example, a process could be defined in a d-dimensional hypercube [0, 1]¢, with each coordinate having a Beta invariant
distribution. Alternatively, different combinations of Pearson-type noises could appear in various coordinates of the
quadratic diffusion matrix. Moreover, the quadratic diffusion matrix may be hypoelliptic, meaning it can be singular
while the diffusion still admits a smooth density. Furthermore, allowing the drift to be nonlinear opens new directions
for modeling complex systems in fields such as finance, biology, and physics, capturing dependencies and interactions
between multiple variables and providing a more realistic representation of underlying processes.

The motivation for this study is to develop efficient and accurate methods for parameter estimation in nonlinear SDEs
with Pearson-type multiplicative noise. Traditional estimation techniques often fall short in these scenarios due to the
complexity of the noise structure and nonlinearity in the drift function. Our goal is to create a robust framework for
parameter estimation that can be applied to a wide range of models, including hypoelliptic diffusions. Recent advances
have highlighted the potential of pseudo-likelihood approaches, which approximate the likelihood, simplifying the
estimation process while maintaining accuracy. By building on these advances, we aim to provide a more effective and
versatile method for parameter estimation in complex systems.

Parameter estimation for SDEs with non-constant or multiplicative noise has been extensively studied. These models
are characterized by the complexity added by the noise term, which depends on the state of the process itself. This
dependency complicates the estimation process and has led to the development of various specialized methods. Much
work has focused on methods that transform the SDE into another SDE with additive noise. For a review of likelihood-
based parameter estimation of SDEs with additive noise, see [Pilipovic et al., 2024a,b] and references therein. These
methods can be applied if the Lamperti transform is available.

Martingale estimating functions have emerged as a powerful tool for parameter estimation in SDEs. They exploit
the underlying process’s martingale property to construct consistent and asymptotically normal estimators. Kessler
and Sgrensen [1999] introduced optimal martingale estimating functions based on eigenfunctions of the generator
for Pearson diffusions. This method simplifies estimation and ensures high efficiency, particularly in high-frequency
sampling scenarios often encountered in financial data. Sgrensen [2008] further demonstrated that these optimal
estimating functions compare to maximum likelihood estimation under high-frequency asymptotics, offering a simpler
alternative.

Quasi-likelihood methods, which approximate the likelihood using a tractable form, have also been applied to SDEs
with non-constant noise. Kessler [1997] proposed an estimator, often referred to as the Kessler (K) estimator, which
approximates the unknown transition density of a diffusion process with a Gaussian density. This approximation is
achieved using the true conditional mean and covariance, or approximations derived from the infinitesimal generator of
the diffusion process.

Building on Kessler’s foundational work, Uchida and Yoshida [2012] extended the Kessler estimator to the setting of
multivariate elliptic diffusions. They developed an adaptive-type contrast estimator that also achieves a central limit
theorem under the same design condition proposed by Kessler, specifically Nh? — 0, for p > 2.

More recently, Iguchi and Beskos [2023] further refined the conditions under which the K estimator achieves asymptotic
normality. They focused on hypoelliptic SDEs, which pose additional challenges due to the degeneracy of the diffusion
coefficient. They proposed a modified estimator that remains consistent and asymptotically normal under a weaker
design condition, specifically Nh? — 0 for p > 2. This advancement addresses some of the limitations of previous
methods and enhances the robustness of the K-type estimators in more general settings.

Gloter [2006] developed a contrast function using the Euler-Maruyama (EM) discretization for integrated diffusion
processes, focusing on the asymptotic properties as the sampling interval approaches zero and the sample size approaches
infinity. By addressing the ill-conditioned nature of the contrast from the EM discretization, Gloter [2006] suggested
using rough equations of the SDE and recovering the unobserved components through finite difference approximations.
However, this approach introduced bias and required correction factors, affecting the estimator’s variance.

Like Kessler [1997], Hurn et al. [2013] developed a quasi-maximum likelihood procedure for parameter estimation
in multi-dimensional diffusions, where the transition density is approximated by a multivariate Gaussian distribution.
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Unlike Kessler [1997], Hurn et al. [2013] focused specifically on systems with affine drift and diffusion functions,
where both the drift and quadratic diffusion matrix are linear functions of the state variable. For such affine models,
they derive closed-form expressions for the first and second moments of the true transition density, which are exact due
to the affine structure. This explicit calculation of moments enables them to construct a Gaussian approximation that
provides consistent parameter estimates even when the true transition density is misspecified. This approach ensures
robustness in parameter estimation. For non-affine models, Hurn et al. [2013] showed that numerical methods can still
accurately compute the required moments of the transition distribution, ensuring that Gaussian approximations achieve
high computational precision in integral evaluations.

Recent advances in this field have continued to build on these foundational methods. For instance, Gloter and
Yoshida [2020, 2021] introduced adaptive and non-adaptive methods for hypoelliptic diffusion models, demonstrating
asymptotic normality in complete observation regimes. They used higher-order It6-Taylor expansions to introduce
additional Gaussian noise into the smooth coordinates, accompanied by higher-order mean approximations for the
rough coordinates. These contributions have refined the conditions for the estimators’ asymptotic normality, extending
these methods’ applicability to a broader class of models.

In this paper, we extend the one-dimensional Pearson diffusion to a multivariate setting, where the quadratic diffusion
matrix is a quadratic function of the state variable. This generalization builds on the concept of affine diffusions as
used in [Hurn et al., 2013], where first and second moments can be explicitly computed despite the unknown transition
density. While Hurn et al. [2013] focused on the linear case, encompassing certain types of Pearson diffusions such as
the OU and CIR processes, our approach fully generalizes to all Pearson diffusions. We further extend this framework
from linear multivariate Pearson diffusions to nonlinear drifts. To illustrate our approach, we define the Student Kramers
oscillator and prove that its solution exists, is unique, and possesses an invariant measure. We propose a novel method
for parameter estimation in nonlinear multivariate Pearson diffusions that combines Strang splitting with Gaussian
transition density approximation. Specifically, we split the nonlinear drift into a multivariate Pearson diffusion and
a nonlinear ODE, then approximate the transition density of the linear component as Gaussian with the exact mean
and covariance matrix. We solve the nonlinear ODE and compose the solutions of the split subsystems to achieve the
Strang splitting approximation, upon which our Strang (S) estimator is based. We demonstrate its performance through
a detailed study of the Student Kramers oscillator.

The main contributions of this paper are:

1. We propose a new class of models based on multivariate Pearson diffusions, extending the univariate Pearson
diffusions to more complex systems with tractable properties.

2. We explicitly compute the first and second moments for the proposed multivariate Pearson diffusion models,
ensuring accurate and efficient parameter estimation.

3. We introduce the Student Kramers oscillator as a specific example of a nonlinear hypoelliptic multivariate
Pearson diffusion, demonstrating that its solution exists, is unique and admits an invariant density. This
example is also used for the simulation study.

4. We develop a new parameter estimation method based on a splitting scheme for nonlinear SDEs with a
multivariate Pearson-type diffusion matrix. Specifically, we split the nonlinear drift into a multivariate Pearson
diffusion and a nonlinear ODE. The solution of multivariate Pearson diffusion is approximated by Gaussian
transition density with the exact first two moments.

5. We conduct a simulation study including three other methods where our estimator performs similarly to the
others for the drift parameters but outperforms them for the diffusion parameters. The local linearization
(LL) estimator is designed only for additive noise SDEs. Nevertheless, we implemented it using the Lamperti
transform.

The structure of the paper is as follows. Section 2 presents the problem setup, illustrated with the coupled Wright-Fisher
diffusion, the stochastic SIR model, and the newly introduced Student Kramers oscillator. Section 3 introduces the class
of multivariate Pearson diffusion models and their theoretical properties and explicitly computes the first and second
moments. Section 4 describes the new parameter estimation method and briefly recalls the EM, K, and LL estimators,
including applying the Kessler method for Gaussian approximation. In Section 5, we conduct a simulation study to
evaluate the performance of the new estimator against existing methods. Finally, Section 6 provides concluding remarks
and potential directions for future research.

Notation. We use capital bold letters for random vectors, vector-valued functions, and matrices, while lowercase bold
letters denote deterministic vectors. || - || denotes both the L? vector norm in R?. Superscript (i) on a vector denotes the
1-th component. Double subscript 75 on a matrix denotes the component in the i-th row and j-th column. The transpose
is denoted by T. Operator Tr(-) returns the trace, det(-) the determinant and vec vectorization of a matrix. The
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Kronecker product and the sum of two matrices are ® and @, respectively. I; denotes the d-dimensional identity matrix,
while 0454 is a d-dimensional zero square matrix. We denote by [a;]¢_, a vector with coordinates a;, and by [b;;]{ ;_,
a matrix with coordinates b;;, for i, j = 1, ..., d. For a real-valued function g : R? — R, 0, g(x) denotes the partial
derivative with respect to () and 0%, _; g(x) denotes the second partial derivative with respect to (") and 2/). The
nabla operator V denotes the gradient vector of g with respect of x, that is, Vyxg(x) = [0, g(x)]%. For a vector-
valued function F : R? — R, the differential operator D, denotes the Jacobian matrix D F(x) = [0, F'7) (x)]¢ =1
Let R represent a vector (or a matrix) valued function defined on (0, 1) x R? (or (0,1) x R4*d) such that, for some
constant C, ||R(a,x)|| < aC(1 + ||x||)€ for all @, x. When denoted by R, it refers to a scalar function. For an open
set A, the bar A indicates closure. d; is the Kronecker delta function that equals one for ¢ = j and zero otherwise. The
indicator function is denoted as 1.

2 Problem setup

We assume that the following SDE
dX, = F(X;0W) dt + (X;; 0) AW, )

has a unique strong solution X; € X C R? defined on a complete probability space (€2, F,Pg) with a complete
right-continuous filtration (F;);>, where W = (W});>( is a d-dimensional Wiener process adapted to F;. The

probability measure Pg is parameterized by the parameter 8 = (8(1), (2)). Moreover, we assume that the squared
diffusion function X (X; 8(?)) has the following form

[Z(x; 0(2))2(x; 0(2))T]ij =x"ax+x"BY 44, i,j=1,2,..,d, 3)

where a®/ € R™*? 3% € R? ~% € R are known or unknown parameters of the diffusion function such that o’/ are
symmetric, and o = a’', 37 = @', 4" = ~J* forall i,5 = 1,2,...,d. The following section provides three
examples of SDEs that fit this setup.

Remark 1 Due to symmetry, each matrix & has d(d + 1)/2 parameters. Therefore, [2(x;0)%(x; 02))T],; has
(d 4 1)(d + 2)/2 parameters. Since also 2 (x; 02 (x; 0T is symmetric, it has d(d + 1)%(d + 2)/4 parameters,
which is of order d*. This setup thus assumes an over-parameterized quadratic diffusion matrix where each component
depends on all quadratic combinations of the state X,. In most applications, the quadratic diffusion matrix will be
diagonal or nearly diagonal, as will o™, where most quadratic interactions between the state X; are unnecessary.
Moreover, most diffusion parameters will be constants, i.e., known parameters. Consequently, o, 3%, and v* will
generally be sparse with few non-zero elements or with a few unknown parameters to be estimated. However, we do not
impose sparsity conditions to maximize generality and flexibility and work under an over-parameterized setup.

Rewrite (2) as follows
dX; = A(O@W) (X, — b(@W))dt + N(X;; 0V dt + 2(X,;,02)dW,, X, = xo, 4)

such that F(x; 8()) = A(0W)(x — b(81M)) + N (x;01)). Let © = Oy, x Og, be the parameter space with Op,
and Oy, being two open convex bounded subsets of R” and R4*?, respectively.

Functions F, N : R? x ©p, — R? are assumed locally Lipschitz, and A, b are defined on Oy, and take values in R?*¢
and R?, respectively. Matrix 3 takes values in R?*™. The matrix function ZX 7 : R? x @5, — R?*9 is assumed to
be positive semidefinite. From here after, we write ©3 T (x; 8(?)) instead of 3(x; ()2 (x; 0(?)) . Since any square
root of 23 T (x; 0(?) induces the same distribution, 3.(x) is only identifiable up to equivalence classes. Thus, we work

only with 3T (x; 8(2)) and from now on, when we refer to #(2) we mean parameters from {c, 3, v} from equation
(3). The drift function F in (2) is split up into a linear part given by matrix A and vector b and a nonlinear part given
by IN. This splitting is essential for defining the splitting schemes and the objective functions for estimating 8.

We denote the true parameter value by 8y = (0(()1), 0(()2)) and assume that 6y € ©. Sometimes we write Ag, bg, N¢(x)
and X (x) instead of A(O(gl)), b(B(()l)), N(x; 9(()1)) and XX (x; 0(()2))T, when referring to the true parameters. We

write A, b, N(x) and X T (x) for any parameter . Sometimes, we suppress the parameter to simplify notation, e.g.,
E implicitly refers to Eg.
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2.1 Examples

This section provides three examples of SDEs that fit the described framework. Two of these SDEs are standard models
from the literature, and the third one is a novel extension of the Kramers oscillator, which we denote as the Student
Kramers oscillator. For each of the three examples, we explicitly find diffusion parameters {c, 3, v}.

The first model is the coupled multivariate Wright-Fisher diffusion, which describes the evolution of allele frequencies at
multiple loci with Pearson-type multiplicative noise corresponding to Jacobi diffusions. This implies that the multivariate
Pearson diffusion with this noise type would have an invariant generalized multivariate beta distribution. The second
example is the Stochastic SIR model, a widely used epidemiological model that describes the spread of infectious
diseases within a population. It characterizes the transitions between susceptible, infectious, and recovered individuals.
The third example is the Student Kramer oscillator, a hypoelliptic model for processes with two quasi-stationary states.

2.1.1 Coupled multivariate Wright-Fisher diffusion

The coupled Wright-Fisher diffusion [Aurell et al., 2019] is a multidimensional model that describes the evolution of
genetic frequencies across multiple loci and alleles. It is formulated as the strong solution to a system of SDEs, with the
drift terms incorporating interactions between loci to account for inter-locus selection [Favero et al., 2021]. The model
presented in this section relies on both papers [Aurell et al., 2019] and [Favero et al., 2021].

Let L be the number of loci, and let M; be the number of alleles at locus { for{ = 1,2, ..., L. The set of allele frequencies
at time ¢ at each locus is denoted by the (Zle M;)-dimensional frequency vector X; = (Xt(l)T, Xt(Q)T, e Xt(L)T)T.
Vector Xt(l) = (Xt(ll)7 Xt(m, . 7Xt(lM’))T represents the allele frequencies at locus  at time ¢, that is
M
X{'>0 and > X7 =1, 5)
j=1

foralli =1,2,...,M;and! = 1,2,... L. The dynamics of X; are governed by the following SDE
dX, = p(X,) dt + BET(X,)VV(X,) dt + B(X,) dW, (6)

where pu(X) is the mutation drift vector, X(X) is the diffusion matrix, and V(X) is a potential function encoding
selection and interaction effects.

The diffusion matrix £ T (X) for the multivariate Wright-Fisher process is block-diagonal, reflecting the independence
of loci

EE]—(X(D) 0 ce 0
0 »ET(X@y ... 0
=2T(X) = . X . : @)
0 0 S ERT(XW)
where each block 3, (X () for locus [ is given by
XU (1 - xWy ifj=45
Equivalently, this can be written as
22 (X)) = diag(XV) - xOxOT, )

The drift parameter is a sum of two functions, p(X) and XX T (X)VV (X). The first function, p, represents the
mutation dynamics. It is assumed that mutations occur independently at each locus. Specifically, for the I-th locus, the
mutation rate is ¢;, and the mutation probability matrix is

O} )
Pun - Pimg M;

pO=1 . - ol Yo =1 =12, M (10)

0) 0} =1
Prr 0 Pumy

The transition rates of mutations from allele ¢ to allele j at locus [ are given by ug) = %p%)

Wright-Fisher model with parent-dependent mutations, the i-th component of function p() is
M,
W K0) = S X ) - X0 an

Jj=1

. Following the standard
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The second term in the drift, X (X)VV (X), represents selection for the current allele type at the current locus.
The fitness potential V' (X;) is explicitly constructed such that the coupled Wright-Fisher diffusion (6) treats the
effects of selection and mutation as independent mechanisms, ignoring their cross-effects. This means that the term
3 T (X)VV(X) includes at most pairwise interactions between different loci and their allele types. Thus, V(X) is
given by

V(X)=X"h+ %XTJX (12)

and represents the selection and interaction effects, where h is the locus selection parameter, and J is the interaction
matrix, a symmetric block matrix with the blocks on the diagonal equal to zero matrices. The gradient of V' (X) is:

VV(X)=h+JX. (13)
Both components in the drift are structured to operate on individual loci without interaction.

The Wright-Fisher diffusion model described by (6) is a specific case of the general SDE presented in (2). Specifically,

the squared diffusion matrix (8) for each locus [ conforms to the structure given in (3). The matrix a®Wii is of size

M; x M, and is entirely composed of zeros except at the positions (m,n) € {(i,5), (j,7)}, which equal —1/2 and
positions (m, n) = {(i,4)} which equal —1. This can be expressed more compactly as

.. 1 y

aDii — [_5((5mi5m + OniOms) o ey (14)

The vector 3V is zero everywhere except at the position m = i = j, where it takes the value 1. This can be formally

written as
BT = [,i0ms] . (15)

m=1-*

Finally, the parameter % is always zero for this model.

Note that there are no parameters to estimate in the diffusion matrix. However, the model can be extended by adding a
parameter in front of £3;".

2.2 Stochastic SIR model

The Stochastic Susceptible-Infectious-Recovered (SIR) model is used in epidemiology to describe the spread of a
disease within a population. The model divides the population into three categories: susceptible (.5), infectious (/), and
recovered (R). In the Stochastic SIR model, the transitions between categories are governed by probabilistic events,
reflecting the inherent randomness in disease transmission and recovery processes.

The following SDE describes the stochastic SIR model:

St o *OéSt]t i OéStIt 0
d[lj_[a%_ m] at + \/N{—V S m] aw,. (16)

where S;, I; are the fraction of susceptible and infectious individuals, respectively, at time ¢ in a population of size N, o
is the transmission rate, 3 is the recovery rate, and W is a two-dimensional Wiener process representing the stochastic
noise. The fraction of recovered is given by R; = 1 — S; — .

This model also fits the setup in (2) since the square diffusion matrix is a second-order polynomial of the state vector,
that is,

. 1 | asi —asi
T —_
XX (s0) = N {asi asi +ﬂz} : a7
Thus, the matrices o/ from (3) are
11 2 _ |0 %} 12 21 «a [ 0 —é]
a =a == , a“=a" = — , (18)
N [; 0 N|-3 0
and 3% are
gl _ g2 _ g2 _ 822 _ B0 (19
- - - Y = N |1l

All 4% are zeros.
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2.2.1 The Student Kramers oscillator

In Pilipovic et al. [2024b], we analyzed the Kramers oscillator with additive noise
dXt = ‘/t dt,
dV; = (—nV, + aX} + cXy) dt + o dW,,

where ¢ < 0 and ¢, > 0, and 7 > 0. This oscillator is a second-order SDE and a stochastic damping Hamiltonian
system. The Kramers oscillator (20) characterizes the stochastic movement of a particle within a bistable potential
4 2
x x
Ulx)=—a— —c—. 21
(0) = —a"7 — % @n
The parameter 7 in (20) indicates the damping level, c regulates the linear stiffness, and a determines the nonlinear

component of the restoring force. When a = 0, the equation simplifies to a damped harmonic oscillator.

(20)

In Pilipovic et al. [2024b], we fitted the Kramers oscillator (20) to Greenland Ice Core data [Rasmussen et al., 2014]
to understand the abrupt temperature changes during the ice ages, known as the Dansgaard—Oeschger (DO) events.
We found that this model only partially fits the data. Precisely, the velocity variable V; did not adequately capture the
spread in the observed velocity. We conjecture that this discrepancy is likely due to extreme values in the data that are
not well accounted for by additive Gaussian noise. This paper proposes generalizing the model (20) to allow for more
heavy-tailed intrinsic noise.

Motivated by these heavy-tailed patterns, we extend the diffusion function to yield a stationary distribution that would
follow a Student’s ¢-distribution if the drift function were linear, in contrast to the Gaussian distribution for additive
noise. Specifically, the invariant distribution of Pearson diffusion (1) when o > 0, 32 — 4ay < 0, a < 2a is a
generalized Student’s ¢-distribution

v+1

L4 ( (fﬁu)2> ’
) = 1+ ,  =zER, (22)
f(@) I(2)Vrve? vo?
where I'(+) is the gamma function and
2
I T A S Y
o 2a ov

The generalized Student ¢-distribution is peaked around the location parameter . If p # 0, it is a skewed distribution.
The peak width is determined by the scale parameter o > 0. The shape parameter, or degrees of freedom, v, influences
the heaviness of the tails.

We also generalize the potential function U (x) (21) to allow for asymmetries between the two modes of the distribution.
The generalized potential function is
4 3 2

x x x
= --qQ— —0— — C— — o 2
U(x) a~ b ) dz (23)
Finally, we define the Student Kramers oscillator (Figure 1) as a solution to

dX, =V, dt,

(24
dV; = (=nV; — U'(Xy)) dt + \/Odem

wherenn > 0,a < 0, a > 0, 62 —4day < 0, a < 27, and X, V; are defined on R. These conditions are necessary to
have a non-exploding solution with Student-type noise. We denote any SDE for an SDE with Student-type noise if the
corresponding SDE with linear drift is a Student Pearson diffusion (see also Forman and Sgrensen [2008], Leonenko
and Phillips [2012]). The condition o < 27 is sufficient for an invariant density to exist. Thus, the unknown parameters
are

o) = {n,a,b,c,d}, and 0 = {a, 8,7} (25)
The squared diffusion function of SDE (24) is

- o 0
b3y (IL‘,’U) - |:0 Oﬂ}2+51}+’}/:| ) (26)

so it aligns with the structure given in (3). Namely, all a'!, a'?, o®! are zero matrices in R2*2, all 811, 3'2, 32! are
zero vectors in R?, and all 4!, y'2, 2! = 0. Moreover,

o = {8 2} Y {2} . AP=n @

Now, we state and prove the following theorem about the solution of SDE (24).
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Theorem 2.1 A unique, strong solution exists to the Student Kramers SDE (24), when n > 0, a < 0, a > 0,
B% — 4ary < 0. An invariant probability measure exists for the system when o < 21).

Proof To prove the existence and uniqueness of the solution to (24), we show that the diffusion function

5 _Jo 0
@0 =0 VaZ+pory

is Lipschitz and that the drift function

v
F(z,v) = {—nv +az® + bx? + cx + d]
is one-sided Lipschitz and of at most polynomial growth (see Assumptions (A2) and (A3) in Section 2.3).

To see that X(x, v) is Lipschitz, we show that the derivative of o(v) = y/av? + v +  is bounded for all v € R. We
have

|2cv + ]
2v/av? + Bu+v
If v = 0, then |0’ (v)| = % Otherwise, for |[v| > ¢; > 0and /1 + 3/(av) +7/(aw?) > ¢z > 0, we have
P ) I | NN S | I
av? + B+~ 2/av?+ Bu+~ Co 2y/aciey
To show that F is one-sided Lipschitz, we start by computing the Jacobian matrix of F as

0 1
3ax? +2bx+c —n|°

o’ (v)] =

DF(z,v) = (28)

Since a < 0 and n > 0, all components of DF(xz, v) are upper bounded, so F is one-sided Lipschitz. By construction,

F has polynomial growth. Thus, a unique, strong solution exists to SDE (24).

Next, we prove that SDE (24) is hypoelliptic using Hérmander’s condition [Hormander, 1967]. To apply this condition,
we first write SDE (24) in Stratonovich form:

dX, =V, dt,

s s 1 1 . 29)
dV; = *17‘/;+aXt+bXt+CXt+d*§ 04Vt+§ﬁ dt +1/aVye 4+ Vi + v o dW,.

Now, the associated drift and diffusion vector fields are
Vo(z,v) = ' Vi) = | el G0
o\L, ) = (fnf%a)v+ax3+bz2+ca:+df%5 ’ &, v) = av? + fu 4|’
We recall that the Lie bracket of smooth vector fields f, g : R? — R?, defined as
[f.9] = Dg(x)f(x) — Df(x)g(x),
is used to verify Hormander’s condition.
We define the set H of vector fields iteratively as
V,eH,
HeH=[VyH][V,H €N

The weak Hormander condition is met if the vectors in 7 span R¢ at every point x € R?. Initially, vector V; spans
{(0,y) € R? | y € R}, a one-dimensional subspace. Therefore, we need to verify the existence of some H € H with a
non-zero first element. It is easy to see that

Vo, V1] = —6(v) <0, VveR,
Vi, Vo] =05(v) >0, YweR.

Thus, the Student Kramers SDE defined in (24) is hypoelliptic, meaning it admits a smooth transition density.
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A trajectory of Student Kramer's oscillator
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Figure 1: A trajectory of Student Kramers oscillator (24) simulated with the Milstein scheme with A = 0.001 and
N = 50000, and with true parameter 19 = 30, ag = —125, by = 40, ¢y = 150, dy = —20, ap = 20, By = —8, and
Yo = 1280.8. The first and second rows show the evolution of the individual components X, and V;, respectively. The
last row shows the evolution of pair (X¢, V;). The first two rows also depict the empirical invariant densities of X; and
V4 in red, overlined by the approximated theoretical invariant densities.

Since SDE (24) is hypoelliptic and the drift and diffusion functions with their corresponding derivatives grow at most
polynomially, SDE (24) has the strong Feller property (see, for example, Theorem 1.2 in Hairer and Pillai [2011]).
Then, we use Theorem 4.5 from Meyn and Tweedie [1993] to prove that SDE (24) has an invariant measure. We choose
V(z,v) = v? + U() as a Lyapunov function. Since a < 0, lim V/(x) = +oc.

lIx[| =00

For SDE (24), the infinitesimal generator is

0 0 1 9?
Lo, v) = 052 + (=m0 — U'(2)) g0 + (a0 + Bu +7) 5.
Then,
o B
L =(=— 24 = = 1
Viw,v) = (5 —n)v?+ 50+ (31
Since v < 27, we can find a compact set K C R2 and constants ¢; > 0, ¢2 € R, such that
LV (x) < —c1[|x||* + col{x € K}. (32)

According to Theorem 4.5 in Meyn and Tweedie [1993], an invariant measure 7 for SDE (24) exists.

2.3 Assumptions

The main assumption is that SDE (4) has a unique strong solution X= (X{).¢[o,7], adapted to (F;).e[o, 7). We have
two alternative assumptions on the diffusion matrix 3 defined in (3) and the SDE (4), determining whether the process

10
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is elliptic (the diffusion matrix is of full rank) or hypoelliptic (the diffusion matrix is of reduced rank and the solution of
(4) admits a smooth density).

(A1) X7 defined in (3) is positive definite on X' x @92.

(A1) X7 defined in (3) is positive semidefinite on X' x Oy, and SDE (2) is hypoelliptic.
The matrix X and thus Oy, define the state space. For example, for the scalar Pearson diffusion (1), the state space
can only be the entire real line, X = R, if « = 8 = 0 (normal distribution) or @ > 0 and the polynomial has no real
roots (t-distribution, possibly skewed). Here, we give a general framework assuming that the state and parameter space

are known and that the diffusion has a strong and unique solution. From a statistical point of view, X is known, so
assumptions (A1) or (A1”) define the parameter space Oy, .

We extend the first two assumptions in Pilipovic et al. [2024a], which are special cases of assumptions in Tretyakov
and Zhang [2013]. Now, following Tretyakov and Zhang [2013], the following two assumptions ensure that a unique,
strong solution exists on the state space X'. These two assumptions are not necessary, but they are sufficient for a
unique solution to exist. We choose these assumptions as a natural continuation of our previous papers [Pilipovic et al.,
2024a,b].

(A2) Function N is twice continuously differentiable with respect to x and 6. Additionally, for all 8 € ©, for a
sufficiently large p > 1, there is a constant C'9 > 0 such that:

(x—y)" (NG 0M)-N(y; 00))+ ZIIE x;0)=%,(y;0%)|* < Colx—y[*, Vx,y€X.

(A3) Function N grows at most polynomially in x, uniformly in 1), i.e., there exist constants Cp1) > 0 and p > 1
such that:

ING; 81) = N(y; 8)||* < Coon (1+ [xI1*72 + [y ~2)Ix —y[*,  vx,y €.
Additionally, its derivatives are of polynomial growth in x, uniformly in ().
We need the following two assumptions to ensure the ergodicity and identifiability of the parameters.

(A4) The solution X of SDE (2) has invariant probability measure vp(dx).
(A5) Functions F and SX7 are identifiable in 81) and 0(2), respectively. That is, if F(x, 0))) = F(x, 8{") and
T2 (x,0) = 22T (x,0)) for all x € RY, then 81 = ' and 62 = 6.

We assume discrete observations (th){fzo = Xog:t, of SDE (4) at time steps 0 =ty < t; < --- <ty =T. For
notational simplicity, we assume equidistant step size h = t; — tx_1.

3 Multivariate Pearson diffusions

In this section, we give details on the extension of Pearson diffusions to a multivariate setting. While this introduces
additional complexity, we retain the desirable property of knowing first and second moments explicitly. A multivariate
Pearson diffusion is described by the SDE (4) with N = 0, that is

F(x)=A(x—b), (33)
ET))y =xTax+x"Y +47,  ij=12..4d, (34)
where it is impossible to represent 3 T (x) in matrix form without using tensors, so we vectorize X T (x).

In the following, we use standard properties of the vec operator and the Kronecker product ® (for more details see
Magnus [2019]). We start by noticing that

T (x )ij = = vec(x"a¥x) +x' B 4+ ~%
=vec(x' ®@x')vec(a’) + B9 x +
=((x®@x)" vec(a))T + B x +

= vec(a) " vec(xx ") + BYTx + ;.

11
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Then, we express the vectorization of EET(X> as

[EET(X)]H Vec(all)T IBIIT ,Yll
vec(EXT (%)) = |[BET ()| = |vec(a'®)T | vec(xx") + | BT | x + || = @vec(xx") + Bx + 7,
=27 (%)) vec(add)T T ~dd
(35)
where we defined
&= [vec(a™) T, .. vec(a! )T ... vec(a?)T]T € R& xd”

B=[BMT,...,pYT .. pUT|T ¢ R4 xd

2
A= (T AT AT T = vee(y) T € RY.

Now, we focus on computing the first two moments of SDE (2). If ¢(¢, x) is a sufficiently smooth function, then from
the It6 formula the expected value of ¢ (¢, X;) evolves according to

d op(t, X (1, Xy) ; 1 [020(t,Xy)
a1t Xl = { } ZE[ Rroand ()(X”}*2;1E{W[22T<Xt”w- (36)

To find the mean vector m(t) = E[X;], we set ¢)(¢, x) = x and obtain

M0 _ Ep(x,)) = A(m(t) - b). G
The solution of the linear ODE (37) is
m(t) = exp(At)(m(0) — b) + b, (38)

where m(0) is a given initial condition.
For the covariance matrix C(t) = E[(X; — m(t))(X; — m(t)) "], setting ¢(¢,x) = xx | — m(t)m(t) ", we derive:

U BIP(x,) (%~ m(6) ]+ B, — m(t)F(X)] + BT (X,) 39)

=AC(Ht)+CHAT +E[ZXT(X,)]. (40)

The previous equation is a matrix differential equation with a form of XX T (X;) that can not be explicitly written
without using tensors. To solve it, we transform it into a linear ordinary differential equation. Using the linearity of
differentiation, vectorization, and expectation operators, we obtain

dvec(C(t))

& = vec(AC(t)) + vec(C(t)AT) 4 E[vec(EX T (Xy))]

= (I® A)vec(C(t)) + (A @) vec(C(t)) + avec(E[X, X, ]) + Bvec(E[X,]) ++
= (A® A+ a)vec(C(t) + avec(m(t)m(t)") + Bm(t) + ¥
= (A DA + &) vec(C(t)) + vec(ZXE T (m(t))).

The solution to this linear ODE, given initial condition C(0), is
¢
vee(C(t)) = exp(A @ A + &) vec(C(0)) + / exp((A @ A + &)(t — 5)) vec(EX T (m(s))) ds. (41)
0

At least two methods exist to evaluate the integral in Eq. (41). First, we can expand vec(XX T (m(s))) in a Taylor
series around s — 0 and apply Theorem 1 from Carbonell et al. [2008]. Second, we can substitute m(s) from Eq. (38)
into Eq. (41) and directly use Theorem 1 from Van Loan [1978]. Here, we opt for the second approach. We begin with

/o exp((A @ A + &)(t — s)) vec(ZX T (m(s))) ds

12
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_ /O exp((A @ A + &) (t — s))(é vee(m(s)m(s)T) + Bm(s) + 7) ds

=T1,(t,A, &) vee((m(0) — b)(m(0) —b) ") + I (t, A, &) vec((m(0) — b)b")
+15(t, A, &) vec(b(m(0) — b)) + I4(t, A, &, B)(m(0) — b) + I5(t, A, &) vee(S T (b)), 42)
where we define
Lt A, &) = /t exp((A @ A + &)(t — s))aexp((A @ A)s)ds € RE <4, (43)
0
IL(t, A, &) = /t exp((AD A+ a)(t—s))aexp(Id A)s)ds € RYxd* (44)
0
I;(t, A &) = /0 exp((ABA+a)(t—s))aexp(A@I)s)ds € RE x| (45)
L(t,A &, B) = /t exp((A @ A + &)(t — 5))Bexp(As)ds € RT x4, (46)
0
I;(t, A, &) = /t exp((ADA+a)(t—s))ds e RYxd* (47)
0

Each of these integrals (43)-(47) can be evaluated using Theorem 1 from Van Loan [1978]. For instance, if we define
the following block matrix

Ml(Aﬂ):{A@ﬁ‘*d AgA} (48)
then,
exoMi(a, ) =[5 1A, “9)

where x denotes a matrix of no particular interest. Similarly, we can compute the other integrals I-I5.

Consequently, we are now equipped to explicitly compute vec(C(t)), from which, by reshaping, we can easily derive
C(t). It is important to note that while this algorithm explicitly calculates the covariance matrix of a multivariate
Pearson diffusion, it may be computationally intensive for large dimensions d due to the need to compute matrices of
size d?. This can be optimized by employing symmetric vectorization svec (cf. [de Klerk, 2002]) or half-vectorization
vech (cf. [Magnus, 2019]) instead of the vec operator.

3.1 Strang splitting scheme

Consider the following splitting of (4)
ax! = AX[Y — b)dt + B(X,;6?) dW,, X} = xo, (50)
axi? = N(x; 0M) at, Xg) = xo. (5D

Equation (50) describes a multivariate Pearson diffusion whose solution cannot be explicitly obtained in general.
However, we can approximate it by approximating the transition density as Gaussian as suggested by Kessler [1997].
Kessler [1997] proposed approximating the transition density with a Gaussian distribution, matching the SDE’s mean
and variance. Generally, these two moments cannot be obtained without knowing the transition density, but they
can be approximated using the infinitesimal generator (for more details, see Kessler [1997]). For the multivariate
Pearson diffusions, mean and covariance can be calculated exactly as presented in the previous section, enabling us to
approximate the solution to (50) as
1 1 1 1 1

X = v (x) = pn(X) 00 + (X3 0), (52)

where £,,(X;, _,;0) o Na(0,9Q5(Xy,_,50)) fork =1,..., N. We can find the function p, by taking the conditional

(1] (1]
k

expectation of X;,* given X;° = x, which is equivalent to setting m(0) = x in (38). Thus, we obtain that

wy(x;0) = m(h) = exp(Ah)(x — b) +b. (53)

-1

Similarly, conditioning on Xgi | = X is equivalent to setting C(0) = 0 in (41), since there is no randomness. Then,
we find the covariance €2y, (x; 0) of &, (x) from (42) as

vec(Q,(x; 0)) = vec(C(h)) = I1(h, A, &) vec((x — b)(x —b) ") + Iz (h, A, &) vec((x —b)b ")

13
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+13(h, A, &) vee(b(x — b) ") + Iu(h, A, &, B)(x — b) + I5(h, A, &) vec(EXT (b)).  (54)

Assumptions (A2) and (A3) ensure the existence and uniqueness of Ele solution of (51) (Theorem 1.2.17 in Humphries
and Stuart [2002]). Thus, there exists a unique function fy, : R4 x Opa) — R4, for h > 0, such that
2 2 2
X = o (X)) = fu(XEL,00), (55)

Ideally, we would like to find an explicit function f;, in (55). Still, sometimes we need to approximate it using standard
numerical tools, like Runge-Kutta algorithms. Here, we assume f}, is readily available, but all the following results also
hold if we approximate fj, up to order h? (see Proposition 2.2 in Pilipovic et al. [2024a]).

For all 81) € ©,), the time flow £}, fulfills the following semi-group properties:
folxi0) =%, fraa(x0W) = fi(£.(x;00);:01), 5> 0. (56)

However, to define the estimator, we need the backward flow f_; = fh_l, which might not be defined for all
h>0,xe X, IONS @00% We, therefore, introduce the following and last assumption.

(A6) There exists ho > 0 such that function f;, *(x; 0(1)) is defined for all h € [0, ho),x € X,01) € ©,0).
Now, we are ready to define the Strang splitting approximation of SDE (4).
Definition 3.1 Let Assumptions (Al)-(A3) hold. The Strang splitting approximation of the solution of (4) is given by:
X = o (XE ) = (@), 0 Wl o 0 )(XP) ) = Fupalpn (Fup (X5 D) + nn(Faa(XE)). 5T

3.2 Taylor expanding €2,,

It may be useful to approximate €2, for future proofs. However, it is important to note that we use the exact expressions
in the implementation of the estimators, with the approximations serving only as a tool for potential theoretical proofs.

To Taylor expand 2 (x; ) (54), we do not expand every integral (43)-(47) separately. Instead, we focus on the
covariance ODE from (39).

Recall that the solution of (50) is approximated such that its density is Gaussian

W(x,t) = N(x;m(t), C(1)). (58)
Recall the covariance ODE from (39)
%t(t) =AC(t) + C(t)AT +EN [Z2T(X,)], (59)

where E[! is the expectation corresponding to probability density (58). Moreover, we denote by LI!] the infinitesimal
generator of SDE (50), that is, for sufficiently smooth function ¢

LM¢p(x) = Dyop(x)A(x — Z d)[E=T ()]

4,j=1

Now, we can Taylor expand C(t) around ¢t = 0

ot dn
C(t) = ——C(0). 60
6= 53 CO) (60)
Taking the derivative of ODE (59) with respect to ¢ and using the definition of the infinitesimal generator L',
AEM [p(X,)] = EM [LW@(Xy)], we compute

d*C(t)
iz = A’C() +2AC(AT + C()(AT)? (61)

+AEN [227(X,)] +EY [Z2T(X,)] AT + EN {L[”EET(XJ :

Taking another derivative of (61) with respect to ¢ yields
d3C(t)
de3

= A3C(t) + 3A’C(H)AT +3AC(Ht)(AT)? +C(t)(AT)?

14
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+ AZEN [227(X,)] + 2AEY [22T(X,)] AT +EY [Z2T(X,)] (AT)? + EW {U”zzﬁ(xt)

+ AR [LUEET(X,)| + BV [LUSsT(X)] AT+ EY [(LU)2ERT(X,)].

Evaluating at time ¢ = 0, we use that there is no randomness in the initial condition so that C(0) = 0. Conditioning on
Xy = x, we get
dC(0)

=37 2
n (x), (62)
2
d 550) =AY (x)+ 22T (x)AT + LUEET (x), (63)
dSC(O) 2 T T T T 2T
7 S ATSE () +2A3R (AT + 23T (A (64)
+ALMEST (%) + LUZDT(x)AT + LEPEE T (x). (65)
Finally, plugging back the previous results in (60), we get
2
Q(x:0) = hEX T (x) + % (AEET(X) +32T(x)AT + U”zz:T(x))
3
+ % (A’EET(x) +2ADT T (x)AT + 2T (x)A?") (66)
3
n % (AL“]EET(X) FLUEST(x)AT + ILMZEET(X)) FR(W, x).

4 Estimators

This section introduces the new S estimator, given a sample Xo.;,, . Subsequently, we provide a brief overview of the
EM, K, and LL estimators. The LL estimator is defined only for SDEs with constant diffusion coefficients. However, it
is sometimes possible to transform the SDE using the Lamperti transform to obtain a new SDE with a constant diffusion
coefficient. These SDEs are referred to as reducible diffusions [Ait-Sahalia, 2008]. We, therefore, present the LL
estimator here because the Student Kramers oscillator treated in our simulation study in Section 5 is reducible, and the
LL estimator can thus also be used.

4.1 Strang splitting estimator

The S splitting (57) is a nonlinear transformation of the Gaussian random variable
o (Frjo (X, :00):00) + & i (F1)2(Xe,_,:01);0).

We define
Ztk (0(1)) = fh_/IQ(th ) 0(1)) - /J’h(fh/Q(th—l 5 0(1))7 0(1)) (67)
and apply a change of variables to derive the following objective function
N
£5(Xo1,50) = Y (10g(det @ (fi/2(Xe,,:0):0)) + Zu, (00) T (fnjo(Xi,,:0):0) 121, (61))
k=1

N
+ 2210g|det th/z(th;B(l))L

k=1
(68)
The S estimator is then defined as i
OEV] = argmin £I8 (X, ; 0). (69)
7
4.2 Euler-Maruyama estimator
The EM method uses a first-order Taylor expansion of the SDE (2)
XM= x M pp(x M 0 4 g2V, (70)
where 5,[524] "% Ny(0,hEET) [Kloeden and Platen, 1992]. The transition density pEM(X,, | X,, ,;0) is

Gaussian, so the pseudo-likelihood follows trivially.

15
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4.3 Kessler estimator

The K estimator assumes Gaussian transition densities p/®/(X,, | Xy, , ;@) with the true mean and covariance of the
solution X [Kessler, 1997], that is, the density of SDE (2) is approximated by

p(x,t) ~ N(X; m(t), C(t)),

where m(t) and C(¢) are the mean and covariance of the solution of SDE (2). When the moments are unknown, they
are approximated using the infinitesimal generator L, that is, for sufficiently smooth functions ¢

oo n

Elg(Xoin) | Xo = x) = 3 ML g(x). 1)

n=0

By setting ¢(x) = x and ¢p(x) = xx " in (71), we obtain approximations of the first and second moments of SDE (2),
respectively. Then, we find the covariance matrix indirectly by computing

EXen Xy | Xe = %] = E[Xypn | Xo = XJE[Xepn | Xy =x]T

Then, the K second-order approximation becomes

XM = ¥ x )+ e x 0, (72)
where $[K] (XLI:] 50) ~ Na(0, QLK] (Xgﬂl :0)), and
h? 0’F(x;00)
¥ (x;0) = x + hF (x;00) + ) DF(x;0W)F(x; 00 + Z RO MOR =27 (x,0?));;

2
ﬂg{] (x;0) = hEX T (x;0?) + % <DF(X; ONEET (x;0) + =27 (x;02)DF(x; W)

d
0T (x;0)) *’TX T (x;0))
; (3) (1) T(x-02)..
30 B2 LSO po ) + ZZ_ e EET (0 ).

1=
While this method is straightforward to implement, a few problems exist in practice.

First, obtaining closed-form formulas for “gq and QLK] becomes more complex for higher-order approximations. Thus,
second-order approximation is the most commonly used in practice. However, for hypoelliptic systems, we need the
third-order approximation of Q[}F]. We do not provide a general formula for the third-order approximation using (65).

Still, we calculate ﬂgq up to order h3 for Student Kramers oscillator in Section 3.

Second, ng does not need to be positive definite. To avoid this problem, Kessler [1997] suggested Taylor expanding
log det ) and (1))~ in 5.

4.4 Ozaki’s local linearization estimator

Ozaki’s LL method assumes an SDE with additive noise, that is
dX,; = F(Xy;0W) dt + = dW,. (73)

If the starting SDE (2) is reducible, that is, if there is a bijective transformation between (2) and (73), then we can use
the LL estimator. For SDE (73), the diffusion parameter 03 is the whole matrix X" . Here, we briefly present the
estimator for SDE (73).

First, we approximate the drift of (2) between consecutive observations by a linear function and then we find the
closed-form solution of the resulting linear SDE (see, [Jimenez et al., 1999]). The approximation becomes

0) +&M(xM 1 g), (74)

tp—17

LL LL
XL 1] 1L

th_17
whereS[LL](X[LL] 0) ~ Nd(07QELLL](XE;Ij}1;0)),and

te—1"

h
Q" (x; 0) ::/ (DF(xi6™) (=) 5377 DF (6 (h=u) g,
0
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M (x; 0) == x + Ry, o (DF(x; 0))F(x; 01) + (AR, o (DF(x;01)) — Ry, 1 (DF(x;01V)))M(x; 0),

h
Ry (DF(x;0W)) == / exp(DF(x; 0 u)u’ du, 1=0,1,
Jo
2FW (x;00) 17
Oz 9z (9) ]

ij

1
M(x;0) = §(Tr H(x;0),...,TrHy(x;0))", Hp(x;0) =
ij=1
We can efficiently compute Ry, ; and Qg‘g] (0) using formulas from [Van Loan, 1978]. For more details, see [Pilipovic
et al., 2024a]. Thus, pl-L] (Xt | Xt,_,;0) is Gaussian and standard likelihood inference applies.

While this method usually performs best in numerical studies, it is the slowest due to e . Moreover,

it can only be applied to reducible diffusions; even if possible, reducing a diffusion can be complicated.

0y - LL
DF(x;0'")h in QEL ]

5 Simulation study

In this section, we conduct a simulation study of the student Kramers oscillator (24), demonstrating its theoretical
aspects and comparing our proposed estimators against those based on the EM, K, and LL approximations. The choice
of these three methods for comparison is motivated by their widespread use and established performance: the EM
estimator is commonly applied in practice, our proposed method generalizes the K approximation, and the LL estimator
is recognized as a state-of-the-art method as shown in Pilipovic et al. [2024a,b].

The true parameters for the simulation are set as follows: 19 = 30, a9 = —125, by = 40, ¢cg = 150, dy = —20,
ag = 20, By = —8, and vy = 1280.8. The squared diffusion coefficient is thus (X(z,v))3, = 20(v — 0.2)2 + 1280
and strictly positive for all v € R.

We begin by outlining the estimators tailored for the Student Kramers oscillator. We then detail the simulation procedure
and describe the optimization process implemented in the R programming language R Core Team [2022]. Finally, we
present and interpret the results of our study.

5.1 Strang splitting estimator

To define S estimators based on the Strang splitting scheme, we first split SDE (24) as follows

Xt _ 0 1 Xt _ *d/C 0 0 0
AT I ) L L e
—— —— —_——

A b N(Xt,Vi)

The nonlinear ODE driven by N(z, v) has a trivial solution where x is a constant. We incorporate these components
into the objective function (68) to obtain the S estimator.

5.2 Euler-Maruyama estimator
For the Kramers oscillator (24), the EM transition distribution is given by
th ‘ th,1 _|® NN T + hv 0 0
Vi ] ' [V ] | v—h(+U'(2))|" [0 hlaw?+Bv+7)])

Due to the ill-conditioned variance of this discretization, we use an estimator that relies solely on the marginal likelihood
of Vi,

N v, VA +U
~ . Z - h(nVi, (X, )))2
H[ENI] 1 h ‘72 C”/’ ( e th—1 k=1 k=1 .
N argomlnk 1 og(A( br—1 s +7)) h(oz[/tif1 + Vi, Jr’Y)

5.3 Kaessler estimator

From (72), the transition distribution of the K approximation is

] ] =[] = e abbcom)

tr—1
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where ,
x4+ hv — 2 (nu+U'(2))

/ h 2 / " (75)
v—h(mv+U'(z) + %5 v +nU'(z) = U"(z)v)

pi (2, 0) =

Here, we cannot use QLK] from (72) directly because it is singular. Instead, we use formula (65) to add one more order
[K] :
of hto €2, and obtain

3
A, 0) 0 = (0 0at ) +9). 76)

3

h? I}
ﬂgq (x, U)(1’2) =5 (v(va+B8)+7v) + 3 (2bvx2a + 2avxda + v2a? + b’ B + ax® B + vaB + d (2va + 5))

3

+ (cm (2va + B) + ay — (5v2a +4v8 + S’y) 77) , a7

6
2
QElK] (z,0)3? = h(v(va+B) +7) + % (2bvz’a + 2ava’a + v2a® + bz’ B + az®B + vaf + d (2va + B))

h2

+ = (cac 2va+ B) + ay — (4v2a + 3vB + 27) 77)
h3

+ 5 (2d2a + 8bvlza + 12a1)2:z:2a)
h3 . .

+ 3 (2b2x4a + dabz® o + 202z o + 2bvza? + 2avzPa® + v ad + 6bvx B + Yavz? S + b:czozﬁ)
h3 .

+ 5 (az’aB +va®B + do (4z(c + z(b + az)) + 2va + B) + 4bay + 6ax®y + o’y + 2¢%2°a)
h3

+5 (=d (10va + 38) n — (bz® (10va + 3B) + az® (10va + 38) + a (6v°a + 508 + 47)) n)

h3
+ 5 ¢ (4v°a + 42° (b + az)a + 3vB + zaf + 2v + 2vza(a — 5n) — 3z1)
h? 2 2
+ 5 (1207 + TvB + 47) > (78)

Although we could trim ng to include only the lowest order terms of h, leading to an estimator based on the strong
order 1.5 scheme in Ditlevsen and Samson [2019], we use the full approximation given by formulas (76)-(78). The K
estimator is defined as

N

6! = argmin > (log et O (Vi) + (Yo, = ) (Voo )OIV, ) 7 (Ve — (Y0, 1)))
k=1

where Y;, = (Xy,,V;,) fork=0,1,...,N.

)

5.4 Ozaki’s local linearization estimator

To derive the LL estimator, we first need to transform the SDE (24) to one with a constant diffusion coefficient. We
achieve this by applying the Lamperti transform ), similar to the approach in Nagahara [1996] for a one-dimensional
nonlinear student-type Pearson diffusion. We have

Ve 1 2
U =9y(V) = dv —— arcsinh 2oVt B .

Varr+ oy Va Vaary — B2
Since we assume that o > 0 and 4ay — 62 < 0, then
_ v/ 4ay — B2 sinh(y/aU;) —
a
We transform SDE (24) by applying Itd’s lemma to {E(Xt, Vi) = (X¢, v(Wh))

dx, = FO (=1 ( Xy, Uy)) dt,
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102y

au, = (ngth, UD)FO (@1 X0, U) + 5 =5 (7 (X, Ut>02(w1<Ut>>>> dt + AWV},

The transformed SDE becomes

_ B2 sinh(valy) _ f
BT
av, = | - (77 . %) tanh(y/aUy) N =n—U'(Xy)

va VY- %cosh(\/aUt)

To implement the LL estimator, we need to find DF(z, u) for the corresponding drift function F, which is

0 A/ v - %cosh(\/aUt)

DF(LE,U) = U () n+e La—U'(X)
- — = - 2 20 Y—/atanh(y/aUy)
Vi-Zeosh(vauy) OVl L% coan(vauy)

Then, the LL estimator for SDE (24) is given by

dt + dW;.

~

N
0" = arg uin {Z@?(Ytk) — @Y )) T Y ) T B (Ya) =y ($(Ye)
k=1

N N
+3 logdet QM (Yo, )+ log(w’(vtk)Q)} : (79)

k=1 k=1

where M%L] and Q%L] are defined in (74). The last term in (79) arises due to the change of variable formula.

5.5 Trajectory simulation

We simulate sample paths using the Milstein discretization scheme [Kloeden and Platen, 1992] with a step size of
hS'™ = (0.0001 to ensure high accuracy. To reduce discretization errors, we sub-sample the path at wider intervals to
obtain time steps i = 0.005, h = 0.01, and h = 0.02. We fix the time interval length to 7" = 50 and adjust the sample
sizes for each h accordingly. We repeat the simulations to obtain 1000 data sets.

5.6 Optimization in R

For optimizing the objective functions, we follow the approach in Pilipovic et al. [2024a] using the R package
torch [Falbel and Luraschi, 2024], which supports automatic differentiation. The optimization employs the resilient
backpropagation algorithm, optim_rprop. We use the default hyperparameters and limit the optimization iterations
to 1000. The convergence criterion is set to a precision of 10~? for the difference between estimators in consecutive
iterations. The initial parameter values are set to (50, —200, 10, 100, 10, 30, —5, 1000).

5.7 Results

Figure 2 presents the simulation study results. It shows the distributions of the four normalized estimators EM, K, LL,
and S. The time interval T is fixed at 50, and the step size h varies from 0.02 to 0.005, where each h is half the size of
the previous. Consequently, the sample size doubles from N = 2500 to N = 10000 to keep the observation interval
constant. Figure 2A presents the estimators of the parameters of the potential U (), while Figure 2B focuses on the
damping and diffusion parameters. All the estimators perform well for the potential parameters, with LL being the best
for the largest h. In contrast, all methods except S show significant bias for the damping and diffusion parameters.

6 Conclusion

This paper extends the Pearson diffusion framework to multivariate models with quadratic diffusion coefficients and
nonlinear drift. We provided a concrete example with the Student Kramers oscillator, a hypoelliptic two-dimensional
model with nonlinear drift and a ¢-distribution type noise, proving the existence, uniqueness, and invariant measure
of its solution. We also briefly described two other examples: a coupled multivariate Wright-Fisher diffusion of
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Parameter estimations for the Student Kramers oscillator with T = 50
A) Estimates of parameters in potential U(x)
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B) Estimates of damping and diffusion parameters
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Figure 2: Normalized distributions of parameter estimation errors (é N — 0p) @ B based on 1000 simulated datasets
with a fixed time interval of length 7' = 50. Different colors indicate the type of estimator. Each column corresponds
to a different parameter, and each row corresponds to a different value of h, and consequently N. A) Distributions
of the estimators of the potential U (). B) Distributions of the estimators of the damping parameter 7 and diffusion
parameters.
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arbitrary dimension (depending on the number of loci and alleles at each locus) and the stochastic SIR model. Through
comprehensive simulations, we illustrated the performance of our estimator, which is particularly suitable for diffusion
parameters.

This work’s implications are useful for the field of stochastic modeling. By broadening the scope of Pearson diffusions
to encompass multivariate and nonlinear drift scenarios, we enable more accurate and flexible modeling of complex
dynamical systems. Our estimator’s ability to handle these scenarios while maintaining computational efficiency
positions it as a valuable tool for researchers and practitioners dealing with multivariate data.

The Student Kramers oscillator example showcases the potential of our approach in real-world scenarios, offering
insights into the behavior of stochastic systems under various conditions.
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SUPPLEMENT TO "PARAMETER ESTIMATION IN NONLINEAR MULTIVARIATE
STOCHASTIC DIFFERENTIAL EQUATIONS BASED ON SPLITTING SCHEMES"

BY PREDRAG PILIPOVIC(), ADELINE SAMSON AND SUSANNE DITLEVSEN

Section S1 provides proofs for all propositions, lemmas, and theorems. References to equations and sections that
do not begin with "S" refer to the main paper. The properties necessary for subsequent proofs are outlined in Section
S2. These properties encompass Gronwall’s and Rosenthal’s inequalities, as well as Central Limit Theorems for a
sum of triangular arrays. In Section S3 we discuss in more detail the LL and HE estimators.

If not stated, we assume the parameters are the true ones, and the expectations are taken under the probability
measure. Occasionally, we omit explicit parameter notation to enhance clarity. For instance, E implicitly denotes Eg.

S1. Proofs. In Section S1.1, we provide the proof for the Lie-Trotter splitting (LT), while Section S1.2 contains
the proofs for the Strang splitting (S). Proof of L convergence of the splitting scheme is in Section S1.3. The proof
of Lemma 4.1 is in Section S1.4. Additionally, the proofs of moment bounds are detailed in Section S1.5. Sections
S1.6 and S1.7 present proofs of consistency and asymptotic normality of the estimators, respectively.

S1.1. Proof for the Lie-Trotter splitting.

PROOF OF PROPOSITION 3.4. To establish the proposition, we compare the actual first moment of the solution to
SDE (1), as obtained from Lemma 2.1, with the moment derived through Taylor expansion of the LT approximation.
First, we prove the proposition for LT splitting as defined in the paper. By performing the Taylor expansion of

E[@%LT] (x)] = pn(fry2((x)) =eAl £y, (x)+(I — eA™)b around h = 0, using Proposition 2.2, we arrive at:

2
D mn(fayal(x)) = x+ h(AGeb) + N(x)) + - (A%(x-b) + 2AN(x) + (DN(x))N(x)) + R(H,x).

The coefficient of / in (S1) is F(x), which aligns with the coefficient of & in the theoretical moment of the solution
to (1) as provided in Lemma 2.1. However, in Lemma 2.1, ¥ appears in the coefficient of 2, while it does not appear
in (S1). Consequently, to achieve the order of convergence R(h3,x), we need to make the following unrealistic
assumption.

SA) YL Y [BRT);02FO(x) =0, forallk=1,...,d.

Upon comparing expression (S1) with the true moments of the SDE solution under Assumption (SA), we arrive
at (DF(x))N(x) = (DN(x))F(x) to ensure equality of the coefficient at order h?. However, the last equation
holds true for all x € R? only when N is linear. Therefore, achieving the order R.(h?,x) one-step convergence is
feasible only if SDE (1) is linear.

We now aim to show that changing the composition order within the LT does not affect the one-step convergence
order. To demonstrate this, we define the reversed LT:

X, = e ) = (@ 0 oK) = il (KT + ).

th_1

We compute E[fp, (per(Xe, ,) +&nk) | Xt _, = x|, which is equivalent to calculating ]E[fh(ng) \ x = x| =

ti—1

E[ fh(p,h(Xm )+ &nk) | xl = x|. The infinitesimal generator Ly for SDE (3) is defined on the class of

th—1 tr—1

sufficiently smooth functions g : RY — R by Liyg(x) = (A(x—b))Ta%—(xx) + 1 Tr(EX"H,y(x)). This yields:

h2
(52) Elg(Xi,) | X5, =x] = g(x) + hLpyg(x) + 7 Lf9(x) + R(h%,x).

th—1
We apply (S2) to g(x) = f}(li) (x). For calculating L f}(li) (x) and L[Ql] f}(f) (x), we use the Taylor expan-
sion of f(x) around h = 0, as provided in Proposition 2.2. The partial derivatives are 0; f}(li)(x) = 6;» +
1



2

hd;N® (x) + R(h%,x) and 02, f\" (x) = ho% N (x) + R(h2 x). Since Ly f\” (x) is multiplied by / in (S2),
we only need to calculate it up to order R(h, X) We have Ly fh (x) = (A(x=b))® + h(A(x—b)) VN (x) +
8 Te(ESTHyw (%)) + R(h?,x). Similarly, we have L7, F9(x) = (A(x=b)) TV(A(x=b))® + R(h,x) =
(A(x—b))TA® + R(h,x). Thus,

(S3)

h2

[f(Z (Xi[fi ) Xl[t}j_l =x]= 2@ 4 hN(i)(x) + ?(N(x))TvN(i) (x)

+ h(A(x=b))D + K2 (A(x—b)) T VN (x) + h; Tr(EX THyo (x)) + h;(A(x—b))TA@ + R(h?,x)

— o B+ L (P0) T (VN () + (A(x—b) VFO () + Te(EE Hyr () + R ).

Using that F@)(x) = (A(x—b))® + NO(x), 2206 — (AO)T 4 VN (x) and Hpe (x) = Hyeo (x), the
expectation of the true process rewrites as:

IE[Xt(Z) | X, =x] =2 + hFO(x)

(NG TTFO () + (A (x-b) VPO () + 2 TSR H v () + RW. ).

The final equation coincides with equation (S3) only up to order R(h,x). Despite the reversed LT has the
term with XX T at the order h2, the coefficients do not match. Thus, to obtain order R(hQ,x), the condition
(N(x))"VFO(x) - 2 Tr(EXTHyo (x)) = (F(x)) T VN©(x), must hold for all i = 1,..., d. Given Assumption
(SA), the condition for achieving a higher one-step convergence order remains equivalent to the case of the original
LT. Ol

S1.2. Proof for the Strang Splitting. 'We continue employing the Taylor expansion to establish the numerical
properties of the S approximation. To begin, we introduce a helpful Lemma S1.1 regarding the approximation of the
composition of the mean function ;, and the nonlinear solution f}, ;. Lemma S1.1 expands gy, (fj,/2(x)) around
h = 0 in various ways, each retaining the crucial terms necessary for the subsequent proofs.

LEMMA S1.1.  For the mean function py, and the nonlinear solution fy, / the following three identities hold:

L g (frj2(%) = Frjo(x) + hA(x—b) + 5 AF(x) + R(h?,x)
2. pa(Fp2(%)) = £ p(%) + hF(x) + % AF (x) + R(h%, x).
3. pi(faja(x)) =x + hA(x—b) + IN(x) + (A% (x — b) + AN(x) + }(DN(x))N(x)) + R(h%,x).

PROOF. We prove only the first two identities, as the last one follows the same reasoning. Utilizing the
definition of py, its Taylor expansion and the expansion of fj, /5, we obtain: pj(fp/2(x)) = (I + hA +

b2 A2)(fy/9(x)—b) + b+ R(h? %) = fi,/2(x) + hA(x—b) + L AF(x) + R(h?,x), which concludes the first
part.
For the second part, Proposition 2.2 gives f}, /5(x) — f}:/é(x) = hIN(x) +R(h?,x). This leads to: g5 (f,/2(x)) =

£ jp(%) + hF(x) + % AF(x) + R(h%,x). O

PROOF OF PROPOSITION 3.6. We begin by introducing a new function of x, arising from the third property of
Lemma S1.1:

2
Qn(x) = g(QA(x—b) + N(x)) + %(4A2(x—b) +4AN(x) + (DN(x))N(x)).

Then, for a generic random vector X we use Proposition 2.2 and Lemma S1.1 to write:

Frjo(n(Fry2(X)) + €n) = Frjo(X + Qu(X) + & + R(P?, X))
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=X+ QuX)+ &, + gN(X + Qu(X) + &)

54 + I DN(X +Qu(X) + ) IN(X + Qu(X) + ) + RO, X).

Consequently, we expand:
N(X + Qu(X) + &) = N(X) + (DN(X))(Qn(X) + &)

(s5) + 5 1Q0) + &) Hye (O(Qu(X) + &), + RO, X).

The term [Q,(X) "H v (X)Qn (X)), is R(h?,X), while the terms with only one &;, have zero means. Thus,
(56)

EIN(X +Qn(X) +&n) | X =x] = N(x) + (DN(x))Qn(x) + %UE[E}THNm (X)én | X =x]JL, + R(A? x).
Lastly, we compute:

E[, Hyo (X)&n | X =x] = E[tr(§, Hyo (X)€n) | X = x] = tr(Hyo (X)E[€r€, )
d d
= D R NO)var(€n)le = Y 05 ()]0
Ji.k=1 g k=1

We use the approximation of the variance of the random vector &, to get E[N(X + Qx(X) + &) | X = x| =
N(x) + (DN(x))Qn(x) + g[z;{k:l[zzT]jkang@) (x)]L, + R(h?,x). Taking the expectation of (S4) and
incorporating the previous equation completes the proof. O

S1.3. Proof of LP convergence of the splitting scheme. Now, we present the proof of LP convergence stated in
Theorem 3.7.

PROOF OF THEOREM 3.7. We use Theorem 3.3 to prove L” convergence. It is sufficient to prove the two
conditions (1) and (2). To prove condition (1), we need to prove the following property:

(ElIXe, — @8 (X, )P | Xy, =x])7 = R(h%, x),
where g = 3/2. We start with | X, — ®/(X,, )P = Xy, — Xi,_, — BF(Xy,_,) — €ns + R(BY/2, Xy, )|IP.

For more details on the expansion of @f}, see the previous proof. We approximate &y, j, = ftik,l eAl—5) 33 W by:

tr
Enp— / I+ (ty—5)A)SdW, + R(h2. X, )
th—1

ty
:E(Wtk —Wtkil) +A2/ (tk —S) dWS+R(h2,th71).
th—1

Using the fact that j;i’“_l (tx — s)dW, ~ N (O, %31) we deduce that &, = Z(Wy, — Wy, ) +R(M3/2,X,, ).
Then, Holder’s inequality yields:

||th - X'tk—l - hF(th—l) - E(Wtk - Wtk—l)Hp

<w [ IR~ FX )P,

Assumption (A2), the integral norm inequality, Cauchy-Schwartz, and Holder’s inequalities, together with the mean
value theorem yield:

E[[Xs, — @0 (Xe, )P | Xy, =x]

ty
< C(]E[hp‘l/t |F(Xs) = F(X¢, ) [IPds | Xy, =x])



tr 1
saM*/ st>%ﬁm/ixm&w&xmnmwﬂ&mzﬂm>
tk 1 0

tk 1
=¢ <hp_1 / (E[l|Xs — Xy, I | Xy, =x])2

th_1
1 1
]E[H/ DyF (X, —u(Xs — Xy, ) dul|?P | Xy, _, =x])2 ds)
0

tr
< C(hP1 / ht ds) = R(h*/? x).
tre—1

In the last line, we used Lemma 4.1. This proves condition (1) of Theorem 3.3.

Now, we prove condition (2). We use (5) and (11) to write th Tnja(e AR (£, /Q(XE - ch] )+ X&])
Define Ry, := eAM(f;, /Q(XE]) - XE]) and use the associativity (9) to get Ry, = A" (f1,(Ry, _, XE]) - Xi]).
The proof of the boundness of the moments of Ry, is the same as in Lemma 2 in Buckwar et al. (2022). Finally, we

have XE] I, /2( “AMR,, + X[ ]) Since fh_/12 grows polynomially and XE] has finite moments, XE] must have
finite moments too. This concludes the proof. OJ

S1.4. Proof of Lemma 4.1.

PROOF OF LEMMA 4.1. We first prove (1). In the following, C; and C'y denote constants. We use the triangular
inequality and Holder’s inequality to obtain:

t
XX <27 [ B0 ds)? + SOV, - Wi, )1P)
ti—1
t
<o ([ G+ X A+ [E(We — We,_)|7)

tr—1

t
< 2p_10f(/ (14 11X = X, |+ XK, [ ) + 227 HIB(We = Wy, )|IP

th_1

t
<2OHTICN(t - tk—l)p_l(/ X5 = X, P9 ds o+ (= tp1)P(1+ [ X, [)P)
tre—1

+2P (W, = Wy, )P,

In the second inequality, we used the polynomial growth (A2) of F'. Furthermore, for some constant Cs that depends
on p, we have E[|S(W; — W,,_)||P | Fi,_,] = (t — t;,_,)?/>Ca(p). Then, for h < 1, there exists a constant C,,

that depends on p, such that:

Cplt =t (L X, )P 4 Cplt =t P2 < Cplt — i) P2 (14 [ X )
The last inequality holds because the term of order p/2 is dominating when ¢ — ¢;_; < 1. Denote m(t) = E[||X; —
Xt P | Fi._,]- Then, we have:

t
(S7) m(t) < Cp(t — ti1 )PP (1+ | Xp N +Cp | mT(s)ds.

tr—1

Now, we apply the generalized Gronwall’s inequality (Lemma 2.3 in Tian and Fan (2020), stated in Section S2) on
(S7). Since we consider a super-linear growth, we can assume that there exist C1 > 1 and C), > 0, such that:

m(t) < Cplt — ti)P/>(1+ [ Xp )% + (687 (1) = (Cy — 1277 Cyt — ty_y)) =
(S8) < Cp(t — te1)P2(1 + || Xy, [N + Ci(t),
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where £(t) = Cp(t — t)_1)CP/2+1(1 4 || Xy, _,)¢». The bound C' in inequality (S8) makes sense, because the
term:

(1—(Cy— 1)2C1*10p(t —tg_1)KC1(t)) -1

is positive by Lemma 2.3 from Tian and Fan (2020). Additionally, the same term reaches its maximum value of 1,
for t =t;_1. The constant C in (S8) includes some terms that depend on ¢ — ¢;_1. However, these terms will not
change the dominating term of x(t) since h < 1. Finally, the terms in x(t) are of order p/2, thus for large enough
constant C,, it holds m(t) < Cp(t — tp_1)P/?(1 + || Xe,_, I)7.

To prove (2), we use that g is of polynomial growth:

E[lg(Xe;0)] | F,_.] < CLE[(L+ 1Ko, |+ 1Xe = X, ) | Fr]

< 02(1 + ||th71 ”C1 + IE‘[HXt - X'tk—l ||C1 | ‘Ftk—l])'
Now, we apply the first part of the lemma, to get:
Ellg(Xe;0)] | Fou,] < Co(1+ [ XKoo 1+ Cpy,, (14 X, )9

< Crogy (14X, 1D
That concludes the proof. O

S1.5. Proofs of the Moment Bounds. Before proving the moment bounds, we first demonstrate in Lemma S1.2
how the infinitesimal generator L operates on a product of two functions.

LEMMA S1.2. Let L be the infinitesimal generator defined in the main text of SDE (1). For sufficiently smooth
functions a, 8 : R — R, it holds:

L(a(x)B(x)) = a(x)LA(x) + B(x)La(x) + % Tr(ZXT (Va(x)V' B(x) + VB(x)V a(x))).
PROOF. We use the generator L and the product rule to get:

L((x)B(x)) =F(x) " a(x)VB(x) + F(x) " B(x)Va(x) + % Tr(EX T (a(x)Hp(x) + B(x)Hq(x)))
4 %Tr(EET(Va(x)VTB(X) + VAV ax)))

=a(x)LA(x) + B(x)La(x) + % Tr(ZE' (Vax)V' B(x) + VEx)V ' a(x))).
This concludes the proof. O

PROOF OF PROPOSITION 4.3. Proof of (i). Lemma S1.1 yields:
IE[fh_/lg(th) - P’h(fh/Q(thfJ) ‘ th,—l = X] = E[fh_/lg(xtk> | th-71 = X] - uh(fh/2(x))

= E[fh_/lz(th) | Xt , =%] — fh_/12(x) _ hF(x)

2

- %AF(X) +R(h3,%).

Now, we use the infinitesimal generator L to evaluate the expectation in the last line where the generator L is
applied to a vector-valued function. We have:

_ _ _ h? _
E[fh/lg(th) | Xty = X] = _fh/12(x) + thh/lg(X) + ?Lth/IQ(X) + R(h37x)'
We use fh_/IQ(x) = f_n/2(x) and Proposition 2.2 to get:
th—/g(x) =ILx— gLN(x) +R(h%x) =F(x) — gLN(x) + R(h%, %),

LQf;j/lg(X) = LA(x—b) + LN(x) + R(h,x) = AF(x) + LN(x) + R(h,x).
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It follows that IE[.fh_/lg(th) - l‘l‘h(fh/Q(th-fJ) | th-,71 = X} = R‘(h37 X)'

Proof of (ii). In this proof, we distinguish the true parameters 8, from a generic parameter 6. We start with the
expansions of f;- Land p,:

EO[)[(-fh_/lz(th;/BO) — o (Fr2 (Xt 13 80); 80))g(Xe s 8) T | Xy, =]

= B X0 (X, 8)" X0, , =] — 2B, N(Xy,:B0)8(X0:8) T | Xy, =
- X]EOO [g(tha/B)T | th71 = X] - g(2AO(X_b0) + NU(X>)E90 [g(Xtmﬂ)T | th—l - X} + R(h2,X)
= xg(x:8)" + hlo, (xa(x:B)T) ~ T No(x)g(x:0)T

—xg(x;8)" —hxLe,g(x;B8)" —hA"(x—by)g(x;8)" — gNo<x>g<x; B)' +R(h* x)

= hLg,(xg(x; B)") — hxLo,g(x;8)" — hFo(x)g(x: 8)" +R(h’ x).
Lastly, Lemma S1.2 and the definition of Lg, yield:
1
Lo, (xg(x;8)") =xLo,g(x;B) + (Lo,x)g(x;B) " + 5 (E2g D g(x: 8) + Dg(x; )£ )

= xLo,g(x:8) +Fx fo)e(x:8)T + 3 (B8] DTg(x:) + Dglx; 425,
Proof of (iii). We introduce g(X,;B0) = fg/lz (X4, ;B0) and use (ii) to show:
Ee(l[(f;f/lz(xtk;ﬁo) — n(fr2(Xe, ;ﬁo);ﬁo))(fh_/lz(xtk;ﬁo) — pn(Fr2(Xe380); B0) T | Xe,, =x]
h
= 5(220TDTg(X;50) + Dg(x; 80) 5%, )

- ]EGO [f}?/lg(thaﬁO) - /“"h(fh/?(th—l;/BO); /80) | X‘tk—l = X]l'l’h(fh/Q(X; ﬁo)a ﬁo)—r + R(h’27 X)'

The result follows from property (i) and
Dg(x;80) =1+ R(h,x). O

S1.6. Proof of consistency of the estimator. 'The proof of consistency consists in studying the convergence of
the objective function that defines the estimators. The objective function Ly (3,<) (23) can be decomposed into
sums of martingale triangular arrays. We thus first state a lemma that proves the convergence of each triangular
array involved in the objective function. Then, we will focus on the proof of consistency.

LEMMA S1.3. Let Assumptions (Al)-(A6) hold, and X be the solution of (1). Let g,g1,82 : R? x © x © — R4

be differentiable functions with respect to x and 8, with derivatives of polynomial growth in x, uniformly in 0. If
h — 0and Nh — oo, then:

N P,
L & > Z, (Bo) (EET)71Zy, (Bo) FYT Tr(ZxT)7'2%]);
k=1 h—0
N Po,
2. 2 S g(Xe 1:80,8) T (ZET) g(Xe, B0, 8) —2s 0
k=1 Nh—o00
h—0
N P"U
3. % 2 Zi (Bo) T (2ET)g(Xe, 11 B0, B) ——— 0;
k=1 Nh—oo
h—0
N Po,
4 35 2 Zi,(Bo) (Z2T)'g(Xy, B0, B) ——0;
k=1 Nh—o00
h—0
N Po,
5. % 2 Ze(Bo) (2 T) 'g(Xy,; 80, 8) —— 0;
k=1 Nh—oc0

h—0
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6. ~r i Z:,(Bo)" (Z=T)'g(Xt,;80,8) ——

[Tr(Dg(x; B0, B)EZ] (EET) 1) dig(x);

N Pe,
. % I(thfr;1605IB)T(EET)_lg2(th;1807B) - 0,
= Vg

uniformly in 6.

Lemma S1.3 plays a central role in demonstrating the consistency and asymptotic normality of the proposed
estimators. The lemma deals with the uniform convergence of multiple triangular arrays, and proving various aspects
of it involves a range of technical tools and methods. Different parts of Lemma S1.3 require distinct strategies to
establish appropriate bounds, which can be intricate. Once these bounds are established, we leverage the properties
discussed in the preceding section.

For instance, when establishing point-wise convergence, we primarily rely on Lemma S2.2. On the other hand,
for proving uniform convergence, we utilize both Lemma S2.3 and Lemma S2.4. Throughout the proof of Lemma
S1.3, a recurring theme is to interpret quadratic forms as traces and exploit the cyclic property inherent to them.
Additionally, we employ fundamental mathematical tools like the mean value theorem, the Cauchy-Schwartz
inequality, and Holder’s inequality in various instances.

Furthermore, there are occasions where we require inequality for norms, particularly the Frobenius norm. To
address this, we introduce the Frobenius inner product of matrices M; and My in R™*™ as (M, M) p :=
Tr(M] Ms). Leveraging Holder’s inequality on Frobenius norm provides us with the following bound for the trace
of a matrix product: || Tr(M{ May)|| < || Tr(M;1)]|[|M2]|.

PROOF OF LEMMA S1.3. Proof of 1. As previously discussed, we introduce a martingale array that corresponds
to the limit outlined in point 1. We then utilize Lemma S2.2 to facilitate our analysis. We denote Y (Bo,s) =
ztk (Bo) T (EXT)"1Z, (By). We have:

ZEBO[YkN(ﬂ()?C) ’ th-, 1 Nh Z]EOO Ztk BU) (EET) 1Ztk ﬁo ‘th 1]
k=1

N
o S TH(ST) B, 20, (804, (80) T | X, )

k=1

N

_ 1 Ty-1 T 2 Poo Ty-lsy2T

_N—hE jTr((zz: ) IhEE] +R(h ,th,fl))wi‘r((zz ylesl).
= —

To use the result of Lemma S2.2, we need to prove that covariance of Y (Bo,s) goes to zero. To achieve this,
we leverage Corollary 3.8 and recall that if p is a Gaussian random Vector p ~ N(0,TI), then E[(p" Mp)?] =
2 Tr((MIT)?) + (Tr(MII))?. This leads to:
N N
N 2 _ Ty—1 2 3/2
Z[E‘go [Yk (ﬁo,() | th 1 N2h kz Eeo Eh k ¥x ) Eh7k) | thfr] + R(h / 7th71))

N
11 _ - P,
"~ NAN RTr(EE) %02 ) + (Te((Z8T)7'203)))* + R(W2, Xy, ,)) = 0,
k=1

for Nh — 00, h — 0. Then, by Lemma S2.2 1 3" Zy, (Bo) "(ZXT) ' Z¢, (Bo) oo, Tr(ZET)71Ex)),
for Nh — oo, h — 0. To establish the uniformity of the limits with respect to ¢, we turn to Lemma S2.3 and
introduce sets O, such that ¢ = (¢1,62,...,¢s) € O, X O, X -+ X O, = O. Then it is enough to show that for
all j=1,...,s, it holds:

(S9) sup Eg,[ sup |0,
Nellil 0 [<7€p<]| gJNh

Zztk (B0) (£27) 2, (80)]] <



8

We use the well-known rule of matrix differentiation dx (a' X 'a) = —X'aa’ X!, where a is a vector and X
is a symmetric matrix, to get:
dpv Tr(a’ C7H(x)a) = — Tr(C~(x)aa’ C(x)d,» C(x)) = — Tr(aa' C~1(x) (9,0 C(x))C 1 (x)).

We omit writing 3 for ease of notation. Then, by using the trace bound, the norm inequality, and Assumption
(A4), we can deduce that:

N

SllpIEgO sup a] Z EET 1Z <SupIE00 sup a Tr ZT EET 1Zk
s B[ sup uMZ )2, Nh;%e&) (2] (=) "'z,

3

N
1 _ _
< sup Eo | > Te(Zi,Z,) sup [(BBT) N0, EE)(BRT) ]
eN P

1 €0,

N N
1 1
< sup Eg, Te(Zs, Z,) ) sup [[(ZEZT)7Y?0. 2T || < CsupEg,[— > Tr(Z Z/]
sup Bou g7y D (220 sup (58771710, BT < sup Bl 3 T2 2)
1 1
— C;u% Eo, [Eo, (7 > Te(Ze,Z) | X, )] = stvu% Egn[mthzzg +R(h%, X, ,))] < .
€ k=1 € k=1

Proof of 2. We use Lemma 4.2 to deduce:

N
1 _ o, _
728X 160 8) (BET) e(Xi, 1 60.8) = / g(x;80,8) ' (B2 1) ~'g(x; Bo, B) dvo(x),
k=1
uniformly in @, for Nh — oo, h — 0. Then we use the bound of g to conclude the proof of 2.

Proof of 3. For Y;¥ (80, 8) := %2y, (B0) "(SE7)"'g(Xs, ,: Bo. @), the limit of S, Eg, [V}" (B0, 6) | Xy, ]
rewrites as:

N N
ZEBO [YkN(ﬂ()?e) | th_1 = i Z]EBO Tr(Ztk (IBO)T(EET)_lg(XM—1;ﬁovﬂ)) | th—i]
k 1

k=1
1 N
NZTT (=2")'g(Xt, 1360, 8)Ee, [Zt, (Bo) " | Xt ,])
=1

N

1 .

= < YRR Xy, ,) ) Zooy ),
k=1

for Nh — 00, h — 0 . Then, we study the limit of Zk:l Eg, VY (B0,0)? | X4, ,]:

N
Z ]EOO [YkN(ﬁov 0)2 | th—l]

k=1
N
- % ZEBO [g(th-,fﬁlBO?IB)T(EET)_lztk (/80>Ztk: (IBO)T(EzT)_lg(thf];180718) ’ X‘tk:—l]
k=1
1 N
=3 2_&8(Xu1380.8) (ZB )" Eo, 21, (B0) 20 (B0) " | X, ](Z2T) ' &(Xs, 3 0. B)

=

h Po,
R(N,th,l) —%0 0,

=]~
M= r

ol
=
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for Nh — oo, h — 0. Lemma $2.2 yields that & S" | Z,, (Bo) T (Z27)'g(Xy, ,; B0, B) 2,0, for Nh — 0,
h — 0. To show the uniformity of the limits with respect to 8, we leverage Lemma S2.4. It is sufficient to demonstrate
the existence of constants p > [ > r + s and C' > 0 such that for all 8,8, and 0, it holds:

N
(S10) Eo,[| Y Vi (B0, 0)P] < C
k=1
N
(S11) Eo,[| D (Y3 (B0, 01) — Y3 (B0, 02)) "] < C[|61 — 0o]".
k=1

We begin by considering equation (S10). Based on the definition of Z;, (3y) and the assumptions made about N, as
well as the fact that A < 1, there exist constants C'; and Cy such that:

(512) 1Ze, (Bo)|IP < [1Xe, =X, IP + CrRP (L4 || X, [N + CabP (14 [ X, [N,
Then, Lemma 4.1 yields:
(S13) Eg, [[|Ze. (Bo) P | Xt ] < CRPPP(1+[|Xs,, )€

Subsequently, we use the norm inequality, (S13) and both statements of Lemma 4.1 to get:

IEGO |ZYI€ /8070)|p <Np IZEQU |Yk /807 )|p]

k=1 k=1
N
= > B, o, 120, (80) (25T) (X i B0, )P | Ko, ]
k=1
1 Y 1
(5149 < > o B0, 120, (B0 | Ko, IS P le(Xee i B0, B)P) < 1 N -C.

k=1

This completes the proof of (S10). Now, we focus on (S11). We use the triangular inequality and the Holder’s
inequality to derive:

M) =

Eo,[| D (V" (B0, 61) — Y (Bo, 02))I"
k=1
or—1 X
(SIS) S T 90 |Ztk ﬂO (2121)_1(g(xtk_1;ﬁ17ﬂ0) - g(th_1;ﬂ27/60))|p}
k=1
p—1 N
(S16) + 721300 1Z0(B0) ' (Z12]) " = (2223) " )g(Xe, 1582, 80)[")-

First, we study sum (S15). We use the mean value theorem and the triangular inequalities to get:

N
% ZEHO HZtk (BO)T(ElzI)il(g(th—ﬁ/613 /30) - g(th—1;/623160))|p]
k=1
1 N
S N ZIEHU []EBO[HZtk (ﬁO)HP | th—l]”(Elzir)_l||p||g(th—1;/61>ﬂ0) - g(th—l;ﬁ2>ﬂ0)Hp]
k=1

N 1
< %ZE% [Co(1+ X4, N 181 — Bal| /0 Dpg(Xy, 1382 +t(B1 — B2), Bo) dt[|"]
f=1

(S17) <C|B1 — B2|P.
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To bound sum (S16), we introduce the following multivariate matrix-valued function G(s) := (X ")~!. Then, we
use the inequality between the operator 2-norm and Frobenius norm, and the definition of the Frobenius norm to get:

d
IG(1) - G(e2)| < (D 1Gi;(s1) - Gi(2) 7>
ij=1

Now, apply the mean value theorem on each G';; and Assumption (A4) to get:

1

1G(s1) — Z 61 — &2l ||/ VeGij(sa +t(s1 — a2)) dt[*)z <Clls1 — -

4,7=1

Finally, combining the previous results, we conclude that:

N
Eg,[| Y (Y (B, 61) — Y3 (B0, 62))I”] < C([|B1 — Bal|” + lls1 — s2I”)

k=1
C(1B1 — Ba| + ls1 — «l*)P/2 = C||61 - 657,

for p > 2. This concludes the proof of 3.
Proof of 4. For Y}V (B0, 0) := ++Z4, (Bo) " (ZX ") 'g(Xy, ,;B0,8), we repeat the same derivations as in the

proof of 3. to show that the limit of 35, Eg, [N (80, 0) | X,_,] satisfies:

N
Z ]EGO [YkN (ﬂ(]’ 0) | th—l]

k=1

Peo

N N
1 _ 1
= m err«zzT) 1g(th:71;1607/8)E90 [Ztk, <180)T ‘ th 1 - ZR h2 th 1 — 07
_ k:l

for h — 0. Similarly we deduce that:

N
(S18) ) E [V (B0,0)* | Xy, ]

k=1

N
= ﬁ Zg(xtk—1;BOle)T(EET)_lEGO [Ztk (IBO)Ztk (IBO)T | th—1](22T)_1g(th—1;/Bovﬂ)
k=1
P
—0,

1N 1
= N ;R(M7th—l)

for Nh — oo. To prove uniform convergence, we use Lemma S2.4 along with Rosenthal’s inequality from Theorem
S2.5, resulting in:

N N
Eo,[| Y Yi" (Bo.)") < C(E ZE Y (B0,0)% | Xo,,1)"%) + Y ENYRY (Bo, 0)F)).
k=1 K1

k=1

The first term is bounded because of (S18). To bound the second term on the right-hand side, we use (S14). Then,
for Nh — oo and h — 0 and p > 2 it holds:

N
SB[V (B0, 0)F] <~ NHY2 . C = wiPl.c<c

2 (Nhy (Va1
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To conclude the proof of uniform convergence, we once again apply Rosenthal’s inequality to get:

N
Eo, [l Y (Vi (B0, 61) — Y (8o, 62)) 7]

k=1
N N
(819) < CE[(Y_E[(YVV(Bo,01) = Vi (B0, 02))* | Xe, 1)1+ C Y E[I(Y{Y (8o, 01) — Vi (B, 62)) 7).
k=1 k=1

To bound the first term in (S19), we follow the reasoning from (S17) and start with:
E[(Y;" (B0, 61) — Y;" (B, 62))* | Xy, _,]
< 2Eg, [(Z1, (Bo) " (Z13]) " (&8(Xt, 1381, 80) — 8( Xt 1:82,80)))° | Xs, ]
+2Eg, [(Z1, (Bo) " (Z1 =] )" = (2225) He(Xe,,:82,60))° | Xi,_,]-

Then, the rest is the same. Similarly, to bound the second term in (S19), we repeat derivations from (S17) to get:

N
> [N (B0, 61) — Vi (8o, 02))7] < NhP/2.C |61 — 0o|P < C|01 — 657,

2 (NR)P

Finally, (S18) and conclusions after (S17) complete the proof of 4.

Proof of 5. We introduce Y;¥(Bo,0) = %2, (Bo) " (EX ") 'g(X4,;B0,3). Proposition 4.3 yields that
E[Z:, (80)g(Xt,;80,8) " | X4, ,] = R(h, Xy, ). Then, we conclude that S 3 Eq [V (80,0) | Xy, ,] — 0
in Py, , for Nh — oo, h — 0. Moreover, to prove the convergence of chvzl Eg, [V (B0,0)% | X4, , ], itis enough to
bound = S0 E[Tr((Zy, (Bo) T (EXT) (X4, ; 80, 8))%) | X4, Holder’s inequality, together with Cauchy-
Schwartz inequality, Lemma 4.1 and (S13), yield:

N

7 D EITH(Z0, (80)(S2T) g(Xe,: 60.8))%) | X,
k=1

N
72 [1Ze. (Bo) 1| g(Xe,; Bo, B)I* | Xe, ] TH((EET) HII(ZET)

N2
k=1
C N 1 P
(820) FZ ||Ztk ,30>||4|th 1] [Hg(th;1807ﬁ)||4|th 1] 5 = NZR h/N th 1) —0>0

k=1

for Nh — oo, h — 0. To prove the uniform convergence, we use Lemma S2.4. Again, it is enough to prove (S10)
and (S11). Repeating the same steps as in the proof of (S14) leads to (S10). Similarly, to prove (S11) we repeat the
same steps as in (S17) using Holder’s inequality, Cauchy-Schwartz inequality, and Lemma 4.1 with (S13).
Proof of 6. We introduce YkN(,BO, 0) = ﬁztk (,BO)T(EET)_lg(th;BO,,B) and study Eévzl Eg, [YkN(ﬂo, 0) |
X, _,]- Proposition 4.3 yields:
N 1
Z EG() [YkN(ﬁ(]y 9) | th:—l] = m Z Tr((EZT)illEeo [Ztk (/BO)g(th ) I307 IB)T ’ th—l])
k=1 k=1
| N
=5 2 T((BE) (B2 D g(Xs, 1 0. B) + Dg(Xi,_,: B0, B)EE( +R(1,Xy,_,))
k=1

oo, / Tr(Dg(x; B, B)XE] (ZX 7)) dwo(x),

for Nh — 0o, h — 0. On the other hand, Y, Eg, [N (80,0)? | X4, ] = & S0 R(55, X4, ) — 0, in P,
for Nh — oo, h — 0, which follows from derivations in (S20). To prove uniform convergence, we repeat the same
approach as in the previous two proofs.
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Proof of 7. First, we use the fact that E[g(Xy,;B0,8) | Xi._, = x| = g(x;80,8) + R(h,x), for a generic
function g. Then, for YkN(,BO, 0):= %gl(th_l;ﬂo,,B)T(EET)*ng(th;,Bo,ﬂ) it follows

N N
P P

Eg, [V} % N 2 “ o

Z 0, [V (ﬂ079)|th_1]m0, EEBO[Yk (Bo, ) |th_1]m>0

Again, the proofs of (S10) and (S11) are the same as in property 3, with a distinction of rewriting:
g1(81) " (Z1Z]) 'g2(B1) — g1(B2) T (Z235) ' ga(B2)
= (81(81) —€1(82)) ' (Z1=]) 'g2(81) + 21(82) (21 2]) T (82(B1) — 82(62))
+21(82) (Z1Z]) 7! = (Z2323) e2(Ba).
O

PROOF OF THEOREM 5.1. To establish consistency, we follow the proof of Theorem 1 in Kessler (1997) and
study the limit of E ( B,¢) from (23), rescaled by the correct rate of convergence. More precisely, the consistency
of the diffusion parameter is proved by studying the 11m1t of E (ﬂ s), while the consistency of the drift parameter

is proved by studying the limit of (£ J\S,] (B,s) — N (,60, 6)). We start with the consistency of the diffusion
parameter ¢. We need to prove that:

1
(s21) FEN (8.9) = log(det (S21)) + Tr(22) 7' 85) = Ga(s.90),
in Pg,, for Nh — oo, h — 0, uniformly in 6. To study the limit, we first decompose NE[ (B,¢) as follows:

(S22) NLEE] (B,5) =logdet X7 + Ty + T + Ty + 2(Ty + Ts + T) + R(h, xq).

The terms 71, ..., Tg are derived from the quadratic form in (23) by adding and subtracting the corresponding terms
with 3y, followed by rearrangements, resulting in the following expressions:

Tl = Nh ; Ztk 60 ET)_lztk (ﬂ0)7

N

T 57 D ifosB) = S B0 (EED) 7 o (8) = Fi o (B0,
L X
Ty = N7 (1hk-1(B0) — prik-1(8)) T (Z2 ") (prr-1(80) — tne—1(8)),
k=1
L x
Ty=7 ; £.(80) T (E2T)  (ne-1(8B0) — tak-1(8)),
L x
T5:= Nh Z(fhﬂ k(B) — fh—/12,k(130))T(EzT)_l(“hvk‘l(ﬁO) = Hnk-1(8)),
k=1
L x
Toi= 7, 2 ijaslB) = ol Po) (BET) 120, (Bo)

Previously, we defined fh_/Q’k(ﬁ) = fh_/é(th;ﬁ) and pp k—1(B) = pn(Fry2(Xe,_,; B); B). These terms will also
play a significant role in proving the asymptotic normality.

The first term of (S22) is a constant. Properties 1, 2, 3, 5, and 7 from Lemma S1.3 give the following limits 77 —
Tr((ZXT)"'EX]) and for [ = 2,3, ...,6, T; — 0, uniformly in 6. The convergence in probability is equivalent
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to the existence of a subsequence converging almost surely. Thus, the convergence in (S21) is almost sure for a
subsequence (3n,,Sn, ). This implies:

The compactness of © implies that (,@ Ny, SN, ) converges to a limit (B, Soo) almost surely. By continuity of the

mapping ¢ — G1(s,sp) we have N%EEE} (Bn,,Sn,) = G1(sL,<0), in Pg,, for Nh — 0o, h — 0, uniformly in 6. By
the definition of the estimator, G (S0, $0) < G1(<0,%0). We also have:

G1(Sx,%0) > G1(s0,%0)
S log(det(TEL)) + Tr((EEL)7128]) > log(det(TX])) + Tr(Iy)
o Tr(2l)1en]) - log(det((ZL) 1% ) >d

d d d d
&> Ai-log[[rN=D 1) (hi—1-logh) >0,
i=1 i=1 i=1 i=1

where )\; are the eigenvalues of (XX )" X [, which is a positive definite matrix. The last inequality follows
since for any positive x, logz < x — 1. Thus, G1(Sx0,S0) = G1(<0-60)- Then, all the eigenvalues A\; must be equal
to 1, hence, X = EEJ . We proved that a convergent subsequence of S tends to gy almost surely. From there,
the consistency of the estimator of the diffusion coefficient follows.

We now focus on the consistency of the drift parameter. The objective is to prove that the following limit in Pg,,
for Nh — oo, h — 0, uniformly with respect to 6:

(523) 7 (E808,6) ~ £5(80,9)) = GalB0.0.8.9)

where:

Ga(50.:5) = [ (Falox) = Fx))T (S27) 7 (Folox) - Flx)) o (x)
+ /Tr(D(Fo(x) —Fx) (2] (Z=T) ™1 1)) dup(x).
To prove it, we decompose ﬁ(ﬁg] (B,s) — 43} (Bo,s)) as follows:

7 (E808,9) — £5(80,6)) = TH(A(B) — A(Bo)) + 1 (1o + Ty + 2Ty + T + Ty))

N
(S24) +Nih > (Z6,(Bo) (E2T) " A(Bo)Ze, (Bo) — Zt,(B) T (E2T) ' A(B)Z:,(8))

k=1
N
4 ST DIN(X,,: 8) — N(Xi380)) + Rl o)

The term w7 Zszl (Z, (Bo) " (ZZT)TA(Bo)Zs, (Bo) —Z:, (B) T (ZZT)"TA(B)Z:, (B)) converges to Tr(A(Bo) —
A(B)), which thus cancels out with the first term in (34). Lemma 4.2 provides the uniform convergence of 375
with respect to 0:
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The limit of %T 5 computes analogously. To prove %T 4 — 0, we use Lemma 9 in Genon-Catalot and Jacob (1993)
and Property 4 from Lemma S1.3. Lemma 4.2 yields:
1

B Wi [ (Nalx) = NGx) T (2ET) 7 (Nofo) - N(x) i

% /(Ao(x—bo) —A(x—b)) T (ZZT) 1 (No(x) — N(x)) drp(x).

Finally, +Ts — 3 [ Tr(D(No(x) —N(x))'E%] (22 ")) dvy(x) uniformly in 6, by Property 6 of Lemma S1.3.
Lemma 4.2 gives:

N
T DTN~ No(X)) 2 [ TeD(NGE) — No(x) din(x),
k=1 h—0

uniformly in 8. This proves (S23). Then, there exists a subsequence /V; such that (ﬁ N,, SN, ) converges to a limit
(Boos S0 )» almost surely. By continuity of the mapping (3, <) — G2(B0, S0, 3,5), for Njh — oo, h — 0, we have
the following convergence in Pg,:

1

m(ﬁﬁf (B, Sv,) — sz} (Bo,Sn,)) =+ G2(Bo, S0, Boos Soo)-

Then, G2(B0,%0,Bo0,S0) > 0 since 22; = EEOT. On the other hand, by the definition of the estimator
Cff} (Bn,,Sn,) — CE\S,J (Bo,Sn,) < 0. Thus, the identifiability assumption (AS5) concludes the proof for the S es-
timator.

To prove the same statement for the LT estimator, the representation of the objective function (S22) has to be
adapted. In the LT case, this representation is straightforward. There is no extra logarithmic term and only three
instead of six auxiliary 7" terms are used. This is due to the Gaussian transition density in the LT approximation. [

S1.7. Proof of asymptotic normality of the estimator. In this section, we distinguish between the true parameter
0y and a generic parameter 6.

PROOF OF THEOREM 5.2. According to Theorem 1 in Kessler (1997) or Theorem 1 in Sgrensen and Uchida
(2003), Lemmas S1.4 and S1.5 below are enough for establishing the asymptotic normality of 8. Here, we only
present the outline of the proof. For more details, see proof of Theorem 1 in Sgrensen and Uchida (2003).

LEMMA S1.4. Let Cn(60y) and C(0y) be as defined in (25) and (27), respectively. If h — 0, Nh — oo, and
pN — 0, then:

P 0 P o
Cn(80) — 2C(6o), S |Cn (80 +6) — Cn (o) —2 0.
0||<pn

LEMMA S1.5. Let Ay be as defined (26).If h — 0, Nh — oo and Nh? — 0, then:

Av 5 N(0,4C(6y)),

under Pg,.

Lemma S1.4 states that Cx(6y) approaches 2C(6y) as h — 0 and N h — oo. Moreover, the difference between
Cn (6 + 0) and Cn(6y) approaches zero when 6 approaches 6y, within a distance specified by balls B, (6y),
where py — 0. To ensure the asymptotic normality of O, Lemma S1.4 is employed to restrict the term ||Dy —
Cn(60)|| when 8y € ©N B, (8) as follows:

]PQO
IDx — Cx (8015, cons, @y < 51> Cx(6) = Cx(B0)] — 20

0B, (6o) hs
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Applying again Lemma S1.4 on the previous line, we get Dy — 2C(6y) in Pg,, as h — 0 and Nh — oo.

Lemma S1.5 establishes the convergence in distribution of Ay to AV (0,4C(6y)), under Py, as h — 0 and
Nh — oo. This result provides the groundwork for the asymptotic normality of 0. Indeed, consider the set
Dy composed of instances where Dy is invertible. The probability, under 6y, of Dy occurring approaches
1, as h — 0 and Nh — oo. This implies that Dy is almost surely invertible in this limit. Furthermore, we
define £y as the intersection of {éN € ©} and Dy. Then, it can be shown that 1, — 1 in Pg, when h — 0
and Nh — co. For Ey = Dy on &y, we have Exy — 2C(6p) in Py, as h — 0 and Nh — oo. Given that
snley = Ex'Dysyle, = ExtAnle, and according to Lemma S1.5, syle, — A(0,C(6p) ") in distribution
as h— 0, Nh — oo and Nh? — 0.

In conclusion, under Py, as h — 0, Nh — oo and N h2—0,s ~lg, is shown to converge in distribution to

N(0,C(6p)~1). The asymptotic normality for O is, thus, confirmed due to the convergence of 1g,, — 1. ]

PROOF OF LEMMA S1.4. To prove the first part of the lemma, we aim to represent Cx (6y) from the objective
function (14). In doing so, we again employ the approximation (23), focusing solely on the terms that do not
converge to zero as Nh — oo and h — 0. We start as in the approximation (34) and compute the corresponding

derivatives to obtain the first block matrix of Cx (25). We begin with 9p, g, [,Es] (B:s):

N

1 S 1
thﬁﬁnﬁmﬁgv] (8,6)=05.,5.,, Tr A(B) + kz_l@ﬁnﬁ@ Tr DN(Xy,; 8)

+ aﬁil/@iz % (TQ(/BOMBaC) + TS(ﬂ(]aﬁ?C) + 2(T4(1807/67§) + T5(,60,,8,§) + TG(IB()?IB?c)))

N
05,5, (2 (B) (95T) AB)Z,, (8))) + Rh. o).
k=1

To determine the convergence of each of the previous terms, we use the definitions of the sums 7;s and approximate
each T; using Proposition 2.2 and the Taylor expansion of the function p,. As we apply the derivatives 03;, 5;,, the
order of h in each sum increases since terms of order R(1,xg) are constant with respect to 3. Finally, when evaluating

Nihﬁgh Bi, 43] (B,s) at @ = 0y, numerous terms will cancel out due to differences of the type g(3o; Xy, , X¢,_,) —
g(8; X4, ,X¢,_, ). Using the results from Lemma S1.3 and the proof of Theorem 5.1, we get the following limits:

1 Pg,, 1 —
551-1[31-2%7“2(60,5&0)}#3% —>2/(5,8i1N0(X))T(22§) 193, No(x) duy(x),
1 Pe,
551-1/31-257“3(50,530)}&:% —
1
5 /(8@1 N()(X) + 26&1 Ao(X—bo))T(Ezg)_l(aﬁiQ NO(X) + 26&2 A()(X—bo)) dV()(X),
1 Pg,, 1 —
561-1@25T5(ﬁo,5,<o)}ﬂ:ﬁ —>2/(5,BHF0(X))T(223) 195, No(x) dro (x)
1

+5 [ (@, Aox-b0)T(E2])7195, No(x) dunx),

Pe, 1

1
aﬁilﬂizﬁTG(/BOaﬁaCU)}ﬂ —)—2/TI"(D@/BH,BQNO(X))dVo(X),

=Bo

for Nh — oo, h — 0. Since %T4 — 0, the partial derivatives go to zero too. From Lemma 4.2, for Nh — oo, h — 0,
we have:

N

1 Pg,,

NE :aﬁi15i2 Tl“DN(th,,B) ‘%/ﬂ(Daﬂi13i2N0<X))dV0(X)'
k=1
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Term ﬁzgzl 05, 6., (Zt, (B)(Z=T)"LA(B)Z, (B)), evaluated in 6 = 6y, has only one term of order h:
TSy, (Bo) T (2X7)~10s,, 5, A(Bo)Zs, (Bo). which converges to 9, s, Tr A(By) (Property 1 Lemma
S1.3).

Thus, 145, 5., L8, 50) s, — 2 [ (95, Fo(x))T (B ) 105, Fo(x) dug(x), in Bg, for N — 00, h— 0.

Now, we prove O Ly ¥ (B,6)|8=B.c=c, — 0, in Py, for Nh — 0o, h — 0. For a constant C},, depending on

Nf
h,l=2,3,...,6, and generic functions g, g1, the following term is at most of order R(h,xq):

N
aﬂzﬂ(ﬁ7 C) = Ch Z(g(/@07 thJthfl) - g(lau Xt;mxtkfl))—r(EzT)_lgl <187 th,th,1)7

k=1
Then, term 8&[,53] (B,¢) still contains g(Bo; X¢,, X+, ) — 8(8; Xy, , X¢,_,) which is 0 for 3 = ,80 Moreover, the

term & SN 95 (Z, (B) T (BXT) L A(B)Zy, (B)) is at most of order R(h, Xo). Thus, 5 faﬁgd (8,9)|=pgo.c=c =
0.
gjlgjzﬁ[s (B,5). As before, it holds 0., ;. T1(8,5)|8=8,c=¢, — 0, for [ =2,3,....6.

Similarly, we see that 3 Zk:l Z:,(Bo) "0, ¢, (EXT) " A(B0)Z+, (Bo) is at most of order R(h,Xq). So, we need
to compute the following second derivatives O, ¢, log(det > T)and O, <, = Zszl Z:, (Bo) " (ZX2T)"1Z4, (Bo).
The first one yields:

0, ¢,, log(det e’

=Tr((Z27)7'0,,,58") - Tr((ZXT) (0, =xT) (=% ") 19, =),

i1 Si2

Finally, we compute N(?

On the other hand, we have:

N
1 _
P10 N, ;zm (B0) " (Z27) "2, (B0)

N
= ST (80)2, (B0) (B5T) (0,0, BT (R T) )
k=1

N
Tr(Ze, (B0) Zy, (Bo) ' (EX7)71(8,,, =2 7)(E2T)71(8,,,=2T)(Z27) )
k=1

L
Nh

N
ih > Tr(Ze,(B0)Ze, (Bo) (EET) 710, ZET)(EET) (8, Z=T) (=) 7).
k=1

Then, from Property 1 of Lemma S1.3, we get:

N
Oy %0, (80) (527)7'2,,(80)

=1 S=%o
W} 2Tr((2%) 1 (0, 280 ) (380 ) '8, B8 ) — Te((£29) 14,6, %g)-
h—0
Thus, £8,, o, L3(8,6)|8=p0.c=e = Tr((EX]) 710, =X )(Z2] )18, £ ). Since all the limits used in

this proof are uniform in 6, the first part of the lemma is proved. The second part is trivial, because all limits are
continuous in 6. [

PROOF OF LEMMA S1.5. First, we compute the first derivatives. We start with:

N
05,LN (B,5) = 2> Te(D f2.1(8) D, £, (8))

k=1
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N

+ 2D (FeB) = k-1 (B) T (ZBT) 705,831 (B) — D, n-1(8))-
k=1

[\

The first derivative with respect to ¢ is:

0, L¥)(B,¢) = No_ logdet(ZxT)

R
306 > (Fp(8) = pini—1(8)) T (EET) (£ 0 (8) — pna—1(8)
k=1
| X
=1 3 (1 (s = s BN G o)~ s 8
k=1
(zzT)—l(agjzzT)(zzT)—l) +Tr((22T)—1a§j22T)>.
Define:
i 2 —
(S25) Ny (0) = T TP (B D05, F14(8))
2
- mztk (B)T (ZE)195,(f,5.4(8) — Bap-1(8))
(520 $ul0) = - Tr(z,, (8)2,,(8) (3T) (05,22 T)(=2T) )
- = TH(EET) g TR,
and rewrite Ay as Ay = ij l[nﬁ)k(eo), . ,ng)k( 6o), C](\})k(eo), e S’k(eo)]T. Now, by Proposition 3.1 from
Crimaldi and Pratelli (2005), it is sufficient to prove Lemma S1.6. 7 ]

LEMMA S1.6. Let 77 (9) and C(]) (0) be defined as in (S25) and (S26), respectively. If h — 0, Nh — oo,
and Nh? — 0, then for and all i,i1,0=1,2,...,r, and j,j1,j2o = 1,2, ..., s, it holds:

() Eg,[supy<penlny ) (80)]] — 0. and Eg, [Supy g |CK 4 (80) ] — 0;

.. Po,,
(i) SN 1 Ea, (14 (60) | X, ] =22 0, and YN 1an[<“> (60) | Xy, ,] —20;
(i) S0 Ee, [1y'1(60) | Xt, _,]Eg, [77(“')(90) Xy, ] =2 0;

Po,

(i) Sr, Ea, [ (B0) | Xu, ,|E6, [ (B0) | Xy, ] =2 0;
(V) SN Eo, [0, (60) | Ko, JEa,[C0 (60) | X, ] =22 0;
(i) SN Eg, 150 (00)n5)(80) | Xr,,] —% 4[C(00))ivia
(viD) YN, B, [C0)(B0)CY7)(B0) | Xo, ] —2 4[Cc(B0))j. ¢

(vii)) S, o, (104 (B0)C(80) | Xo,_,] =22 0;

(i) SN 1Eeo[<n§élk<eo>n<“)<eo>> | Xy, ]~ 0;
() Y Eo,[( C(Jl)(ao)C(h (60))% | X, ] =25 0;

Pg,,

(xi) 0 B, (175 (00)CH  (80)2) | Xe, ] =2 0.

PROOF OF LEMMA S1.6. The proof of Lemma S1.6 is technical and involves bounding the sums of triangular
arrays in such a way that the bound converges to zero in probability Pg, as b — 0, Nh — oo, and Nh? — 0. Unlike
in the previous proof, this time we do not require uniform convergence.
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We begin by expanding 77,(:) to differentiate between terms that vanish and those that do not in the limits:

02(00) = 2= T+ & DNo(X4,)) (5 Do No (X2, )

2
— h\/Zj\fithk (ﬁU)T(EEQT)_l(*ga@iNO(th) + %851(DN0(th))NO(th))
+ ]“L\/%Ztk (ﬁo)T(zzg)_lagiMh(fh/Q(th_l;/60);/60) + R(\/Wa Xip 1)
h 1
= _\/;Tr(DxaﬁlNO(th)) + \/ﬁztk (IBO)T(EEEJF)_la@NO(th)
- i\/gz (80) T (S59) ™95, (DN (X, ))No (X, )
(S27) hrztk (Bo) " (2%0) ™' g, f1 /2 (X, 13 B0); Bo) + R(VEP /N, Xy, ).

Proof of (i). Let us begin by examining the limit of the expectation of sup;—j< N|77](\i,)k(00)|. In equation

(S27), all the involved functions are bounded, and the term with the largest order is R(v/Nh,X;, ,) because
O, n (fry2(Xt,_,380); Bo) is R(h, Xy, _, ). The remaining terms converge to zero. Moreover, terms with coeffi-

cients ﬁ take the form Z;, (Bo) " (X7 )~ 'g, where g is a vector-valued function of either X;, , or Xy, . Their
expected values are bounded by R(h,X;, ,) at most. Thus, the dominant order becomes R(1/h/N, Xy, ,), which
indeed converges to zero. '

We proceed to analyze the limit of the expectation of sup; ;< N]C](\?)k(eo)] The leading term in (y U ) +(00), as

defined in the paper, has an order R(1/v Nh?,X;, ,). Upon calculating its expected value, we obtain an order of
R(h, Xy, ,). This concludes the proof of (i).

To establish limits (ii)-(v), we need to calculate the expectations of n( ) and C](\?k. By analyzing (S27), we can

deduce that Eg, [77](\1, 2 (00) | Xy, ] =R(y/h?/N, X, ), since Proposmon 4.3 gives:
1 _ | h
Eeo[\/ﬁztk (60)—'—(223) 1aﬁaN0(th) | th—l] = N Tr(DxaﬁtNO(th)) + R( V h’B/N7th—1)7
Similarly, from:
Eo,[Tr(Ze, Z[, (£30) (0,330 (37) ™) [ Xy, = hTr((E30) 710, B3 ) + R(h?, Xy, )

we conclude that Eg, [C N k(Gg) | X4, _,] = R(h/v/N,X,,_,). Then, combining the previous, we get:

N
S Eou [0y (60) | X, ] = R(VNE3, Xy, ) —20,

k=1

N
S Eo, [¢{)(80) | Xy, ] = RVNR2, Xy, ) =0,
k=1

]Pgo

Zﬂﬂeo 502 (00) | X, JEq, [157)(80) | Xi,_,] = R(H*. Xy, ) —225 0,

Po,

Zmeo ) (80) | X, _, [, [C{)(80) | Xe,_,] = R(h?, Xy, ) =20,

Po,

ZEeo e (00) | X, |Ee, [C)(80) | X, ] = R(h%/%, Xy, ) —— 0.
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Now, we prove limit (vi). Here, we focus on the terms of order 1/v/ N in 77( ) which are the only ones that will

not converge to zero when multiplying 775\/ ,1 and 77](\, ,)c

i 1 _
n(80) = —~—=2 (£3]) 795 No(Xy,)

vVNh
2 _ [ h
=+ h\/ﬂzl(zzb laﬁmu’h(.fh/Q(thfl;ﬂo);ﬂo) +R( N’th—l)
1 1
=7/ (%)) 195 No(Xy,) + ——2/ (X)) 195,(No(X
\/ﬂ tk( O) Bi 0( tk) \/ﬂ tk( 0) 51( 0( tk—l)

I h
+2A0(th71_b0)) +R( Naxtkq)

2 1 . h
= \/ﬁztk (IGO)T(EX(—)F)_la/BiFO(th—1) + \/ﬁztk (ﬁU)T(EEOT)_lwlk,k—I(IBO) + R(\/;7 th,—1)7

In the previous calculations, we introduced a new notation 11)};7 p—1(Bo) =05, (No(Xy,)
consider the product 77(“) (6’0)77(12 (6p) and again focus only on the terms with coefficient 1/Nh:

— No(X4,_,))- Now, we

§A 00 60) = mzﬁm) 95, Fo(Xe,_,)05, FolXe,,) T (B2])'2,

- mz LES0) 0 (B0)0, Fo(Xe )T (527)7'2,

- mz L(E5]) 105, Fo(Xe, )i, (B0) (B20)'Z,

2 () Wl (B0 (80) (BB]) 7120, + RO/N.X,, ).

In the previous equation, we must show that the sum of expectations of all the terms except the first converges to
zero. We only prove this for the second row; the rest follows analogously. Due to the definition of 4", it is clear that
Eo[[|[ ¥} r—1(Bo) | | X4, ] = R(h, Xy, , ), forall p > 1. Then, we use property (S13) to obtain:

1 1 -
7‘E60[ZZ€(225) "5 1(B0)95,, Fo(Xe, ) (B2) " 2, | Xy,

< NhITf(amFo(Xm DT EZ0) HIIEEG) ™ Eo, 1126, Zi, 19751 (Bo) | | X,

(Eeo[HZth 121X, B, (104 1 (Bo) I | X, )z
T(R(h?vth—1)R(h7th—1))% = R(\/ﬁ/N7 X'tk—l)'

Finally, we use Lemma 4.2 to get:

Zmeo 1 (80)17) (80) | X, ]

N
4
72 IEBO th (EET) 18[3 FO(th 1)8,3 FO(th 1) (220) 1Ztk |th 1]+R(h’3/2 th 1))

Nh
k=1

N
Z Tr(aﬂ (th 17/60)T(22T) 18[3 (th 17ﬁ0)) +R(\F th 1)) —>4[Cﬁ(00)]217«2
k=1

2\%
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To prove (vii) we use Corollary 3.8:
Eo, G (o) (60) | X, ]

1

hQN[Eoo[ZtT,C(XEo) 0, B%0)(82() 20, 2, (359) (0,550 () Z, | Xy,

-5 Tr((zzg)—la%zzg) Tr(2%g) 10, B%¢)

1

thEeo €0k (B20) (0, B0 ) (280 )€1k 1 (B0 )1 (0, B0 )(Z8g) &k | X, ]

- Tr((EES—)_lﬁgjl E2)) (X)) 710, %)) + R(WVh/N, Xy, ).

Now, we use the expectation of a product of two quadratic forms of normally distributed random vectors (see for
example Section 2 in Kumar (1973)) to get:
1

7277 Eeoln, nk(B0) (06, 20 ) (ZE7) € 1(E0) (0, T80 )(ZE() " én | X

oxx] oxy; ., 1 )% oxx]
_2n )) B 0 (zx))! 0y + —Tr(Z%g) ! ) Tr((2x2g) 7! 0.
v r(EX)” 7, (2%)” o, )+ 5 Tr((EX) o, ) Tr((33) o, )
This proves (vii). We omit the proofs of (viii)-(xi) since they follow the same pattern. Namely, we find the leading
term and ensure it goes to zero. For the expectations of squares, we can apply the same approach with a product of
two quadratic forms. OJ

S2. Auxiliary properties. In this section, we revisit crucial properties essential for establishing the consistency
and asymptotic normality of the proposed estimators. To begin, we invoke Lemma 2.3 from Tian and Fan (2020)
as Lemma S2.1, which was used in proving Lemma 4.1. This lemma offers a generalization of the Gronwall’s
inequality.

Furthermore, Lemma 9 in Genon-Catalot and Jacob (1993) provides conditions for the convergence of a sum of a
triangular array and is recalled as Lemma S2.2.

Lemmas S2.3 and S2.4 give sufficient conditions for uniform convergence. The former is sourced from Proposition
Al in Gloter (2006), while the latter comes from Lemma 3.1 from Yoshida (1990). On occasions, Lemma S2.3
might not suffice, warranting the use of Lemma S2.4. Theorem S2.5 is a helpful tool for assessing the conditions of
these two lemmas is the Rosenthal’s inequality for martingales (Theorem 2.12 in Hall and Heyde (1980)).

Lastly, Theorem S2.6 presents a special case of the central limit theorem for multivariate martingale triangular
arrays (Proposition 3.1 from Crimaldi and Pratelli (2005)). This theorem is pivotal for proving the asymptotic
normality of the proposed estimators.

LEMMA S2.1 (Generalized Gronwall’s inequality, Lemma 2.3 in Tian and Fan (2020)). Letp > 1and b > 0 be
constants, and let a : (0,+00) — (0,+00) be a continuous function. If

w(t) < a(t) +b /0 WP (5) ds
then u(t) < a(t) + (k' P(t) — (p — 1)2P—1bt)ﬁ and k*7P(t) > (p — 1)2P~1bt, where

t
(S28) k(t) :=2P"1b / aP(s)ds.
0

LEMMA S2.2 (Lemma 9 in Genon-Catalot and Jacob (1993)). Let (X )Nen1<k<N be a triangular array with
each row N adapted to a filtration (gk )i<k<N, and let U be a random variable. If

N—oo

ZE[XNQM —— U Zzﬁm 1G] =0,

N N _ P
then Zkil Xk‘ m U.
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LEMMA S2.3 (Proposition Al in Gloter (2006)). Let Sy(w,0) be a sequence of measurable real-valued
functions defined on Q2 x ©, where (Q, F,P) is a probability space, and © is product of compact intervals of R.
We assume that Sy (-,0) converges to a constant C' in probability for all @ € ©; and that there exists an open
neighbourhood of © on which Sy (w, ) is continuously differentiable for all w € Q. Furthermore, we suppose that:

sup E[sup [VgSn(0)]|] < .
NeN  6co

Then, Sn(0) —= 5 C uniformly in 6.
N—o0

LEMMA S2.4 (Lemma 3.1 in Yoshida (1990)). Let F' C R? be a convex compact set, and let {(x5(0);0 € F'},
be a family of real-valued random processes for N € N. If there exist constants p > | > d and C' > 0 such that for
all 8,0, and 0, it holds:

(D) E[|En(01) — En(62)[7) < C|61 — 2|,
() E[[En ()] <C;

3) ¢n(0) ﬁ 0,

then supgcr [En(0)] —2 0.
N—o00

THEOREM S2.5 (Rosenthal’s inequality, Theorem 2.12 in Hall and Heyde (1980)). Let (XéV)NeN,lgng bea
triangular array with each row N adapted to a filtration (Q,iv )i<k<n and let:

N
Sy=>» X}, NeN
k=1
be a martingale array. Then, for all p € [2,00) there exist constants Cy,Cy such that:

N

N N N
CLEIQ_ENXN)? Gl 2]+ Y EIXYPD) < E[Sn[) < CoBIQ EI(X)? [ GLa]) 2]+ Y EIXLP)).
k=1 k=1 k=1 k=1

THEOREM S2.6 (Proposition 3.1. in Crimaldi and Pratelli (2005)). Let (Xn ) nen,1<k<n be a triangular
array of d-dimensional random vectors, such that, for each N, the finite sequence (X )1<k<n Iis a martingale
difference array with respect to a given filtration (Q,i,V )i<k<n such that:

N
Sn=> Xyi NeN.
k=1

If
(1) E[ sup || Xpl
1<k<N

1] —_— O;
N—o0

N
P .. . . .
2 Y X Nka]—'\—, i N——% U, for some non-random positive semi-definite matrix U,
k=1 ’ —00

then, Sy —%— Ny (0,U).
N—o00

REMARK S1. Instead of using the second condition of Theorem S2.6, Lemma S2.4 yields that it is sufficient to
prove that, forall 1,5 =1,...,d, it holds:

N

. . P i 1 P
ZIE[X](\QICX](\?,)IC | Gili] Nooo Ui, ZE[(XJ(\Zf?kXJ(\Jﬂ)k)2 | Gila] N—oo 0.
k=1 k=1
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REMARK S2. For a martingale difference array the conditional expectations need to be zero almost surely, i.e:
EXni|Gh 1] =0, as. forall NeN, 1 <k <N.

In our case, (X n ) Nen,1<k<N does not fulfil the previous condition. Hence, similar to the approach in Corollary
2.6 of McLeish (1974), we need the following two additional conditions on (X ) Nen,1<k<N"

N N
% P % j P
(5290 DOEXN, GV =0, > EXR, | GLEIXG), 1G] == 0,

k=1 k=1

Indeed, martingale difference array Y n j, = Xy — E[Xn | Q,iv_ \) satisfies conditions of the previous theorem. To
prove that the first condition is satisfied, we write:

E[ sup [[Ynp[:] <E[ sup 1 +E[ sup E[| Xkl | Gilyll
1<k<N 1<k<N 1<k<N

<E[ sup | Xnkli]+E[ sup E[ sup Xl 1 G- 1]]<31E[ sup [ Xnklh] 7520
1< <k<N 1<j< N—o0

We used the Doob’s inequallty for the last submartingale. To demonstrate the second condition we fix i, j to get:

N N N
S L = Y XX - S B 161
k=1 k=1 k=1

ZX(]) X(’L)k 1GN ]+ Z]E X(Z)k |G JE [X(])k | Gily).

The first term goes to U;;, and the last term goes to zero. To prove that middle terms also vanish, we use the following
inequalities:

N
|ZX§&EX“,€|% <Y XX, 1G]]
k=1 k=1

=2

N—oo

< (K73 BXE, 1R .
k=1 k=1
N d d
Theorem S2.6 yields that > Y n  — Ny(0,U), which together with (S29), gives Sy ——— Ny(0,U).
k=1 ’ N—oo N—oo

S3. Estimators. In this section, we treat the computation of integrals involving matrix exponentials, using
formulas from (Van Loan, 1978) and apply it to the LL estimator, following (Gu, Wu and Xue, 2020). In the main
paper, we extend this approach to calculate €2;, for the splitting schemes.

Additionally, we present the coefficients for the HE log-likelihood expansion up to order J = 2 for the Lorenz
system, with our gratitude to the third reviewer for providing these formulas. The section concludes with a detailed
analysis of the simulation results for the HE method.

S3.1. Ozaki’s local linearization. Building on the approach by Gu, Wu and Xue (2020), we can efficiently
compute Ry, ; and Q%,I;] (0) using the following procedure. To begin, define the three block matrices:

0y 1L, —DF(x;8) I Ogxq
(830) Py(x)= | "~ ,Pa(x) = Odxa  Oaxa Ia |, Ps(x)=
04xq DF (x: )]’ Oudxd  Ogxd Odxd

DF(x;3) xxT
Ouxa —DF(x;8)7]

Then, we compute the matrix exponential of matrices hP;(x) and hPo(x):

*x  *x Bg,,(DF(x;8))
] , exp(hP2(x)) = [0gxa * *
Odxd Odxd *

*x Rpo(DF(x;8))

exp(hP1(x)) = |:0d><d N
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The terms marked with x symbols can be disregarded. Starting with the first matrix, we derive Ry, o(DF (x;3)).
Then, we compute Ry, ; (DF(x;3)) using the formula Ry, 1 (DF(x;3)) = exp(hDF(x;3))Br, , (DF(x;3)).

Finally, we obtain Q%,I;] (0) from the matrix exponential:

exp(hP3(x)) = Bﬂh-,k(lgf‘x(:;ﬁ)ﬁ) Cnh,k(DE(X;/B);O) ’

't 6) = Cq, , (DF(x;8):0)Baq, , (DF(x; 3):6) .

S3.2. Ait-Sahalia’s Infinite Hermite Expansion. Polynomial coefficients C’i(/j )('y(th) | v(X4,_,)), for j =
—1,0,1,...,J are calculated recursively according to Theorem 1 in (Ait-Sahalia, 2008). In the following, we
present Ci(/j) for the Lorenz system up to order J = 2 (provided by the third reviewer):

O (w9, 2) | (0,0 0)) = —2 <<x —z) oW, (- ZO>2> :

2 2 2
2 o1 03 o3

Y (4., 2) | ¥(w0, w0, 20)) = %(m —x0)(y — v0) (2 — 20) (_Ulg T Ulg)

+
2 2 2
2 oh o5 o3

1 (p(x —20)® | (y—wo)? N c(z — ZO)Q)

+ 30ty =)= (1) + L)y —ao) (G + ) + Lo sl - 202

2 03 1 g3 2 U§
p(—Zo + Yo Lo — Yo — 020 ToYo — €20
o) PET W) () [T ZT00) (0t ),
1 03 03
1 pPos  Ap®+ 2p(r —z0)  3(r— 20)2 392
C(l) v Yy ; 3 = 5 - 2 2 _ - -=2
Y (v(x,y,2) | ¥(w0,0,20)) 24(50 o) 0411 U% U% a§

L Ly (T 20t osag 3 2af—pr—20) —2) 35

4 2 2

1 o2y2 +o2a?2  3a? 222 — 262
(2 — 2)? 190 T 9% _ %o | (g )
24 03 03 o3

2 2

1 4p2 Zoyo + 4(r — 20 Txoyo — 4czg
b oo —ao)ly — o) 4 ST ATZ20)
12 o1 72 73

2

1 02y0 r—2p dxg  pyo — 4exg
+ (¥ —0)(z — 20) Lﬂ_ﬁ_i
12 7203 92 o3

0202 2 2

1 20075 xo  4yo + Txo(r — 2 deyg — zo(r — 2
+ —(x —z0)(2 — 20) PPo% 220 _ 2 o 0) 4 20 02( 0)
12 193 01 op) o3

2 2 2

1 2(—xo + —xo(r — 20)% + yo(r — = —20Yo +
+ = (2 — 20) <P (=20 + vo) + o 0)° + ol 0) i yo(—zoYo 0)
01 g5 o3

p°(xo — o) n xo(r — 20) — Yo i xo(—xoYo + c20)
o1 o3 o3

2 2
g5 o3

(
+ e ) (xO(yO +20(r —20))  c(xoyo — cm))

2 o 2 - 2
0'1 0'3 0'2

2(xo — 2 x —c20)? —xol(r —2o) + 2
+<1+p+cp(0 yo)®  (@oyo —cz0)®  (—wo(r — 20) yo)>;
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HE and S objective functions of o4 for N = 10000
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Fig 1: Comparing S (red) and HE (blue) objective functions of a data set generated from the Lorenz system where

all parameters except o3 are fixed to the true values. The sample size is fixed to N = 10000. Each row represents

one value of the discretization step h. The black vertical dashed line is the true value of 3.

C (v(w,y,2) | v(x0, 90, 20)) =

_ﬁ 2 2

2 9 2 2, 2.2 2.9, 922
1 (p o5 oi(r—z0)®+ o5z +01y0+02x0>
2
o? o3 o3

1
—6(1+p2+02—m(2)+7“p—pz0).

The poor performance of the HE estimator (no convergence for larger discretization step sizes h, and only
~ 43 — 72% convergence for small h) in the simulation study can probably be attributed to the polynomial
approximation of the likelihood function, which can become unstable, particularly for larger h, as illustrated in

Figure 1. Additional coefficients C')(/] ) in the approximation might mitigate this problem.

Figure 1 shows the objective functions of HE and S for a fixed trajectory, h, and N, with all parameters fixed
to their true values except for cr%. Consequently, the objective functions are presented as functions of ag. The HE
function tends towards —oo as o2 approaches zero. This is also the case for the smallest h, although it is not evident
in the figure due to the z-scale used. However, in this case the objective function do possess a local minimum close
to the true value. As a result, the global minimum of the HE objective function is always at —oc. For sufficiently
small h, this issue can be mitigated by imposing constraints on o2. However, as h increases, the local minimum
vanishes. In contrast, the objective functions of other estimators like S tend towards +oo, when o3 goes to zero,
ensuring that the minimum around the true value of o3 is also the global minimum of their objective functions.
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S1 Supplementary Material
In this section, we provide proofs for all the nontrivial lemmas, propositions, and theorems presented in Sections 3 and 6.
The majority of these proofs, especially those in Section 6, heavily rely on It or Taylor expansions in i around Yy, _, .

Additionally, we frequently employ Fubini’s theorem as a useful tool. Our initial focus is on the results from Section 6,
as they constitute technical auxiliary properties essential for understanding the main results outlined in Section 3.

S1.1 Proofs of results from Section 6

Proof of Lemma 6.2 To prove (i), calculate
_ 1 _ h -
@ (0) 7 = S (22T) I+ S(AVB) + ZRTAVB)(EET) 7)) + Rk, yo)

= R A8 + ETAE)T(BET) ) + Ry

= L@ - (ER) 7 AVB) + AVB)T (BT)7) + Rl yo).
Proof of (ii):
Aol o) = (e + L aue)EeT) 1288 Ae) ) LenT)
I EST)(EET)AS) + A8 (EET) ) + R(.yo)
= gl - %(Av -2TALB) " (ZET)H + R(R%, y0).

To prove (iii), use the previous result to obtain:

)0l el (e)
h h?

2 3
= (51— (A= 2ETA) T (EET) (5 (B57) + LA (EET) + Z8TAB) ) + RO, v0)

= A @mET - ETAS)) 4 RO ).

Proof of (iv) follows from (iii) and Lemma 6.1. To prove (v), approximate the log-determinant as:

h2
log det "™ (9) = log det (hzzT + 5 (AV(B)ERT + EETAV(ﬁ)T)> + R(h2,y0)

h
= dlogh + logdet X" 4 log det <I + 5(Av(ﬂ) + EETAV(ﬂ)T(zzT)1)> + R(h2,y0)
h
=dlogh +logdet ZX T + 5 Tr(Av(B) + EXTAL(B) T (ZZT)™H) + R(h2, y0)

=dlogh +logdet ZXT 4+ hTr A, (8) + R(h2, y0). (S1)

To prove (vi), repeat the previous reasoning on (iv). The proof of (vii) follows from det ﬁh = det Qg{m det QE}S‘R}
and properties (v) and (vi).

Proof of Lemma 6.4 Using the same approximation as in the previous proof of (v), we obtain:
h
2log|det D fy /2 (v; 8)| = 2log | det(T+ 5 DN(y; 8))| + R(h*, y)

= 2log|1 + 5 T DN(y: 8)| + R(?,y)
= hTr DN(y; 8) + R(h*,y) = h Tr Dy,N(y; 8) + R(h*,y). (S2)

In complete observation, put Y, instead of y and use Itd’s lemma on N(Y,, ) as in (S6). In partial observation, put
(X¢,., ApXy, ., ) instead of y and approximate N(X;, , A Xy, . ) as in (S7).
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Proof of Lemma 6.5 We use definition (6) and approximation (55), and plug them in (17) to obtain:
B (fnj2(y)) = e (fh/z( ) — b) +b
= (1 + 1R+ TR ROZ9)) (Fualy) — )+
L+ A+ R(h3,y) WL+ 2 A, + R(h3,y)
hAx +R(h%)y) I, + hA, +R(h%y)
x+hv+ gF(y) + R(h3,y) }
v+ h(F(y) - 3N(y)) + R(h?,y)

This concludes the proof.

{V 4 ’QLN();)_fR(hQ,Y)} " [3}

To prove Proposition 6.6, we need the following lemma that provides expansion of A, Xy, | — ApXy, .

Lemma S1.1 For process AhXtHl (33) it holds:
h3/2
ApXi — ApXy, = VhEgUgp1 + hFo(Ye, ) + TDVFO(Ytk,l)EoQk,k—1 +R(h*, Y, ), (S3)
3/2

h h
Ah)(t;C - Vtk—l = \/EEOE;c—l + §F0(Ytk71) +

5 DyFo(Ye,_)Z0C_ 1 + R, Y4, ). (S4)

Proof of Lemma S1.1 Proof of (S3). Equation (2) in integral form and (33) yield:

1 trt1 1 ty 1 tre41 1 ti
AXe ., — ApXy, = E/ Vedt— [ Vidi= h/ (V, — Vtk)dtﬁ-ﬁ/ (Vi — V,)dt

te—1 te—1

tet1 1 tet1
/ /FO(Y )dsdt + 20/ /dW dt
tk tr h 23 tr
tr 1 ty ty
/ Fo(Ys)dsdt + 20/ / dW, dt.
te—1 h tr—1

Apply Fubini’s theorem on double integrals to obtain:

1 tht1 1 tr
ApXip,, — ApXy, = 7 / (tg1 — t)Fo (YY) dt + 7 / (t —te—1)Fo(Y:)dt + \/EEOUkyk_l. (S5)
tk Jtp—1
Applying Itd’s lemma on F(Y}) yields the following approximation:
t
Fo(Y:) =Fo(Yy,) + DVFO(Ytk)EO/ dW, + R(h,Yy,). (S6)
ty

Plugging (S6) into (S5) gives:

1 tht1 t
Ahxtk+1 — Ahth = h/FO(Yfk) + EDVFO(Ytk)EO/ / (tk+1 - t) de dt

tr

ty
- / (t —tp_1) AW, dt + VhZoUp 1 + R(M2, Yy, ).

D vFo(Y:,) 20/

te—1

Once again, apply Fubini’s theorem on the double integrals to get:

trt1 23
/ / (tpyr —t) AW, dt = h°/2¢k, / / (t —tp_1) AW, dt = h“/zcjk 1.

th—1
So far, we have

h3/2
ApXpy = AnXy, = VEZ0Up g1 + hFo(Yy,) + ——DyFo(Y1,)20(¢h, — 1) + R(P, Yy, ).

To conclude the proof, use It6’s lemma to get Fo(Y;, ) = Fy (Ytk—l) + VhDyFo(Yi, ) Zome_1 +R(h, Yy, ).
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Proof of (S4). As before, start with (33) and use (S6) to get:

tr

1 b
ApXy, = Vi, = (tr —t)Fo(Yy)dt + —Eo/ (tp —t) AW,

h tr—1 h th—1

1

tr t
hDvFO(Ytk)EO/ / (ty —t) AW, dt + R(h?, Yy, ).

th—1 Jtk—1

h

= VhEo s + SFo (Yoo y) +
This concludes the proof.
Proof of Proposition 6.6 The expansion of ZE],C_l follows directly from Lemma 6.5 and S1.1. Indeed, it holds

] h? 5
Zk,k—l(ﬂ) = th - th-—l - hvtk—l - ?F(Ytk—l) + R(h 7Ytk:—1)
h2
= h(Ahth - Vtk—l) - ?F(Ytk—l) + R(h37 Ytk-,—l)'

To expand Zg?,}c_l, we use definition (27) and approximations (58) and (60), as follows:

h

R
Z5 1(8) = Vi, = Vi, = hF(Yy, ) = 5(N(Yy,) = N(Y, ) + RO, Yy, )
ty th h
=3 [ AWt [ Fo(Yi)de - HE(Y,) - GIN(Ye) - N(Yy, )+ RO Y, )
te—1 te_1

= VASm 4 h(Fo(Y )~ F(Yy, )~ 5 (N(Y,) = N(Y,, )

tr t
+ DyFo(Ys, ) %0 / dW,dt + R(h?, Y4, _,)-

th—1 Jtp—1
In the last line, we used It6’s lemma on F(Y}) as in (S6). Again, apply It6’s lemma on N (Y, ) to get:
h3/2

7DVN(YW71 )Eonk—l

21 (B) = VESomiy + h(Fo(Yy,_,) = F(Yy,_) - =

+ h3/2DVF0(Ytk71)EO£;€_1 + R(h2’ Ytk—l)'

The expansion of ZE]]C_I follows from definition (36) and plugging (X, ., ApXy, ) in approximation (60):

=Is h?
ZE«]HJC,kfl(IB) = th - th—l - hAhth - ?F(th—17Ahth) + R(h?)?Ytk—l)

h2
= 7?F(th—1 ’ Ahxtk) + R(hgi Ytk—1)'

Use Taylor’s formula on F(X,, ,,A,X, ) to get

F(th—l 5 Ahth) = F(Ytk—l) + DVF(Ytk71)(Ahth - Vtk-—l) + R(h27 Ytk—l)' (S7)
Now, the rest follows from Lemma S1.1.
Finally, to expand ZEEL kk—1> Start with definition (37) and approximations (58), and (60):

=(R]

Zk+1,k,k71(16) = Ahxthrl - Ahxtk - hF(thanhth)
h
- §(N(th?Ahth+1) - N(thflﬂAhth)) + R(h27Ytk—1)’
Lemma S1.1 yields:
(Rl —Vh
Zii1kk—1(B) = VhEUg -1 + h(Fo (Y, _,) — F(Xy,_,, AnXy,))
h h3/2

- §(N(th-7 Ahth+1) - N(thcfmAhth)) + TDVFO(YtkaEOQk,k—I + R(hQa Ytk—l)'
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Apply Taylor’s formula on F(X;, ,, A, Xy, ), N(Xy, , ApXy, ., ), and N(X;,_, ApXy, ), to get:
h
Zit1son 1 (B) = VRZ0Ug oy + h(Fo (Y, ) — F(Y, ) - 5 (N(Ye,) = N(Ye, )
h3/2 3/2 , h3/2
+—5D VFo(Yt, ) 20Qk k-1 — B 2DyF (Y, )20&) 1 — —— DyIN(Y4, ) Zo€,
h3/2 )
+ 5 DyN(Y, ))&y + R(Z, Yo, ).
Finally, applying It6’s lemma on N (Y, ) yields
h3/2
2 s (8) = VIS0 Uiy +h(Fo(Yy, ) = F(Yy, ) = *o DUN(Ye, ) Somi s
h3/2 3/2 , h3/2 ,
+—5D vFo(Yi,_)Z0Qur k-1 — W/ "DyF (Y, )Z0&)_ 1 — TDVN(Ytk,l)EOEk
h3/2 / 2
+ TDVN(Ytk—l ))Eng—l + R(h ?Ytkv—l)
h3/2
= VhEUp 1+ h(Fo(Ye, ) = F(Yi, ) - 5 DN(Ye, 1) 20Uk k-1
h3/2 )
+ 5 DyFo(Ye, ) Z0Qu k-1 — h S2DVF(Yy, )Boé_y + R(W2, Yy, ).

This concludes the proof.
Proof of Lemma 6.7 Combining Proposition 6.6 and property (ii) of Lemma 6.2 yields:
SIR; S SR, RR R
201 (8) = 255 1 (8) - 27 (09,7 (0) 12,7, (8)
5/2

h? h
= h*2%0€,_| + ?(Fo(thl) -F(Yy_ )+ TDvFO(Ytkﬂ)EoCz@q

h h? _
( I- A -227A,(0)" (227 1>> (/2 0me1 + h(Fo(Y,,) = F(Yi,.,))
h3/2 3/2 / 3
7TDVN(Ytk—1)EO7}k71 +h DVFO(Ytk—l)zoskfl) +R(h 7Ytk—1)
5/2 /
TDvFO(Ytkfl)EOqu
3/2 h2 h5/2
= Eeng_1 — ?(FO(Ytk—l) -F(Y,_,))+ TDVN(Ytk—l)Eonkfl

h5/2 h5/2
——DyFo(Yi,_ ) Z0&p 1 + —- 5

h2
= W80, + 5 Fo(Ye,,) —F(Yy, ) +

(A, ~EZZTAB) T (EZET) ) Seme1 + R(E%, Y, ).

Additionally,

Zo i (8) = Zp 1 (8) - 2B @)l 01zl L (8)

h? h5/2 he h? T T Ty—1
= —TR(Y,, ) - DY, )0t — (51— (A - 28TA@) (E2T) Y
1/2 h3/2
(BP0 Uk ks + BB (Y ) = F(Ye, ) = 5 DN(Yi ) EoUki s

h3/2
+ TDVFO(Ytk,l)ZOQk,k—l - hg/zDvF(Ytkl)E()&q) +R(R%, Yy, )

h2 h5/2 , 3/2 h2
= —7F(Yu )= TDVF(Ytk—l)Eoﬁk—l — h*" 30Uy -1 — E(FO(Ytk—l) -F(Yy_,))
h5/2 h5/2 15/2 )
+ TDVN(Ytk,l)Eon,k—1 - TDVFO(Ytk,l)EOQk,k—l + TDVFO(Ytk,l)Eoﬁk_1
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h5/2
12

+ Ay —2XTA,(B)"(ZET) " HZUsp1 + R, Y, ).

S1.2 Proofs from Section 3

Before we start the proofs, we state the following ergodic property, which is proved in Kessler [1997] in case of
complete observations, and in Samson and Thieullen [2012] for both complete and partial observation.

Lemma S1.2 (Proposition 4 in Samson and Thieullen [2012]) Ler Assumptions (Al), (A2) and (A3) hold, and let Y
be the solution to (3). Let g : R?? x © — R be a differentiable function with respect to 'y and 0 with derivatives of
polynomial growth in 'y, uniformly in 6. If h — 0 and Nh — oo, then,

N
1 . ]P)eo .
mZQ(tha) oo /g(yva) dvo(y), (S8)
k=1 R0
1= P,
0,
N_2 2 9 (X, ApXy,;0) W /g(y;e) do(y), (89
= ,—>

uniformly in 6.

S1.3 Proof of consistency

Proof of Theorem 3.1 The proof of the consistency of the estimators follows a similar path as in Theorem 5.1 of
[Pilipovic et al., 2024]. With o := vech(ZXT) = ([EXT]11, [EX 12, [EX 20, .., [EE 14, ..., [ZX T aa), we
half-vectorize ©X T to avoid working with tensors when computing derivatives with respect to XX . Since XX " is a
symmetric d X d matrix, o is of dimension s = d(d + 1)/2. For a diagonal matrix, instead of a half-vectorization, we
use o = diag(XX ") and s = d in that case.

We start by finding the limits in Pg, of

1 1 :
N_o1 mﬁﬁ](ﬁ,a), (S10)

for Nh — 0o, h — 0, uniformly in 8. We apply Lemma 9 in Genon-Catalot and Jacod [1993] to prove the convergence
and use Proposition A1 in Gloter [2006] to prove the uniform convergence. For more detailed derivations, see proofs in
Pilipovic et al. [2024]. Taking the expectations of (69)- (74), we conclude that:
1
N-1
1
7N (B,0) > logdet(BET) + Tr((BET) ' BE]),
1
N-1
b
N -2
L plesin log det(SET) + 2 Tr((E=T)'E8]
N _3fn (B,0) = 2logdet( )+ 2Tr(( ) 0):
1
N -2

c{(B.o) and

£IM(8,0) = logdet(EET) + Tr(EET)'2%]),

L(B,0) = 2l0gdet(SBT) +2Tr((SET)1E8]),

(B, 0) — ;log det(227) + %Tr((EET)‘lﬁzlg),

EEEF] (B,0) — glog det(EXT) + ;Tf((EET)AEEg)’

in Pg,, for Nh — oo, h — 0, uniformly in 6. From here, the rest of the proof of consistency for EE;[C ] and EE;[P !
is the same as in [Pilipovic et al., 2024]. The coefficients in front of log det terms in the partial observation setup
correspond to the correcting factors in definitions of objective functions (39)-(41). They are needed to match coefficients
in front of Tr terms that come from the forward difference’s under- or over-estimation of the noise effects.

To prove the consistency of the drift estimators ,@E\?R} and ﬁﬁm , we start by finding the limits in Pg, of

Nk - i (BN (B:0) = L7 (Bo,0)) and oo - o (8" (8.0) = L3 (Bo, o)), (SLD)
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for Nh — oo, h — 0, uniformly in 6. Starting with expressions (69) and (72) we get
N

1 (CRI(g o) _ rICR] o)) = 2 T T Ty-1 _
G 1)h(‘CN (B,0) = Ly " (Bo, o)) N 0Vh ;nk_120 (E%)" (Fo(Ye,,) —F(Yy,_,))
)= F(Y:, ) (Z2T) " (Fo(Ye,_,) — F(Ye,_,))
- an EIDL(F(Yy, )~ Fo(Ye, ) (B27) Soms
N
Yth FO(Ytk))’
1 [PR] [PR] _ 2 -1
m(ﬁz\/ (B,0) — Ly " (Bo,0)) = N2 ; Ul 120 (B27) (Fo(Ye,) —F(Yy, )
oy S (Y, ) - F(Y, )T (B8 RV, )~ F(Y,, )
k=1
N-1
N 1_ 5 2 (Ukk-1+ 26, 1) ' B0 Dy(F(Ye,_,) —Fo(Yy,_,)) (EZ) 'ZoUp k-1
k=1
1 N-1
N_3 2 Tr Dy (F(Y:,) — Fo(Yy,)).

To prove the convergence in probability of the previous two sequences, we use Lemma S1.2 and Lemma 9 in Genon-
Catalot and Jacod [1993]. To apply Lemma 9 from Genon-Catalot and Jacod [1993], we need to show that the sum of
expectations converges to a certain value, while the sum of covariances converges to zero. Here, we only show the
former. Moreover, standard tools like Proposition A1l in Gloter [2006] or Lemma 3.1 in Yoshida [1990] can be used to
prove uniform convergence. Thus, we just look at the expectation to find the limits of these sequences. We use the
known covariances (66) and (68) to get:

N E8B.0) — £ B o)) =2 [(Fo(y) —~ F) T (BET) 7 (Foly) — Fly) duny)
h—>0

+ [ 1Dy (B (v) - F ) (B2 (ET) - D) duly). 12

Thus, the consistency of the drift estimator in the partial case coincides with the complete case when using rough
objective functions. This is because the right-hand side of (S12) is non-negative when XX " = X3, and the left-hand
side is non-positive, following the definition of the likelihood. The remainder of the proof is analogous to that in
Pilipovic et al. [2024], and is therefore not repeated here.

Here, we also illustrate why the objective functions based on the conditional likelihood of smooth given rough
coordinates do not provide identifiable drift estimators. Starting with the complete observations objective function (70)
and using that Eg, [(x—1 — 2&},_,)m,_1|Ft._.] = 0, we conclude::

1 Po,
7 N B,0) - L7V (B0, ) 2 0. (s13)
h—0

In the partial observation case, we need to add the term 4 log | det Dy, f}, /2| in (31). Due to this correction, we obtain
the consistency of the drift estimator from the following derivations and the fact that the diffusion estimator converges
faster:

g 00 = £ o) = g 3TNV - Na(¥i)

N—
Z (ZET) ' B0Use-1UL 130 Dy(No(Yy, ) = N(Yy, ) 7)
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Ty / Te(Dy (No (y) — N (y)) (S2](S57) " — 1)) duo(y).

Finally, the consistency of the estimators based on the full objective functions follows from the previous proofs, (71),
and (74). That concludes the proof of consistency.

Proof of Lemma 3.3 We start by proving the first part of the lemma, for both complete and partial cases using the
rough objective functions (69) and (72). First, we find their second derivatives with respect to 3:

1 CR’ 2
magunguwﬁgv }(YO:tma) (N_l)onk 120 EET) 13§(i1>5<i2>F(Ytk_1§5)

1 2 _
+ 1 ZTrD iy g F (Y1, 8) + ~— o1 ZaﬁwF(Y,ﬁkil;ﬁ)T(zET) 1950 F(Yy,_,:B)
k 1 k=1

BN Z6§(i1)5(i2)F(Ytk~71;IG)T(EET)_l(F(Ytkfl;50) - F(Ytk—l;la))

~ N 1 J;llngva?;(il)g(ig)F(Ytk_l 5 ﬁ)—r<22—r)_120nk717

1 —
(N _ 2)hag(i1)ﬂ(’i2)££5R] (YU:tN;o) ( )\/> Z Uk k— 120 ( ZT) lag(il)ﬂ(’Q)F(Ytk—l;IB)

N—-1 N—-1

1
. N—2 Z TrDva?a(nm(iz)F(Ytk;ﬂ) +
k=1

ﬂ)T(EzT)_laﬁ(iz)F(YtkfﬁB)
N -2 Pt

N
2 _
N3 Z i pin F (Yo, :8) (ZET) T (F (Yo, 13 80) — F(Ye, 13 8))
k=1
1 N-1
— 55 2 (Ukko1 +261) TS0 Dy sin F(Ye, 5 8) T (BET) 'S0 Up ot
k=1

As in the proof of consistency, it holds:
1 . P _
mag(ll)ﬁ(iz)ﬁ[NR] (YO:tN N 0) ‘0_9 A 2 / Qg(n)Fo(Y)T(EET) 13,3<112)F0(Y) dVO(Y)
=vo

Now, we investigate the limit of —L——82, , . £I™(g) and 52 U(JZ)EEER] (0):

(N-1)Vh BG1) g (i2) Bli1)

N
1 CR 2 _
7(]\[ — 1)\/%82(11)0@2)4\1 ] (Yo:n:6) = N1 ZWICTAEJaauw(EET) laﬁ(""l)F(Ytkfl;IB)

R(\/ﬁv Ytk—l)

=X
I

Ll
N—l

z =

-1

U<.7-2>£E5R] (YO:tNa U;k 120 0(32)(22 ) 185<11>F(Ytk 17/6)

)

|
2
M

782(' )
N —2)vh

=1

Rfok]

2
=

—1

z
HM

Both previous sequences converge to zero due to Lemma 9 in Genon-Catalot and Jacod [1993]. Next, we look at the

CR PR
o (ma(mﬁ[ ](9) and azunguwﬁgv ](9)3

limits of N 10

1 CR
ﬁaiungm)ﬁgv (Yo:x;0) = 021 55 log det (2 T)
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G2y L (ZBomp— M X0 (B2 +

N
— 1 1 ZR(\/E’ Ytkz—l)
k=1

= Tr((EET) 02 g B8 ) = Tf((EET)fl(aacmEET)(EET)A@WEET)
N

1
-~ ZTY Some-1m1 5 ( ET)A(8(3@1)0(]‘2)22”(22”71)
1 N
tN -1 ZTf(zonk—m;;r_lzg(EET)_l(@T(fl)EET)(EET)_1(30<12>EET)(EET)_l)
1
+7ZTY S 1m—1Z6 (E2) 0,00 =2 )(ERT) 0,00 =E)(EET)T)
N
k:
1
maiuwguz)'czv (Yo:n:6) = 3 02 1) p iy l0g det(EXT)
1 N—-1 1 N—-1
TN 3 026 g T (B0 Uk s 1 UL, B (E2T) 71 + N _3 Z R(Vh, Yy, )
k=1 k=1
2 2
= 3B )T 000660 ZBT) = S T((BRT) 710,00 BE ) (ZET) 710,00 ZBT)
1 N—-1
T N_2 ; TY(EOUk,k—lU;kqEJ(EET)A(33<j1>0<.72>EET)(EZT)A)
1 N—-1
+ 5 2 Tr(ZoUkk- U1 Z (B2 710,00 ZET)(EST) 19,00 EET)(EET) Y
k=1
1 N-1
+v > T (BoUk e 1UL 120 (E21) 710,00 ZE)(EST) (0,00 ZET)N(EST) )
k=1
1 N—-1
Y .
+ v 2 R(Vh, Yy, )

Using the second moments of 717;,_; and Uy, ,,_; with additional calculations, we can conclude that:

1 P
ﬁaiul)guz)ﬁgxcrm (Yo:t30) ‘ 2, Tr((EET)_l(aawnEzT)(EzT)_laﬂm)EzT),
1 _ _
3P £ (Youi 0], 2 STH(EET) 0,00 BETEET) 10,0 BET),
To extend the previous results on the objective functlons (70) and (73), we start by acknowledging that

1

SIR P,
thagunguz)ﬁgvl ](YO:tN§0> 0 — 0.

=0,
The reasons behind this are the same as in the proof of consistency. The same can be said for the limit of
Lﬂa&, EEQS‘R‘] (0). Finally, repeating the same derivations as before, we get:

1

P
ﬁaiwmcﬁs'ﬁ] (Yoryi0)| = T(ET) (0,00 TET)(EET) 10,0, TET),
=bo
[PS|R] . Pey, Ty—1 , T Ty\—1g8 T
T3 Bmeon L Yoy 0) | = 2Tr(88T) 7 (9,00 B T)(EET) 19,0, B8T).
=Uo

This concludes the first part of the lemma. The second part follows from the fact that all limits are continuous in 6.

To prove Lemma 3.4, we state another useful property that provides a general formula to calculate moments of a product
of two quadratic forms with Gaussian vectors.
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Lemma S1.3 Let (a)Y_,, (Br)_,, be two sequences of independent JFy, +1-measurable Gaussian random variables

with mean zero. If Eg,[o—18_, | Fu,_,] is diagonal, and A and B are two symmetric positive definite matrices,
then:

]Ego [a;crflAakflﬂl—crleﬂkfl | ]:tk—l] = 2Tr(E90 [akflﬁl—cll ‘ ftk—l]A]Eeo [akflﬂl—cll ‘ Ftk—l}B)
+ Tr(AEg, [ag 100y | Fi,._,]) Te(BEg, [Bk 181 | Fi_,))-

Proof We start with

Ee, [al—crflAakfll@I—crle/kal | Fep oyl = Z AijBimEe, [ak)la/(kj)l l(gl 1 l(cmi | Foos]

7,7,L,m=1
d
l m
= Z AijBlmCOV(O% 1055)17 ()151(g—)1 (S14)
i,7,L,m=1

d
i l m
+ Z AijBimEe, [al(czlao) ‘ Fte JEBO [ﬁ() ( ) | Fiy_ 1]

i,5,l,m=1

We compute (S14) using the formula for the covariance of products of centered Gaussian random variables [Bohrnstedt
and Goldberger, 1969]. Then we get

d

7 l ] m
Eoloq 1 Aar_18{_BBi1 | Fo_l= Y. AijBimEe, oy 8, | Fi, i ]Eeylaf” 8™ | Fiv_,)
i,7,0,m=1
d
+ Y AyBunEey o A" | FoJEe, o B | Fu ]
3,7,L,m=1
d
l m
+ > AyBinEe, [0\ 0l | Fi 1B, [B, 8 | Fi._,]
i,7,l,m=1
d
=2 Z AUB%JEHO [Q(Z) (Z) |]:tk 1]E90[al(cj)l I(cj)l ‘Ftk—l]
i,j=1

d
+ 3 AuBjjEe, o) 0 | Fi,_JEe, (8187, | Fi ]

i,j=1
That concludes the proof.

Applying the previous Lemma to our setup, corollary S1.4 follows immediately.

Corollary S1.4 Let (n;)N_, (€x)2_,, (&,.)N_, be random sequences as defined in (61) and (62). Let B, and B;, be
two symmetric positive definite matrices. Then, it holds:

Eo, i _1Bj,me—1mp—1Bjumi_1 | Fr,_,] = 2Te(B;,B;,) + Tr B, TrB,, (S15)
Bo, (6118, & 160 1Byéi 1 | Fo ] = | Tr(B;,By,) + S TrBy, TrB, (516)
Eo,[€:-1Bj, & 1€ 1By&h 1 | Fiy_,) = %Tr(lesz) + %“Bm TrBj,, (S17)
Eo, (€0 1B &r—1€r 1Bj&h 1 | Frp il = 118 r(B;,B;,) + ; TrBj, TrBj, (S18)

Proof of Lemma 3.4 To prove the lemma, we need to compute )\Bi}bj]. The main part of the proof focuses only on the

rough estimators, while at the end of the proof we discuss how the same ideas can be adapted for other estimators. Thus,
: 1 [R]
we start with —ﬁaﬁ(l)ﬁN

1 2
- 7@3(1)£5€R] (YO:tN;e) =

N
(N =1h ZT]I;F_IZJ(ZET)*laﬁmF(Ytkﬂ;13)

VN —-1:—
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N
2 D P (Vi) (BB (B (Vi 10) ~ R (Y i)

N N
h _ h
Vv —1 ];nl—crflEE]rDVaﬁ(l)F(Ytk—l;IQ)T(EST) "SomE-1 — 4/ o1 ;Tr Dy0so F(Ye,58),

N—-1

Ukk IET EzT) 185()F(Ytk 1a/6)
k=1

N—1
h
2 v 5 Z 50 F(Yy,_;8) (Z=T) " (F(Yi,_,;80) — F(Yi,_,; 8))
\/ _2 Z (Ukp1 +2€1) 24 Dy IsF(Yy,_1;8) T2 '8 Uk k-1

[ h
Vw3 Z Tr DyOsn F (Y, 5 8).
k=1

Similarly, for — 8, ;) Li, we get:

1 2
~ Tt (You:6) =

3

\/N o
1 N
0, LY (Youty: 0) = — Tr(£27) 719, =XT)
(N_ 1) k:
1
+N72771c 120 (20,0 ZE)(EST) T Sy
\/7277% 1ET(ZZT) ( dUdEZT)(EET)il(F(Ytk—l;50) _F(Ytk—ﬂlg))
+ R 77Y —1/)»
kzl (\/N tr )
1 PRy 9 N-1
0, LY (Yo..:0) = — T(Z27) 719, E%
\/ma'() N ( 0:tn ) 3 N—2; (( ) ) )
1 N-1
+ > UL Z (EET) 0,0 28T)(BRT) B0 Uk
N —2 P
5Nl
£y S UL 3 (35T) 7 (0,0 38T (SR ) B (Y., B0) - F(Y, i 6)
k=1
N-1
h
+ R(77Ytkfl)
k=1 N

To prove the convergence in distribution of )\E'VR}, we introduce the following triangular arrays that arise from the
previous calculations:
2

E\?Pk{ (Zl)(oo) mn;@rflzg(223)_185(1)F0(Yik—1) (S19)

[ h
+ ﬁ(Tr(z:myk,ln,;[lz:gpvaﬁmFO(Yt,H)T(z:zJOT)—l) — Tr DyOgn Fo(Yy,_,)),

i 2 _
E\I?Ei(f(%) = ﬁU,kalEg(EEJ) 1950 Fo(Ye, ) (520)

[ h _
| 73 (Tr(BoUs -1 (Up -1 + 2¢,_1) " 29 Dv0s Fo(Yy,_,) (22g)7") — Tr Dyds Fo(Yy,)),

10
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1
PRI (00) i= e (0 B (B2 (000 BB (BE]) ™ B = TH(EE]) 10,0 27), (521)
! 2
PR (B0) i= s (Ul B0 (£50) 7 (0,0 80 )(E20) " EoUpen = 5 TH((BE]) 10,0 D)),
(S22)
Then, )\EQR] rewrites as:
R
(ot 11(60)]
(R] N ¢[R](7) (00) 1 N
AT =D0TR g0 | T 2o ROVNE2 Y, ). (523)
i1 | Pnvi—1(60) 1
R](s
Gos i(%)

Thus, to establish estimators’ asymptotic normality, we need an extra convergence condition Nh? — 0. This is common
in literature, and it is necessary for most estimators.

To finish the proof, we apply the central limit theorem for martingale difference arrays (Proposition 3.1 in Crimaldi and
Pratelli [2005]). However, we can not apply the same reasoning in complete and partial observation cases.

First, we notice that in both complete and partial cases, qﬁgg,lf‘,]ﬁ(_i)l (6p) and pEVR]l(f)l (8o) are centered conditionally to

Ft,_,. Moreover, in the complete case, ¢> N, k )(0 ) and pg\(,jl,jl ({) (6o) are adapted to the filtration F;, . Thus, the proof

follows directly by applying Proposition 3.1 in Crimaldi and Pratelli [2005]. This proposition assumes a martingale
difference array centered conditionally to F;, , and J;, -measurable.

In the partial observation case, Uy, 1 is Fy,_, , -measurable as it depends on random variables £; 1 and &;.. Conse-

quently, to apply Proposition 3.1 in Crimaldi and Pratelli [2005], it is not enough for ¢ ]51:](? (6p) and pgs’lz}g) (6p) to
be centered conditionally to F;, _,, they also need to be centered condmonally to Fi, . The previous condition, however,

does not hold. Thus, we use the idea of reordering the sum in A (523) to obtain the J;, -measurable and centered
conditionally on F;, _,, as proposed by Gloter [2000, 2006] and later used by Samson and Thieullen [2012].

First, use Lemma 9 from Genon-Catalot and Jacod [1993] to notice that:

N-1 N-1
2
PR _
Z P 1(80) = VN -2 D UL 130 (350) 90 Fo(Ye,_,) + op,, (1)
k=1
Then, reorder the sum of (bg\ljlz (1) (6o) as follows:
[PR](i 2 - -
Z ¢’N A =N 2 (&0 20 (B2¢) 050 Fo(Yi,) + En 130 (220) 050 Fo(Yin_,))
N-1
2 _ _
\/ﬁ ];2 (&1120 (Z20) ' 950 Fo(Ye_,) + &120 (B20) ' 950 Fo(Ye,_,)) + 0z, (1)

N-1
2
\/72 Z (€130 (B20) 950 Fo(Yi,_,) + €150 (£20) 950 Fo(Yi,_,)) + org, (1).

Now, the triangular arrays under the sum are centered conditionally on F;, , and F;, measurable. Thus, define:

M

*[PR](i 2 _ _
AR (00) :=ﬁ(£;12§(22§) L9s0 Fo(Ye, ) + €180 (BX7) 19500 Fo( Yy, ,)) -

To apply Proposition 3.1 from Crimaldi and Pratelli [2005], we need the following limits in probability:

N—-1
*[PR] (71 *[PR] (72
Eoo [ oy (00)dn V> (60) | Fr_,] —2
k=2

Po
9) [Cﬁ(GO)]zlzg )

11



Strang Splitting Parameter Estimator for Second-order SDEs A PREPRINT

2

-1

«[PR] (i1 *[PR] (42 Pg
Eo, [(& 15 (B0) a1 )2 (8) | Fryo_,] — 0.
2

el
Il

The first limit follows from properties (66) and (67). The second limit follows due to an additional order of 1/N.

When looking at pg\, ,]C(j ) we repeat the same reasoning. For notational simplicity, start with defining:
B;(6)) = Z0(2%) ) 0,1 TTg ) (X)) 0.

It follows immediately that Tr(B;(8,)) = Tr((2X]) 10, SX]). Again, reorder the sum of ply R](J)(H ) as
follows:

N-1 ) L N 5
[PR](j T
PN k-1 (60o) = Uk,k—1Bj(00)Uk,k—1 — 5 Tr(B;(60)))
Pt VN -2 &~ 3
1 A 2
- N3 . (52_1]33‘(90)&—1 +2¢] B (00)&), 1 + & 1B (00)&) | — 3 Tr(Bj(GO)))
1

k=
2
TN 2 < 0 Bj(00)€0 + 265 _5B;(60)€n_1 + &N _1B;(60)€EN_1 — 3 Tf(Bj(eo))) :
Since the last term in the previous equation is op, (1), we focus only on:

NI (8g) = \/ﬁ <§z;rlBj(90)€k_1 +2¢] ,B;(60)&), 1 + & 1B (00)&), 1 — ;TT(BJ(OO))) :

Notice that pﬁii]gj ) (6p) is F, measurable and centered conditionally on F;, ,. Again, to apply Proposition 3.1 from
Crimaldi and Pratelli [2005], we need the following limits in probability:

N—
*[PR](j1 «[PR](j2 Pe,
Z oI (00) o2 (B0) | Fi] =225 [Cor(80))172

N-1
. P
3 Eanl(pN i B0) N 60) | Fowi) =220

Once again, the second limit follows trivially. To prove the first limit, start by noticing that:

1
Eo,[€i_1B;(00)&k—1 | Fr, .| = Ee,[6111B;(00)&,_1 | Frp ] = 3 Tr(B;(60)).
Then, we multiply the expectation with N — 2 for notational simplicity and compute:
*[PR](j1 *[PR)

(N = 2)Eq, o350 (B0)pr o (80) | Fiy ]

= Eeu [5; lle (ao)gk 1£k lBj2 (00)576—1 | ‘Ftk—l] + 4E90 [51—!—2Bj1 (00)52—152—2Bj2 (00)52—1 | ‘Ftk—l]

+ Eeo[ J1 (00)£k 15 j2 (00)52—1 | ftk—l] + Ego [skT—lle (eo)gk—lg;ﬁ—lejz (00)6;6—1 | Ftka

4

+ Ee, [Efclejl (00)527151671]3]'2 (60)&—1 | Ft,_] = g Tr(Byy (60)) Tr(By, (60)). (S24)

Applying Corollary S1.4 on (S24) yields:

-1
«[PR](j1 PR](j2 5
> EoyloNi (B0)p i (80) | Fiy ] = § Tr(Bj,(80)B;, (60))

411 =
T3N3 I; &1_2B;, (00)Bj, (00)&x 2.
Once again, applying Proposition 3.1 from Crimaldi and Pratelli [2005] yields:

1 N—-1

Ny O €L aB (00)B, (00)6k 2 % TH(B,, (6B, (60).
k=2

W =~
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since
gy Pe, 1
L)
N 5 2 Eeo [€0_2B;, (80)By, (00)&r—2 | Fr, ,] — 3 Tr(Bj, (60)By, (60)),
k=2
1 N-1 , Po,
-2 Eo,[(&1_2Bj, (00)B;, (60)€k—2)* | Fi,_,] — 0.
k=2
This concludes the convergence in distribution of A[PR].
To find the asymptotic distributions of /\E'\,S‘ Rl , the main issue is the fact that f—am )5[ R 5 0in probability. The

proof of this follows the same ideas as in the proof of consistency. Thus, we focus only on fﬁaﬂ ) ﬂNsm}. This

is then used together with equations (71) and (74) to obtain the asymptotic distributions of AE;,F]. Thus, we start with

_T UJ)E[SlR]
1 R
ot (Youi0) = o= 3 TH(SET) 0,0 BE)
k=1
3 & Nk
\/ﬁ > k1 —281) "85 (BBT) 0,0 X )(EET) T So (k-1 — 2641) + ZR(\vaYn,fl)v
k=1 k=1
1 9 N-1
- Wa Lo LV (v, o0) = — — T(=27)10,,H=87)
k=1
3 N-1
Moo ZU p e (EEN) O, EEN)EE) 18U
k=1
h N—-1 N-1 h
RErpS P (ZET) 0,0, =2T)(EST)'F(Ye, ,; B) +I;R \/N,Ytk_l).
Once again, we define:
SR (gy) = — L (3 — 28, ) TR (B8]) 10,0 S2])(E8]) IS — 2
PN k-1 (60) = JN -1 (-1 §e1) Zo (%) (0,0 0)(E3) 0(M—1 k1)
—Tr(Z2d) 10,0 223)) : (S25)
3 2
PR (80) = ﬁw 515 (B20) 70,0 B8] )(Z8) B Upsor — 3 Tr(I5) 19,00 I57))
./ U w120 ()0, HZETNNEST) R (Y, ). (S26)

We skip the proof of the Complete case, but it can be shown analogously that:

. P,
ZE SO (60) ple ™2 (80) | Fruy] —2 [Cor(60)]jusas

ZE (PN (00) L1022 00) | Fo) = 01

Focusing on the partial case, we first notice:
S
P (80) = 30315 (B0) + 0z, (1),

Thus, the same derivations from before hold Moreover,

PF PR]
PR (80) = 4pK 3 (B0) + 0z, (1),

which concludes the proof.
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