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Introduction

Stochastic differential equations describe dynamics of systems under random disturbances,
which are universal in physical, biological, engineering, and social sciences. At the be-
ginning they were proposed by physicists and mathematicians to construct trajectories of
diffusion processes, and after further development, these equations have been applied to
many other aspects, such as the famous Black-Scholes-Model in economics. With the fast
infiltration of stochastic differential equations into a large variety of fields in sciences and
technology, books and monographs on this topic have been published, such as Evans [6],
Li [18], Mao [21], and Yeh [46].

A very important impetus of the development of stochastic differential equations is the
study of Brownian motion (Section 1.1). In 1650, the phenomenon of Brownian motion
was mentioned by Leeuwenhoek (1632-1723). Later, in 1827, R. Brown (1773-1858) ob-
served the motion of pollen suspended in water, which is highly irregular and has no
tangent at any point, and furthermore, the motions of two distinct particles seem to be
independent ([6]). Deeper study on this phenomenon reveals that it is not caused by
biological reasons, but the bombardment of the water molecules.

In 1905, the Brownian motion was studied by A. Einstein (1879-1955) by observing mo-
tions of ink particles ([6]): Consider a long, thin tube filled with clear water and inject at
time ¢ = 0 a unit amount of ink into the water at the point x = 0. Suppose that f(z,t)
denotes the amount of ink particles at time ¢ and position x, which reflects the probability
density of Brownian motion of ink particles. It is found that f(z,t) satisfies a diffusion
equation, and its solution indicates that the Brownian motion is a Gaussian process.

Further, it is found that the sample paths of Brownian motions are continuous but nowhere
differentiable, with Markov and martingale property. The equation that describes the ve-
locity of Brownian particles, the Langevin’s equation (equation (1.1.2)) contains the term
of white noise.

Based on the study of stochastic integrals and Ito’s formula, theories of stochastic dif-
ferential equations, such as existence and uniqueness of solutions, properties of solutions,
and methods of solving some kinds of linear equations, etc., have been established (see
e.g. [6] and [21]). In general, however, stochastic differential equations are difficult to
solve, although solutions are ensured to exist under certain conditions. This leads to
the development of numerical integration methods of them, for which there has been an
accelerating interest during the past decades. More and more works are devoted to this
topic, e.g. Higham [13], Kléden [16], Kloden & Platen [17], and Milstein [25].

In [16], a brief overview of numerical methods for stochastic differential equations is
given. The Wagner-Platen expansion plays an important role in the construction of
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stochastic numerical schemes, as the Taylor expansion does in the deterministic cases.
Integrands in the integral expression of solution of a stochastic differential equation are
expanded successively according to the stochastic chain rule, the Ito’s formula, as illus-
trated in (1.2.14)-(1.2.16). Schemes are constructed by discarding remainder terms in the
expansion. Difficulties hereby consist of simulation of higher order derivatives, as well as
multiple stochastic integrals. Suitable treatment of derivatives such as using difference
quotients instead of derivatives in the scheme leads to Runge-Kutta type methods, e.g.
the Platen scheme in Section 1.2.

Different from the concept of consistency and convergence of a numerical method in
deterministic case, they are both defined in strong and weak sense in stochastic context,
according to whether the closeness is valid path-wise or in certain mean sense (see Def-
initions 1.7-1.11). Stochastic numerical stability is defined and introduced in Definition
1.12. In the book of Kléden and Platen ([17]), a systematic presentation about issues
concerning different aspects of numerical integration of stochastic differential equations
is given, including strong and weak approximation. Milstein paid more attention in his
monograph [25] to different techniques of constructing and analyzing a numerical method,
such as analysis of mean-square order, simulation of multiple stochastic integrals, and so
on. An important and concise introduction to algorithms of stochastic numerical simula-
tion, including simulation of Brownian motion etc., is given by Higham [13].

Definition and study of deterministic Hamiltonian systems can be found in Arnold [1]
and Hairer, Lubich & Wanner [12]. Symplectic numerical integration methods that pre-
serve symplecticity of the Hamiltonian systems are developed (Feng [7], [8], Feng, Wu,
Qin & Wang [9], Ruth [39], de Vogelaere [43]). Based on the requirement of preserving
symplectic structure, stochastic Hamiltonian systems are defined (Bismut [2], Milstein,
Repin & Tretyakov [26], [28]), where the drift and diffusion coefficients are product of an
anti-symmetric matrix and the gradient of the Hamiltonians H and H; (i = 1,2,...,7),
respectively (Definition 3.1). In the same articles ([26], [28]), as well as in [27] and [29],
numerical methods that satisfy the discrete symplectic structure conservation law are con-
structed, whereby symplectic methods for deterministic Hamiltonian systems are adapted
to stochastic context according to the consistency and realizability requirements. This re-
sults in some stochastic symplectic Runge-Kutta type methods (Section 3.2 and Chapter
7).

For deterministic Hamiltonian systems, the generating function theory is important (Feng
et al. [9]), which gives a systematic method of constructing symplectic schemes. Three
kinds of generating functions are deduced to satisfy three Hamilton-Jacobi partial dif-
ferential equations, respectively. Approximations of solutions of the Hamilton-Jacobi
equations are studied, which gives in practice the possibility to the establishment of sym-
plectic schemes (Section 2.3). Another important technique frames symplectic schemes
through variational approach, i.e., the variational integrators. It is based on the Hamil-
ton’s principle, and generates symplectic methods by discrete Lagrangian and Legendre’s
transform (Section 2.2). The well-known partitioned Runge-Kutta methods, Gauss col-
location methods, and Lobatto IITA-ITIB pairs etc. can be structured by variational
integrators ([12], Marsden & West [24]).

“In 1966, Nelson gave a stochastic view of quantum mechanics, which is now called sto-
chastic quantization procedure or Nelson’s stochastic mechanics (Nelson [35], [36]). Since
his creative work, there have been attempts to endow Nelson’s stochastic mechanics with



INTRODUCTION 3

a dynamical framework in the Lagrangian formalism (Guerra & Morato [11], Nelson [37],
Zambrini [47], [48]) and in the Hamiltonian formalism (Misawa [30], Zambrini [47], [48]).
In each of these works Nelson’s original mechanics is developed as stochastic Newtonian
mechanics, on the model of classical mechanics.” (see Misawa [32]). Hamiltonian formal-
ism for Nelson’s stochastic mechanics is developed (Zambrini [47]), based on variational
principle. Hamiltonian mechanics for diffusion processes is formulated, which is different
from that of Zambrini and based on the ‘stochastic Hamilton-Jacobi equation (Nelson
[37])" (see Misawa [30]). Canonical transformations in stochastic mechanics are given
(Misawa [31]). A series of articles applying Lagrangian variational principle to analysis
of quantum mechanics are written (Davies [5], Loffredo & Morato [19]), whereby the sto-
chastic action integral and Lagrangian are treated in certain mean sense.

The deterministic generating function and variational integrator theories stimulate our
attempts to develop stochastic generating functions and variational integrators, which
are not studied yet. We start from searching for the stochastic Hamilton’s principle and
the Hamilton-Jacobi theory, since their deterministic parallel is the base for deterministic
generating functions and variational integrators. The theories developed by Nelson et
al. ([35]-[37]) give an important hint. In order to get mean-square methods, we apply
mechanics for nonconservative systems ([1], Frederico & Torres [10], Marsden & Ratiu
23], Morita & Ohtsuka [34], Recati [38], Tveter [42] ), with the consideration that the
‘random force’, the white noise, is a certain ‘nonconservative force’.

Mainly, we use the Lagrange equations of motion for nonconservative systems (4.1.5)
which contain the nonconservative force, and the generalized action integral (4.1.1) which
is an integral of the difference of Lagrangian function and the work done by the non-
conservative force. Based on these and the Hamilton’s principle which states that the
equation (4.1.5) extremizes (4.1.1), we propose the generalized Hamilton’s principle and
action integral with noises. Further, the stochastic variational integrators are established
(Chapter 4). The action integral with noises generates a symplectic mapping, which gives
rise to generating functions of the first, second and third kind through coordinates trans-
formation. The Hamilton-Jacobi partial differential equations with noises are derived,
whereby forms of stochastic partial differential equations give inspirations (Carmona &
Rozovskii [3], Prato & Tubaro [4]). Numerical methods are achieved by an approximation
of solution of the Hamilton-Jacobi equations with noises, which is a truncated series in
powers of the Brownian motion W(t¢) and time ¢. The mean-square order of the methods
can be controlled by truncating this series to proper term (Chapter 5 and 6). The Wagner-
Platen expansion in Stratonovich sense, and the Stratonovich chain rule (Theorem 1.4)
are vital for involved calculations. Numerical tests are performed for a linear stochastic
oscillator, Kubo oscillator, a model of synchrotron oscillations, and a system with two
additive noises (Chapter 9). In order to check validity of our theory, we derive generating
functions for some symplectic methods given in literature (Chapter 7). Numerical tests
and contents in Chapter 7 show that, the stochastic variational integrators and generating
functions are two efficient approaches to construct stochastic symplectic methods.

The idea of preserving symplecticity proposed by Feng et al. is later developed to the
theory of structure-preserving algorithms, which aims to construct numerical methods
that can preserve properties of the original systems, and is now a fast developing branch
of numerical analysis. “On the other hand, it is well-known that the theory of conserved
quantities (the first integrals) of dynamical systems is one of the most important sub-
jects, because such quantities are fundamental characters of dynamical systems described
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by differential equations. ---. Moreover, in the field of numerical analysis for determin-
istic dynamical systems described by ordinary differential equations, it is also recognized
that the studies on the numerical preservation of the conserved quantities for dynamical
systems are very important in performing reliable numerical calculations to the systems.
Hence, it seems quite natural to investigate stochastic numerical schemes which leave
the conserved quantities of stochastic systems numerically invariant.” (see Misawa [33]).
The invariance of asymptotic laws of methods for linear stochastic systems (Schurz [40]),
and an energy conservative stochastic difference scheme for a one-dimensional stochastic
Hamiltonian system (Misawa [33]) are discussed. Compared to the accuracy and stability
analysis of stochastic numerical methods, however, the study on structure preservation
properties of stochastic numerical methods is rare.

At the beginning of our research, we consider a linear stochastic oscillator (3.1.7)-(3.1.8).
A stochastic midpoint rule is proposed, which is symplectic. Its ability of preserving
linear growth property of the second moment of the solution, as well as oscillation prop-
erty of the solution is checked (Hong, Scherer & Wang [14]). Further, some stochastic
predictor-corrector methods for the linear stochastic oscillator (3.1.7)-(3.1.8) are given,
and their structure-preserving properties are studied (Hong, Scherer & Wang [15], see
Section 3.3). In Chapter 5 and 6, we construct some symplectic methods for different
stochastic Hamiltonian systems. Their behaviors in preserving conserved quantities and
properties of original systems are observed through numerical tests in Chapter 9.

Backward error analysis is applied in numerical integration of deterministic ordinary dif-
ferential equations. Instead of the local and global errors, backward error analysis studies
difference between the vector fields of the original system and its modified equation, which
has the discrete points produced by the numerical method as its exact solution points.
Observing the exact flow of the modified equation gives insight into the qualitative prop-
erties of the numerical methods ([12]). Construction of modified equation of a numerical
method is vital for backward error analysis. It is verified that the modified equation of
a symplectic method is a Hamiltonian system, which can be written by using generating
functions of the numerical method ([12]). Inspired by these results, we propose in this dis-
sertation stochastic modified equations for symplectic methods with noises, by applying
their generating functions with noises. We prove that the modified equation of a stochas-
tic symplectic method is a stochastic Hamiltonian system, which can be determined by
generating functions of the method (Chapter 8). Numerical tests show good coincidence
between the trajectories of the numerical methods and their stochastic modified equa-
tions (Chapter 9). This gives help to the study of qualitative and long time behavior of
stochastic symplectic methods.

Contents of this dissertation are organized in the following way:

Chapter 1 is an introduction to stochastic differential equations and an overview of their
numerical approximations. Chapter 2 gives basic knowledge of deterministic Hamiltonian
systems, and the theory of deterministic variational integrators and generating functions.
Definition and properties of stochastic Hamiltonian systems, as well as some results on
numerical integration methods of them are presented in Chapter 3. Chapter 4 gives
representation of stochastic action integral, based on which the Lagrangian formalism
of stochastic Hamiltonian systems is derived, and the stochastic Hamilton’s principle is
obtained. As a result, stochastic variational integrators that create symplectic numerical
integration methods are constructed. On the basis of the stochastic action integral, as
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well as coordinates transformations, three kinds of generating functions containing one
noise for producing stochastic symplectic mappings are given in Chapter 5. Meanwhile,
three kinds of stochastic Hamilton-Jacobi partial differential equations satisfied by the
three kinds of generating functions are derived. An approach to approximate solutions of
the stochastic Hamilton-Jacobi partial differential equations is given. Symplectic numer-
ical methods for some stochastic Hamiltonian systems are constructed on the basis of the
stochastic generating function theory, whereby mean-square order of the methods can be
theoretically sufficiently high. The results in Chapter 5 for systems with one noise are
generalized to that for systems with two noises in Chapter 6, which contain stochastic
Hamilton-Jacobi partial differential equations with two noises, as well as approximations
of their solutions which are generating functions for stochastic symplectic schemes with
two noises. Cases of more noises can be treated similarly. In Chapter 7, generating func-
tions are found for some stochastic symplectic methods given in literature, according to
the stochastic generating function theory in Chapter 5 and 6. A symplectic Runge-Kutta
method for systems with additive noises is generalized to systems with any type of noises,
for which three kinds of generating functions are derived. Chapter 8 contributes to sto-
chastic backward error analysis, where an approach of constructing modified equations for
stochastic symplectic schemes is given, which applies stochastic generating functions. The
obtained modified equations are proved to be stochastic Hamiltonian systems. Modified
equations for some symplectic methods proposed in previous chapters are established.
The numerical methods produced by variational integrators and generating functions for
discretizing a linear stochastic oscillator, the Kubo oscillator, a model of synchrotron
oscillations and a system with two additive noises are tested through numerical experi-
ments. Chapter 9 illustrates the numerical results, which show efficiency of the methods
in simulating the original systems with preservation of some important structures of the
original systems. Good coincidence between trajectories of numerical methods and their
modified equations gives another support to validity of the stochastic generating function
theory proposed in this thesis.

I would like to express my deepest gratitude to my supervisors, Prof. Dr. Rudolf Scherer
(University of Karlsruhe) and Prof. Dr. Jialin Hong (Chinese Academy of Sciences) for
leading me into this interesting and vivid field of study, their constant support and in-
spiration, their patience, and their professional guidance and supervision, without which
the accomplishment of this dissertation would have been impossible.

My thankfulness is also given to the Department of Mathematics at the University of Karl-
sruhe (TH), and to the Institute of Computational Mathematics and Scientific/Engineering
Computing, Chinese Academy of Sciences, for accepting me as a PhD student in their
cooperation project, for the excellent study and working environment, facilities and re-
sources, especially the Kronmiiller Scholarship provided by the Department of Mathemat-
ics in Karlsruhe.

I also want to thank the staff of the two institutions for giving me uncountable help
in my study and life, and my fellow students for their valuable discussions and friendship.

Last, but never the least, I thank my family, since without their support I would not
be able to accomplish this thesis. Thank you very much!
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Chapter 1

Basic Knowledge

Basic definitions related to stochastic differential equations (SDEs), such as Wiener process,
stochastic integrals, and Ito’s formula are given in this chapter. A brief overview of the
numerical methods for SDEs, especially the Wagner-Platen expansion is made. Concepts
of convergence, consistence, and stability of a numerical method for SDEs are introduced.

1.1 Stochastic Differential Equations

In modern control theory, stochastic differential equations play an important role, because
they can successfully model systems with random perturbations.

Recall that a d-dimensional ordinary differential equation (ODE) system has the following
form

X(t) = f(X(),t),  X(0)=X,, (1.1.1)

where X is a d-dimensional vector and f : R? x [0, +-00] — R¢ a R%-valued function.
Stochastic differential equations arise when an ordinary differential equation is forced by
an irregular stochastic process such as Gaussian white noise £(t), the name of which comes
from the fact that its average power is uniformly distributed in frequency, which is a char-
acteristic of white light ([17]). For example, Langevin wrote the following equation for the
acceleration of a particle of Brownian motion, resulting from the molecular bombardment
of the particle suspended on a water surface,

X(t) = aX(t) + bE(t), (1.1.2)

with a < 0, b > 0, and X (t) being the velocity of the particle. This is the sum of a
retarding frictional force depending on the velocity and the molecular forces represented
by a white noise process £(t). —a and b are called drift coefficient and diffusion coefficient
respectively.

A mathematical description of Brownian motion was proposed by Wiener ([6],[17]), there-
fore, Brownian motion is also called standard Wiener process, namely, a Gaussian process
denoted with W(t), t > 0, and characterized by the following properties:

1. W(0) = 0 with probability 1.

2. For any partition 0 = ¢ty < t; < tg < ---, the increments W (t;; 1) — W(t;) and
W(tj+1) — W(t;) are independent for all 7 # j.
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3. E(W(t)) =0 and Var(W(t) — W(s)) =t — s for all 0 < s < t, where E and Var
denote the expectation and variance respectively.

An important character of the standard Wiener process is that its sample paths are
nowhere differential almost surely ([6],[17]). However, the white noises are usually re-
garded as the derivative of standard Wiener process, i.e., {(t) = W (t), which suggests
that the white noise process is an unusual process. In fact, it can not be realized physi-
cally, but can be approximated to any accuracy by conventional stochastic process with
broad banded spectra such as the following process

X(t) = W<t+h}1_ W) (1.1.3)

where W (t), t > 0 is a standard Wiener process ([17]).
Now write the Langevin’s equation (1.1.2) in the usual form of a stochastic differential
equation

dX (1) = aX (t)dt + bdW (1) (1.1.4)

with regarding &(t)dt = dW (t) which is a consequence of the relation between white noise
and standard Wiener process. The equivalent integral form of (1.1.4) is

X(t) :X(O)+/taX(s)ds+/tde(s) (1.1.5)

More general, the drift and diffusion coefficients a and b of a stochastic differential equation
can be functions of X (¢) and ¢. A d-dimensional stochastic differential equation (SDE)
system is usually expressed as

dX(t) = a(X(t),t)dt + b(X(t),t)dW (t), (1.1.6)
where a : R? x [0, +00] — R? is a d-dimensional vector and b : R? x [0, +-00] + RI*"
a d X r-matrix. W(t) is a r-dimensional Wiener process, the components of which are

pairwise independent standard Wiener processes.
Componentwise, the SDE system (1.1.6) are also written as

dX;(t) = a;(X(t),t)dt + ibik(X(t),t)de(t), 1=1,....,d, (1.1.7)
or equivalently
X;(t) = X;(0) +/0 a;(X(s),s)ds + Z/o bi(X(s),8)dWi(s), i=1,...,d. (1.1.8)

(1.1.7) or (1.1.8) is called a stochastic differential equation system with 7 noises.
Since t — Wy(w,t) is of infinite variation for almost every w € Q, {Q, A, P} being the
probability space, the stochastic integral

/O b (X (5), 5)dTWi(s)



1.1. STOCHASTIC DIFFERENTIAL EQUATIONS 9

can not be understood as an ordinary integral. It is defined for by, € L2 as the mean
square limit of the sums ([17])

—_

n—

Sulw) = D ba(X (6", w), € { Wi, 602) = Welw, )} (11.9)
i=0
with fj(-") € [tﬁ"), ; ") ] for partitions 0 = #§" < (" < {" < ... <Y = ¢ for which
(n) _ (n) (n)
o0 = o Jax l(t]Jr1 t;7)—0 as m — 00. (1.1.10)

L? here is the linear space which consists of functions f: € x [0,¢] — R satisfying
1. f is jointly A x L-measurable;
2. fo H)ds < oo;
3. E(f(-,s)2) < oo for each 0 < s < ¢;
4. f(-,s) is As-measurable for each 0 < s <,

with £ being the o-algebra of Lebesgue subsets on [0,¢]. With the mean-square norm

1/2

1S 2= (/OtE(f(-,s)Q)ds> : (1.1.11)

L? is a Banach space, if functions differing on sets of zero measure are identified ([17]).

The mean square limit of the sum 5, (w) in (1.1.9) depends on the choice of the point 5](-")

in the interval [t; ¢, tg’jr)l

Integral.

|, which distinguishes a stochastic integral from a classic Riemann
For example, if & j(»n) are chosen to be

e =@ -0t e 0<a<, (1.1.12)

and denote the resulted integrals with

)\)/0 Flos )dW (w, 1),

for the integrand f(w,t) = W(w,t) one has ([6],[17],[21])

T
1
/\)/ W (o, )W (0,1) = SW(w, TV + (A= )T, (1.1.13)
0
the value of which depends on .

Arbitrary choice of evaluation points & j(-n), however, is of little theoretical or practical in-
() ()
terest The most widely used two cases are ; () — (n) and f(n) ﬂ ie., A =0 and

A = 5, which results in the so-called Ito integral and Stratonov1ch mtegral respectlvely



10 CHAPTER 1. BASIC KNOWLEDGE

Definition 1.1. For partitions 0 = té) < t(n) < t(n) o<t =T on [0,T7], the
Ito integral fOTf(w,t)dW(w,t) for an integrand f € L2 is defined as the mean-square
limit of the sums

wa £) { (w, 7)) — W(w,t§"))}. (1.1.14)

The Stratonovich integral fOT flw,t) o dW(w,t) is equal to the mean-square limit of the

sums
n—1 75(71) +t(n+1)

flw, T—2—) {W(w,t§"+1)) - W(w,t(-"))}. (1.1.15)

=0

<.

Here we use the convention of expressing Stratonovich integral with a small circle o
before dW. The stochastic differential equation (1.1.6) is said to be of Itd sense, if the
stochastic integrals appearing in its integral form (1.1.8) are It integrals. For a stochastic
differential equation in the sense of Stratonovich we write

dX(t) = a(X(t),t)dt + b(X(t),t) o dW (), (1.1.16)
which means that the stochastic integrals involved are Stratonovich integrals.
From Definition 1.1 of the two kinds of integrals, it is derived by simple calculation that

they are related in an interesting manner ([6]).

Proposition 1.2. ([17],[21],[25]) The d-dimensional stochastic differential equation in
the sense of Stratonovich

dX(t) = t)dt + Zbk t) o dWi(t) (1.1.17)

with a and by, being smooth Ré-valued functions, is equivalent to the d-dimensional Ité
stochastic differential equation

dX(t) = (a(X(t),t) + % > %(X(t) )b (X ) dt + Z be(X (t), ) dWi(t).

(1.1.18)

Its proof is based on the Taylor expansion of by (X (2 +;j+1) 4 +t”1) at the pomt t; in the

sum S, (w) defined in (1.1.15) but for function by instead of f, [ =1,---  d. For details
it is referred to [6].

In stochastic calculus, there is a very important formula which functions as the stochastic
counterpart of the deterministic chain rule for derivative of composite functions. That is
the following It6’s formula in Theorem 1.3. Similar to the definition of £%, we denote

with £1. the linear space of real-valued functions f(¢,w) satisfying fo (| f(-;t) DHdt < o0
and E(| f(-,t) |) < oo for each 0 < ¢ < T'. In the theorem below we assume that the
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stochastic differential equation is of one dimension.

Theorem 1.3 (Itd’s formula). ([6],[17],[21]) Suppose

dX (t) = a(X(t),t)dt + b(X (), t)dW(t), (1.1.19)
fora € LY and b € L%, Assume u: R x [0,T] — R is continuous and that %, %, and
% exist and are continuous. Set

Then it holds
ou ou 10%u

dU(t) = —dt+ —dX(t)+ =—=bdt
®) ot + ox )+ 2 0z
ou  Ou 10%u ou
= | = +—a+===b")dt + —bdW (t 1.1.20
(8t+8xa+28x2 ) > (®) ( )
with equality interpreted in the mean-square sense.
It can be seen that an extra term %%det appears, which is not present in the clas-

sic chain rule. In [17], Kloeden and Platen give the following simple explanation for it.
Use the Taylor expansion for u, we have

AU(t) = w(X(t)+AX,t+ At) —u(X(t),1)

ou ou
= [ —=At+ —AX
(6t g >
1 (0w, 5 . 0% 0*u 5
+ 5 (ﬁ(At) + 28t8xAtAX + @(AX) )
TR (1.1.21)

According to the equation (1.1.19), (AX)? contains the term (AW)?, which gives the
term At due to the fact that E(AW?) = At. Thus follows the Ito’s formula.

Generalized Ito’s formula with dimension d is derived in the same way, based on Tay-
lor expansion of functions with more independent variables. In the case of r noises, its
derivation is more complicated. Details can be found in [6].

The It6’s formula (1.1.20) explains why there is an additional term —37" in (1.1.13) for
A =0. For A = § in (1.1.13), the extra term (A — 3)T vanishes, i.e., the classic chain rule

holds. This illustrate an important advantage of the choice of A = %, i.e., the Stratonovich
integral, as stated in the following theorem. Here we assume that X is d-dimensional vec-

tor, and W is r-dimensional Wiener process. a and b are accordingly defined, as in (1.1.6).
Theorem 1.4 (Stratonovich chain rule). ([6]) Suppose

dX = a(X(t),t)dt + b(X(t),t) o dW (1) (1.1.22)
and v : RY x [0,T] — R is continuous. Define

U(t) = u(X(t),1).
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Then

dU(t) = —dt Z awzodX

_ (‘27; 4 > +3 by o AWi(2). (1.1.23)

=1 k=1

Thus the classic chain rule holds for Stratonovich stochastic differentials b(X (t), t)odW (),
which is the major reason for its use. We give a proof for the simple case d = 1 and r = 1,
which applies the relation between It6 and Stratonovich integrals, as well as the Ito’s
formula.

Proof. From dX(t) = a(X(t),t)dt + b(X(t),t) o dW(t), applying formula (1.1.18), it
is obtained that

dX(t) = (a + %%b)dt + bdW (t). (1.1.24)
Now use the It6’s formula (1.1.20), we get
ou  10*u, ou
au(t) = <E + §a_b )dt + %dX
du 1 62u 5 Ou 1 0u 0b 8u
Proposition 1.2 implies
ou O*u_, Oudb Ou
%de( ) (@b + %8—17) d %b @) dW( ) (1126)
Substitute (1.1.26) into (1.1.25) we get
Gu ou ou

O

For the It6 SDE system (1.1.6) with 0 < ¢t < T and initial value X(0) = X, which
is either a constant or a random variable, under Lipschitz and linear growth condition
with respect to x of the drift and diffusion coefficients a(X (¢),t) and b(X (¢),t), with X
satisfying E(| Xy|?) < oo and being independent of the *future’, WT(0) := o(W (s)|0 < s)
of the Wiener process after time ¢t = 0, there exists a unique solution X € L% of this
system. One of the most important properties of the solutions of stochastic differential
equations is that they are usually Markov processes.

Definition 1.5. ([6]) The d-dimensional stochastic differential equation with r noises
dX(t) = a(X(t),t)dt +b(X(t),t)dW(t)
1s linear if the the coefficients a and b have the form

a(z,t) = c(t) + D(t)x,
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forc: [0,T] — R D: [0,T] — R™ and
b(z,t) = E(t) + F(t)x

for E: [0,T] — R F: [0,T] — L(RY R, the space of bounded linear mappings
from RY to RI*".

Definition 1.6. ([6]) A linear SDE is called homogeneous if c= E =0 for0 <t <T. It
1s called linear in the narrow sense if F = 0.

For the linear equations in narrow sense, if EdW is written as E{dt with £ being the
white noise, and regard F£ as an inhomogeneous term of the ODE

X(t) = c(t) + D)X (t) + E(t)€, (1.1.28)

the solution can be found by using the variation of constants method of solving an inho-
mogeneous linear ODE, which is

¢
X(t) = o(t) (Xo +/ @(s)—l(c(s)ds+E(s)dW)> : (1.1.29)
0
where ®(t) is the fundamental matrix of the ODE system

d(t)=DH)®,  d(0)=1. (1.1.30)

However, if F' # 0, the method of ODE system fails to function due to the extra term in
[to’s formula.

In fact, it is generally very difficult to find explicitly the solution of a SDE system,
except for some special cases such as the example above, as well as scalar linear equations
([6],[17]). This gives rise to the numerical methods of solving the stochastic differential
equation systems.

1.2 Stochastic Approximation
A brief overview of the main issues concerning the stochastic time discrete approximation
of a SDE is given in this section.

As the first example, we introduce one of the simplest numerical method of approximating
the solution of the scalar It6 stochastic differential equation

dX(t) = a(X(t),t)dt + b(X(t),t)dW (1), X(0) = Xy (1.2.1)
with ¢ € [0, 7], the Euler-Maruyama method
X1 = Xn + a(Xo, th)An + 0( X, tn) AW, (1.2.2)

for the partition 0 =ty < t; < -+ < tiy = T of the time interval [0, 7], and A,, = t,,.1—t,,
AW, = W (t,411) — W(t,), for which the initial value of iteration is Xj.

In stochastic context, two basic kinds of tasks are connected with the simulation of so-
lutions of SDE, one is simulating the paths of the solutions, the other is approximating
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expectations of functionals of the solution such as its probability distribution and its
moments. Consequently arise two types of criteria of judging the error behavior of the
simulations, namely the strong and weak convergence criteria.

Definition 1.7. ([16],[17]) A general time discrete approzimation X with maximum step
size h is called to converge strongly to X if

lim E(| X (T) - Xy ) =0, (1.2.3)

where Xy is the value of approximation X at time T = ty.

For comparison of efficiency of different strong numerical approximations, the order of
strong convergence is defined as follows.

Definition 1.8. ([16],[17]) A time discrete approximation X is said to converge strongly
with order v > 0 at time T, if there exists a constant C' > 0 which is independent of h,
and a hy > 0 such that ~

E(| X(T)—- Xy |) <Ch (1.2.4)

for all h € (0, hy).

On can see from the discussion above that, as the diffusion coefficient b vanishes, and
the initial value X, of the SDE (1.2.1) is a constant, the two definitions 1.7 and 1.8 re-
duce to deterministic convergence criteria for ODE.

The strong convergence requires a closeness of each sample path of the theoretical and
numerical solutions, as indicated by its definition. In many practical situations, however,
it is only required that the probability distributions of X and its numerical approximation
X to be sufficiently close. For this less demanding task of stochastic approximation, the
concept of weak convergence is introduced.

Definition 1.9. ([16],[17]) A time discrete approzimation Y with maximum step size
h is said to converge weakly with order B > 0 to X at time T as h — 0, if for each
polynomial g, there exists a constant C' > 0 which is independent of h, and a finite hy > 0
such that -

| E(9(X(T)) — E(g(Yn)) |< CH° (1.2.5)

for each h € (0, hy).

The assignment of g to polynomials is stimulated by the requirement of the practice
of approximating different moments of the solution X, since polynomials involve all pow-
ers needed. In fact, the functional class of g can be even larger ([17]). In case b = 0, X,
being constant, and g(x) = x, the definition above reduces to the deterministic conver-
gence criterion of ODE.

Another strong convergence criterion is the mean-square convergence, which is widely
used in literature on stochastic approximation, such as in Milstein’s monography [25]. Tt
is defined in similar way as Definition 1.7 and 1.8, but with a little modification.

Definition 1.10 (Mean-Square Convergence Order). A time discrete approrima-
tion X with maximum step size h 1s said to converge strongly with mean-square order
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to X at time T as h — 0, if there exists a constant C' > 0 which is independent of h, and
a hg > 0 such that

(E(X(T) - Xn)?)

N|=

<Ch (1.2.6)
for all h € (0, hy).
1

It is verified that the Euler-Maruyama method (1.2.2) has mean-square order v = 3
and weak order § = 1, which are quite low. ([16],[17],[25],[28]).

We note that the Euler-Maruyama method (1.2.2) is a natural generalization of the clas-
sic Euler method for ODE to numerical integration of SDE. This generalization is valid,
because the increment functions of the Euler-Maruyama scheme a and b take values at the
left endpoint of the small interval [t,,¢,.1], which is consistent with the definition of the
[to’s integral. Not every classic numerical method can be adapted for solving stochastic
differential equations, because they are usually inconsistent with Ito calculus. The con-
sistency requirement in numerical approximation of SDE coincides in idea with ODE, but
differs in expressions from ODE by involving expectations, since random elements exist.
Moreover, two kinds of consistency are concerned in stochastic context, namely strong
and weak consistency corresponding to strong and weak convergence respectively.

Definition 1.11. ([17]) A discrete time approximation X of the solution X of equa-
tion (1.2.1) corresponding to a time discritization {t, : n =0,1,...} with mazimum step
size h is said to be strongly consistent, if there exists a nonnegative function ¢ = c(h) with

}lblir[l) c(h)=0 (1.2.7)
such that B B ,
E (‘E (% | Atn> — a(Xp, tn) ) < ¢(h) (1.2.8)
and
1 _ _ _ _ _
E (A— | X1 — X — E(Xnp1 — Xu|Ar,) — b(Xn,tn)AWn|2) < c(h) (1.2.9)

for all fived values X, = x and n = 0,1,..., where A, = t,. —t, and AW, =
W (tni1) — Wi(tn).

(1.2.8) requires that the increment in the drift part of the approximation converges in
mean-square sense to the drift coefficient a of the SDE, while (1.2.9) expresses that the
increment in diffusion part of the approximation converges to the diffusion coefficient b of
the solution in mean-square sense. Thus it can be seen as a generalization of the consis-
tency condition in ODE, and reduces to that in absence of noise. Moreover, the definition
of strong consistency indicates the path-wise closeness between the approximation and the
solution. In fact, strong consistency implies strong convergence, as the relation between
consistency and convergence in ODE.

Weak consistency is defined similarly but less demanding for the closeness of the dif-
fusion parts of the approximation and solution. We omit the definition here. It is referred
to [17] for more details.
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To obtain higher order methods for SDE, it may be a natural thought to adapt higher
order methods of ODE to SDE. This is, however, often unsuccessful, because the adapted
method may be either inconsistent or unable to improve the order. To illustrate the im-
portance of consistency, we cite an example which is introduced by Kloeden in his article
[16]. The deterministic Heun scheme adapted to It6 SDE (1.2.1) has the form

1
Xpni1 = X+ 5 [a( X, tn) + a( X, + a( X, tn) Ay + 0( Xy, ) AW, tai1)] Ay

1
+ B [b( X, tn) + b( Xy + a(Xo, t0) Ay + b( Xy, 6,) AW, t1)] AW, (1.2.10)

For the 1to6 SDE dX (t) = X (t)dW(t) it becomes
X = X+ %Xn(Q +AW,)AW,. (1.2.11)

Thus

1
— (1.2.12)

An):2

Xn+l - Xn T 1
E{ ——— | X, = = —
( A | a:) A (0+ 5
which should approximate the drift coefficient a(x,t) = 0 but failed. Consequently the
adapted Heun method does not converge to the solution X (¢), neither strongly nor weakly.

When an adapted ODE method happens to be consistent with It6’s calculus, it can not
have higher order of accuracy, because it contains only the increments A,, and AW,,, with
the latter not involving any information of the Wiener process W (t) inside the subinterval
[tn, tni1], but only information on the nodes of the time partition. In fact, using a theorem
about order of convergence in Milstein’s monograph [25], it is not difficult to verify that
such adapted consistent methods can usually only have strong order %

In [44], Wagner and Platen expand the solution X (t+h) of the It6 equation (1.1.6) at the
point (¢, ) in powers of h, and in integrals depending on Wy (s) — Wi(t), t < s <t + h,
k =1,...,r. Such integrals provide with more information of W (t) inside the subinterval
of time discretization. This kind of expansion is called the Wagner-Platen expansion,
which is the stochastic counterpart of Taylor expansion of ODE. In case that the diffusion
coefficient b(X(t),t) = 0, it comes down to the deterministic Taylor expansion. Theo-
retically it provides with the possibility of constructing numerical schemes for SDE with
arbitrarily high order of accuracy, as the Taylor expansion does for ODE.

For convenience, we discuss the scalar 1t6 SDE (1.2.1). In the Itd’s formula (1.1.20),
denote the coefficient of dt with L%, and that of dW (t) with L'u, i.e., the two operators
LY and L' are defined as

_ 0,9 1pd 0 (1.2.13)
X

In the equivalent integral form of SDE (1.2.1)

X(t+h) = X(t) + /tHha(X(s),s)ds + /;M b(X(s), $)dTV (s), (1.2.14)
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apply It6’s formula to the functions a(X(s), s) and b(X(s), s) to obtain
t+h s s
X(t+h) = X(t) +/t {a(X(t),t) +/t Loa(X (u),u)du +/t Lla(X(u),u)dW(u)] ds
t+h s s
+ /t {b(X(t), t) —I—/ LOb(X (u), u)du —|—/ L'W(X (u), u)dW(u)} dW (s)

t t

= X(t) + a(X (), )h+ bX (), ) (W(t+h) — W(t) + R, (1.2.15)

with the remainder

t+h t+h

/ / L u)duds + / / L'a( u)dW (u)ds
t+h t+h

/ / LO( w)dudW (s / / L'b(X

In (1.2.15), eliminate the remainder term R; and replace t and ¢ + h by ¢, and ¢,
respectively, we obtain the scheme

(1.2.16)

X1 = X+ a( X, t)Ap + b( Xy, ) AW,
which is the Euler-Maruyama scheme.
Higher order schemes can be achieved by expanding the integrands in the remainder term
at (X(t),t) using Ito’s formula. For example, in the remainder Ry, apply 1t6’s formula to
the last integrand L'b(X (u),u) in (1.2.16), we get
X(t+h) = X(t)+a(X(t),t)h+b(X(t),t)(W(t+h)—W(h))

t+h
+ L'B(X(t / /dW )AW (s) + Ra, (1.2.17)

with the remainder

Ry, = /t+h/ Lla( duds+/t+h/ L'a( w)dW (u)ds
+ / o / LO( u)dudW (s / o / / LOL'B(X (v), v)dvdW (u)dW (s)

t+h
+ / / / L'LYO(X (v), v)dW (v)dW (u)dW (s). (1.2.18)
t t t
Based on (1.2.17), the following scheme is constructed:

Xnn1 = Xo+a(Xo, th)A, + (X, T,) AW,
tnt1 S
+ le(Xn,tn)/ /dW(u)dW(s), (1.2.19)
tn tn

which is called the Milstein scheme, and has strong order 1 and weak order 1 ([16]).
Theoretically, the successive expansions can be performed unlimitedly, which give nu-
merical methods of arbitrary high order. However, with the improvement of order of
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expansion, stochastic integrals appear with more and more multiplicities, which causes
great difficulties in implementation.

The simplest stochastic integral with single multiplicity ftt:“ dW (s) = AW, can be mod-
eled by /A&, where € ~ N(0,1) is a random variable with standard normal distribution,
since AW,, ~ N(0,A,). Most digital computers include pseudo-random number genera-
tors which gives the possibility of realization of &, and thus the simulation of AW,,.

In Milstein’s book [25], modeling of Tt6 integrals is studied. It is pointed out that the
modeling of multiple Ito integrals can be reduced to that of single integrals. Explicit

techniques of simulation of single integrals such as Li"“ sdW (s) are analyzed.

Other types of schemes, for example the stochastic Runge-Kutta type methods which
are derivative-free, can be constructed by making some modifications on the Wagner-
Platen expansion. For example, replacing the derivative term L'b(X,,t,) in the Milstein
scheme (1.2.19) by the forward difference

1
VA

results in the Platen scheme, which is of Runge-Kutta type and has strong order 1.
By doing modifications, consistency requirement should be paid attention to.

(X 4 a(Xns tn) A + b( X, t0) VD) — b( X, tn)]

Another feature of an efficient numerical method is its stability. As in the situation
of ODE, stability analysis of numerical methods for SDE is also required. The concept
of stability also means that the error propagation of a scheme is under control, as in
deterministic systems, but is defined with using the probability measure P.

Definition 1.12. ([17]) A time discrete approzvimation X to the solution X of SDE
(1.1.6) with mazimum step size h is stochastically numerically stable, if for any finite
interval [ty, T there exists a constant hyg > 0 such that for each € > 0 and each h € (0, ho)

lim sup P(| X(T) — Xy |>¢€) =0, (1.2.20)

|X (to)—Xo|—0 to<t<T
where Xq is the value of the approxzimation X at time to, and Xy the value of X at time T.

Under the conditions of existence and uniqueness of solution of a SDE system, the ap-
plied Euler-Maruyama method is proved to be numerically stable ([17]). A-stability, test
equations, region of absolute stability, stochastic stiff systems, and so on construct the
stochastic analog of the deterministic analysis of stability. We omit the details here.



Chapter 2

Deterministic Hamiltonian Systems

In this chapter, some basic knowledge about deterministic Hamiltonian systems is stated,
such as the derivation of its formalism from variational principle, Lagrangian formalism of
a mechanical system, Legendre transformation, and its properties such as symplecticity.
Symplectic numerical methods as well as some known results about symplectic integrators,
especially the variational integrators and generating function theory for deterministic
Hamiltonian systems are introduced, which provides with a resource of reference and
comparison for stochastic Hamiltonian systems, and stimulates the study on analogous
numerical integration methods for them, which are topics of following chapters.

2.1 Lagrangian and Hamiltonian Formalism

After Newton’s second law which deals with motion of free mass points, Lagrange devel-

oped a new way to describe the motion of more complicated systems such as rigid bodies.

Denote the position of a mechanical system with d degrees of freedom with ¢ = (g, ..., qq)”.
Suppose T' = T'(q,¢) and U = U(q) to be the kinetic and potential energy of the system

respectively. The Lagrangian of the system is defined as

L=T-U. (2.1.1)

Then the position ¢ of the system satisfies the following Lagrange equation

d (0L\ oL
4 (a_q) - o (2.1.2)

Through the Legendre transform of introducing the conjugate momentum

oLT

p

and define
H = % — L(g,d) (2.1.4)

to be the Hamiltonian of the system, Hamilton gave an equivalent expression of the
Lagrange equation (2.1.2), which is symmetric in structure and called the Hamiltonian
formalism of motion.
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Theorem 2.1. ([12]) The Lagrange equation (2.1.2) is equivalent to the Hamiltonian
system

OHT
- _on 2.1.5
OHT
= = . 2.1.6
q o (2.1.6)
Proof. The formulae (2.1.4) and (2.1.3) imply
oH 404 0L _0LO¢ 0L
o¢ ~ Y og 9¢ 94oq  oq
OH o p0i OLOG
oH  _ 9¢ _oLoq _ v 2.1.
o T diop ¢ (2.1.7)
Thus (2.1.5)-(2.1.6) is equivalent to £ (g_g) = 2L which is (2.1.2). O

In fact, the Lagrange equation of motion (2.1.2) describes in variational problem the
q(t) which extremizes the functional

s = [ Hat).qwpar (2.1.8)

among all curves ¢(t) that connect two given points ¢(ty) = qo and ¢(¢1) = ¢;. The func-
tional S(q) is also called the action integral, and the Lagrange equation (2.1.2) has the
name, the Euler-lagrange equation for the functional S.

Theorem 2.2 (Hamilton’s Principle). ([1],[12]) Lagrange equation of motions (2.1.2)
of mechanical systems extremizes the action integral (2.1.8).

Proof. Considering a variation ¢(t) + €dq(t) with 0q(to) = dq(t1) = 0, and setting

d
i 5q) = 2.1.
T oo Slg+2dg) = 0 (219
toads to oL oL hroL  dOL
“25q + =244 dt:/ (————,)5 dt =0, 2.1.10
/to (&z Ry q) Ww \0g dtag)"! ( )
which implies the Lagrange equation (2.1.2). O

The phase flow {p(t), ¢q(t)} of a Hamiltonian system (2.1.5)-(2.1.6) preserves the natural
symplectic structure of the phase space of a mechanical problem, which is the character-
istic property of a Hamiltonian system. To explain it, we first introduce the definition of
a symplectic mapping.

Definition 2.3. ([12]) A differentiable map g : U — R*® (where U C R*® is an open set)
is called symplectic if the Jacobian matriz ¢'(p,q) satisfies

d(p, )" I (p,q) = J, for all (p,q) €U, (2.1.11)
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0 I
-1 0

Geometrically, this definition describes the invariance of oriented area under the map-

where J = < ) and I denotes the d-dimensional identity matrix.

P
ping g on the manifold {p,q}. The oriented area generated by two vectors & = ( gq )

p
and n = ( Zq ) is the oriented area of the parallelogram generated by them, and is
actually a 2-form w?(£,n) on the manifold {p, ¢}, defined by

W& m) = €. (2.1.12)

Definition 2.3 implies that

w*(&,m) = w*(¢'(p.9)& 9 (p, a)n)- (2.1.13)

Since a differentiable mapping can be locally approximated by a linear mapping, i.e., its
Jacobian matrix, the equation (2.1.13) is approximately equivalent to

w(&,m) = w?(g9(£), 9(n)), (2.1.14)

which gives the geometric significance of a symplectic mapping g.

The phase flow of the Hamiltonian system (2.1.5)-(2.1.6) is a one-parameter group of
transformation of phase space

9"+ (p(0),4(0)) — (p(t),q(t)), (2.1.15)

which is the mapping that advances the solution from the initial time to time ¢, where
p(t), q(t) is the solution of the Hamiltonian system (2.1.5)-(2.1.6).

Theorem 2.4 (Poincaré). ([12]) Let H(p,q) be a twice continuously differentiable func-
tion on U C R?!. Then, for each fized t, the flow g' is a symplectic transformation
wherever it is defined.

The proof checks the symplecticity of the mapping ¢* by applying Definition 2.3, and
can be found in [12].

The symplectic 2-form w? on the manifold {p,q} can be expressed as the wedge prod-
uct of the two 1-forms dp and dg, i.e.,

d
w? :dp/\dq:dei/\dqi. (2.1.16)

=1

In the sequel, the symplecticity of a mapping g : (p,q) — (p,q) can also be defined as
preservation of the symplectic structure:

dp N\ dq=dp A dgq. (2.1.17)

In the following, we show the equivalence between this description of symplecticity and
that in Definition 2.3.
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Theorem 2.5. (2.1.17) is equivalent to Definition 2.3.

P _ _( 91v.9) )
( @7) 9.9) ( 92(p.a) )
where g; : U — R? and g, : U — R? are d-dimensional functions. Thus (2.1.11) in
Definition 2.3 is equivalent to three conditions

Proof. Suppose

99" 99, _ 99:" 991

—_ - == = 1 2.1.1
op dq Op Oq ’ ( %)
T T
091709 992799 _ (2.1.19)
op Op Op Op
891T892 392T891
_ == - == — = 2.1.2
dg 0q  0q Oq v (2.1.20)
where [ is d x d identity matrix, and 0 is d x d zero matrix.
On the other hand,
d d
dpndg = > dpiAdg = _d(gi,(p,q)) Ad(gz(p,q))
i=1 i=1
d
0g1. Oga,  Ogi1, Oga.
_ ZZ( 91,992, 04y, gQ’)dpk/\dpj
= <= \Opx Ip;  Op; Ips
d
091, 092, Ogn, 892,-)
+ L2 =L 28V dpg A dg;
;kzj (apk dq;  0g; op ) Y
d
091, 092, Ogn, 892-)
+ : L — : = dgi A dg;. 2.1.21
2; (an d¢;  0q; ogi )Y ( )
i J
Thus, dp A dqg = dp A dq is equivalent to
d .
> (Gt Sl _ [ 20 (21.22)
= Opr, 0g; dq; Opy 0, k#j
d
g1, 0ga,  Ogu, 892‘) )
: L — t : = 0, Vk<yj, 2.1.23
; (32% dp;  Ip; Opx / ( )
d
dg1, 0ga, Oy, 892-) .
: £ — . . = 0, Vk<j. 2.1.24
Z.Zl <3qk 9q;  0q; Oqk / ( )

(2.1.22), (2.1.23), and (2.1.24) are equivalent to (2.1.18), (2.1.19), and (2.1.20) respec-
tively. Thus follows the assertion. 0
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In the following we mainly use the characterization (2.1.17) of a symplectic mapping.

Given initial conditions of the Hamiltonian system (2.1.5)-(2.1.6)

p(0) = po, ¢(0) = qo, (2.1.25)
another formalism of Theorem 2.4 in terms of characterization (2.1.17) is stated in the

following theorem.

Theorem 2.6. For the Hamiltonian system (2.1.5)-(2.1.6) with initial conditions (2.1.25),
it holds
dp(t) A dq(t) = dpo N dqo, (2.1.26)

for allt > 0.

Another significant property of a Hamiltonian system is its conservation of the Hamil-
tonian H (p, q).

Theorem 2.7. The Hamiltonian H of the Hamiltonian system (2.1.5)-(2.1.6) with initial

conditions (2.1.25) satisfies
H(p(t),q(t)) = H(po, q0) (2.1.27)
for allt > 0.

Proof. Consider the relations (2.1.5)-(2.1.6), we have

d OH . O0H .
dtH( p(t),q(t)) = a—pp+a—qq

OHOHT OHOHT
= o +3_qa_p =0. (2.1.28)

0

In mechanical problems, in case that the kinetic energy T = %QTM (q)q is quadratic, where
M (q) is a positive definite matrix, we have by the Legendre transform that p = M(q)q.
Thus according to the definition of the Hamiltonian H (2.1.4),

H(p,q) = 50" M(@)i + U(g) = T(0.4) + Ula). (2129

which is the total energy of the mechanical system. Thus the invariance of the Hamiltonian
implies the conservation of the total energy of the system.

2.2 Variational Integrators for Hamiltonian Systems

Since the phase flows of Hamiltonian systems preserves symplectic structure, one wants
to construct numerical integration methods which inherit this property.

Definition 2.8. A numerical method (pn, ¢,) — (Ppi1,Gne1) (n > 1) for numerically in-
tegrating the Hamiltonian system (2.1.5)-(2.1.6) with initial conditions (2.1.25) is called
a symplectic method, if it preserves the symplectic structure, i.e., if

dpn+1 A dQnJrl = dpn A dan (221>
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foralln > 1.

One of the simplest symplectic method for Hamiltonian systems is the symplectic Euler
method: . .
oH oOH
n - n_h_ n+1;4n ) n — {n h— n+1,4n)- 2.2.2
Pnt1 =D 90 (Pn+1: Gn) Gt = o+ hg (Prt1: Gn) (2.2.2)

Its symplecticity can be verified in a straightforward way. Differentiating the equations
in (2.2.2) yields

?H " 02H
(I + h@q@p Ydpni1 = dp, —h—— o dqn, (2.2.3)
a? ?H T

—dppi1+dgnn = (I+h )dgn, (2.2.4)

8 2 Opdq

where all the functions are evaluated at (p,11,¢,). Thus, the wedge product of the left
side of the two equations should equal that of the right side, i.e.,

277 T 2
H
I+h dpp+1 N dg, I+h——— dn/\dm 2.2.5
which gives
dpn+1 A dQn-i-l = dpn A qum (226)
2T 52
since aqé; apgf

An important class of symplectic numerical methods is the symplectic Runge-Kutta meth-
ods, which are widely used and take many special efficient methods into a unified system.
The idea of a Runge-Kutta method is to replace higher order derivatives in a Taylor
expansion by information of the increment function on intermediate points inside each
subinterval of time discretization, by which higher order derivative-free methods are ex-
pected to be obtained. It is usually characterized by its stage s and its coefficients a;;, b;
and ¢, 4,5 =1,...,s. For example, for the Hamiltonian system (2.1.5)-(2.1.6), a general
s-stage Runge-Kutta method takes the form

Pn+1 = Pn — hzbinT(Pm, Qni)a Pri = pn — hzaz‘quT(Pnj, an)v (2-2‘7)

i=1 jfl
n+1 = (Qn + h Z bng(Pm; Qm)> = ({n + h Z azg an Qn]) (228)
=1

The following theorem gives the conditions under which a general s-stage Runge-Kutta
method is a symplectic one.

Theorem 2.9. ([12]) If the coefficients of the Runge-Kutta method (2.2.7)-(2.2.8) satisfy
biaij + bjaji == bibj, (229)

foralli,j=1,...,s, then it is symplectic.
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The proof of the theorem can be found in [12].

In fact, a large variety of symplectic methods, including the symplectic Runge-Kutta
methods, can be constructed by generating functions or variational integrators.

Variational integrators for deterministic systems are based on the Lagrange’s equation
of motion (2.1.2)
oL doL

dq  dt 04
and the action integral (2.1.8)

Now consider the action integral S as a function of (qo, ¢1), where go = q(to) and ¢; = q(t1).
Find the partial derivatives of S(qo, ¢1) with respect to gy and ¢;:

oS b 9L dg  OL 94
— = — L =t
dqo o (5‘61 dqo  90q 0qo)
_ Ouy [0 doL,ou
090G 0q " o O0q dt 9q° Oqo
oL )
= —a—q(%a(](to))
= —pt (2.2.10)

The last two equalities are consequences of the Lagrange equation (2.1.2) and the Legendre
transform (2.1.3) respectively.
Similarly one gets

oS T
— =7 . 2.2.11
B b1 ( )
As a result it follows that
oS oS
dS = —d —dg, = —pld Tdq,. 2.2.12
o q + 5q, 101 = ~Podao +prdg ( )

Theorem 2.10. ([12]) A mapping g : (p,q) — (P, Q) is symplectic if and only if there
exists locally a function S(p,q) such that

PTdQ — pTdq = dS. (2.2.13)
This mean that PTdQ — pTdq is a total differential.

Remark. The proof of this theorem can be found in [12]. It applies the Definition
2.3 of a symplectic mapping to show that, the Jacobian matrix

(¢ )
Qp Qg
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of the mapping (p, q) — (P, Q) defined by (2.2.13) satisfies

T
P, P, ) ( P, P, )
ISy o )= 2.2.14
( QP Qq Qp Qq ( )
(2.2.14) is equivalent to the three conditions
Pr'Q,=QP, PI'Q,—I1=Q)P, QI'P,=PlQ, (2.2.15)

On the other hand, with d@Q = Q,dp + Q,dq, and using an integrability lemma in [12],
one knows that the left side of the equation (2.2.13) is integrable if and only if the matrix

TP TP 82 ;
<Q?ﬁpf1 8’51{)@%@%2 (2.2.16)

is symmetric, which is equivalent to the symplectic conditions (2.2.15).

This theorem builds up the basis of the generating function theories, which we discuss
later. S here is called the generating function of the symplectic mapping (p, q) — (P, Q),
which is derived from (2.2.13) as

08" oS8T

From Theorem 2.10 and (2.2.12) it follows that the mapping (po, qo) — (p1,q1) generated
by the action integral S via the relation (2.2.12) is a symplectic mapping.

Based on this fact, it is possible to construct symplectic schemes via action integral S by
the relation (2.2.12). Consider ¢, and ¢, of a one-step method as the two endpoints of
the variational problem on the small interval [t,,t,,1], where ¢, and ¢, are approxima-
tions of ¢(t,) and ¢(t,,1) respectively, and write out the action integral on [t,,t,.1] by
applying the definition (2.1.8). Then use the relation (2.2.12) to find p, and p,;;. The
mapping (pn, ¢n) — (Pna1, ¢ne1) is thus symplectic owing to Theorem 2.10.

Explicitly, let the discrete Lagrangian be ([12])

Lo s) = / " Lig(t), 4, (2.2.18)

which plays the role of the ‘local’ action integral. Given ¢, and ¢,.1, p, and p,.1 can be
derived through

oL, T

n - - ny Yn 3 2219

p 8% (q Q-i-l) ( )
oL, T

Pot = 5 (G Gor1) (2.2.20)
Qn+1

according to the relations (2.2.10) and (2.2.11). The equation (2.2.19) is also called the
discrete Legendre transformation ([12]).

It then follows the problem of finding L,. In fact, L, can be approximated by applying
different quadrature formulae, such as the trapezoidal or the midpoint rule to (2.2.18).
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In MacKay [20] and Wendlandt & Marsden [45], ¢(¢) in (2.2.18) was approximated by

'i:i—:g:. It is discovered in [24] that higher order symplectic methods can be created
by proper choice of quadrature formulae for approximating the discrete Lagrangian. For
example, Gaussian quadrature gives the Gauss collocation method, and Lobatto quadra-
ture gives the Lobatto IITA-IIIB pair ([12],[24]). Particularly, the symplectic partitioned

Runge-Kutta methods can be produced by using a special quadrature formula to (2.2.18)

([12]).

2.3 Generating Functions

The existence of generating functions for symplectic mappings is already shown in the
section above, where the action integral S of the variational problem is a generating func-
tion, and ¢, and ¢, are first assumed to be given to find p, and p,,;. Note that this
is only a formal assumption, since p,, and ¢, are actually given. It can be seen as a local
change of coordinates, which requires % to be invertible to ensure that it is well-defined.

Similarly, one can also make other change of coordinates. For example, presuming
(Pna1,Gn) OF (Pny @ua1) OF ((p”“ﬂ?”) (q"“’Lq")) to be the coordinates is sometimes more
convenient. There exist analog of Theorem 2.10, namely Theorem 2.11, which describes
generating functions S!, S?, and S? correspondmg to these three cases respectlvely

Theorem 2.11. ([12]) Let (p,q) — (P,Q) be a smooth transformation, close to the
wdentity. It is symplectic if and only if one of the following conditions holds locally:
a) QTdP +p'dq=d(P'q+ S*) for some function S'(P,q); (2.3.1)
b) PTdQ + ¢"dp = d(p"Q — S?) for some function S*(p,Q); (2.3.2)
) (Q—a)"d(P+p)— (P —p)'dQ+q) = 2d5°

(P+p) (@+4q)
5 T 3 ). (2.3.3)

for some function S*(

Remark. The proof is based on Theorem 2.10 and given in [12]. In fact, with choosing
S'=P(Q—q) —S (2.3.4)

and considering d(PTQ) = PTdQ + QTdP, a) is equivalent to (2.2.13), and thus follows
the assertion of the theorem. The cases b) and c¢) can be similarly derived for proper
choice of S? and S®. In particular,

(P+p)"(Q—q)
2

53 = - S (2.3.5)
makes (2.3.3) equivalent to (2.2.13).
Comparing the coefficient functions of dP and dg in (2.3.1), we obtain the following scheme

SlT 1T

0

which is called the symplectic one-step method generated by the first kind of generating
function S(P,q). It is obvious that as S* = 0, it becomes the identity mapping, which is
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expected, since the initial point of iteration coincides the initial conditions.

For S'(P,q) := hH(P,q) with h being the step size and H the Hamiltonian, (2.3.6) is
just the symplectic Euler method, while the same approach applied to (2.3.2) leads to the
adjoint of the symplectic Euler method.

Analogously, (2.3.3) yields the scheme

(P+p) (@+q)

P = p_agSS( )7

2 2
Q = q+81TS3((P;p),(Q;(J)). (2.3.7)

For S® = hH, it is the implicit midpoint rule applied to the Hamiltonian system (2.1.5)-
(2.1.6).

As revealed in Theorem 2.10, each symplectic mapping (p,q) — (P, Q) corresponds to
a generating function S according to the rule (2.2.17). Theorem 2.4 asserts that, the
mapping along the flow of a Hamiltonian system (p, q) — (P(t), Q(t)) with p = P(0) and
q = Q(0) is symplectic for any ¢t > 0. Consequently, there should exist a generating func-
tion S(q,@,t), which generates the exact flow (p,q) — (P(t),Q(t)) of the Hamiltonian
system (2.1.5)-(2.1.6) with initial value (p, q), via

8™ 28*
Starting from this analysis, differentiating the second equation in (2.3.8), it is found that
such S can be a solution of a partial differential equation.

Theorem 2.12. ([12]) If S(q,Q,t) is a smooth solution of
oS
—+H(8Q,Q) 0, (2.3.9)

and if the matriz <8fa§9j) is invertible, the mapping (p, q) — (P(t), Q(t)) defined by (2.3.8)

is the exact flow of the Hamiltonian system (2.1.5)-(2.1.6) with initial value (p,q). Equa-
tion (2.3.9) is called the Hamilton-Jacobi partial differential equation.

928
0q;0Q;
ensuring solvability of P(¢) and Q(t) from equation (2.3.8), as well as calculations in the
proof of the theorem. For details see [12].

The invertibility of the matrix ( ) is required by the implicit function theorem of

The generating functions S, S?, and S? also satisfy corresponding Hamilton-Jacobi par-
tial differential equations, which can be derived from the relation between S and S*
indicated in (2.3.4), and that between S and S® in (2.3.5).

Theorem 2.13. ([12]) If SY(P,q,t) is a solution of the partial differential equation

oS!t oS!

- (Pat) = H(P.g+ =5(Pg, 1)), SY(P,q,0) =0, (2.3.10)
then the mapping (p,q) — (P(t),Q(t)) defined by
p=PO+ 5 (PO, Q=g+ 5 (PO.01) 23,11
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is the exact flow of the Hamiltonian system (2.1.5)-(2.1.6) with initial value (p,q).

Theorem 2.14. ([12]) Let u = &2 and v = %. Assume that S3(u,v,t) is a solu-
tion of

05? 105° 105°
W(u,v,t) = H(u— §E(u,v,t),v + 5%(%”7”) (2.3.12)
with S*(u,v,0) = 0. Then the mapping (p, q) — (P(t), Q(t)) defined by
3T 3T
Pt =p— 00 () v, 1), QU =a+ o (ut),o(t)0)  (2313)

is the exact flow of the Hamiltonian system (2.1.5)-(2.1.6) with initial value (p,q).

Based on the results above, generating functions for symplectic schemes can be found
by solving corresponding Hamilton-Jacobi partial differential equations. Feng Kang et.
al. proposed an approximate solution of the Hamilton-Jacobi equations ([8],[12]). For
example, substituting the assumption

into (2.3.10) and comparing like powers of ¢ yields

G\(P,q) = H(P,q),

1 0H OH
Gy(P,q) = §<8_P8_q)(P’Q)’
| O°H oH., ©O°H OHOH O*H 0H
G3(Pq) = 6(8P2(a_q) + 9P9q 0P 0q + g (8_P) )(Pq),  (23.15)
and so on. Let
S' =~ hG1(P,q) + h*G2(P,q) + ... + WG, (P, q), (2.3.16)

then the symplectic numerical scheme generated by it according to (2.3.11) has order r
of convergence, since the error is of order r + 1.

The same approach applied to S® results in
SP(w, t) = tGy(w) + PGs(w) + ... + 7 Gy (w) + .. ., (2.3.17)
where w = (u,v), and
Gi(w) = H(w),
Golw) = iVQH(w)(J_IVH(w), TV H(w)), (2.3.18)
and so on. Let
S*(w, h) =~ hG(w) + R*Gs(w) + ...+ h¥ LG (w), (2.3.19)

The symplectic numerical scheme generated by (2.3.13) has order 2r of convergence.
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Chapter 3

Stochastic Hamiltonian Systems

A stochastic Hamiltonian system is a Hamiltonian system under certain kinds of random
disturbances. Its definition, properties and some known numerical integration methods are
introduced. Examples of stochastic Hamiltonian systems are given. For a linear stochas-
tic oscillator, special numerical schemes are constructed and their abilities of preserving
certain structures of the oscillator system are studied.

3.1 Definitions and Examples

Definition 3.1. ([2],[28],[29]) For the 2d-dimensional stochastic differential equation in
Stratonovich sense

dp = [f(t,p,q)dt+ ) ok(t,p,q) o dWi(t), p(te) = po, (3.1.1)
k=1

dg = g(t,p,q)dt+ Y y(t,p,q) o dWi(t), q(to) = o, (3.1.2)
k=1

if there exist functions H(t,p,q) and Hy(t,p,q) (k=1,...,7) such that

t = —(1 t = ——1 3.1.3
f( ,p,Q) aq ( 7paQ) ) Uk( 7p7Q) aq ( 7p7Q) ; ( )
OH T OH}, 7
9(t.p.q) o (t.p.a)", Y (t, P, q) o (t.p.q)", (3.1.4)
for k=1,...,r, then it is a stochastic Hamiltonian system.

This definition is based on the requirement of preservation of the symplectic structure
dp N dq along the phase trajectory of the stochastic system (3.1.1)-(3.1.2). It is proved in
28] that

Theorem 3.2. ([2],[28],[29]) For the stochastic Hamiltonian system (3.1.1)-(3.1.2) with
conditions (3.1.3)-(3.1.4), it holds

dp(t) A dq(t) = dpo A dqo (3.1.5)
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for allt > 0.

The proof mainly applies the formula of change of variables in differential forms. The
demand of the system being in Stratonovich sense simplifies the stochastic differential

calculations, since the Stratonovich equations preserve classic chain rule.

In fact, (3.1.5) is the intrinsic characteristic of a stochastic Hamiltonian system, and
we have the following result.

Theorem 3.3. (3.1.5) is equivalent to

BTJB = J,
where on®) onlt)
PORTO) ( e o ) |
9(po; 1) Opo  Oqo
Proof. The proof follows the same way as that of Theorem 2.5. U

Due to the external stochastic disturbances, the total energy of the stochastic Hamil-
tonian systems may not be preserved. In other words, the Hamiltonian H can vary, which
is different from deterministic Hamiltonian systems.

Definition 3.4. ([6],[17],[21]) The stochastic differential equation (1.1.6) is called a sto-
chastic differential equation with additive noises, if b(X(t),t) = b(t), i.e. b does not
depend on X. Otherwise it is called a stochastic differential equation with multiplicative
noises.

Theorem 3.5. For a stochastic differential equation with additive noises, its Ito form
and Stratonovich form coincide.

Proof. b being independent of X implies that

ob; .

a;’“:o, i=1,....d k=1,...r
The relation between Ito and Stratonovich equations given in Proposition 1.2 thus gives
the result of the theorem. OJ

We give in the following several examples of stochastic Hamiltonian systems.

Example 3.1. A linear Stochastic Oscillator
A linear stochastic oscillator with additive noise can be written as

#(t) + 2(t) = o), (3.1.6)

where o > 0 is a constant. Introducing y = x, and given initial value, it can be expressed
as the two-dimensional stochastic differential equation

dy(t) = —x(t)dt +odW(t), y(0) = o,
dxz(t) = y(t)dt, z(0) ==z

~—~
w
—_

~—
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Since (3.1.7)-(3.1.8) is a stochastic system with additive noise, its [t6 and Stratonovich
form are identical. We consider it as an equation system in Stratonovich sense.

For

H(y,x) = %(y2 + 2?), Hi(y,z) = —ox, (3.1.9)

(3.1.7)-(3.1.8) is a stochastic Hamiltonian system, since

oH oM

—Tr = —a—x, g = ax, (3110)
OH 0H,

= = - 111

y TR 9 (3.1.11)

More general, it is not difficult to see the fact stated in the following proposition.

Proposition 3.6. ([26]) A Hamiltonian system with additive noises is a stochastic Hamil-
tonian system.

Since the noise parts contain neither p nor ¢, but only functions of ¢, the correspond-
ing Hj, must exist.

Given initial value y(0) = yo € R, 2(0) = xy € R, it is shown that this system has
the unique solution ([22],[41])

¢
y(t) = —:L'Osint+yocost+a/ cos(t — s)dW (s), (3.1.12)
0
¢
x(t) = xocost—i—yosint—f—a/ sin(t — s)dW (s). (3.1.13)
0

The solution (3.1.12)-(3.1.13) possesses the following two important properties.

Proposition 3.7. (Markus & Weerasinghe [22], Strgmmen Melbg & Higham [41]) For
the linear stochastic oscillator (3.1.7)-(3.1.8) with yo = 0, xo = 1, the second moment of
the solution satisfies

E(y(t)? + z(t)?) = 1 + 0. (3.1.14)

Proposition 3.8. ([22],[41]) For the linear stochastic oscillator (3.1.7)-(3.1.8) with
yo =0, xo = 1, almost surely, x(t) has infinitely many zeros, all simple, on each half line
[to, 00) for every ty > 0.

Proposition 3.7 reveals the linear growth property of the second moment with respect
to time ¢ of the solution. Since H = 1(y? + 2?), we can see that

E(H) = %(1 + at), (3.1.15)

which implies the linear growth of the Hamiltonian, i.e., the Hamiltonian is not conserved.
Proposition 3.8 indicates the oscillation property of the solution.
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Example 3.2. Kubo Oscillator
The Kubo oscillator has the form

dp = —aqdt —oqodW(t), p(0) = po, (3.1.16)
dg = apdt+ opodW(t), q(0) = qo, (3.1.17)

where a and o are constants, and W (¢) is a one-dimensional standard Wiener process.
Let

a o
H(p,q) = §(p2+q2), Hi(p,q) = §(p2+q2), (3.1.18)
then we have
OH OH,
—aq = ——— —0q = ——— 3.1.19
OH OH,

= — = — 1.2

ap o P= (3.1.20)

which implies that the Kubo oscillator (3.1.16)-(3.1.17) is a stochastic Hamiltonian sys-
tem. Moreover, the quantity p? + ¢* is conservative for this system ([29]), i.e.,

p(t)* +q(t)’ =pi + @ (3.1.21)

for all £ > 0. Thus the Hamiltonian H of the system is conserved, and the phase trajec-
tory of (3.1.16)-(3.1.17) is the circle with center at the origin and radius \/p3 + ¢2.

Example 3.3. A Model for Synchrotron Oscillations of Particles in Storage
Rings

In [29], the following model of synchrotron oscillations of particles in storage rings influ-
enced by external fluctuating electromagnetic fields was considered:

dp = —w?sin(q)dt — oy cos(q) o dW — aysin(q) o dWa,  p(0) = po, (3.1.22)
dq = pdt, q(0) = qo, (3.1.23)
where w, o1, and oy are constants, and p and ¢ are both of one dimension.
If
1
H= 5]92 —w?cos(q), H,=oysin(q), Hy= —0yco0s(q), (3.1.24)
then it follows that
0H OH OH.
—w?sin(q) = o —o7 cos(q) = —a—ql, —oysin(q) = —a—qQ, (3.1.25)
0OH OH, OH,
_ o 9 di 3.1.26

which ensures that the model (3.1.22)-(3.1.23) is a stochastic Hamiltonian system with
two noises.

Example 3.4. A System with Two Additive Noises

The following system with two additive noises was studied in [28]:
dg = pdt+oodWi(t), q(0) = qo, (3.1.27)
dp = —qdt+~yodWa(t), p(0)= po, (3.1.28)
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where p and ¢ are scalar, and ¢ and v are constants. Let X = q , the exact solution
of the system (3.1.27)-(3.1.28) can be expressed as ([28])
X(tgr1) = FX(tg) + U, X(0) = Xo, (3.1.29)

where k =0,1,... N—-1, 0=ty <ty <...<tn=T,tp1 —tpr=h, Xo = <Zq90 ),and
0

B cos(h)  sin(h)
= (—sin(h) cos(h) )’ (3.1.30)

N o Li’““ cos(tgr1 — 8)dWi(s) + f;:““ sin(tg1 — $)dWa(s) (3.1.31)
’ -0 Lt:“ sin(tgr1 — s)dWi(s) + v ﬁ:““ cos(tpsr — s)dWa(s) |

If we denote

1
H = §(p2 +¢%), Hy=o0p, H,=—nq, (3.1.32)
then it holds
OH OH, OH,
dp = ———dt— dW, (1) — dWo(t 3.1.33
p 9 34 o dWy(t) 94 o dWs(t), ( )
(7H 6H1 aHQ
dg = ——dt +—— o dW,(t dW,(t 3.1.34
q o +apo 1(t) + apo 5(1), ( )

which implies that the system (3.1.27)-(3.1.28) is a stochastic Hamiltonian system.

3.2 Stochastic Symplectic Integration

As the case for deterministic Hamiltonian system, numerical integration methods that
preserve the symplectic structure of stochastic Hamiltonian systems are expected, the
research of which is at the beginning of development.

Definition 3.9. ([26],[28],[29]) A one step numerical method (p,,qn) — (Pnt1,Gns1)
for the stochastic Hamiltonian system (3.1.1)-(3.1.2) is a symplectic method if

dpn+1 A dQnJrl = dpn A dQn (321)
foralln > 1.

Pioneering work for symplectic integration of stochastic Hamiltonian systems owe to [28]
and [29] by Milstein et. al.. In the two articles, symplectic Runge-Kutta type methods
are proposed for stochastic Hamiltonian systems with additive noises and multiplicative
noises, respectively.

In [28] and its preprint [26], for the Hamiltonian systems with additive noises

iP = f(t,P,Q)dtJriak(t)dW(t), P(ty) = p, (3.2.2)
k=1

1) = gt.P.Q)+ S wOAVE. Q) =a. (323)
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with the Hamiltonian H satisfying

oOH" OH"
=—— = —— 3.2.4
the following s-stage symplectic Runge-Kutta methods are given.
P = p+h) bif(to+cih,Pi, Q)+,
i=1
Pi = p+ hz aij f(to + cjh, Py, Qj) + @i, (3.2.5)
j=1
i=1
Qi = q+h Z aijg(to + cjh, Py, Q;) + i, (3.2.6)
j=1
where ¢;, ¥;, , ¢ do not depend on p and ¢, the parameters a;; and b; satisfy
b,;aij -+ bjajl- = bibj, Z,j = 1, ey S (327)

It can be seen that the symplectic conditions of the parameters (3.2.7) coincide with that
of the deterministic Runge-Kutta methods (2.2.9). For ¢; = ¢, = n = (¢ = 0, (3.2.5)-
(3.2.6) reduce to the deterministic Runge-Kutta method (2.2.7)-(2.2.8).

Theorem 3.10. ([26]) The scheme (3.2.5)-(3.2.6) preserves symplectic structure, i.e.,
dP N dQ = dp A dq under conditions (3.2.7).

Its proof follows from a straightforward calculation on wedge products.

Since symplectic methods are usually implicit, it is necessary to find complete implicit
methods, which are implicit in both drift and diffusion parts for stochastic differential
equations with multiplicative noises. Directly adapted implicit methods are often unap-
plicable. As an example, the following It6 scalar equation was considered in [29]:

dX = o XdW(t), (3.2.8)
the Euler-Maruyama method applied to (3.2.8) has the form
Xnt1 = X, + 0 X, AW, (3.2.9)
which is an explicit method. Now change its form to

X1 = X+ 0 X1 AWy + (X, — X)) AW, = X — 02X (AW,)? 4 0 X1 AW,
(3.2.10)
Modeling (AW,,)? by the step size h owing to the fact E(AW?2) = h, it follows from
(3.2.10) the directly adapted implicit method

Xpi1 = Xy — °Xph 4+ 0 X, 1 AW, (3.2.11)
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or equivalently,
- X, (1 — o%h)
Xpy1=——m——=. 2.12
1 1—ocAW, 8 )
The scheme (3.2.12) is unapplicable because the denominator 1 — o AW,, can vanish for
any small h, due to the unboundedness of AW,, for any small h. Milstein et. al. proposed
the method of truncating AW,, to make it bounded. Model AW,, by v/h(, instead of the

original vh¢ with &€ ~ N(0,1). ¢, has the form

é? |£‘ S Ah;
=19 An &> A, (3.2.13)
_Aha 5 < _A}u

where Aj, > 0 can takes the value y/2k|Inh| with £ > 1 to ensure the mean-square con-
vergence of the method (3.2.12) with order larger than or equal to % The proof of this
fact is based on the following two theorems.

Theorem 3.11. ([25]) Suppose the one-step approzimation X;,(t + h) to X at time
t + h starting from time t and value x satisfies

|E(X,o(t+h) — Xio(t+h) | < K1+ |z?)2h?, (3.2.14)
[E|X,o(t+h) — Kot + 027 < K(1+|zf2)ine (3.2.15)

for arbitrary to <t <toy+ T — h and some K > 0, and

1
, = pats (3.2.16)

P2 = 5

N —

Let {t.} be the partition of the time interval [to,to + T] with tx. 1 —ty, = h = % Then for
any N and k=0,1,..., N it holds:

[E | Xioxo(t) — Koo (1) 212 < K (1 + E|[Xo[?)2hP2 "z, (3.2.17)

namely, the mean-square order of the method based on the one-step approzimation X . (t+
h) isp=ps — 3.

For the Euler-Maruyama method (1.2.2), it can be verified that p; = 2, po = 1 in general
cases. For a system with additive noises, it holds p; = 2 and p, = 3 ([26]).

Theorem 3.12. ([25],[26])Let the one-step approzimation X;,(t + h) satisfy the con-
ditions of Theorem 3.11. Suppose that the one-step approximation X, .(t + h) satisfies

‘IE (Xt,x(t +h) = Xt + h)) ’ — O, (3.2.18)
<IE | X12(t +R) — X, 0(t + 1) |2>é = O(h?) (3.2.19)

with the same py and py. Then the method based on the one-step approzimation )N(t,m(H—h)
has the same mean-square order of accuracy as that based on X, .(t+ h), i.e., its order is



38 CHAPTER 3. STOCHASTIC HAMILTONIAN SYSTEMS
p=p2— %

Theorem 3.12 is a natural consequence of Theorem 3.11, which can be verified by us-
ing triangular inequality.

Compare the truncated implicit method

Xyt = % (3.2.20)

with the Euler-Maruyama method (3.2.9), it is obtained that (][29])
IE(Xp41 — Xoi1)| < O(R), (3.2.21)
(B(Xopr — Xop)?)? < O(h), (3.2.22)

which means that the method (3.2.20) is of the same mean-square order as the Euler-
Maruyama method (3.2.9), namely with order 3, according to Theorem 3.12. But (3.2.20)
is an implicit method.

With truncation of AW, for building implicit methods, a class of symplectic Runge-
Kutta type schemes was constructed for the general Hamiltonian system (3.1.1)-(3.1.2)
with multiplicative noises, which has the form ([29])

Pnyi1 = DPn + f(t + ﬂh aPn-i—l + (1 - )pna (1 - )Qn—f—l + Oan)h

1 Joy, 8Uk: j
+ (§—C¥)ZZ(8pj i (9qﬂ k>h+zak Ckh , (3223)

k=1 j=1
Qn+1 == Qn+g(t +6h aPn+1+<1_a)pn7(1_ )Qn+1+QQTL)h
0 .
+ zz(% - o )mz% (GauVE, (3:2:24)

k=1 j=1

where oy, v, (k= 1,...,r) and their derivatives are calculated at (¢, + Bh, ap,+1 + (1 —

Q)pn, (1 — @)1 + agy), and o, B € [0, 1].
For a = 3 = 3, (3.2.23)-(3.2.24) gives the midpoint rule

h Pn+ Dnt1 @+ Gntt
Pn+1 = pn+f( as +)h

2 2 ’ 2
+ Z ot + 2 B +2p nit In +2q"“ )(Gen)nVh, (3.2.25)
Gnv1 = G+ gty + g, Pn +2pn+1’ i +2qn+1 Vh
n Z’Yk h pn +2pn+1’ Gn +QQn+1 )(Ckh)n\/ﬁ (3.2.26)

For stochastic Hamiltonian systems (3.1.1)-(3.1.2) with condition (3.1.3)-(3.1.4), if
Hi(p,q) = Uk(t, q) + Vi(t, p), (3.2.27)
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with & = 1,...,r, ie., if Hy are separable, the methods (3.2.23)-(3.2.24) with o = 1,
£ = 0 become

Pn+1 = pn+f( napn—i-hQn)h

+ —ZZ‘%’“ () pee) + S ot g) AW, (3:2.28)

k=1 j=1 k=1
Gn+1 = Qn+g(tnapn+17QN)h’
a%
- _ZZ n;anrl Uk(tn7Qn +27k n7pn+1)A Wk7 (3229>
k=1 j=1 k=1

where A, Wy, = Wi(tni1) — Wi(tn) (k=1,...,7r). They are not truncated here, because
this method is explicit in stochastic terms, in which case A, W} do not appear in denom-
inator.

For the Kubo oscillator (3.1.16)-(3.1.17), it is given in (3.1.18) that

g
~(p* + ¢*),

H1<p7 q) = 2

which is separable. Applying method (3.2.28)-(3.2.29) to the Kubo oscillator results in
o2
Pnt1 = Pn— aqnh - 7pn+1h - O-QnAWna (3230)

o2
Gns1 = Gn+appiih+ — qnh + 0P 1 AW,,. (3.2.31)

The midpoint rule (3.2.25)-(3.2.26) gives for the Kubo oscillator the following midpoint
scheme

part = po—al 2q =iy q () Vh, (3.2.32)
Gt = gn a4 ot p (), (3.2.33)

the mean-square order of which is 1 ([29]).

It is shown in [29] that the midpoint rule (3.2.32)-(3.2.33) preserves the circular phase
trajectory of the Kubo oscillator with high accuracy over long time interval, while the
method (3.2.30)-(3.2.31) produces a ring-shape trajectory. The Euler-Maruyama method

2

Pust = Pu—ageh — Zpah = 0q, AW, (3.2.34)

2
Gnt1 = qn+apph — %qnh + op AW, (3.2.35)

which is not symplectic, gives a spiral trajectory. The advantage of symplectic methods
in preserving conservative properties over long time interval is illustrated by this example.



40 CHAPTER 3. STOCHASTIC HAMILTONIAN SYSTEMS
3.3 A Linear Stochastic Oscillator

For the linear stochastic oscillator (3.1.7)-(3.1.8), some numerical methods are proposed
in [41]. Their abilities of preserving linear growth property (3.1.14) of the second moment
and oscillation property of the solution of the oscillator system on long time interval are
checked. It is found that the forward Euler-Maruyama method

Tpil = Tp+ hyn, (3.3.1)
Ynil = Yo — hz, + AW, (3.3.2)

where h > 0 is the step size, produces a second moment that increases exponentially with
time, and the backward Euler-Maruyama method

Tpr1 = Tp+ hYnaa, (3.3.3)
Ynil = Yn — hxpi + AW, (3.3.4)

Tpie1 = Tp+ hyp, (3.3.5)
Yn+1 = Yn — hmn-q—l + O'AWn, (336)

however, gives linear growth for all step sizes less than 2. Moreover, it inherits a precise
analogue of the infinite oscillation property of the solution, which is stated in Proposition
3.8.

It is straightforward to verify that the partitioned Euler-Maruyama method is symplectic
by checking the relation
Az, i1 N dypi1 = dz, A dy,. (3.3.7)

We apply the midpoint rule to the oscillator to obtain the midpoint scheme

Tir = Tt hy”%w”, (3.3.8)
Yor1 = Yo — hx”%w + oA, (3.3.9)

which can also be written in the form

< Tnt1 ) — A ( o ) + 7, (3.3.10)
Yn+1 Yn

where
4—h? 4h 20h
— 4+h?%  4+h2 _ A+h2
A= Shoane | e ( i ) AW,. (3.3.11)
4+h?  44h? 4+h?

The sympleticity of the scheme is obvious since it is a special case of the midpoint rule
(3.2.25)-(3.2.26). For its ability of preserving the properties of the oscillator system, we
have the following results.
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Theorem 3.13. ([14]) Given initial data xy = 1, yo = 0, the numerical solution arising
from (8.8.8)-(5.8.9) satisfies

0.2

i) E(@2+y2)=1+ —tn,  and consequently (3.3.12)
1+(3)
o? o?
i) E(x2+y2) <1+, — ZtnhQ + Etnh‘*, (3.3.13)

for every h > 0.
Proof. The proof follows directly from the relations (3.3.10)-(3.3.11).

It is shown by numerical tests that the midpoint rule is more stable in preserving the lin-
ear growth property over long time interval than the partitioned Euler-Maruyama method.

Theorem 3.14. ([14]) The numerical solution {x, },>0 arising from the midpoint scheme
(3.3.8)-(3.5.9) for the oscillator system (3.1.7)-(3.1.8) with initial values xo = 1, yo = 0
will switch signs infinitely many times as n — oo, almost surely.

Proof. The proof of the theorem follows the same way as that of the partitioned Euler-

Maruyama method given in [41], except for some technical details. It can be derived from
the midpoint scheme (3.3.8)-(3.3.9) that

( I;T ) =B ( xf: ) + ( fél ) ’ (3.3.14)

where ) oo
B = ( 4+1h2 0 > , Tp= T (AW, + AW,,_4). (3.3.15)
Denote B/ = < Zj ZZ ), it follows
Tni1 = by + ani ; Zz + %42:22 AW, + ; ;. (3.3.16)
By some algebraic discussion it can be shown that
bn—i—an4_—h2 <K, loj| <K, |bj|<K (3.3.17)
44 h?
for some K >0, 7 =0,1,2,.... Let S, = anﬁ’—thAWO + > 5= @n—j7j. Then it can be

calculated that S,, ~ NV(0,s2) with s2 — oo as n — oo.
The law of iterated logarithm indicates that for such a random variable sequence {S,},

Ve > 0 and sufficiently large n, S,, will almost surely exceed the bounds —(1—¢)(2s2 Inln s2)

and (1 —£)(2s2 Inln s2)2 infinitely often. (3.3.17) ensures that {z,} behaves in the same
way. (]

[N
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Superiority of symplectic schemes in preserving structure of the underlying systems on
long time interval than non-symplectic methods is reflected in the simulation of the linear
stochastic oscillator. For general systems, symplectic schemes are usually implicit. In de-
terministic case, predictor-corrector methods are proposed to give explicit schemes with
nearly preservation of symplecticity.

We apply the predictor-corrector methods with equidistant time discretization to the
linear stochastic oscillator (3.1.7)-(3.1.8) to observe the effect of such methods in stochas-
tic case. Denote the predictor-corrector method by P(EC)*, where k indicates that the
corrector is applied k times. We say shortly, e.g., P(EC)* method with partitioned Euler-
Maruyama and midpoint rule, to mean that the first mentioned method is the predictor
and the second one the corrector.

It is derived that P(EC)* method with partitioned Euler-Maruyama and midpoint rule
applied to the linear stochastic oscillator (3.1.7)-(3.1.8) has the form ([15])

(k)
x%l _ ( ak Zk ) < Ty, ) L < T )AWn, (3.3.18)
Yni1 Cr Qg Yn Sk

where
(1= ap)) + a k even
- { i ! ’ 3.3.19
ag { i h2(1 —bpy) + (1 — h_Q)b[k] k odd, ( )
1 —apy) + hay, k even
b= 4+h2( " ’ 3.3.20
' { 4+h2 (1- b[k]> +h(1 - —)b[k kodd, ( )
— 2 (1 — ap) — hayy  keven
o= g [k] ’ 3.3.21
' { itz (1= byy) — by kodd, ( )
d, = :22(1 a[ )+ (1 —h*ag keven, (33.2)
e (L= byg) + (1= B)byy kodd,
QUh 1 —apy) keven,
_ 7 (1 —apy
o { }}; (1 - b[k]) _b[k] kodd, (3323)
b (1 — agp) + hay  keven,
so= Ry T - 3.3.24
) { Tz (1 = byy) + kb kodd, ( )
with , ;
k k et et
apy = (=1)2( )2, b= (=1)= ()=, (3.3.25)

h > 0 is the step size, and the upper index (k) indicates that the value is obtained from
the k-th correction.

Theorem 3.15. ([15]) The P(EC)* method with partitioned Euler-Maruyama and mid-
point rule (3.3.18) preserves symplecticity of the linear oscillator system (3.1.7)-(3.1.8)
to the degree of having error O(k**4) as k is even, and error O(kF+3) as k is odd.

Proof. See [15]. O

As h — 0,or h <1 and k — oo, the P(EC)* method (3.3.18) tends to preserve symplec-
ticity exactly ([15]).
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Denote t,, = n- h, preservation of linear growth property (3.1.14) by applying the method
(3.3.18) is proved.

Theorem 3.16. ([15]) Given initial data xy = 1, yo = 0, the numerical solution arising
from the P(EC)* method with partitioned Euler-Maruyama and midpoint rule (5.3.18)
for the stochastic oscillator (3.1.7)-(3.1.8) satisfies

2

T T O(h*1). (3.3.26)

E((zP)? + (1)) = 1+ 0°t, — o1,

Proof. The proof follows a direct calculation of ]E((x,(@k))2 + (yﬁlk))2) basing on the scheme
(3.3.18) and the relations (3.3.19)-(3.3.25). For details see [15]. O
Compare (3.3.26) with (3.3.13), it is found that as h — 0 and k£ > 1, the leading error of
the second moment of the numerical solution arising from the P(EC)* scheme tends to
that from the midpoint rule.

The following theorem states the oscillation property of the numerical solution produced
by the P(EC)* scheme (3.3.18) as k =4l + 1 and k =41+ 2 (I > 0).

Theorem 3.17. ([15]) The numerical solution {x%k)}nzo arising from the P(EC)* method
with partitioned FEuler-Maruyama and midpoint rule (3.3.18) for the oscillator system
(8.1.7)-(3.1.8) with xy = 1, yo = 0 will switch signs infinitely many times as n — oo,
almost surely, for k =41+ 1 and k =41+2 (1> 0).

Proof. See [15]. O
Moreover, the mean-square order of convergence is checked for the method (3.3.18).

Theorem 3.18. ([15]) The P(EC)* method with partitioned Euler-Maruyama and mid-
point rule (3.3.18) applied to the oscillator system (3.1.7)-(3.1.8) has mean-square order
1 for all k > 1.

Proof. The proof applies Theorem 3.12 to compare the method (3.3.18) with the Euler-
Maruyama method, the mean-square order of which is known to be 1 for systems with
additive noises. It is referred to [15] for more details.

Similar results about preservation of symplecticity, linear growth property of second mo-
ment, oscillation property of the solution of the oscillator system (3.1.7)-(3.1.8), and
mean-square order of the P(EC)* method with forward Euler-Maruyama and midpoint
rule are also given in [15].
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Chapter 4

Variational Integrators with Noises

Up to now some symplectic numerical schemes have been discussed, most of which are of
Runge-Kutta type and constructed mainly by properly adapting deterministic methods
for stochastic Hamiltonian systems. We construct in this chapter variational integrators
with noises which produce symplectic schemes based on a generalized action integral and
generalized Hamilton’s principle with noises, and can be seen as the stochastic analog of
the deterministic variational integrators introduced in section 2.2.

4.1 Generalized Hamilton’s Principle

The classic Hamilton’s principle stated in Theorem 2.2 asserts that the Lagrange equation
of motion (2.1.2) extremizes the action integral (2.1.8). The form of the action integral
and that of the Lagrange equation in this principle, however, is only valid for conserva-
tive systems. In the presence of nonconservative forces, the formulation must be changed

([38],142]).

Denote the nonconservative force with F, the generalized action integral in presence of F

is ([34],[38]) .
S = / (L — A)dt, (4.1.1)

to
where L is the Lagrangian of the system under consideration, and A is the work done by

the nonconservative force F, and
A=-F-r, (4.1.2)

where r is the position vector with r = r(q,t). Let ¢ denote a variation, then it holds
([34],[38])

or
A= —F.-ér=—-F.=— 4.1.
) or aq(5q, (4.1.3)

since F is independent of ¢. Consequently, the variation of S is

t1
6S = / a—L6q+6—L.5Q—5A dt
to 8(] 8(]

oL 1" “r d (0L oL or
N = — +FT— . 4.14
{aqéqltﬁ/to [ dt(aq>+aq+ aq] oudt (4.1.4)
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Since
dq(to) = 0q(t1) = 0,
it follows
85 =0
d [(OL OL or
— (=) ==4+F"'—, 4.1.
dt(é’q') é?qur dq (1.1.5)

Equation (4.1.5) is the Lagrange equation of motion of nonconservative systems.

In the equation (4.1.5), the Lagrangian is considered as a function of (g,q,t). It is
pointed out in [42] that the Lagrange equations of motion can also be formulated in
the general variable set {p,q,p,q,t}, where the position vector r may depend on p and
q, i.e., v = r(p,q,t). This is referred to as the redundancy property of the Lagrange
equations of motion. In this case, the Lagrange equations of motion are

d (0L\ _ oL _,or

- <8_q> = +F 90 (4.1.6)
d (0L oL or

— (=) = Z=Z 4L T2 4.1.
dt (8p> op + op’ (4.1.7)

which may include linearly dependent equations due to the redundancy of the variable
set {p,q,p, ¢ t}.

Based on the formulation (4.1.6)-(4.1.7), as well as a simple variational principle, it is
derived in [42] that the general Hamilton’s equation of motion in presence of nonconser-
vative force F is

o™ or”
) = ——— + — 4.1.8
oH" or”
j = — —— F. 4.1.9
q o (4.1.9)
Consider a stochastic Hamiltonian system with one noise
oH" =~ OH,"
dp = ——— dt — —— odW(t 4.1.10
p 9 9 S, ( )
oH"  OH"
dg = —— dt+—— odW(?). 4.1.11
q oy Mt 5, oAV (4.1.11)
As the Langevin’s equation (1.1.2), we write
dW (t) = &(t)dt = W dt (4.1.12)
as explained in section 1.1. Thus the system (4.1.10)-(4.1.11) can be rewritten in the form
OH" OH" .
) = — —— W 4.1.13
T T
q = OH™ | OHiy, (4.1.14)



4.1. GENERALIZED HAMILTON’S PRINCIPLE 47

In Example 3.1, it is given that the Hamiltonian H for the linear stochastic oscillator
(3.1.7)-(3.1.8) is not conserved, as stated in (3.1.15) that

E(H) = %(1 + %),

This indicates that a stochastic Hamiltonian system is not a Hamiltonian systems in clas-
sic sense which preserves H, but in certain generalized sense. In other words, it may be
disturbed by certain nonconservative force. Other than classic nonconservative force F
which dissipates energy, this force may also add energy to the system, as shown by the
linear growth of H with time ¢ in (3.1.15). Here we call it a random force. A natural
association for it is the white noise £(t), since it is the resource of the random disturbance
of the system. Moreover, it does not depend on position ¢, which gives the possibility of
its belonging to nonconservative forces.

In fact, compare (4.1.13)-(4.1.14) with (4.1.8)-(4.1.9), we find that the association between
F and W is reasonable. And so is that between r and —H;. Under these considerations,

stochastic Hamiltonian system is a special kind of nonconservative system, in which W
functions as the nonconservative force.

Thus, formally, the ‘work’ done by W should be
A=HW (4.1.15)

according to (4.1.2). In the sequel, we may form the following action integral based on
(4.1.1) for the stochastic Hamiltonian system (4.1.13)-(4.1.14):

t1
5 = / (L — A)dt
to
t1 t1
- / Ldt—/ Hy o dW, (4.1.16)
to to

where in the last equation we use again the relation Wdt = dW.

For a general system with r noises (3.1.1)-(3.1.4), (4.1.15) need to be modified to
A= Hi, (4.1.17)
k=1
which is the sum of the ‘work’ done by each Wj,. Consequently,
§ = / (L — A)dt
to
t1 T t1
= / Ldt—Z/ Hy, o dW. (4.1.18)
to k=1 *to

We call it the generalized action integral with noises.
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According to (4.1.6)-(4.1.7), the Lagrange equations of motion for the stochastic Hamil-
tonian system (4.1.13)-(4.1.14) have the form

d (0L oL 0H; .
~ (= = —_ W 4.1.1
dt <8q> dqg Oq ( 9)

d (0L oL O0H;._.
~ (= = - _ 4.1.2
dt <8p) op  Op W, ( 0)

which we call the generalized Lagrange equations of motion with noise.
In case of r noises, these equations are

d (0L OL <~ OH,_.
4 <_aq> - = _Zk W (4.1.21)
d (OL\  OL <~O0H,_;
° <_ap> - S-Sk, (4.1.22)

Lemma 4.1. If

is valid for any function g;(t), and g;(t) (i = 1,...,n) are independent to each other, then
it holds F;(t) = 0 almost everywhere on [a,b] for 1 <i < mn.

Proof. We prove by induction on n. As n = 1, we have f: Fi(t)g1(t)dt = 0. Since
g1(t) can take any function, we let g;(¢) = Fy(t). This leads to

b
/ Fu(t)2dt = 0,

which implies that Fi(t) = 0 almost everywhere on [a, b] since F;(t)? > 0.
Suppose the assertion holds for ¢ < k. Asi =k + 1, we have

p k+1 b k

/ > (gt = / (3 F(0) + Fia (giea(t))de = 0 (4.1.23)
Let g;(t) = Fi(t) for 1 <i <k and g;11(t) = F;41(t), it follows
b k
/ O F? + Fyy)dt =0. (4.1.24)

If we take g;11(t) = 2F;41(t), it holds
b k
/ O F?+2F,)dt =0. (4.1.25)
@ =1
(4.1.24)-(4.1.25) implies

k k
> FP+FL, =0 and Y F?+2F;, =0 (4.1.26)

i=1 =1
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almost everywhere on [a,b], from which Fj11(¢) = 0 holds almost everywhere on [a,b]. By
relation (4.1.23) and the induction hypothesis, we have F;(t) = 0 almost everywhere on
la,b] for 1 <1 < k. O

Theorem 4.2 (Generalized Hamilton’s Principle with Noises). The generalized
Lagrange equations of motion with noises (4.1.21)-(4.1.22) extremize the generalized ac-

tion integral with noises (4.1.18).

Proof. The variation of S in (4.1.18) is

- oL L L L
to

op Jq 0 aq
r t .
_ Z/ (@@H%aq) Wdt
k—1 to ap aq
oL 1" foL 1" (" (oL a4 (0L ~ OH,, .
Ly +{_,5} -/ ___(_,)_ O ) spar
[819 p]to 9" w Jiw \Op dt\Op) = Op k)
“lOL d <8L) ~ OHj, .
+ — — | =) - —— Wy | dqdt. 4.1.27
/to (8(] dt \ 0q —~ 0q k| o ( )
Thus, 65 = 0 is equivalent to
d (OL\ = 0L <~ O0H;
%(8_q> g _k: Jq W,
d (LY _ oL \momy,
dadt\op)  Op — 0Op b
due to dq(tg) = 0q(t1) = dp(to) = 0p(t1) = 0 and Lemma 4.1. O

Example 4.1. For the linear stochastic oscillator (3.1.7)-(3.1.8), we have

Ly, .4,3,1) = 50 — ), (4.1.28)
which is obtained through the relation (2.1.4) between Lagrangian and Hamiltonian, and
the Hamiltonian H = %(y2 + 22) of the system. Here y and x are counterparts of p and
q in (2.1.4) respectively. We show that the equations (3.1.7)-(3.1.8) of the oscillator are
equivalent to the generalized Lagrange equations of motion with noise (4.1.19)-(4.1.20).
In fact, we regard L(y,x,y,%,t) as coming from a variable transformation on the La-
grangian L(x, &, t), i.e.,

L(ya €z, ya jja t) = L(l’(y, €z, ya jjv t)> x(ya €, ya i? t)a t)a (4129>

where _
x(y,z,y,2,t) = —y+ oW, i(y,z,9,1,t)=uy. (4.1.30)

Thus the equation (4.1.19) is equivalent to

d (0L oL .
— =) == 4.1.31
7 <8y> +oW, (4.1.31)
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since H; = —oz. Substitute (4.1.28) into (4.1.31), we obtain

j=—x+ oW, (4.1.32)
which is equivalent to equation (3.1.7).

The equation (4.1.20) is
d (0L oL
— =) == 4.1.

dt ( Yy ) oy (4.1.33)

Note that 9L  OL® oL
gL _geor 9% (4.1.34)
oy  Ox dy ox
which is a consequence of (4.1.30). Substitute (4.1.34) to (4.1.33), we obtain that (4.1.20)
is equivalent to

i=y, (4.1.35)
which is the equation (3.1.8) and the second equation in (4.1.30).

4.2 Variational Integrators with Noises

Based on the formulation of the generalized action integral with noises (4.1.18), and the
generalized lagrange equations of motion with noises (4.1.21)-(4.1.22), variational integra-
tors with noises for creating symplectic schemes for stochastic Hamiltonian systems can
be constructed analogously to the way for deterministic variational integrators.

Consider the generalized action integral S in (4.1.18) as a function of the two endpoints
qo and ¢
G = q(to), ¢ = q(t1),

and find the derivatives of S with respect to gy and ¢;.

as / (8L8q 8L8q+8L8p+8Lﬁp>dt
to

+
dqo 9q dq0  9G0q0  Op dqo ~ Ip Iqo
- 8Hk 8(] 8Hk 8p>
— + ———=— | 0 dW,
/to ( dq dqo  Ip o ’
k=1
0L 0q oL doL O0Hy . \ Oq
= — =y W | e
{aq aqo] ( dt dg ; 0q ‘C) 0o
oL 8p} oL doL 0Hy, Jp
+ e =Y W | 2t
{5]) 00, iy ( dt Op Z op ’“) 0o
where the last equality follows from the equations (4.1.21)-(4.1.22), as well as the relation
p= %
In the same way we get ~
as 7

— =p7. 4.2.
s P1 ( 22)
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Thus, it holds ~
dS = —pgdqo + pldg. (4.2.3)

Note that, the differentials are calculated basing on stochastic differentials in Stratonovich
sense. Therefore the classic chain rule is valid.

Theorem 4.3. Suppose that the Lagrangian L and the functions Hy (k = 1,...,r)
in the generalized action integral with noises (4.1.18) are sufficiently smooth with respect
top and q. Then the mapping (po,qo) — (p1,q1) defined by equation (4.2.3) is symplectic.

Proof. From (4.2.3) it follows that

oS %S
dpy N d = d|— | ANdq = dgo N\ d 4.2.4
D1 q1 ((96]1 > q1 040 qo q1, ( )
oS %S
dpg N\ d = d|——=— ) ANdgy = dgo N dg;. 4.2.5
Po qo0 ( 8qo) qo Dqodn qo q1 ( )
0%S  __ 938

Smoothness of L and Hj, in S ensures that , which implies

991090~ 9qodq
UJ

Consider the discretized time interval [t,,, t,,+1] as the time interval of a variational problem
with noises, the length of which is A for all n > 0, and suppose

Q(tn) =~ (n, Q(tn—i-l) ~ Qn+1- (427)

Approximate the corresponding action integral with noises on it with L, which is the
analog of the deterministic discrete Lagrangian (2.2.18), and has the form

T tn+1

_ tn+1
Li(dn, Gnr1) & / Ldt - H,, 0 dW,. (4.2.8)
tn

k=1"tn

We call it the discrete Lagrangian with noises. Form the following scheme according to
relations (4.2.1) and (4.2.2):

oLy " oLy "
Pn = _a_xh <Qn7Qn+1)7 Pn+1 = a_yh (Qn7Qn+1>7 (429)

where p, & p(t,), Pni1 = p(tas1), and Oz, Jy refer to derivatives with respect to the first
and second variable respectively. Follow the same way as the proof of Theorem 4.3, it can
be shown that the mapping (pn, gn) — (Pn+1, Gni1) defined by (4.2.9) is symplectic.

Ly, in (4.2.9) can be approximated by numerical integration of the integrals in its defi-
nition (4.2.8), which includes also stochastic integrals, the approximation of which can
follow ways discussed in section 1.2.

The methods discussed above for creating the symplectic mappings (pn, ¢n) — (Pn+1, Gns1)
are called variational integrators with noises.
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Example 4.2. (4.1.28) gives the Lagrangian of the linear stochastic oscillator (3.1.7)-

(3.1.8)

1 1
L= = (12 — 22) = = (42 — 22).
S — %) = (& =)

Moreover,
H1 = —0X.

Thus, the discrete Lagrangian with noise is

3 tnt1 tnt1
L, ~ / Lat— [ HyodWw() (4.2.10)
1 tn+1 tnt1
- 5/ ))dt+a/ (1) o AW (1) (4.2.11)
tn
1 2
~ 1 [ Tnt1 — _ ($n+1 +£Un) h] +0MAWR (4.2.12)
2 2 2
h n - 4n 2
gy E ) O VAW, (4.2.13)
8 2h 2
-’En+l Tn

where #(t) in (4.2.11) is approximated by , and midpoint rule has been applied to
the integrals in (4.2.11). Note that such an approxnnation is consistent with the definition
(1.1.15) of a stochastic integral in Stratonovich sense.

In the sequel, we can construct the following scheme according to (4.2.9):

(9Lh T — Tn h o

= —a (T, Tng1) = Hh =+ (T a) - AW, (42.14)
—8Eh h Tptl1 —Tn O

n ny n = ——(x, n Em——— _AWn7 4.2.15

Yn+1 8mn+1(x Tnt1) 4(x 1+ a,) + - + 3 ( )

which is equivalent to
CE )G -GRE DG (5)
4 = 4 + 2 AW,. 4.2.16
(1—z —h)(yn+1 1+% 0 Yn — ( )

Thus
Toa 4—h§ 4h,2 x 20h2
(o) () (2)o (8 )am o
Ynt1 T2 iThe Yn 4rh2

which is the midpoint rule (3.3.10)-(3.3.11) for the linear stochastic oscillator (3.1.7)-
(3.1.8).




Chapter 5

Generating Functions with One
Noise

The existence of generating functions producing symplectic schemes for stochastic Hamil-
tonian systems is shown by Theorem 4.3, where the generating function is the generalized
action integral with noises S, which creates symplectic scheme according to relations
(4.2.1)-(4.2.2). In fact, there are other generating functions which are based on different
coordinates, as in deterministic case. In this chapter, generating functions S*, S?, and S®
are deduced, which are analogs of the deterministic S, S?, and S3, respectively, and the
Hamilton-Jacobi equations with noise which the generating functions satisfy are derived.
Based on approximation of the solution of the Hamilton-Jacobi equations with noise, sym-
plectic schemes are created by generating functions with noise, and required mean-square
order of convergence of the generated schemes can be achieved in a simple way. The case
of one noise is discussed in this chapter, and cases of two noises are considered in the next

chapter.

5.1 Generating Functions S', 52, and S® with Noise

It is asserted in Theorem 4.3 that, the following scheme

=T =T
08 P 08

p=-% - 5 (5.1.1)

generated by S defines a symplectic mapping (p,q) — (P,Q). We call it a symplectic
scheme.

Now we look for the generating function S'(P,q) which is based on coordinates (P,q)
instead of (¢, Q). This can be achieved by a series of equivalent transformations on the
relation

dS = —pdq + PdQ, (5.1.2)
which is identical with (5.1.1). We have the following result.

Theorem 5.1. (5.1.2) is equivalent to

QTdP +p"dq = d(PTq+ SY), (5.1.3)
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where SY(P, q) satisfies

S'=PT(Q—-q) —S. (5.1.4)

Proof. Substituting (5.1.4) into (5.1.3) yields

d(PTq+ 8" = d(PTQ-25) (5.1.5)
= PTdQ + QTdP + pTdg — PTdQ (5.1.6)
QTdP + p'dg, (5.1.7)

where (5.1.6) is obtained by using the relation (5.1.2), as well as the Stratonovich chain
rule

d(PTQ) = PTdQ + Q"dP, (5.1.8)

since the differentials concerned in our discussion are of Stratonovich sense. 0
Thus, (5.1.3) is an equivalent version of (5.1.2), but with coordinates (P, ¢). Consequently,
the scheme . .

051 051
which is generated from (5.1.3) by comparing coeflicients of dP and dg on both sides of
the equality sign, is equivalent to (5.1.1), and therefore symplectic. We call S* generating
function with noise of the first kind.

Analogously, for generating functions based on coordinates (p, @) and (%, %), we
have the following results.
Theorem 5.2. (5.1.2) is equivalent to
PTdQ + ¢"dp = d(p" Q — S?), (5.1.10)
where S%(p, Q) satisfies ) )
S =p"(Q —q) - S. (5.1.11)
(5.1.10) implies that the symplectic scheme generated by S? is
952" 952"
pp_ 92 —Q-2 . 5.1.12
P50 ».Q). ¢=0Q o (», Q) ( )
Theorem 5.3. (5.1.2) is equivalent to
(Q—q)'d(P+p) = (P—p)'d@Q+q) =2dS°, (5.1.13)
where 5’3(#, %) satisfies
_ 1 _
53 = 5(P+p)T(Q—q)—S. (5.1.14)
According to (5.1.13), The symplectic scheme produced by S? is
—o P
P = p- 8353(#, @), (5.1.15)
o P
Q = g+ars L, %), (5.1.16)
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where 0 and 0; refers to partial derivative with respect to u = % and v = % respec-
tively.

The proofs of Theorem 5.2 and 5.3 are similar to that of Theorem 5.1, which is estab-
lished by a straightforward calculation with applying the Stratonovich chain rule given in
Theorem 1.4.

We call 5% and S? the generating functions with noise of the second and third kind re-
spectively. As S or S (i = 1,2,3) equal zero, the mapping (p,q) — (P,Q) created by
them becomes the identity mapping. -

It can be seen that the relations between S and the three kinds of generating functions
St (i = 1,2,3), as well as the symplectic schemes generated by the generating functions
with noise, have the same forms as that of the deterministic generating functions. This
fact is mainly due to the Stratonovich chain rule, and the equation (5.1.2) for generalized
action integral with noise.

5.2 Hamilton-Jacobi Equations with Noise

S(q, Q) generates a symplectic mapping (p,q) — (P, Q) via (5.1.1). Now let P(t), Q(t)
move on the phase trajectory of the stochastic Hamiltonian system (4.1.13)-(4.1.14) start-
ing from the point (p,q). We want to find a generating function with noise, S(q, Q(t),1),
depending on ¢, which generates the phase trajectory g* of the stochastic Hamiltonian
system, since it is known that the phase trajectory is a symplectic transformation for any
t > 0. We find that the approach in [12] of deriving S(q, Q(t),t) for deterministic Hamil-
tonian systems can be adapted to that of the stochastic S(q, Q(t),t), as given below.
(5.1.1) implies that S(q, Q(t),t) should satisfy

- 2—5 @QO.1),  p=-2 (0.Q0).0). (5.2.1)

P(t
) >
Differentiating the second equation with respect to t gives

0= T8 Q.0 + Q) s 0.0 522

= %W’ Q(t), 1) + aip(HUD(t), Q(t)) + Hy(P(1), Q(t))W)
%{% (4, Q(), ) (5.2.3)

— %(%Q(t),t) + %(H(P(t),@(t)) +HU(P(), Q)W)
ag—;)(q’Q(t)’t) (5.2.4)
- gqgt(q,Q( ); )+8%(H(P(t),Q(t)) + Hi(P(t),Q(t)W)(q,Q(t),1). (5.2.5)

Thus 5 53

(o + H(P(1),Q(1) + Hi(P(t), Q(t))W) =0, (5.2.6)
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where P(t) = %T(q, Q(t),t). In (5.2.3) we have used the relation (4.1.14), and in (5.2.4)
the first equation of (5.2.1).

We have the following result.
Theorem 5.4. If S(q, Q(t),t) satisfies the following partial differential equation

aS 258" 258"
925

and the matriz 35 e is invertible almost surely, then the mapping (p,q) — (P(t),Q(1))
defined by (5.2.1) is the phase trajectory of the stochastic Hamiltonian system (4.1.13)-
(4.1.14).

Proof. The invertibility of the matrix —SQ ensures that P(t) and Q(t) are well-defined

by (5.2.1). If S satisfies the equation (5.2.7), then the relation (5.2.6) holds. According
to the calculations from (5.2.3) to (5.2.6), which are equivalent transformations based on
the first equation of (5.2.1), (5 2.3) must equal zero. On the other hand, (5.2.1) yields

(5.2.2). The invertibility of 22 8Q gives

QW =0, (5.2.7)

: OH" OH," ,
t)y=— (P(t — (P(t t 2.
Q) = 92 (P, Q) + S (P, QW (5.2
which is the second equation of the stochastic Hamiltonian system (4.1.13)-(4.1.14).
Differentiate the first equation of (5.2.1) with respect to ¢, we obtain

: 0°5 " 025 :
P(t) = 900¢ (¢, Q(t), ) +3722(q,c2(z>,t)@(t). (5.2.9)
On the other hand, differentiating the equation (5.2.7) with respect to @ yields
925 " 928 OH" OH"
Som (@D = ~55(a.Q0.D G, (PO.QB) - 55 (PO.QW) (G210
825 (9[-[1 aHl T
(5.2.11)
Substituting (5.2.8) and (5.2.10)-(5.2.11) into (5.2.9) gives
: oHT oH," .
Plt) = ~5g (P0.Q() - S (PO, QUOW, (5.2.12)
which is the first equation of the stochastic Hamiltonian system (4.1.13)-(4.1.14). O

Remark. We call (5.2.7) the Hamilton-Jacobi partial differential equation with noise.
The Stratonovich chain rule plays a vital role to ensure the validity of the derivation.

The relation between S and S! (5.1.4) implies that

S'(P,q,t)=P"(Q - q) — S(¢. Q. 1). (5.2.13)
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Differentiating both sides of the equation (5.2.13) with respect to ¢ yields

oS! 8@ oS oS 0Q oS
_ pT _ I ZF 22.14
ot ot ot 0@ ot ot’ (5 )

where the second equality is due to P = aQ . Substitute this relation and (5.2.14) into
(5.2.7), the following theorem is motivated.

Theorem 5.5. If S*(P,q,t) satisfies the following partial differential equation

051

5 = HP.Q+ H(P.Q)W,  §'(P,q,0)=0, (5.2.15)

where Q) = q + %%T(P,q,t), then the mapping (p,q) — (P(t),Q(t)) defined by (5.1.9) is
the phase trajectory of the stochastic Hamiltonian system (4.1.13)-(4.1.14).

Proof. Differentiating the first equation of (5.1.9) with respect to t gives

525" .92t
I+ —(P pP=- P . 2.1
( +8P8q( .4, t)) 9401 (P,q,1) (5.2.16)
From (5.2.15),
025t OH 0H,_. 0Q
=(—+—W)—. 2.1
o0t a0 a0 M3 (5:2.17)
Differentiating the second equation with respect to ¢ gives
oQ 925!
LA ) 2.1
o ' T oqop (5.2.18)
Substituting (5.2.18) and (5.2.17) into (5.2.16) yields
09251 : 925! oH™ OH, " .
1 Pqgt)P=—(+ P, — (P — (P,Q)W 5.2.19
(I + 5o (Pa.)P = = + 552 (P ) G5 (P.Q+ 55 (P.QW), (5:2.19

which results in the first equation of the stochastic Hamiltonian system (4.1.13)-(4.1.14).
Differentiating the second equation of (5.1.9) with respect to ¢ gives

. %S .S
Q= 3P ——(P,q,t)P + 2Po1 (P,q,t). (5.2.20)
It follows from (5.2.15) that
0*S'  OH 0H, OH 0H,_. 0Q
— — . 2.21
apai ~op tor " T ag T Wap (5:221)
The second equation of (5.1.9) yields
231
0@ _ o5 (5.2.22)

oOP  opP?’
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Substituting (5.2.22), (5.2.21) and (5.2.19) into (5.2.20) gives

. OHT OH," :
Q=55 (PQ+55 (POW, (5.2.23)

which is the second equation of the stochastic Hamiltonian system (4.1.13)-(4.1.14). The
initial condition in (5.2.15) ensures that at ¢ = 0, the mapping (p, q) — (P(t), Q(t)) de-
fined by (5.1.9) is the identity mapping. O

Denote u = %, v = %, the Hamilton-Jacobi partial differential equation with noise

for S3(u,v,t) can be derived in the same way.

Theorem 5.6. If S3(u,v,t) satisfies the following partial differential equation

053 : _

- = H(P,Q)+ H,(P,Q)W, S?(u,v,0) =0, (5.2.24)
where P = u—%aa—igT(u, v,t), Q = v—i—%%T(u, v,t), then the mapping (p,q) — (P(t),Q(1))
defined by (5.1.15)-(5.1.16) is the phase trajectory of the stochastic Hamiltonian system
(4.1.13)-(4.1.1).

Proof. The proof follows from differentiations of (5.1.15)-(5.1.16), as that of the proof
of Theorem 5.5. O

5.3 Symplectic Methods Based on S!

Since the generating functions with noise satisfy Hamilton-Jacobi partial differential equa-
tions with noise, we expect to approximate the solutions of the Hamilton-Jacobi equations
with noise, in order to obtain approximations of generating functions. Enlightened by the
methods in deterministic case, we assume certain forms of the solutions and substitute
them into the Hamilton-Jacobi equations with noise, and compare coefficients to deter-
mine unknown terms in the assumed forms.

For SY(P, q,t) which satisfies the equation (5.2.15), we assume

gl(P7Q>t) = Fl(Pa Q)W(t) + FQ(P> Q) /(;t W(S) OdW(S) + Gl(Pa Q)t (531>

L R(Pa) /0 S0 dW(s) + Ga(Poa) /0 W (s)ds (53.2)
+ F(Pg) /0 "W (s) o dW(s) + Gs(P.q) /0 ' sds (5.3.3)
+ F5(P,q) /OtSQOdW(s)+G4(P,q) /OtsW(s)ds (5.3.4)
4+ Fy4(P,q) /Ot s*W(s) o dW (s) + G5(P, q) /Ot s*ds (5.3.5)

F(P.q) /0 'S0 dW(s) + Go(Poa) /0 "W (s)ds (5.3.6)

- (5.3.7)
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by which the initial condition S'(P,q,0) = 0 is satisfied, since W (0) = 0 with probability
1.

Lemma 5.7. ([25]) For a stochastic differential equation system with r noises, suppose

t+h [4 01 0;_2
Lo (h) = / W, (0) / aw,, () / / AW, (6,1), (5.3.8)
t t t t

where iy, ..., 1; takes values from the set {0,1,...,r}, and dWy(6x) = dfy. Then it holds

(E(L,,..q,)")* = O (hEh=734) (5.3.9)
where
0, i =0,

In other words, the order of smallness of the integral (5.3.8) is determined by df and
dWi(0), k =1,...,r, where df contributes 1 to the order of smallness, and dWj,(6) con-
tributes %

For example, the first term in (5.3.1) is of order of smallness 1, and the second and
third terms are of order 1. The two integrals in (5.3.2) are both of order 2. In fact, from
(5.3.2) to (5.3.6), the order of the integrals involved increases 1 from each equation to the
next. This is the reason why we construct S! in such a manner.

Now substitute the assumption on S*(P,q,t) into the Hamilton-Jacobi equation with
noise (5.2.15). We have

88—5; = (G1+ GoW + Gst 4 GtW + Gst* + Get*W + ..)
+ (B + BW + Fyt + EgW + Fst® + Ft®W + .. ) W, (5.3.11)
Thus
H(P,Q) = G+ GoW + Gst + GytW + Gst? + Gt*W + ...,  (5.3.12)
Hi(P,Q) = Fy+ W + Fst + FytW + Fst* + Fgt*W + ... (5.3.13)
Denote . .
a:%—l;[ : b:aa_zl : (5.3.14)
equation (4.1.11) is rewritten as
dq = adt + b o dWW. (5.3.15)

Expand H(P,Q) at the point (P,q) progressively according to equation (5.3.15), as the
Wagner-Platen expansion does, but here we deal with Stratonovich integrals instead of
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1t0 ones. We have

H(P,Q)

HPa)+ [ HP.als)a(Pua)ds + / H,(P,q(s))b(P,q(s)) o dV'(s)
H(P,q) + Hy(P,q)a(P, q)t + Hy(P, )b // Hoo(P,qu

a(P, g(u >> H, (P, q(u))ay(P, q(w))] a(P.q(u) duds+// HolP.g(u
T Hy(P.q(u))ay (P, q(u)] b(P. q(u)) o dW (u
/0 / Hay(Pog(u)) B(P,q(w) + Hy(P, q(u))by(P.q(u))] a(P, q(u))du

odVW/ (s / / Hyg(P,q(u)) b(P, q()) + Hy(P, q(u))by( P, q(u))]

b(P,q(u)) o dW (u) o dW (s )
H(P,q) + H, (P q)a(P, q)t + Hy(P, q)b(P, ¢)W (t) + [Hyy(P, ¢)a(P, q)

H, (P, )y (P, @)l a(P.q) " + [Hy(P.q)a(P.q) + Hy(P. q)ay(P.q)] b(P.q)

|
2
| Wesds + (PP + HPaby(PealaPoa) [ soaw(s)

[Hyq (P, 0)b(P, q) + Hy(P, q)bg(P, q)] b(P, Q)/O W (s) o dW(s)

Hy (P, q(v))ag, (P, Q(v))]a( q(v)) + [Hyq (P, q(v))a(P, q(v)) + Hy(P, g(v))

. / / / {[Hypa (P, q(0))a <v>>+2qu<Pq<v>> o(P.q(v))
(

+ 4+ o+ o+ o+

a(P,q(v ))+2qu(P q v))aq(P q(v)) + Hq(P,q(v))ag (P, (v ))] a(P, ( )
[Hyq (P, q(v)) ) + Hy(P, q(v))aq(P, Q( )] aq(P,q(v))} b(P, q(v))

odW (v)duds + / / / {[Haaq (P, q(0))a( P, q(v)) + 2Hyy (P, q(v))
] (v

(P,
aq(Pq( ))+H (P, q(v))agy (P, q(v)]b(P, q(v)) + [Hyq (P, (v))a( P, g(v))
v)ag(P, q(v))] by (P, q(v))} a(P, q(v))dv o dW (u)ds

///{ 1aa(P,a(v))a(P, q(v)) + 2Hyy (P, q(v))ag (P, g(v))

())aqq(P CJ(U))] b(P,q(v)) + [Heq(P, q(v))a(P, q(v))
q(v))aq(P, q(v))] by(P, q(v))} b(P, g(v ))OdW(U)OdW( )ds

/ / / 2
0))bgg (P, q(v))] @

Hyqq(P, q(0))b(P, q(v)) + 2Hyq (P, q(0))by (P, g(v))
)] a(P, q(v))
( ()) o(P,q(v))] ag(P, g(v))

aa(Pa(0)) ao(Pa(v)} a0 dududs + [ / / ([Hy(P. gl
()

W—“_l__\_/

~—

q(v)) + [Heq(P, q(v))b(P, q(v))
a(P,q(v))dvdu o dW (s)

“f*+
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///{ Hqq(P, q(v))b(P, q(v)) + 2Hgq(P, q(v))by(P, q(v))

( )baq(P,q(0))] a( P, q(v)) + [Hyq (P, q(v))b(P, ¢(v))
q(0))bg(P,q(v))] ag(P, q(v))} b(P, q(v)) 0 AW (v)du o dW (s)

///u{ aaq(P,q(0)b(P, q(v)) + 2Hyq(P, q(v) )by (P, q(v))
)

)
( ))baq(P; q(v)]6(P; q(v)) + [Hyq (P, q(v))b(P, q(v))
q(0))bg(P,q(0))] bg (P, q(v))} a(P, q(v))dv o dW (u) o dW (s)

///{ 2P q(0)b(P, q(v)) + 2H,q (P, q(v))by(P, q(v))

(v)
(P q(v))bgq (P, q(v))] b(P, q(v)) + [Heq(P, q(v))b(P, q(v))
Hq(RQ( )by (P, q(v))] (P, q(v))} b(P, q(v)) o dW (v) o dW (u) o dW (s)
(5.3.16)

4+ o+ o+ + 4+

Compare the expansion of H(P, Q) with the righthand side of equation (5.3.12), let coef-
ficients of terms with same order of smallness be equal, we obtain

G, = H, (5.3.17)

Gy = Hgyb, (5.3.18)
1

Gs = Hjua+ E[qub+quq}b, (5.3.19)

Gy = [Hya+ Hyaglb+ [Hygb + Hybgla + [(Hygqb + 2H by + Hybgg)b

+  (Hygb+ Hybg)bylb,
where the functions G; (i = 1,2,...), a, b, H and derivatives of H are evaluated at (P, q).

Expand H;(P,Q) at (P, q) in the same way as H(P,(Q), and compare its expansion with
the righthand side of (5.3.13), we find the functions F; (i = 1,2,...).

F1 - Hl; (5320)

F2 - qub, (5321)
1

F; = qua+§[quqb+H1qbq]b, (5322)

F4 = [quqa+H1qaq]b+ [quqb—Fqubq}a—F [(ququ+2quqbq+H1qbqq)b

+

(Hi,,b+ Hi,b,)bJb,

Thus, an approximation of S*(P,q,t) can be constructed according to (5.3.1)-(5.3.7) by
truncation to certain term. The higher order of smallness the terms involved in the
truncated S!' have, the higher order has the resulted numerical method. Explicitly, the
mean-square order of a method is determined in the following way.

Theorem 5.8. ([25]) A method of mean-square order m (m € Z) includes all inte-
grals I, ..;; of order m and below. A method of mean-square order m + % includes all

.....
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integrals of order m + % and below, and also a deterministic integral of order m + 1.

Based on this theorem, we can truncate the assumption of S to a term with proper
order of smallness to obtain required mean-square order of the method.

Example 5.1. For the linear stochastic oscillator (3.1.7)-(3.1.8)

dy = —zdt+ odW, y(0)
de = ydt, z(0) =

Yo,
Zo,

we have

1
H= §(x2 +9?), H, = —ox,

and a =y, b = 0. We truncate the assumption for S' to the order of smallness 1:
t
SYP,q,t) =~ LW + F / W o dW + Git. (5.3.23)
0
According to (5.3.17), (5.3.20) and (5.3.21), for the linear stochastic oscillator we have
1

Fy=—-ox, F,=0 G = 5(:;:2 + 7). (5.3.24)
Thus, for step size h,

gl h, o 2

S (Yn+1, Tns h) = = (2, + ynyr) — 0T, AW, (5.3.25)

2
The scheme (5.1.9) generated by S* gives

05! oS!

Yn = Yn+1 + a_xn(yn-l—la flfn), Tp+1 = Tp + 8yn+1 (yn—i-la fl?'n), (5326)

which for (5.3.25) results in
Tpy1 = Tp+ hYnst, (5.3.27)
Ynp1 = Yn — hx, +cAW,. (5.3.28)

This is the symplectic Euler-Maruyama method, and is the adjoint method of the parti-
tioned Euler-Maruyama method (3.3.5)-(3.3.6).

Theorem 5.9. The numerical method (5.3.27)-(5.3.28) for the linear stochastic oscilla-
tor (3.1.7)-(3.1.8) is symplectic and of mean-square order 1.

Proof. 1ts symplecticity can be directly verified by checking dx,, 11 A dy,+1 = dz, A dy,, on
the scheme, and its mean-square order 1 is due to Theorem 5.8 and our way of truncation.

To obtain a method of order %, we need to truncate the assumption of S* to

t t t t
SY(P,q,t) zF1W+F2/ WodW+G1t+F3/ sodW—i—Gg/ st+G3/ sds. (5.3.29)
0 0 0 0
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For the linear stochastic oscillator, (5.3.18), (5.3.19), and (5.3.22) give
F3 = —0Y, G2 = 0, Gg =Y. (5330)
Thus,

3 h h h
S (Yns1, T, h) = §(xi+yi+1)—aanWn—ayn+1/ sodW+yn+1xn/ sds. (5.3.31)
0 0

Substitute (5.3.31) to (5.3.26), we obtain the scheme

h2
Yn = Yn+1+hx, —cAW, + 5 Yn, (5.3.32)
h h2
Tpy1 = Tp+ hyn—l—l - U/ sodW + ?xn, (5333)
0

which can also be written in the form

4+h* 2h h 2ha
Tl ) _ [ a2n? 242 Tn) o =0 Jy 50 dW + 35 AW, . 5.3.34
()= =) () T 533

T 2%h? 2%R2 2+h2

Theorem 5.10. The numerical method (5.3.34) generated by S* in (5.3.31) for the linear
stochastic oscillator (3.1.7)-(3.1.8) is symplectic and of mean-square order 3.

Proof. The mean-square order of convergence is guaranteed by Theorem 5.8 and our
truncation (5.3.29) of S*. We check the symplecticity of the scheme.
According to (5.3.34),

44 h* N 4h?
2+ h2)2 " (2+ h2)?

Arp, 1 N dy,1 = ( ) dx,, N dy, = dx, A\ dy,. (5.3.35)
U

By using the scheme (5.3.34), the term foh s o dW must be properly modeled. It is given
in [25] that, foh Wds is a sum of two independent normally distributed random variables:

/Oh W(s)ds = %hW(h) + (/Oh W (s)ds — %hW(h)) : (5.3.36)

where the first term on the righthand side of the equation is N(0, %3) distributed, and
the other is (0, 2) distributed. Thus we have

712

/ohs odW = hW(h)— /OhW(S)dS - %hW(h) - (/ohw(s)ds - %hw(h)>

h3 h3
= Z& - \/;&, (5.3.37)

where & and &, are two independent N (0, 1) distributed random variables, and the first
equality results from the Stratonovich chain rule.
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In [25], explicit modeling of integrals of order % such as the discussion above is given,
and modeling of integrals of order 2 is also analyzed. Modeling of higher order of inte-
grals is required by construction of higher order methods, and is still at the beginning of
development.

Example 5.2. In this example, we consider the Kubo oscillator (3.1.16)-(3.1.17).
Note that there is a constant a in (3.1.16)-(3.1.17), which is different from our assumption
of function a in (5.3.14). To distinguish them, we denote in this example the function a

and b in (5.3.14) with @ and b respectively.
For the Kubo oscillator,

a o ~ ~
o= 5(292 +¢°), Hi= 5(]92 +4¢%), a=ap, b=op. (5.3.38)

According to (5.3.17)-(5.3.19),

1
Gy = %(p2 +¢%), Gx=aopy, Gs=d’pg+ Sao’p’. (5.3.39)

(5.3.20)-(5.3.22) gives

g

1
5 P’ +¢*), Fa=o0’pg, Fs=aopq+ 50°p”. (5.3.40)

F 5

We first construct a method of mean-square order 1 by the following truncation of S*

h
Sl(pn-i-lvc_Inahf) = FIAWn+F2/ WOdW+G1h
0

= %(piﬂ + ¢ AW, + gazpnﬂqn + %(pi+1 +¢2). (5.3.41)

Substituting (5.3.41) into (5.1.9) gives
Pni1 = Ppn— ahq, — gJQan — 0q, AW, (5.3.42)
Gni1 = Qn+ahppi + ga2qn + opp1 AW, (5.3.43)

which is a scheme given by Milstein et. al. in [27] and [29]. Here we have reproduced it
via generating function. Note that we have used

/hW o dW = @ and E(W?(h)) =h (5.3.44)

to approximate foh W odW by % in (5.3.41).
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For a method of mean-square order %, we need the following truncation of S

h h h
S (Pust, Gn,h) = FlAWn+F2/ WOdW+G1h+F3/ SOdW+G2/ Wds
0 0 0

h

+ G3 /0 sds

= %(pi+1 + AW, + go’“pnﬂqn + %(piﬂ +4q)

+ (aoppi1qn + %gffpiﬂ) /Oh sodW + aopni1qn /Oh Wds

+ %2(a2pn+1% + %aazpiH). (5.3.45)

Applying (5.1.9) with S* given in (5.3.45) yields

h2 h h 2
—(ah + 7&02 + AW, + 03/0 sodW)ppi1 + G = (1 + %
h2 2
+ a + achAW,,)qp,
h 2 h2 2
(1+ % + 2a + achAW,))pni1 = pn — (ah + o AW,,)q,. (5.3.46)

Theorem 5.11. The numerical method (5.5.46) for the Kubo oscillator (3.1.16)-(53.1.17)
is symplectic and of mean-square order 3.

Proof. Since the truncation of S' in (5.3.45) contains all integrals of order of small-
ness less than or equal to %, and a deterministic integral of order 2 in the assumption of

S* (5.3.1)-(5.3.7), Theorem 5.8 guarantees the mean-square order 3 of the method.

Symplecticity of the method (5.3.46) can be verified the same way as that for (5.3.34) in
Theorem 5.10. O

By modeling AW,, and fohs o dW, we use truncation (3.2.13) of the N(0,1) distrib-
uted random variables to ensure the realizability of the method, as introduced in section
3.2.

5.4 Symplectic Methods Based on S°

Methods based on S® can be similarly constructed as that on S*.
Let

SP(u,v,t) = Fy(u,0)W(t) + Fy(u, U)/O W(s)odW(s) + Gi(u,v)t  (5.4.1)

+ Fg(u,v)/o sodW(S)—l—GQ(u,v)/O W(s)ds (5.4.2)
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+ Fy(u,v) /0 W (s) 0 dW(s) + Galu, ) /O sds (5.4.3)
b Fy(uv) /0 "2 o dW(s) + Galu) /0 LW (s)ds (5.4.4)
+  Fg(u,v) /Ot s*W(s) o dW (s) + G5(u,v) /Ot s*ds (5.4.5)
+  Fr(u,v) /Ot s% o dW (s) + Gg(u, ) /Ot s*W (s)ds (5.4.6)

. (5.4.7)

which satisfies the initial condition S®(u,v,0) = 0 of the Hamilton-Jacobi equation with
noise (5.2.24). Then we have

dS?

5 (G1 + GoW + Gst + GytW + G5t + Get’W + ...)

+ (B + BW + Fyt + FgW + Fst® + Ft®W + .. ) W, (5.4.8)

where the functions G; and F; (i = 1,2,...) are evaluated at (u,v).
Substituting (5.4.8) into (5.2.24) gives

H(P,Q) = Gi+ G W + Gst + GatW + Gst* + Get*W + ..., (5.4.9)
Hi(P,Q) = F+ FRW + Fst+ FytW + Fst? + Fgt?W + ... (5.4.10)

Rewrite the stochastic Hamiltonian system (4.1.10)-(4.1.11) in the form

dp = (lldt + bl o dW, dq = a2dt + bg e} dVV, (5411)
where
oHT OH, "
_ by = ——— 4.12
ai aq ) 1 8q ) (5 )
oHT oH, T
ay = —— by = =1 . (5.4.13)

dp dp
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Expand H(P,Q) at (u,v) according to (5.4.11), and let t, = £, we have

H(P,Q) H(u,v) + /t Hy(u,v(s))az(u, v(s))ds + /t H,(u, v(s))ba(u, v(s)) o dW (s)

/ {Hu(s) s (ute),0) + /t:[wu(s),v<s>>a1<u<s>, o(s))
Ho(u(s), 0(5))an, (u(s), v(s)an(u(s), o(5))ds
[0 o559
HL(u(s), 0())a, (u(s), v(s))Joo(u(s), v(s) 0 IV (s)} s
[t o a0+ [ 1Hatuts) ot 09,0060
H, (u(s), 0(s)by, (), v(s))]a2<0u<s>,v<s>>ds
/ ) o (51 05)
Ho(u(s), 0(s)br, (u(5), o(3)) bala(s), o(5)) o AW (5)} o IV (s)

H(u,v) + Hy(u,v)as(u, U)g + H,(u,v)by(u,v)

[Hy (u, v)bo(u, v) + Hyby, (u, v)]be(u, v)

+ + + 4+ + o+ o+ o+

+

g( H,(u,v)as (1, 0)) + Hoy (1, 0)by (u, v)

+

+ [Hyu(u,v)by(u,v) + Hy(u,v)by, (u, v)]by (u, v)

+  [Hyw(u, v)by(u,v) + Hy(u,v)by, (u, v)]ba(u, ’u)§ + R, (5.4.14)

where the remainder term R contains all terms of order of smallness larger than or equal
to 2.

2
Compare the expansion (5.4.14) with the righthand side of equation (5.4.9), let coefficients
of terms with the same order of smallness be equal, we obtain

Gi1 = H(u,v), (5.4.15)
1
Gy = —(Hyby + Hyby), 5.4.16
2 \/§< 2 1) ( )
1.1 1
G3 — 2[2(vab2 + H bg )bg —|— Q(Huubl —|— Hublu)bl —|— (Huvbl —|— Hub1v>b2],<5417>

Similarly, expanding H; (P, Q) at (u,v) and comparing the expansion with the righthand
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side of equation (5.4.10) gives

F1 = H1<U,U), (5418)
1
Fy = ——(Hyby+ Hy.by) =0, 5.4.19
2 \/E( 1,Y2 1y 1) ( )
1 1 1
Fy = §[H1va2 + Hy, a1 + §(leb2 + Hy, by, )b + §(Hluub1 + Hy,b1,)b1 + (Hy,,b1
+  Hy,by,)bs], (5.4.20)

Substitute the functions G; and F; (i = 1,2,...) into the assumption of S® in (5.4.1)-
(5.4.7), and then apply the scheme (5.1.15)-(5.1.16), symplectic schemes for the stochastic
Hamiltonian system (4.1.10)-(4.1.11) will be created.

Example 5.3. We construct symplectic methods for the linear stochastic oscillator

(3.1.7)-(3.1.8) via S®.
For a method of mean-square order 1, we need the truncation

h
S3<U,U7h) = FlAWn‘f'FQ/ WOdW+G1h
0

= g(u2 + %) — cvAW,,. (5.4.21)

Substituting (5.4.21) into (5.1.15)-(5.1.16) yields
Tosr = Tn+ h%, (5.4.22)
Yns1 = Yn — h% L oAW,, (5.4.23)

which is the midpoint rule (3.3.8)-(3.3.9).

A method of mean-square order % can be obtained by the following truncation of S

h h h
S3(u,v,h) = FlAWn+F2/ WOdW+G1h+F3/ SOdW+G2/ Wds
0 0 0

h
+ Gg/ sds
0
h h2 2 h
= (u + %) — ovAW,, + 7 soaw
s 2 J,
+ = / Ws. (5.4.24)
According to (5.1.15)-(5.1.16), the symplectic scheme generated by S? is
h
Tpy1 = Tp+ h% - %/ sodW + —/ Wds, (5.4.25)
0
Tn + Tn+1

Yot = Yo — W O AW, (5.4.26)
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Denote
o /h o [" ( )
m=—— sodW + — / Wids, 5.4.27
2 Jo V2 Jo
the scheme (5.4.25)-(5.4.26) can also be written as
Tyl | _ 3‘;23 41};@ ) 4 4 m+ AW, . (5.4.28)
Yn+1 —41712 % UYn 4 + h? —%m + o AW,

Theorem 5.12. The numerical method (5.4.25)-(5.4.26) for the linear stochastic oscil-
lator (3.1.7)-(3.1.8) is symplectic and of mean-square order g

Proof. Tts proof follows the same way as Theorem 5.10. O

The analysis for (5.3.36) and (5.3.37) implies that we can model foh Wds by

h p h3 h3
=4/ — — 4.2
/0 Wis = \[ 76+ 6 (5.4.20)

where the V' (0, 1) distributed random variables £; and &, are identical with that in (5.3.37).

Example 5.4. Applying S? to the Kubo oscillator (3.1.16)-(3.1.17) can reproduce a
midpoint rule given by Milstein et. al. in [29]. In order to achieve it, let

h
S3(u,v,h) = FIAWn+F2/ W odW + Gih
0

= S+ 0)h+ 2w + ) AW, (5.4.30)

Substituting (5.4.30) into (5.1.15)-(5.1.16) gives the midpoint rule

Pns1 = pn—ah® +2q"+ Ll +2q"+1AWn, (5.4.31)
ni1 = Qu+ ahZn +2pn+1 + ol +2pn+1 AW,,. (5.4.32)

According to our way of truncation on S3, this method has mean-square order 1.
A method of mean-square order % can be constructed by assuming

h h h
SS(U,U,}Z) = FlAWn+F2/ WOdW+G1h+F3/ SOdW+G2/ Wids
0 0 0

h
+ G3/ sds
0
272
— %(u2 +v*)h + %(u2 + v?) AW, + a08h (v? — u?)

1

h
103(1}2 —u?) / sodW, (5.4.33)
0
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which gives by applying (5.1.15)-(5.1.16) the scheme

h2 2 3 h " "
Puit = po— (ah+cAW, + - 4" +%/ sodW)%, (5.4.34)
0

h2g2 3 h N N
Qn+1 = qn—i-(ah—{—aAWn—a 0 —U—/ sodW)w. (5.4.35)
4 2 J; 2
Denote
h2 2 3 h
k = ah+ AW, + 2 40 +%/ sodW, (5.4.36)
0
h202 3 rh
[ = ah+0AWn—a 40 —%/ sodW, (5.4.37)
0

the scheme (5.4.34)-(5.4.35) can also be written in the form

4-Kl  —4k
(Pn+1 ) _ < AgEL AT ) (pn ) . (5.4.38)
dn+1 Akl 41kl dn

Theorem 5.13. The numerical method (5.4.34)—45.4.35) for the Kubo oscillator (3.1.16)-
(3.1.17) is symplectic and of mean-square order 3.
Proof. The construction of S® and Theorem 5.8 implies the mean-square order % Sym-
plecticity of the scheme can be shown by checking dp,, .1 Adq,+1 = dp, Adg, as in Theorem
5.10.

O



Chapter 6

Generating Functions with Two
Noises

In this chapter, generating functions for stochastic Hamiltonian systems with two noises
are discussed. Hamilton-Jacobi partial differential equations with two noises are given,
based on which generating functions with two noises are constructed through perform-
ing Wagner-Platen expansion in the sense of Stratonovich with respect to two noises.
Symplectic schemes are created using the obtained generating functions for a model of
synchrotron oscillations and a system with two additive noises. The methods of dealing
with two noises in this chapter can be naturally generalized to systems with more noises.

6.1 S! with Two Noises

(4.1.18) gives the generalized action integral S with r noises. Results in (4.2.1)-(4.2.3)
and Theorem 4.3 are also valid for systems with r noises. Therefore, for the stochastic
Hamiltonian system with two noises

oOHT oH, T OH,T
dp = ——— dt — — odW, — —= odW- 1.1
P 8q (9q o 1 6q o 2, (6 )
OHT oH,T OH,"
_ g2 1.2
dq o dt + ap odWi + ap o dWs, (6.1.2)

we can obtain the following result about its action integral with noises S, which is a
generalization of Theorem 5.4.

Theorem 6.1. If S(q,Q(t),t) satisfies the following partial differential equation

83 85" as’t . st .
— + H(— H(— Hy(— = 1.
and the matrix 8657% is invertible, then the mapping (p,q) — (P(t), Q(t)) defined by (5.2.1)

is the phase trajectory of the stochastic Hamiltonian system (6.1.1)-(6.1.2).

Proof. The proof follows the same way as that of Theorem 5.4, with consideration of
relation (6.1.1)-(6.1.2). O
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From the proof of Theorem 5.1, it is clear that the definition of the first kind of gen-
erating function S* in (5.1.4), and the scheme generated by S* (5.1.9) can both be used
in case of more noises. Thus we have the following generalization of Theorem 5.5.

Theorem 6.2. If S*(P,q,t) satisfies the following partial differential equation

051

T H(P,Q)+ H\(P,Q)W, + Ho(P,Q)W,,  SYP,q,0) =0, (6.1.4)

where Q) = q + %T(P,q,t), then the mapping (p,q) — (P(t),Q(t)) defined by (5.1.9) is
the phase trajectory of the stochastic Hamiltonian system (6.1.1)-(6.1.2).

Proof. Tt can be proved in the same way as Theorem 5.5. 0

For the solution S*(P,q,t) of (6.1.4), we make the following assumption.

Sl(Pchat) = Fl(P> Q)Wl(t) + Kl(Pa Q)WQ(t) (615)

+ FQ(P,q)/OtI/VlodW1+K2(P,q)/OtW20dW2

+ G1(P,q)t + F5(P,q) /OtWQOdVVl—I—KQ(P,q) /Otwlodw2 (6.1.6)
+ Gi(P,q) /OtW1d8+G2(P,q) /Ot Wads

+ Fy(Pq) /OtW1W20dW1+I~(2(P,q) /Otwlwzodw2

+ Fy(Pq) /OtsodWl—f—Kg(P,q) /OtsodWQ (6.1.7)
+ G4(P,q) /;Wlwgds—l—Gg(P,q) /Otsds

+ Fy(P,q) /OtswlodW1+K4(P,q) /OtswgodWQ

t t

F4(P, q) / SWQ o dW1 + K4(P, q) / 8W1 ¢) dW2 (618)
0 0

. (6.1.9)

where the terms in (6.1.5) are of order of smallness 1, the following terms till (6.1.6) are
of order 1, and the next terms till (6.1.7) are of order %, and so on.
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Consequently, we have

oS! _ - _
T G + GoWy + GoWa + GoWi Wy + Gst + GatWy + GatWs
GtWiWs + Gst? + Gt? Wy + Get>Wa + . ...

Wi (Fy + FyWy + Wy + B, W Wy + Fst + FgtW, + FytW,
FgtWiWa + Fst? + Fgt® Wy +..)

Wa( Ky + KoWo + KoWy + KoWyWo + Kt + Ky tWs + Ky tW,

KgWiWy + Kst? + Kgt®Wy + .., (6.1.10)

+ o+ o+ 4+

where the functions Gy, Gy, Gy, Fi, Fy, F;, K;, K;, and K; (i = 1,2,...) are evaluated at

(P, q)-
Compare (6.1.10) with the righthand side of (6.1.4), we have

H(P,Q) = Gy+ GoyWy+ GoWo + GoWi Wy 4 Gst + GutWy + GutW,

+ GtW Wy + Gst* + Gt Wy + Gt Wy + ... (6.1.11)
H\(P,Q) = F\+ EWy + FWy + F,W, Wy + Fst + FytWy 4 FgtW,

+  FgWiW, 4 F5t® + Fgt®> Wi + ... (6.1.12)
Hy(P,Q) = K|+ KWy + KWy + KoWi W + Kt + KytWy 4 K,tW,

+ KWWy + K5t + Kgt>Wo + ... .. (6.1.13)

For convenience, rewrite equation (6.1.1)-(6.1.2) in the form

dp = aldt+b10dLL1+610dLL2, (6114)
dg = agdt + by o dWi + by o dWs, (6.1.15)
where
OHT oH,T - OH,T
_ by = ——— by = ——= 6.1.16
ai aq ) 1 aq ) 1 aq 3 ( )
oOHT oH, T - OH,T
_ b, — 211 by — 222 6.1.17
as (9p 5 2 ap , 2 8]) ( )
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Expand H(P, Q) at (P, q) progressively based on (6.1.14)-(6.1.15), we have

H(P,Q) =

+

+
+

H(P.q) + /tH (P.aaa(P.a(ds + [ (P a(s)P.a(s)
oIV (s / H, (P, q(s))ba(P. q(s)) 0 dWa(s)

H(P.q) + / {Hquz Q)ax(P.q) + / [Hyo (P g(u))as(Pyq(w)

Hy(P,q(u))az, (P, q(u))]az(P, q(u))du + /0 [Hyq (P, q(u))as (P, q(u))

Hy(P, q(u))az, (P, q(u))lb2(P, q(u)) 0 dWi(u) + | [Heg(P, q(u))

0

(P, q(uw)) + Hy(P,a(u))az, (P, a(u))Jba(Pra(u)) o dWo(uw) | ds
/Ot{ (P, q)ba(P,q) +/0 H (P, q(u))ba(P, q(u))
H,(P.4(00)ba, (P gla)laa(Pa(w)du + [ [Hoy(P.a(w)ba(P.q(w)

HP. o)l (Prau)lba(Pra)) o W)+ [ [
ba((P.q(u)) + Hy(P. q(u))ba, (P g(u)]ba(P. q(u)) o dVWa(u >}odW1<>
/ t {,PbPa) + [ (P a(w)ia o)

H,(P.a ()b (P.a(w)laa P+ [ [Hi (P, a(00)ba(Poa()
H(P. ()b, (Prau)lba(Pra)) o dWi(w) + [ (Hi(Prg(a)

ba(P, g(w)) + Hy(P,q(w))ba, (P, q(w))]ba(P, q(u)) o dW2(u)} o dWs(s)
H(P7 Q) + HQ(P7 Q)a’2<P7 q)t + H!I(P7 Q)b2(P7 Q>W1(t) + HQ(P> Q)52<P> Q)

WQ(t) + [HQQ(Pv Q)bg(P, Q) + HQ(P7 q)qu (P7 q)]b2(P7 q)/(] Wl(s) o dWl(s)
[Hyy(P,q)ba(P, q) + Hy(P,q)bs, (P, q)]ba( P, ) / Wa(s) o dWi (s)
(Ha(P. 0 P.) + H, (P, (PP | W (s) 0 dWals)

(Hyy(P.0)ba(P.q) + Hy(P,q)ba, (P.q))ba(P. ) / Wa(s) o dWa(s)
R, (6.1.18)

where the remainder R is of order % of smallness.
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Compare the expansion (6.1.18) with the righthand side of equation (6.1.11), let coef-
ficients of terms with the same order of smallness be equal, we get

H(P,q), (6.1.19)
Hy(P, q)ba(P, q), (6.1.20)
Hy (P, q)ba(P, q), (6.1.21)
[Haq(P,q)bs(P, q) + Hy(P,q)bs, (P, q)]bs(P, q)

[Hag(P,q)ba(P, q) + Hy(P,q)bs, (P, q)b2(P, q), (6.1.22)

H,(P,q)ax(P,q) + %[qu(P, q)b2(P, q) + Hy(P, q)ba, (P, q)]b2(P, q)

%[HQQ(Pa q>62(Pa Q) + Hq(P> q)BQq(Pa Q)]B2(Pa Q)> (6123)

The same approach applied to Hy (P, Q) gives

+

+

i+

+

qu (P7 q)bQ(Pv Q)a (6125)

qu (P7 Q)bQ(Pa Q)a (6126>

[quq (P7 Q)b2<P7 Q) + qu(P7 Q)b2q<P7 Q)]b2<P7 Q)

[H1,, (P, q)b2 (P, q) + Hi, (P, q)bo, (P, q)]b2( P, q), (6.1.27)
1

qu(P7 Q)GQ(P7 Q) + §[H1qq(P7 Q>b2(P7 Q) + qu(P7 Q)b2q<P7 Q)]bQ(P7 q)

1 ~ - -

§[H1qq (P, q)ba(P, q) + Hy (P, q)bs, (P, q)]b2(P, q), (6.1.28)

(quqCLQ —+ quagq)bg -+ (quqbz -+ qubgq)ag

[(ququg + 2H1qu2q + qubgqq)bg -+ (quqbg -+ qubgq)qu]bQ, (6129)

(quqag + quagq)gg + (quqgg + quBQq)ag

(Hu,, b+ 2Hy, by, + Hy by, Voo + (Hy,, ba + Hi bz, )b, |bs, (6.1.30)
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Expansion of Hy(P, Q) at (P,q) and the equation (6.1.13) yields

K1 = HQ(P, q>, (6131)
K2 = H2q (P7 q)bQ(Pa q)a (6132)
RQ = H2q (P7 Q)bQ(Pa q)a (6133)
K2 = [Hqu (P7 Q)b2<P7 Q) + HQq(P7 Q)b2q<P7 Q)]b2<P7 Q)

+ [Ha, (P, q)b2(P,q) + Ha (P, q)bs, (P, q)]b2( P, q), (6.1.34)

1
K3 = H2q(P7 q)a2<P7 Q) + §[H2qq (P7 Q)b2<P7 Q) + H2q(P7 Q)b2q<P7 Q)]b2<P7 Q)
1 ~ ~ ~

+ 5[y, (P @)b2(P, q) + Ha, (P, q)be, (P, q)]b2(P, ), (6.1.35)
K4 = (ngqag—i—HQqagq)BQ + (H2qql~72+H2ql~72q)a2

+ [(Hayy,bs + 2Ha, by, + Ha bo, Voo + (Ho,, by + Ho bz, )b, |bs, (6.1.36)
K4 = (ngqag + HQqCLQq)bQ -+ (ngqbg —+ ngbgq)(lg

+ [(ngqug + 2H2qugq + HquQqq)bQ + (ngqbg + HquQq)qu]bQ, (6137)

Example 6.1. As given in Example 3.3, for the model of synchrotron oscillations

dp = —w?sin(q)dt — oy cos(q) o dW; — aysin(q) o dWa,  p(0) = po,
dg = pdt, q(0) = qo,

we have )

H = —w?cos(q) + %, Hy = oysin(q), Hy = —o9cos(q).

Use the notations in (6.1.14)-(6.1.15), we have for this system

by = —oycos(q), by = —o9sin(q), (6.1.38)
. (6.1.39)

a, = —w’sin(g

)
ag = p, by=by=
According to (6.1.19)-(6.1.37), we obtain

G = —w?cos(q)+ =, Fi=osin(q), Fy=F=0, (6.1.40)

K, = —oycos(q), Ky =Ky =0. (6.1.41)

P
2

Based on these functions, S' for a method of mean-square order 1 can be constructed
according to the assumption (6.1.5)-(6.1.9), as given below.

2
S (Prsts Gns h) = (—w2 cos(qn) + Pn2+1 Vh + o1 8in(q,) A, Wi — 09 cos(gn) A, Wa.  (6.1.42)

Substitute (6.1.42) into (5.1.9), we obtain the following scheme,

Prsl = Pn— hw?sin(g,) — o1 cos(gn) AWy — oy sin(gn) A, W, (6.1.43)
Gn+1 = Qn+ hpnyr, (6.1.44)
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which is the adjoint method of a method given by Milstein et. al. in [29].

Theorem 6.3. The method (6.1.43)-(6.1.44) for the stochastic Hamiltonian system
(3.1.22)-(5.1.23) is symplectic and of mean-square order 1.

Proof. From the scheme (6.1.43)-(6.1.44), it follows

dpni1 Ndgnyr = (1 —w?cos(gn)h? + oy sin(q,) AW, — 0 cos(q, ) hA, Wo
+ w?cos(gn)h? — o1 sin(gn) WA W + 05 cos(gn ) RA, W) dp, A dgy
= dp, N dqy. (6.1.45)

Since our truncation of S! contains all integrals with order of smallness less than or equal
to 1 in the assumption (6.1.5)-(6.1.9), Theorem 5.8 ensures mean-square order 1 of the
method (6.1.43)-(6.1.44). O

For a method of mean-square order %, we need the following functions:

Gy = Gy=F,=K,=0, F;3=o0ypcos(q), (6.1.46)
K; = oypsin(q), Gz =w?psin(q). (6.1.47)
The corresponding S is
2

Sl (pn+17 qn, h‘) = <_w2 COS(QH) + pn2+1 )h + 01 Sln(Qn)Anwl — 02 COS<Qn)AnW2

h h
+  01pni1c0s(qn) / s o dWi(s) + ooppi1 sin(gy,) / s o dWs(s)
0 0

h2
+ Wpni1 sin(qn)?. (6.1.48)

The scheme generated by it according to (5.1.9) is

. h?
Pn+y1 = DPn — hWQ Sln(Qn) - ?w2pn+1 COS(Qn) — 01 COS(Qn>AnW1

h
+ o1pns1sin(g,) / s o dWi(s) — ogsin(q,) A, Ws
0

h
—  O9Pn+1 Cos(qn)/ s o dWs(s), (6.1.49)
0

2 h
Gni1 = Qn+ hppor + 5w2 sin(q,) + o1 cos(qy) / sodWy(s)
0

h
+ o9 sin(qn)/o s o dWs(s). (6.1.50)

Theorem 6.4. The method (6.1.49)-(6.1.50) for the stochastic Hamiltonian system
(8.1.22)-(3.1.23) is symplectic and of mean-square order 3.

Proof. dpp1 N dgni1 = dp, A dg, can be directly checked on scheme (6.1.49)-(6.1.50).
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The mean-square order % results from the truncation of S' and Theorem 5.8. 0

Example 6.2. It is studied in [28] that, for the system with two additive noises (3.1.27)-
(3.1.28)

dp = —qdt+~yodWs(t), p(0)=po,

dg = pdt+oodWi(t),  q(0)=qo,

the symplectic Euler-Maruyama method

Pnt1 = Do — hgn +7A,Wa, (6.1.51)
Gnt1 = Gn+ hpppr + 0D W, (6.1.52)
simulates the original system (3.1.27)-(3.1.28) accurately over long time intervals. We

can reproduce this method via generating function S'. As indicated by (3.1.32), for the
system (3.1.27)-(3.1.28), we have

1
H = 5(292 +q¢*), Hy=o0p, Hy=—q,
and
Fy = oP, Ki=-vq F=0, K;=-07,
1

G, = §(P2 +q¢4), Fy=0, K,=0. (6.1.53)
Thus, for a method of mean-square order 1,
_ h h
S (Pns1, Gny h) = oPn1 AW — ¥qn A, Wo — 507 + §(P$L+1 +q2), (6.1.54)

which generates the symplectic Euler-Maruyama scheme (6.1.51)-(6.1.52) via relation
(5.1.9).

Give more terms to the truncated S, i.e., add terms in (6.1.5)-(6.1.9) with coefficients

G2 = 0g, 62:07 FQZOa RQZ()?
2

F; = 0, Ky=-+P, Gy=Pq+ % (6.1.55)

to S in (6.1.54), we get

_ h h
Sl (pn+17 dn, h) = Upn+1AnW1 - FYQnAnW2 - 50-7 + _<pi+1 + Qi)

2
h h h2 h2
+ an/ Wl(S)dS — VYPn+1 / $0 dWQ(S) + ?pn-;-lqn + ZUQ,
0 0
(6.1.56)
which gives via (5.1.9) the following scheme
h h2
Pne1 = Do+ 7AWy — 0/ Wi(s)ds — g, h — Epnﬂ, (6.1.57)
0

2

h
h
Gni1 = qn+ oA W — fy/ s o dWs(s) + pny1h + ?qn. (6.1.58)
0
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Theorem 6.5. The numerical method (6.1.57)-(6.1.58) for the stochastic Hamiltonian
system (3.1.27)-(3.1.28) is symplectic and of mean-square order 3.

The proof follows the same way as that of Theorem 6.4.

6.2 S? with Two Noises

The relation between S and S (5.1.14), as well as the Hamilton-Jacobi partial differential
equation with two noises (6.1.3) motivates the following theorem.

Theorem 6.6. If S3(u,v,t) satisfies the following partial differential equation

053

E = H(P, Q) + Hl(P,Q)Wl + HQ(P, Q)WQ, gg(u,v, 0) = O, (621)

where P = u—%%—iﬂ(u, v,t), Q = v—i—%%T(u, v,t), then the mapping (p,q) — (P(t), Q(t))

defined by (5.1.15)-(5.1.16) is the phase trajectory of the stochastic Hamiltonian system
(6.1.1)-(6.1.2).

Proof. The proof follows the same way as that of Theorem 5.6, with consideration of
the equations with two noises (6.1.1)-(6.1.2). O

Similar to the approach for S', we suppose
SPu,v,t) = Fy(u,v)Wi(t) + Ki(u,v)W(t) (6.2.2)

t t
+ FQ(U7U)/ WlodW1+K2(U,U)/ WQOdWQ
0 0
¢ ¢
+ Gi(u,v)t + Fy(u,v) / Wy 0 dWy + Ko(u,v) / WiodW, (6.2.3)
0 0
t t
+ Ga(u, v)/ Wids + Gy (u, v)/ Wads
0 0
t t
+ FQ(U,7 U)/ W1W2 o) dW1 + KQ(U,U)/ W1W2 o) dWQ
0 0
¢ t
+ Fs(u,v) / sodWy + Ks(u,v) / sodW, (6.2.4)
3 Ot ’ t
+ Gs(u, U)/ Wi Wads + Gg(u,v)/ sds
0 0
¢ t
+ Fy(u, v)/ sWy o dWi + Ky(u, v)/ sWy o dWsy
0 0

t t
Fy(u,v) / sWy 0 dWy + K4(u,v) / sWy o dW, (6.2.5)
0 0
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Thus,

053 _ - _
W = G1 + G2W1 + G2W2 + G2W1W2 + th + G4tW1 + G4tW2

GutWiWs + Gst? 4+ Get®> Wy + Get® W + .

Wl(F1 + Wy + ByWo + FyWi Wy + Fyt + F4tW1 + FytW,
FgtWiW, + F5t? + Fet? Wy +..)

W2(K1 + KoWo + Ko, Wy + K2W1W2 + K5t + KWy + K W,
KWWy + Kst? + Kgt* Wy + .., (6.2.7)

+ o+ + + 4

where the functions G;, G;, Gy, F;, F;, F,, K;, K;, and K; (i = 1,2,...) are evaluated at
(u,v).

Compare (6.2.7) with the righthand side of (6.2.1), it is obtained that

H(P,Q) = Gy+ GoWy + GoWo + GoWi Wy + Gst + GatWy + GutWy

+ GuWi Wy + Gst? + Get> Wy + Get* Wy + . . . (6.2.8)
H\(P,Q) = F\+ EWy + FWy + F,W, Wy + Fst + FytWy 4 FgtW,

+  FgWiW, 4 F5t® + Fgt®> Wy + ... (6.2.9)
Hy(P,Q) = K+ KyWs+ KWy + KWWy + Kt + KgtWo + KytW,

+ KWWy + Kst? + KWy + . ... (6.2.10)

Denote ty = £, and expand H(P, Q) at (u,v) based on (6.1.14)-(6.1.15), we have

H(P.Q) = H(u.v) /H u, q(5))az(u, () ds+/ H, (1, ¢(5))ba(u, 4(5)) 0 dWi(s)
n /H (1w, 4(5))a(us g(5)) 0 dWal(s /{H ar(p(s), v)
n / (Ho (p(5). 4(5))as (p(3). a(5)) + Hu(p(s). a(5))an, (p(s), a(5))]az(p(s), 4(5))ds

to

/ [Hoo(p(), 4(5))ar (p(5). ()

to

+ Ha(pls),a(5))ar, (), (6))(p(s) () o AW (o)
[ Hapls) a(s)an (p(5). )

to

+ Hu(p(s), q(s))ar, (p(s), q(s))]b2(p(s), 4(s)) o sz(S)} ds
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+

_|_

_|_

+

[{m@@wmw$m+[MMM$«mmwﬁam

Ha(p(s). a(5))b, (p(s), 4(s)ba(p(s) . a(s)) o AW (s)
[mmmmw%w&w»

Ho(p(s): a(s))br, (p(s), a(s)]b2(p(s), a(s)) o sz(S)} o dWy(s)

wa+£{mwwm%wﬁ[wmemmmm

/t {Hv(u,v)bg(u,v)+ THo (s g(1))ba(w, g(1)

to

+ Hy(u, q(1))ba, (u, q(1))]ba(u, g(1)) 0 AW (D)

+ /:[va(uj a(1)b2(u, a(1)) + Hy(u, q(D)bs, (u, q(1)]b2(u, a(1)) © sz(l)} o dWy(s)
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82

{[Huwo(p(8), q(1))ar(p(s), (1)) + 2Huu(p(s), (1)) ar, (p(s), a(1))

w(P(s), q(1))ar(p(s), q(1)) + 2Huw(p(s), q(1))ar, (p(s), q(1))

{l
+ Hu(p(s), q(1)ar,, (p(s), a(1)]az(p(s), q(1)) + [

to

(p(s), a(1))ax(p(s), q(1))

Hu(p(s), q(1))ar, (p(s), q(1))]az, (p(s), a(1)) } ba(p(s), a(1)) o dW1 (1)

+

(p(s),q(1))a1(p(s), q(1)) + 2Hu(p(s), (1)) a1, (p(s), q(1))

{l
+ Hu(p(s), q(1))ar,, (p(s), a(1)]az(p(s), q(1)) + [

to

»(p(8), q(1))ai(p(s), q(l))

{[Huw(p(s), v)ar(p(s), v) + Hu(p(s), v)as, (p(s), v)]ba(p(s), v)

{[Huvv (p(S), Q(l))al (p(S), Q(D) + QHM,(]?(S), Q<l>)a1u (p<8>7 Q<l))

1))+ 2H,,(p(s), q(1))ax, (p(s), q())

p(s),q(0)) + [

~—

(p(s), q(1))ai(p(s), q

il
+ Hu(p(s),q(1))a,, (p(s),q(1))]b2

to

»(p(8), q(1))a1(p(s), q(l))

~—

p(s), (1))} ba(p(s),q(l)) o dWi(l)

H,(p(s),q(1))a,(p(s), q(1))]ba,

+

)+ 2H.,(p(s), q(1))ar, (p(s), q(1))

~

(p(s),q(l))ar(p(s), q(

{l
+ Hu(p(s), q(1)ar,, (p(s), a(1)]b2(p(s), a(1)) + |

to

(p(s), a(1))ax(p(s), q(1))

+ Hu(p(s), a(1)a, (p(s), a1))]bz, (p(s), a(1)) } ba(p(s), a(D)) © sz(l)} o dWiy(s)

{[Huvv (p(S), Q(l))al (p(S), Q(D) + QHM,(]?(S), Q<l>)a’1v (p<5>7 Q<l))
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+ 4+ + ++ + ++ o+ o+

+

Hu(p(s), a(1))ax,, (p(s), a(D)]ba(p(s), a(D) + [Hu (p(s). a(1) )ar (p(s), a(1))
Hy(p(s), q(1))ar, (p(s), a(D)]ba, (p(s), Q(l))} a(p(s), q(1))dl

s {[{Huwo(p(s), q(1)ar(p(s), ¢(1)) + 2Huw (p(s), ¢(1))ar, (p(s), 4(1))

to

Ho(p(s), q()ar,, (p(s), a)Ib2(p(s), a(1)) + [Huw (p(s), a(1))ar (p(s), (1)
Ho(p(s), q(1))a, (p(s), a(1)]b2, (p(s), Q(l))} ba(p(s), 4(1)) o dW1 (1)

S {[Huvv(p<8)7 Q(l>>a1 (p(S), Q(l)) + 2Huv<p(8)7 Q(l))alv (p(8)7 Q(l))

to

H,(p(s),q(1)ax,, (p(s), a()]ba(p(s), ¢(1)) + [Huw (p(5), q(1))ar (p(s), q(1))
H,(p(s). a())ar, (p(s), a(D)oa, (), (1) | Balp(s). a(1)) © dWall) } o dWWa(s)
/t {Hum, o)ba (1, 0) + / o (p(0), )01 (1), 0)

Ha(p(1), 0)br, (p(1), v)]ar (p(1), v)dl

/t [Huu(p(l)v 'U)bl (p(l), U) + Hu(p(l)> U)blu (p(l), U)]bl (p(l), U) o dWl(l)

Ho(p(s), a(1)br, (p(s), a(D)]ba, (p(s). Q(l))} ax(p(s), q(1))dl

S {[Huvv(p<5)v Q(l>>b1(p(s)7 Q(l)) + 2Huv<p(8)7 Q(l))blv (p(s), q(l)>

to



84

CHAPTER 6. GENERATING FUNCTIONS WITH TWO NOISES

H,(p(s), q(1))b1,, (p(s), a(D)]b2(p(s), ¢(1)) + [Huw(p(s), a(1))br(p(s), q(1))
H,(p(s),q(1))by, (p(s), q(1))]bs, (p(s), q(l))} ba(p(s),q(l)) o dWi(l)

s {[Huwo (p(s), ¢(1)b1(p(s), a(1)) + 2Huw (p(s), 4(1))b1, (p(s), 4(1))

to

H,(p(s), 401, (005), a(D) oo p(5). a(D) + [ p(5), a(D)a (). (1)
Ho(p(s),a1)br, (p(5), a() s, (0(5), (D)) } Bap(5), a(D)) o dWa(l) b o dWWa(s)

/t: {Hu(u,v)l;l(u, v) + /t:[HW(p(D’U)bl(p(l)’ v)

H,(p(s), a(1))br,,, (p(s), a(0))]b2(p(s). a(1)) + [Huw(p(s), a(D)b1 (p(s), a(D))
b (

(p(s), a(1)b1,, (p(s), a())]ba(p(s), q(1)) + [Huw(p(s), a(1))b1(p(s), q(1))

—
S|
—~
VA
~—
)
—~
o~
N—
N—
=
—
—
g~
—~
VA
LS | S
=)
—~
~
~
~—
=
)
Y
s
—~
»
N—
[}
—~
o~
N—
N—
——
=
no
~—
s
—
VA
~—
)
S~ ~—
~
N—
N—
(]
Q
=
—
o~~~
N—

(p(5), a(D)b,, (p(s), a(D)]ba(p(s), 4(1)) +
(). ()b, (p(s), a(D)]be, () (1)) } Ba(p(s), (1)) 0 AWa(1) | o dWa(s)

= =

&

(p(s), q(1)br, (p(s), a(1))]b2, (p(s), q(l))} ag(p(S), q l))dl



6.2. S3 WITH TWO NOISES 85

_l_

+ [Huw(p(s), q(1))b1(p(s), q(1))
b ba(p(s), a(1)) o WA (1)
(

Ho(p(s): a(1))br,., (p(s). a(1))]b2(p(s). a(1)
b ) (
p(s),q(1))b, (p(s), a(1))

Ho(p(s), q(1)br, (p(s), a(D)]b, (p(s), a(l
/ts {[Huvv<p(3>,q(l))gl(p(3)7q(l)) +2H,,

H,(p(s),a(1)b.. (p(s). <z>>1b2<<>q<z>>+[H <p<> ()b (p(5). a(1)
H,(p(s). <Z>>z31v<p<s> () (v }2 (1)) o dWa(1) } o dWa(s) + Ry

Wy Wy Wy
—|—Hb + H,a,— + H,b
V2 NG 12 "2

t s
H bl bl/ / OdW1 OdW1< ) (Huub1+Hub1u)b1/ / OdWQ(l)OdWl(S)
to Jto

H + H CL2 + H 1)2 (Huubl

t s
(Hm,bg + Hybgv)bg/ / odWl(l) o dWQ(S) + (Hm,bz + Hvbgv)bg/ / OdWQ(l)
to Jto to Jio
odWs(s)

t s t s
(Hm,bg + HUbQU>bQ/ / OdW1 (l) o} dW1 (S) -+ (vabg + Hvbgv)bg/ / OdW2(l)
to Jto to Yo

OdW1 (S)

w2 W, W- W,
(Huoby + H blv)bQ— + (Hyoby + Hyby, )by 12 2. H, bl\/_

(Hyuby + Hyby, )by / / odWy(1) o dWa(s) + (Huuby + Huby,) / / odWy(1)
to Jto
OdWQ(S)

2

. - VAW . . W
(Hyobr + Hyby, )bs 12 2 4 (Hyupby + Hublv)szz + R, (6.2.11)

where R includes terms with order of smallness larger than or equal to %

Compare the expansion (6.2.11) with the righthand side of equation (6.2.8), we have

G
G

G

= H, (6.2.12)
1
= —(Hyby + Huby), 6.2.13
\/5( 2 1) ( )
1 - -
= —(Hyby + Huby), 6.2.14
ﬂ( 2 1) ( )
1 . - - - - -
= 5[bl(Hwbl + Hyby,) + ba(Hypbo + Hybo, + Hyyby + Hyby,)
+ by (Hyuby 4+ Huby,) + bo(Hyubs + Hyby, + Hyoby + Hyby,)l, (6.2.15)
1
= §[Hva2 + Hyaq + bl(Huubl + Hublu> + 52(vab2 + H,bs,

+ Huvbl + Hublv) + Bl(Huugl + Huglu) + 62([—[@1}62 + va% + Huvi)l + Hu[;lv)]u
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Similarly, we get

Fy

and

N | —

Hy, (6.2.16)
1

E(HlubQ + Hy,b1), (6.2.17)
1 ~ ~

E(Hlva + Hy,b1), (6.2.18)
1 - - . - - -

5[51(H1wb1 + Hy,by,) + bo(Hy,,bo + Hybo, + Hy, by + Hy,by,)

1(Hy,, by + Hy,by,) + by(Hy, by + Hi by, + Hy, by + Hy,by,)l, (6.2.19)
§[Hlva2 + Hy,ay + by (Hy,,b1 + Hy,b1,) + ba(Hy,, b2 + Hy by,

—_ S

Hy, by + Hyby,) + bi(Hiy by + Hyybyy,) + bo(Hyy by + Hiybs, + Hyy by + Hiby )],

H,, (6.2.20)
1

— (Hy.by + Hy by), 6.2.21
\/5( 2,02 + Ha,b1) ( )
1 _ 3

_(Ha,by + Ha by, 6.2.22
1 _ _ _ . 3 _

5[51(H2wb1 + Hy,b1,) + ba(Hy, by + Hy by, + Ha, by + Hy by,)

bi(Ha, b1 + Ha,by,) + ba(Ha,, by + Ha by, + Hy, by + Ha,by,)], (6.2.23)

[Hy,as + Hy,ay + bi(Ha,, by + Ha,b1,) + ba(Ha,, by + Hy, by,
Hy, by + Hoby,) + bi(Ha, b1 + H,bi,) + ba(Ha, by + Ha by, + Hoy by + Ha b, )],

Example 6.3. For the model of synchrotron oscillations (3.1.22)-(3.1.23),

2
Gi(u,v) = —w?cos(v)+ %, Fi(u,v) = oy sin(v), Fy(u,v) = Fy(u,v) =0,
(6.2.24)
Ki(u,v) = —o9cos(v), Ks(u,v) = Ky(u,v) = 0. (6.2.25)
Let the truncation of S contain terms till order 1 of smallness in the assumption (6.2.2)-
(6.2.6), i.e.,

h h
ES(U,’U,h) = FlAnW1+K1AnW2+F2/ WlodW1+K2/ WQOdWQ
0 0

h h
+ FQ/ WQOdW1+K2/ WlodW2
0 0

2
= (—w?cos(v) + %)h + oy sin(v) A, Wy — og cos(v)A, W, (6.2.26)
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Substituting (6.2.26) into (5.1.15)-(5.1.16) results in the scheme

ot = Do sin(%)(uﬂh Foa A Wy) — cos(%)a@nwl, (6.2.27)

+ Pn+1

Gni1 = o+ 5 (6.2.28)

Theorem 6.7. The numerical method (6.2.27)-(6.2.28) for the stochastic Hamiltonian
system (3.1.22)-(3.1.23) is symplectic and of mean-square order 1.

Proof. Apply the implicit function theorem, we can calculate in a straightforward way

that

Opntr a1 \ L Opn+1 Opnt1

32511 32311 J 32511 3(3311 =J, (6'2'29>

Opn Ogn Opn Oqn

0 1 : - . o

where J = 10 ) This proves symplecticity of the method according to Definition
2.3. _
The mean-square order 1 follows from our truncation of S3. 0]

Example 6.4. In this example, we construct numerical methods for the system with
two additive noises (3.1.27)-(3.1.28) via S3(u, v, h).

For (3.1.27)-(3.1.28),

1
H = §(u2+02), Hy =ou, Hy=—v,

oy
= ou, Ky =-yv, F,=0 K =——7,
V2
1 — oy _
G, = —(u+®, FB=-L Ky,=0. 6.2.30

Thus, S for a method of mean-square order 1 has the form
_ oy "
S3(u,v,h) = oulA, Wy —ywA, Wy — —/ Wa(s) o dWs(s)
V2 Jo
+ 1<u2+v2)h+ﬂ/hW(s)odW (s) (6.2.31)
5 7 /s 2 1(5), 2.

which gives via relation (5.1.15)-(5.1.16) the scheme

h h
Prtit 5ntr = Pn— 5t YA W, (6.2.32)
h h

Theorem 6.8. The numerical method (6.2.32)-(6.2.33) for the stochastic Hamiltonian
system (3.1.27)-(3.1.28) is symplectic and of mean-square order 1.
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According to (6.2.2)-(6.2.6) and Theorem 5.8, for a method of mean-square order 2,
we need the following functions:

ov ~ Yu ~ -
Gy = —, Go=-—=, F,=0, Ky=0,
2 NG 2 NG 2 2
2 2
ov Yu o+
F; = —, Ky=——, G3= . 6.2.34
3 2) 3 27 3 9 ( )

Thus, a method of mean-square order % can be generated by

_ 1
SP(u,v,h) = ould, Wi — oA, Wy — / Wa(s) o dWs(s) + (u +v?)h
o ov
+ 7 / W2 O dWl / Wl dS + == \/— / / W2
ov (" YU h?
— — [ sodW;— — / sodWy + — (0% +7?) (6.2.35)
2 /s 2 J; 4

via relation (5.1.15)-(5.1.16). The resulted scheme is

s = g +AW—"/hW(>d
Pn+1 2qn+1 = Pn 2Qn YAanWa \/§ o 1(8)as

P
+ 5/ s o dWi(s), (6.2.36)
0

h + h + g + AW + /hW()d
——=Dn n = —Pn n g n S S
2p+1 Gn+1 2]9 q 1 \/5 ; 2

o
_ 5/0 s 0 dWy(s). (6.2.37)

Theorem 6.9. The numerical method (6.2.36)-(6.2.37) for the stochastic Hamiltonian
system (3.1.27)-(3.1.28) is symplectic and of mean-square order 3.

Remark. In the case of two noises, such terms

h
/ W, o dW; (6.2.38)
0

may appear in the numerical schemes, as shown in the righthand side of the first equality
of (6.2.26) when F, or K5 does not vanish. Numerical simulation of multiple stochastic
integrals is usually difficult, especially as the multiplicity increases. In [25], integrals of the
form (6.2.38) in It6 sense are simulated. We modify the method and make it appropriate
for Stratonovich integrals.

Divide the interval [0, 4] into [ subintervals with length 2. Thus we write

/O Wi(s) o dWi(s) =Y V%(W)(Wj(sk) — Wy (s5_1)) (6.2.39)

k=1
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according to the definition of Stratonovich integrals (1.1.15). Since each A W; (k =
1,...,1) is N(0, %) distributed, and independent to each other, we can write

Wi Sk—1+ Sk 1+Sk \/>Z£" \/g&k’ (6.2.40)

where &, (r =1,...,k—1) and & are independent N (0, 1) distributed random variables.
The second term on the righthand side of the equality is due to the length 5 b of the half

Sk— 1+5k].

interval [sp_1, >~

Similarly,

Wi(sk) = Wilsk-1) = \/?éjk» (6.2.41)

where £ is N(0, 1) distributed and independent to &, (k,r =1,...,1).
Thus we have

h I k— h l
/W ) o dW;(s i7;; wéjﬁﬁ;&;kéjk- (6.2.42)
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Chapter 7

Generating Functions for Some
Symplectic Methods

In this chapter, generating functions are derived for some stochastic symplectic methods
proposed in literature (Milstein et al. [27], [28], [29]), and symplectic Runge-Kutta meth-
ods (3.7) in [28] for systems with additive noises are generalized to that for systems with
general noises, for which three kinds of generating functions are also derived.

7.1 A Partitioned Runge-Kutta Method

Consider the partitioned Runge-Kutta method (4.9)-(4.10) in [29]

P = p+ hz i f(L+cjh, Qj) + Z Zar(t +dih, Q;)(Nijor + iy, (7.1.1)

j=1 j=1 r=1

Qi = qt+h)y Gyg(P), i=1...s (7.1.2)
j=1

P = p+h> Bift+ch, Q)+ Y on(t+dih, Q)(vig, + xithy),  (7.1.3)
i=1

=1 r=1

Q = q+hY_ Big(Py), (7.1.4)
=1

where ¢,, 1, do not depend on p and ¢, the parameters o;;, &;j, [, Bi, Nij, Mijy Vi, Xi
satisfy the conditions

Bidvi; + BjOéji — @'Bj =0, (7-1-5>
Vit + BN — v =0, (7.1.6)
XiQij + Bipgi — xi85 = 0, (7.1.7)

¢;, d; are arbitrary parameters, and

f=-H, g¢=H, o.=-H,, =0. (7.1.8)
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Here is the separable case

H(t,p,q) = Ttp)+Utq), f=-U, g=T1,, (7.1.9)
Hr<t7p7q) = Ur(t7Q)7 o, =—U, (7110>

q°

Theorem 7.1. Under the conditions (7.1.5)-(7.1.7), the partitioned Runge-Kutta method
(7.1.1)-(7.1.4) for a separable Hamiltonian system with (7.1.8)-(7.1.10) can be written as
(5.1.9) with

S P.q,h) = hY (BU(t+ch, Q) + BT (t+ cih, Py))
=1

S m

+ DD Ut + b, Q) (vigr + xitn) + F (7.1.11)
i=1 r=1
where
= —h22@aw (t + cih, Q) Ty(t + c;h, P;)
— hZZUT t 4 cih, Q)T (t + ¢;h, P;) (vidvijor + Xituigaby).  (7.1.12)
iy r=1
Proof. Denote U(t + ¢;h, Q;) = Uli], U,(t + c;h, Q;) = Uyli], - - -. It follows from (7.1.11)-

(7.1.12) that

5" : ~ . 0
55 = hZﬁqu[i]T(hZ@ija_PTp[j])

a ' S m a .
+ hZﬁz 3P +hzo‘”ap Uyli]) —;;ﬁffrqb](%jwﬂrﬂw%))

m

£y, hz 0 AT ) (i + xath) + 5 F. (7.1.13)

i=1 r=1

8}9 s m o '
ap [+h2ﬂjap +;T28_PUrq[]](ngpr+Xj¢r)a (7114>

=1
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05 _ hZS:BT [i] + B> Bidi;U MTQT 4]
oP i il Gl
. 0 A 0
+ B BB 55Ul — b2 ;ﬁiaiij[ﬂT@—PUqU]

= 3 . .
+ h Z Z Tl =5 Ur,lj H(ﬁz’/ﬁpr + 61Xj¢r) (BiNijeor + Biphijidr)]

ij r=1 aP
h Y "1 lwa A 9 p
+ ZZUrq[l] 9P il (Viduijor + Xibujthr) + 9P
ij r=1

O +h22@awap AUREAT)

— : q A . 0
+ h Zj: ; @[Urq 17T i) vy pr + xidhigion)) + 55 F, (7.1.15)
therefore,
651 =
_hZ@ (7.1.16)
In the same way we get
a—Sl—hiﬁ- —|—ZZU (vier + Xir). (7.1.17)
aq_i=1l zlrqu e -
O
7.2 A Method for Systems with Additive Noises
For the stochastic Hamiltonian system with additive noises
dp = f(t.p,q)dt+ Y o, ()dW,(t), plto) = p, (7.2.1)
r=1
dg = g(t.p.q)dt+ Y % )dW,(t), qlto) =g, (7.2.2)
r=1

consider the following relation ([28])
P = p+hf(to+BhaP+(1—a)p,(1-a)Q+aq) + Y o ()AW,, (7.2.3)
r=1

Q = q+hg(to+Bh,aP+(1—a)p,(1-a)Q+aq) + Y _ %AW, (7.24)

r=1
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where «, 5 € [0,1], f = —H,, g = H,.
Theorem 7.2. The method (7.2.8)-(7.2.4) can be written as (5.1.9) with

SYP,q,h) = hH(to + Bh,aP + (1 —a)p, (1 — a)Q + aq)

+ Z (1 (t)P — o,()q) AW, + F, (7.2.5)

where

F=h*a—1)H H, (7.2.6)

Proof. From (7.2.5)-(7.2.6) we have

dS51 ) o - OF
— = hH'(al+(1—a){ +h=H hHT(1 - a)= — S(OAW, + —
3 g (@I + (1 =a)(I +hg Hy) + hH (1 = a) 7 ;M>W+@
= hH! +h*(1 - )HTQH +h*(1 — Q) HT—H Za t)AW, +8—F
q q aq p ap r r aq
— o) OF
_ T 2 T
= hH! - ;aT(t)AWr + h%(1 - a)a—(H H,) + B0
hH] = o () AW, (7.2.7)
Similarly, it can be verified that
dS! -
-5 = M) +Z% AW, (7.2.8)

r=1

OJ

7.3 Generating Function for Phase Trajectory of a
SDE

Consider the stochastic Hamiltonian system with two additive noise (3.1.27)-(3.1.28)
dg = pdt+odWi(t), q(0) = qo,
dp = —qdt +~dWa(t), p(0) = po.

Let X = (q,p)?, we know from (3.1.29) that the exact solution of the system (3.1.27)-
(3.1.28) can also be written as

X(t+h) = FX(t) + ult, h), (7.3.1)

F= < cosh sinh ) u(t, h) = < “ ) (7.3.2)

—sinh cosh Us

where
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with

t+h t+h
u = a/ cos(t +h — s)dWi(s) + ’y/ sin(t + h — s)dWs(s), (7.3.3)
¢ ¢

t+h t+h
Uy = —a/ sin(t + h — s)dWy(s) + 7/ cos(t +h — s)dWs(s). (7.3.4)
t t
Now we write X (t + h) = (Q, P)T, X(t) = (¢,p)”, then
@ = qcosh+psinh+ uy, (7.3.5)
P = —gsinh+pcosh+ us. (7.3.6)

Theorem 7.3. The solution of (7.5.5)-(7.5.6) can be written as (5.1.1) with

_ 1
S(q,Q,h) = —pgsin®*h + 5(192 —¢*)sinhcosh + pugsinh + quycosh,  (7.3.7)

where p = — — qgcot h —

Proof. From (7.3.7)-(7.3.8),

g—g = g—ig—g:(—qsin2h+psinhcosh+u231nh)(sinh)
= —gsinh+ pcosh + us, (7.3.9)
and the first relation (7.3.5) is a direct consequence of (7.3.8). O

7.4 Generalization of a Symplectic Runge-Kutta Method

For Hamiltonian system with additive noises (7.2.1)-(7.2.2), the following symplectic
Runge-Kutta method is proposed ([28]), which is also given in section 3.2 with equa-
tion number (3.2.5)-(3.2.6):

P = p+hYy aiflto+ch, P, Q) + i,

j=1

Q = ¢+ hzaijg(to + ¢jh, Py, Q) + i,

Jj=1

=1

Q = q+h> Biglto+cih, Py, Q)+, (7.4.1)

=1

where ¢;, 1;, n, ¢ do not depend on p and ¢, the parameters a;; and [; satisfy the

conditions
ﬁiaij + ﬁj()éji — ﬁzﬁj = 0, Z,j = 1, Lo, S, (742)
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and ¢; are arbitrary parameters. In fact, stochastic symplectic Runge-Kutta methods can

be generalized to cases of any type of noises. For convenience, we discuss the following
system with one noise, cases of more noises can be treated in the same way:

dp = —H,(t,p,q)dt — ﬁq(t,p, q)odW(t), plte) =p, (7.4.3)
dg = Hy(t,p,q)dt+ Hy(t,p,q) o dW(t), q(to) = q. (7.4.4)
Consider the following method

P = p— hz a’L] tO + th Pj7 Q] Z OJU tg + C]h P], Qj> (745)

Q = q+hz% (to + ¢;h, Pj, Q;) +Z% (to + ¢;h, P;, Q;) AW, (7.4.6)

7j=1

P = p- hZﬁz (to + cih, Pi, Qi) Zﬁ, (to + cih, P, Q) AW, (T.4.7)

Q = q+h2@ (to + cih, Py, Q) +Z@ (to + c;h, Py, Q) AW, (7.4.8)

with relation (7.4.2).

Theorem 7.4. The method (7.4.5)-(7.4.8) with relation (7.4.2) is symplectic and can
be written as (5.1.9) with

S'(P,q,h) = hY BiH(to+cih, Py, Q)+ Y BiH(to + cih, Py, Qi) AW; + F,
=1 =1

(7.4.9)
where
F = <h2 Z ﬁlOéU to -+ Clh ,PZ, Q@) (to + C]h Pj, Q])
+ hZ@aU J(to + cih, Py, Qi) Hy(to + c;h, Py, Q) AW,
+ HT(to—i‘Clh ’PZ,Qz) (t0+C]h P],Q])AW>
+ Z Bici; HY (to + cih, Py, Qi) Hy(to + cjh, P, Qj)Avij> . (7.4.10)
Proof. Denote H(ty + c;h, Pi, Q;) = HI[i], Hy(to + c;h, P;, Q;) = Hy,, ---. By straightfor-
ward calculation as in Theorem 7.1 and the relation (7.4.2), one can verify that
95" - NS A
S = WY BH[ + ) BiH,[i[]AW;, (7.4.11)
i=1 i=1

851 S S R
55 = h 2 BiH,[i] + 2; B H,[i| AW;. (7.4.12)
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Consequently, the method (7.4.5)-(7.4.8) is symplectic by Theorem 5.1. O

Similarly, we can verify the following two results.

Theorem 7.5. The method (7.4.5)-(7.4.8) with relation (7.4.2) is equivalent to (5.1.12)
with

S (p,Q,h) = hY_ BiH[|+ Y BH[IJAW;
=1 1=1
+ Z Bicvi; (W* Hy i) Ho[5] + hHy[j]" H[j] AW

+  hH, [T Hy[j]AW; + H,[i)]H,[j]]AW,AW;). (7.4.13)

Theorem 7.6. The method (7.4.5)-(7.4.8) with relation (7.4.2) is equivalent to (5.1.15)-
(5.1.16) with

SGP+p),5@+ah) = WY SN+ Y GHIIAW,

+ Z@alj <%2(Hp[i]THq[j] - Hq[i]THP[jD

(1" H )~ 1,07 H, )
(L B3] — BT H ) AW,
U L7 = AT ERLIDAWAW; ) .(74.1)
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Chapter 8

Backward Error Analysis

Backward error analysis studies qualitative behavior of numerical methods by constructing
modified equations of them. The discrete points of numerical solutions settle on exact
integration curves of the modified equations. In deterministic case, one can use generating
functions of a symplectic method to build its modified equation, which is a Hamiltonian
system ([12]). We construct in this chapter modified equations with noises for stochastic
symplectic methods, by using their generating functions with noises. This gives insight
into the stochastic symplectic methods, and support to the stochastic generating function
theory proposed in previous chapters.

8.1 Deterministic Modified Equations and Generat-
ing Functions

For an ordinary differential equation

y=r(y) (8.1.1)

and a numerical method ®;(y) which gives the discrete solution

Yo, Y1, Y2,

a modified equation of the method is of the form

= f(@) +hfa(3) +h*f(5) + ... (8.1.2)

such that y, = g(nh). The idea of backward analysis is to study the difference between
the two vector fields f(y) and f,(y), instead of the local error y; — ¢y (yo) and the global
error ¥, — ¢nn(yo) in the solution space, where ¢; denotes the exact flow of the differential
equation (8.1.1).

The series in (8.1.2) is usually divergent and has to be truncated suitably. Using Taylor
expansion of ®y(y) at y in powers of h, and that of (¢ + h) at y based on the assumption
y(t) =y, and comparing like powers of h, the coefficient functions f;(y) in (8.1.2) can be
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determined as
f2ly) = dz(y)—%f’f(y),

fly) = dsly) = 5 (PG D)+ FIF0) = 5 () + 7)),
: (8.1.3)

where d;(y) are coefficient functions in the Taylor expansion of @, (y)

Dp(y) =y + hf(y) + B2dy(y) + h3ds(y) + . . .. (8.1.4)

Any one-step symplectic method ®;, : (p,q) — (P, Q) can be generated by a generating
function S(P, ¢, h) through the relation
28T 28T
=P+ — (Pqh = — (P,q,h). 8.1.5

P +aq(,q,), Q=q+55 (Pah) (8.1.5)
It is verified that the modified equation of a symplectic method is a Hamiltonian system,
and the Hamiltonian of the modified equation can be found explicitly, as stated in the
following results.

Theorem 8.1. ([12]) Assume that the symplectic method ®y, has a generating function
S(P,q,h) = hS1(P,q) + h*Sy(P,q) + h*S3(P,q) + ... (8.1.6)

with smooth S;(P,q) defined on an open set D. Then, the modified equation is a Hamil-
tonian system with

H(p,q) = H(p.q) + hHa(p.q) + h*Hs(p.q) + ..., (8.1.7)

where the functions H;(p,q) are defined and smooth on the whole of D.

The proof is based on the fact that the phase flow of a Hamiltonian system can be
generated by a generating function S(P,q,t) which satisfies a Hamilton-Jacobi partial
differential equation, and that the generating function S(P,gq,t) should equal S(P,q,h)
at t = h owing to the definition of a modified equation. It is first assumed that the
modified equation is a Hamiltonian system with (8.1.7), and then to find the functions H;
according to the two facts stated above. The proof also gives a method of constructing
the modified equation of a symplectic method by applying its generating function.

Since we have developed generating functions for stochastic symplectic methods, it is
natural to raise the question whether we could construct modified equations for sympletic
methods using their generating functions with noises? In the following sections we deal
with this problem.

8.2 Stochastic Modified Equations Based on S!

In this section we propose the definition of stochastic modified equations, and give a the-
orem asserting property of modified equations of stochastic symplectic methods, as well
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as their construction via generating function S*.

Definition 8.2. Given a stochastic differential equation in Stratonovich sense
dy = f(y)dt + g(y) o dW (8.2.1)

and a numerical method ®,(y), which produces approximations

Yo, Y1, Y2,-- -,

the stochastic modified equation of the method is a stochastic differential equation of the

form
dj = fu()dt + gn(§) o AW (8.2.2)

such that y, = g(nh).

For a stochastic symplectic method ®;, : (p, q) — (P, Q) generated by S*(P, ¢, h) through
the relation (5.1.9)

ast” ast”
p_P+a_q (PaQ7h>a Q_Q+8_P (P7Q7h)a

we can prove that its modified equation is a stochastic Hamiltonian system, which can
be determined explicitly, as given in the following theorem and its proof. We first discuss
the case of one noise.

Theorem 8.3. Given a stochastic Hamiltonian system

dy = J'VH(y)dt + J 'V H(y) o dW(t), (8.2.3)

where y = < Z ) Assume that the symplectic method ®;, has a generating function

3 h h
S5'P.q.h) = Fi(P.g)W(h)+ Fy(P.q) /0 W(s) o dW(s) + G(P.q) /0 ds
4 F3<p,q)/0 sodW(s)+G2(P,q)/O W (s)ds

+ Fy(P,q) /Oh sWi(s) o dW(s)+ G3(P,q) /Oh sds+.... (8.2.4)

Then, the modified equation of @y is a stochastic Hamiltonian system
dy = J ' H(y)dt + J 'V H,(y) o dW (2), (8.2.5)
where

H(p,q) = H(p,q)+ Ha(p,q)W + Hs(p,q)h + Ha(p,q)hW + Hs(p, q)h* + . ..,
(8.2.6)

Hi(p,q) = Hi(p,q)+ Ha(p,q)W + Hs(p,¢)h + Hi(p,q)hW + Hs(p, q)h* + ...
(8.2.7)
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Proof. We first assume that the modified equation is really a stochastic Hamiltonian
system with Hamiltonians in (8.2.6)-(8.2.7). In the following we use the Hamilton-Jacobi
partial differential equation with noise and the definition of stochastic modified equation
to determine the functions H;(p,q) and H;(p,q). If the process can be performed suc-
cessfully, then the assertion is proved. At the same time, we find the expression of the
stochastic modified equation (8.2.5).

According to the Hamilton-Jacobi theory, let S’l(P, q,t) be the generating function that

generates the phase trajectory {P(t), Q(t)} of the stochastic Hamiltonian system (8.2.5)
through the relation

p=Pt)+—, Qi) =q+ =5 , (8.2.8)

then by Theorem 5.5, it is sufficient that S 1(P,q,t) satisfies the Hamilton-Jacobi partial
differential equation with noise

oSt . oSt . oSt .

Suppose

SY (P q,t) = Sl(P,q,h)W(t)+§2(P,q,h)/tW(s)odW(s)JrTl(P,q,h)t
+ S5(P,q,h) /tsodW(s)—l—Tg(P,q, h) /tW(s)ds
+ 34(P,q,h)/tsW(s)odW(s)+T3(P,q,h)/tsds+.... (8.2.10)

Then we have

oSt

= = (Ty + ToW + Tt 4+ TytW + Tst> + ..

+ (Sy 4+ SoW + Sat + SytW + S5t + .. )W, (8.2.11)
where the functions T} and S; are evaluated at (P, g, h).

Substitute (8.2.11) into (8.2.9), we obtain

~ ~1 ~ ~ ~ ~ ~
H(P, q+ %ip) = T\ + oW + Tt + TgW + Tst* + ..., (8.2.12)
Hi(P,q+ a—P) = 51+ SoW + S5t + SytW + S5t° + .. .. (8.2.13)

Expand H(P,q + %%) at (P,q) according to Wagner-Platen expansion in Stratonovich
sense and the relation (8.2.5) with y = ( Ic; >, as in (5.3.16), and let coefficients of terms
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of the same order of smallness on both sides of (8.2.12) be equal, we have

T, = H,
T, = A,
Ty = Hyf,+ 3 (Hylh, + ),
(8.2.14)
where T} are evaluated at (P, q, h).
The same approach applied to Hy (P, q + %%) gives
S = Hi,
Sy = Hy Hy,
Sy = -quﬁp + %(l{hqqﬁhp + ]:-71qlff1pq)ﬁ1p,
(8.2.15)

with S; at (P, q, h).

According to the Definition 8.2 of stochastic modified equation, it should hold that
( b(n) > = ( P ) which requires
Q(h) Q)

SYP,q,h) = SY(P,q,h). (8.2.16)
Substitute (8.2.10) into (8.2.16), we get

S1(P,q,h)W (h) + Sa(P, q, h) /h W(s) o dW (s) + Ti(P,q, h)h
+ S3(P,q,h) /hsodW(s)+T2(P,q, h) /hW(s)ds
+ 5’4(P,q,h)/hsW(s)odW(s)JrTg(P,q,h) /hsds+...
° h ° h
= Fl(P,q)W(h)—l—Fg(P,q)/ W(s)odW(s)+G1(P,q)/ ds
h ’ h ’
+ Fg(P,q)/O sodI/V(s)—i—GQ(P,q)/0 W (s)ds
+ E(Pg) /hsW(s)odW(s)—IrGg(P,q) /hsds—l—.... (8.2.17)

Substitute (8.2.14)-(8.2.15) and (8.2.6)-(8.2.7) into the left hand-side of (8.2.17) and let
coefficients of terms of the same order of smallness on both sides of (8.2.17) be equal, we
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obtain
Hl - F17
Hy, = F,— H, H,
H = G4

H3 = F3 — HQqup — quHQp — quHp

1
- E(ququp + quHlpq>H1p

Hy = Gy— H,H,
1

H3 - G3 - Hqﬁgp - HQHlp - Hqu - 2

(quHlp + Hqupq)Hlp
(8.2.18)

It is obvious that the functions H; and H; can be determined explicitly, owing to which
the stochastic modified equation (8.2.5) is established. O

Example 8.1. Consider the linear stochastic oscillator (3.1.7)-(3.1.8)

dy = —xzdt+oodW, y(0) = o,
de = ydt, z(0) = o,
where .
H = §(x2 + 97, Hy = —oux, (8.2.19)

and the symplectic Euler-Maruyama method (5.3.27)-(5.3.28)

T+l = Tp + hyn—H
Yni1 = Yn — hx, + AW,

which is generated by the generating function
- h
Sl = F1W(h)—|—F2/ WOdW+G1h (8220)
0

with .
Fy\=—0x, F,=0, G = 5(952 + 72). (8.2.21)
According to (8.2.18), we have

Hy = 0, Hy=0, (8.2.22)
Hy = —uxy, Hs = oy, (8.2.23)

Thus we have

1 .
H:§(a:2—|—y2)—hxy+...7 Hy=—ocx+hoy+.... (8.2.24)
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After truncation to the second term of H and H, we get the truncated modified equation

dY = J'VHdt+ J'VH, odW

- hy —x o
~ (y_hx>dt+<ah)odW, (8.2.25)
where Y = < J ),1e
x
dy = (hy—x)dt+oodW, y(0) =y, (8.2.26)
dr = (y— hx)dt+chodW, z(0)= . (8.2.27)

In the next chapter, we can see through numerical test that phase trajectory of the numer-
ical solution produced by symplectic Euler-Maruyama method (5.3.27)-(5.3.28) coincides
with that of the truncated modified equation (8.2.26)-(8.2.27) very well. In order to simu-
late the solution of (8.2.26)-(8.2.27), we use its symplectic Euler-Maruyama discretization

Tor1 = Tp+ h(Yns1 — hxy,) + chAW,, (8.2.29)
which is equivalent to
T —h4—|2—3h2—1 2—h T, ah3272:7h
o)== Go) (T )ame wom
Ynt1 21 W21 Yn RZ-1
Example 8.2. For the Kubo oscilltor (3.1.16)-(3.1.17)
dp = —aqdt—oqodW(t), p(0) = po,
dqg = apdt+opodW(t), q(0) = qo,

we have

a g
H = 5(192 +q¢%),  H ==+,

and the symplectic method (5.3.46)
2 h0'2 h2a2

h h
—(ah+?a02+0AWn+a3/ sodW)an—i-an:(le?—i— 5
0

+ achAW,)q,,

(1+ ho? n h2a?
2 2

which is generated by (5.3.45)

+ aghAWn)pn—i-l = Pn — (ah + UAWn)Qm

h h h h
SlelAWn+FQ/ WOdW+G1h+F3/ SOdW+G2/ WdS+G3/ sds
0 0 0 0

through the relation (5.1.9), where

o 1

Fo= S0 +d), FB=0’ps, Fy=aopg+ 5007, (8.2.31)
1

G = g(p2 +¢°), Gy=aopy, Gs=da’pg+ao’p’ (8.2.32)
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According to (8.2.6)-(8.2.7),

i = %(p2 FP) A+ (8.2.33)
) h
H, = %(ﬁ +4¢") =50+ (8.2.34)

which after truncation to the given term results in the truncated modified equation

Y = J'WHY)dt+ J 'VH (Y)odW
_ h 3.2
( a;q ) dt + ( 20 P~ 04 ) o dW, (8.2.35)

op — ho’pq

Q

where Y = ( Iq) ) It can also be written in the form

h
dp = —aqdt+ (503]02 —oq)odW, p(0) = po, (8.2.36)
dqg = apdt+ (op — ho’pq) o dW, q(0) = qo. (8.2.37)

In numerical test, we simulate the solution of the modified equation (8.2.36)-(8.2.37) by
its symplectic Euler-Maruyama discretization

h
Pnt1 = pPn—ahg, + (§a3pi+1 — 0qn) AW, (8.2.38)
Gny1 = Gn+ ahppi1 + (Upn-l—l - hagpn+1Qn)AWna (8239)

which can be realized by fixed point iteration.

8.3 Stochastic Modified Equations Based on S°

Construction of stochastic modified equation via generating function S? is given in the
following. The methods and results are similar to that of using generating function S*.

Suppose a symplectic method ®, : (p,q) — (P,Q) is generated by S®(u,v,h), where
u= 22 v =2 via the relation (5.1.15)-(5.1.16)

P=p—0;u,v), Q=q+ 5 uv).
We can prove that the modified equation of the method @, is a stochastic Hamiltonian
system, phase trajectory of which is generated by a function S3(u,v,t) through the rela-
tion (5.1.15)-(5.1.16).

Theorem 8.4. Given a stochastic Hamiltonian system

dy = J'VH(y)dt + J 'V H(y) o dW(t), (8.3.1)
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where y = < Z ) Assume that the symplectic method ®;, has a generating function

h h
S*(u,v,h) = Fy(u,v)W(h) + Fy(u, v)/o W (s) o dW (s) +G1(u,v)/0 ds

b By(uv) /OhsodW(s)—i—Gg(u,v) /OhW(s)ds

+ Fi(u,v) /Oh sW(s) o dW(s) + Gs(u,v) /Oh sds+ ..., (8.3.2)
where u = %’, v = %. Then, the modified equation of ®; is a stochastic Hamiltonian
system
dy = J'VH(y)dt + J 'V H,(y) o dW (), (8.3.3)

where
H(p,q) = H(p,q)+ Ha(p, )W + Hs(p, q)h + Hy(p, q)hW + Hs(p, q)h* + .. ( )
8.3.4

Hi(p,q) = Hi(p,q)+ Ha(p,q)W + Hs(p,q)h + Hi(p,q)hW + Hs(p, q)h* + ...
(8.3.5)

Proof. As in the proof of Theorem 8.3, we first assume that the function S®(u,v,t)
generates via relation (5.1.15)-(5.1.16) the phase trajectory {P(t), Q(t)} of the modified

equation, which is a stochastic Hamiltonian system with Hamiltonians H and H; in
(8.3.4)-(8.3.5), and then to find the functions H; and H;. According to Theorem 5.6, it is

sufficient that S? satisfies the following Hamilton-Jacobi equation with noise

0583 . :
where o .
1083 10853

Suppose that
t
SPu,v,t) = Si(u,v, )W (t) + Sy(u, v, h) / W odW + Ty (u,v,h)t
0

+ S3(u,v, h) /t sodW(s) + To(u,v, h) /t W (s)ds

+ Si(u,v, h) /t sW (s) o dW (s) + Ts(u,v, h) /t sds+.... (8.3.8)

Thus

05° .- . -
—— = (Ty+ oW + Tt +TytW + Tst? +...)

ot
+ (Sy+ SoW + Sgt + SytW + S5t + .. )W, (8.3.9)
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where T; and S; are evaluated at (u,v, h).
Substituting (8.3.9) into (8.3.6) yields

Hi(P,Q) = Si+ S;W + S5t + SygtW + Sst® + .. .. (8.3.11)
Expand H(P, Q) at (u,v) according to the formula of Wagner-Platen expansion in Stratonovich

sense and the relation (8.3.3), and let coefficients of terms of the same order of smallness
on both sides of (8.3.10) be equal, we obtain

T1 - f{,

. 1 - . -

T, = —(H,H,— H,Hy,),

~ 1.1 ~ - O . 1 ~ = O -

T3 = §[§(HWH1“ + H,H,,,)H,, + §<Huquv + H,H,,,)H,
- (ﬁuv‘ﬁlv + ﬁu‘glvv)ﬁluL

(8.3.12)

The same approach applied to H; (P, Q) and the relation (8.3.11) gives

Sl = ﬁla

_ 1 - . .

S, = —(H, H, —H H)=0,

> \/§< 1, Hi, — Hi, Hy,)

~ 1.~ - ~ 1 -~ - ~ ~ 1 -~ - ~ ~

Hluv ﬁlv + ﬁlu ﬁlvv )ﬁlu] )

—~

(8.3.13)
As (8.2.16) in the proof of Theorem 8.3, the definition of modified equation requires

S3(u, v, h) = S5%(u,v, h). (8.3.14)
(8.3.2), (8.3.8) and (8.3.14) gives

h
Sl(u,v,h)W(h)+Sg(u,v,h)/ W o dW + Ty (u,v,h)h
0

. h . h
+ Sg(u,v,h)/ SOdW+T2(u,v,h)/ Wds

0 0

. h . h

+ 54(u,v,h)/ sWodW—i—Tg(u,v,h)/ sds + ...

0 0

h
= Fl(u,v)W(h)—I—Fg(u,v)/ WodW + Gi(u,v)h
0

h h
+ Fg(U,U)/ SOdW+G2(u,U)/ Wds
0 0

h h
+  Fy(u,v) / sW o dW + Gs(u,v) / sds+.... (8.3.15)
0 0
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Substitute (8.3.12), (8.3.13) and (8.3.4)-(8.3.5) into (8.3.15), and let coefficients of terms
of the same order of smallness on both sides of (8.3.15) be equal, we get

Hl - F17
ﬁQ = F27
H = G17
_ 1 1
H3 = F3 - §[H1vHU - HluH'U + §(H1va1u + Hlleuﬂ)Hlu
1
+ §(H1uuH1v + Hy, Hy,, ) Hy, — (Hy,, Hi, + Hy, Hy,, ) Hy,
1
Hy, = Gy——(H,H,, — H,H,,),
2 2 \/5( 14 1 )
1 _ _ 1.1
H; = G3— E(HUHQ»M + Hy H,, — H,H>, — Hy Hy,) — §[§(Hv'quu + H,H,,,)H,

1
+ E(HUUHL) + Hquuu)Hlv - (Hulev + Hquw)Hlu]a

: (8.3.16)
which ensures existence of (8.3.4)-(8.3.5). O

Example 8.3. We study in this example the modified equation of the midpoint rule
(5.4.22)-(5.4.23)

n + n
Yntl = Yn — pin Tttt 2:6 L G AW,
for the linear stochastic oscillator (3.1.7)-(3.1.8)
dy = —axdt+oodW, y(0)=yo,
dr = ydt, z(0) = xo,
which has Hamiltonians
1
H= 5(:172 + %), Hy = —ou. (8.3.17)
According to Example 5.3, the midpoint rule (5.4.22)-(5.4.23) is generated by
h
S3(u, v, h) = FlAWn+F2/ W o dW + Gih, (8.3.18)
0
where )
Fi=—-ov, =0 G = 5(u2 + v2). (8.3.19)
Substitute (8.3.17) and (8.3.19) into (8.3.16), we obtain
_ 1
H, = —ov, Hy;=0, = §(u2 +v?),
1 _ 1 3
Hg = EUU, ngéau, H3:—102

(8.3.20)
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Thus, according to (8.3.4)-(8.3.5), the truncated Hamiltonians are

N 1 1 3
H(y,xz) = 5(y2 + 2%) + anW(h) - Zazh, (8.3.21)

1
Hi(y,z) = —0m+§ayh. (8.3.22)

Consequently the truncated modified equation is

dYy = JWH(Y)dt+ J 'VH(Y)odW
—T o
dt + aw, 8.3.23
<y+\/%JW(h)) (%m)o (8.3.23)

which, with Y = ( i ), is equivalent to

Q

dy = —zdt+oodW, y(0) = o, (8.3.24)
o o
der = + —=W(h))dt + =h o dW, x(0) = xo. 8.3.25

In numerical tests in the next chapter, we simulate the solution of the truncated modified
equation (8.3.24)-(8.3.25) by its midpoint discretization

Yny1 = Yn — h% + o AW, (8.3.26)
Un + Un h 1
Tpp1 = Tp+ hTJrl + EJAWn + §<7hAWn, (8.3.27)

which can also be written as

4-h?  _dh_ L4 Dok
Tt ) = | =P BB ), 4 (75t AW, 8.3.28
( Yn+1 ) ( S ) ( Yn ) 4+ h? \ o tgp? " ( )

Example 8.4. Consider the Kubo oscillator (3.1.16)-(3.1.17)

dp = —aqdt—oqodW(t), p(0) = po,
dqg = apdt+ opodW(t), q(0) = qo,

which has Hamiltonians

a g
H=_(p"+¢), H=

2 2
3.2

and its midpoint discretization (5.4.31)-(5.4.32)

’T'L+ n n+ n
Pt = pn—ahq 2q +1 —aq 2(1 HAWn,

n+1 = Qn+ahp 2p +1"‘0_]9 2]9 +1AWn7
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which is generated by

S3(u, v, h) = FLAW, + F, /Oh WodW +Gih (8.3.30)
with - u
F = 5(P2 +q¢*), =0 G = 5(P2 +q%). (8.3.31)
(8.3.16), (8.3.29) and (8.3.31) gives
0= S0 +q). H=350)+¢ H=0
Hy = 0, Hs= %3(]92 —-q¢*), Hs= %‘2(192 - ¢,
(8.3.32)
(8.3.4)-(8.3.5) and (8.3.32) thus yield
H = %(QD2 +¢°) + gCLO'Q(p2 ) +..., (8.3.33)
H = %(p2 +q¢°) + h%g’(p2 — )+ (8.3.34)
Consequently, the modified equation truncated to the given terms is
dy = J'VHdt+ J'VH, odW(t)
> 3
~ ( ﬁ$ ) dt + ( :z%i_’“’:&g ) o dWV, (8.3.35)
which can also be written as
dp = (haazq —aq)dt + (hUSq —oq)odW, p(0) = po, (8.3.36)
dg = (ap+ haan)dt 4 (op+ 3p) odW, ¢(0) = qo. (8.3.37)

In the numerical tests in Chapter 9, we simulate the solution of the truncated modified
equation (8.3.36)-(8.3.37) with its midpoint discretization

Dnt1 \ 1 14+ AB 24 P
( Gn+1 )  1-AB ( 2B 14+ AB an ) (8.3.38)

A= %(c ~D), B- %(c+ D) (8.3.39)

where

with
h%?ac?®  ho?
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8.4 Modified Equations for Methods with Two Noises

In this section we discuss modified equation of symplectic methods for stochastic Hamil-
tonian system with two noises. We mainly use results in Chapter 6. Systems and methods
with more noises can be treated similarly.

Suppose that a symplectic method with two noises @, : (p,q) — (P,Q) is generated
by SY(P,q,h) via the relation (5.1.9)

We prove in the following that its modified equation is a stochastic Hamiltonian system
with two noises.

Theorem 8.5. Given a stochastic Hamiltonian system with two noises
dy = J'VH(y)dt + J'VH(y) o dW,(t) + J 'V Hy(y) o dW(t), (8.4.1)

where y = < Z ) Suppose that a symplectic method ®;, has generating function
Sl(Pv q, h) = Fl(P7 Q)W1<h) + Kl(P7 q>W2(h)

h h
+ FQ(P,C])/ W1 OdW1 +K2(P,(])/ WQOCZWQ
0 0
7 h _ h
£ GiPQh+ FPg) [ WoodWi+ Ko(Po) [ Wiods
0 0
h a h
+ GQ(P, Q)/ W1d8+G2(P, q)/ WQdS
0 0
5 h 5 h
+ FQ(P,(])/ W1W20dW1+K2(P,q)/ W1W20dW2
0 0
h h
+ Fg(P,q)/ sodW1—|—K3(P,q)/ sodWs
0 0

h h
+ GQ(P,Q)/ W1W2d8+G3(P,q)/ sds
0 0

+ ... (8.4.2)
Then the modified equation of ®; is a stochastic Hamiltonian system with two noises
dy = JIVH (y)dt + J 'V H,(y) o dWy(t) + J 'V Hy(y) o dWs(t), (8.4.3)
where
H(p,q) = H(p.q)+ Hs(p,q)W1 + Hi(p,q)Wa + Hs(p, q)WiWa + Hy(p, q)h
+  He(p,q)hWi + Hg(p, q)hWa + Ho(p, ) hW1 W, + Hio(p, q)h* + . .(8.4.4)
Hi(p,q) = Hi(p,q)+ Ha(p,q)W1 + Hs(p,q)Wa + Hi(p,q)W1Ws + Hs(p, q)h
+  Ho(p, @)W1 + Hz(p, )hWa + Hg(p, ) hW1Wa + Ho(p, ¢)h* + .. (8.4.5)
Hy(p,q) = Hs(p.q)+ Ha(p,q)Wa + Hs(p,q) Wi + Hy(p, Q) Wi Wa + Hs(p, q)h
+  Hes(p, q)hWa + Hz(p,q)hW1 + Hs(p, ) hWiWs + Hy(p, q)h* + .. (8.4.6)
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Proof. Suppose the phase trajectory of the stochastic Hamiltonian system with two noises
(8.4.3) is generated by the function S'(P,q,t) through the relation (5.1.9). According

to Theorem 6.2, it is sufficient that gl(P, q,t) satisfies the following Hamilton-Jacobi
equation with two noises

oS!

= = H(P,Q) + Hi(P,Q)W1 + Hs (P, Q)Wa, (8.4.7)

T
where Q) = q + %—”2 . Suppose

SUP,q,t) = Si(P,q,h)Wi(t) + Ui(P,q, h)Ws(t)
t t
+ 52(P7Qah)/ WlodW1+UQ(P7Qah)/ WQOdW2
0 0

+ Tl(P,q,h)t—i—gg(P,q,h)/OtWQOdVVl—i—UQ(P,q,h)/Othode
+ Ty(P,q,h) /OtW1d3~|—T2(P,q, h) /Otwgds

+ Sy(P,q,h) /Ot WiW, 0 dW, + Us(P, q, h) /OtW1WQOdW2

+ 5'3(P,q,h)/0tsodW1+U3(P,q,h)/OtsodWQ

t t
T2<P7 q, h) / W1W2d3 + T?)(Pv q, h) / SdS
0 0
(8.4.8)

Thus

oS!

o Ty + ToWy + ToWo + ToWi Wy + Tat + Tyt W, + Tyt Ws

TAW Wy + Tst? + . ..

W1(Sy + SoWy + SoWy + SoWiWa + St + SytWy + Syt

SpWiWy + Sst? 4 ..

Wo(Uy 4+ UyWy + Uy Wy + Uy Wi W + Ust + Uyt W + Ugt Wy

UgW Wy + Ust® + .., (8.4.9)

+ o4+ o+ o+ o+

-~ ~ ~ ~

where the functions T}, T}, T3, Si, S;, Si, Ui, U; and U; are evaluated at (P,q,h).
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As a consequence of (8.4.7) and (8.4.9), we have

H(P,Q) Ty + ToWy + ToWo + ToWi Ws + Tst

Tt Wy + TytWoy + Tyt Wi Wy + Tot? + ..., (8.4.10)
H\(P,Q) = S5+ SoWi+ SoWs + SoWi Wy + Sst

SutWi + SytWa + SgtWiWa + Sst> + .. ., (8.4.11)
Hy(P,Q) = Uy + UsWo + Uy Wy + Uy Wy Wy + Ust

+ UgtWy + UgWy + UgWy Wy + Ust? + .. .. (8.4.12)

+

+

Expand H(P, Q) at (P, q) according to the formula of Wagner-Platen expansion in Stratonovich
sense and the relation (8.4.3), and then let coefficients of terms of the same order of small-
ness on both sides of (8.4.10) be equal, we obtain

T = H,
Ty = H,H, ),
Ty = HyHs,,
Ty — (Hytls, + 0,0, Vi, + (o i, + Hy il ),
Ty = By, + 3 (gl + B, ) B, + 5(Hy o, + 10, D,
(8.4.13)
The same approach applied to (8.4.11) and (8.4.12) gives
S = Hi,
Sy = Hy M,
Sy = Hy,H,
Sy = (ﬁquﬁflp + ﬁlqﬁlpq)gzp + (ﬁfquﬁ% + ﬁlqﬁ[qu)ﬁlpa
S = iyt Ly )+ S, + )
(8.4.14)
and
U = H,
Uy = Hy Hy,
Uy = Hy,Hy,
Uy, = (Hy, Hy + Hy Hy )Hs + (Ha Hy + Hy Hy )H),
Oy = Fio, By 5 (o oy + B iy ) P, 4 5 (B Pl + B o )
(8.4.15)

respectively. As in the proof of Theorem 8.3, substitute (8.4.4)-(8.4.6) and (8.4.13)-
(8.4.15) into the relation

S'(P,q,h) = S'(P,q,h) (8.4.16)
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with the two functions in this equation given in (8.4.8) and (8.4.2) respectively, and let
coefficients of corresponding terms on both sides of (8.4.16) be equal, we get

Hl = Fl)
H2 = K17
H, = F — Hy H,y,,
Hy = K,— HyHy,
H = Gl7
Hy = F,— M, H,,
Hy = K,— HyH,,,
Hg - GQ—Hqup,

Hy = G- H,H,,
Hy = Fy—Hy H, — H\ Hs, — Hy Hy, — Hy H,
- (quqH1p + H1QH1pq)H2p — (quqH% + H1QH2PQ)H1P,
Hy = K,— Hy Hy, — H3 Hy, — Hy Hy, — Hy Hy,
(Hy, Hy, + Ho H,,)Hy, — (Ho, Hy + Hy Hy )H,,
Hs = Fy— Hy H, — H\ Hy — Hs Hy — Hy Hy, — H, H,

1 1
- _(ququp + quHIPQ)Hlp - §(H1(I(JH2P + H10H2P(1>H2P

2
I‘AI5 - Kg - ﬁqulp - H3pH2q - ﬁqugp - I:IngQq - HQqu
1 1
- §(H2qu1p + H24H1pq)H1p - §(H211L1H2p + H2qH2pq>H2p’

H5 - GQ—H44H1P —gngq—ngng —ngHq
- (quHlp + Hqupq)H2p - (HQQH21) + H‘IH2pq)H1p’
Hy = Gy— Hy,H,\, — Hy H,— Hy Ho, — Hy H,— H,H,

1 1
- §(HQQH1P + Hqupq)Hlp - E(HQQHQP + HQHQPq)HQW
f, (8.4.17)
from which the Hamiltonians H, H; and Hy in (8.4.4)-(8.4.6) are determined explicitly. [J

Example 8.5. For the model of synchrotron oscillation (3.1.22)-(3.1.23)

dp = —w?sin(q)dt — a1cos(q) o dW1 — gasin(q) o dWy,  p(0) = po,
dqg = pdt, q(0) = qo,
we have
2
H = —w?cos(q) + %, Hy = oysin(q), Hy = —o03co0s(q). (8.4.18)

Now consider the symplectic method (6.1.43)-(6.1.44)

Prsl = Pn — hw?sin(q,) — o1 cos(qn) AWy — o95in(gn) AW,
Gn+1 = qn T+ hanrlu
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which is generated by

~ h h

SYP g h) = FWi(h)+ K;Wy(h) + F2/ W, o dW; + K2/ Wy 0 dWs

0 0
[k ok
+ Glh + Fz/ W2 o dWl + Kg/ W1 o dW2 (8419)
0 0

via relation (5.1.9), where

2
Gi = —w?cos(q) + %, Fy = oysin(q), Fy=F, =0, (8.4.20)
K, = —o0yco0s(q), Ky=K,=0. (8.4.21)

Substitute (8.4.18) and (8.4.20)-(8.4.21) into (8.4.17), we obtain

H, = oysin(q), Hy= —o0ycos(q), Hy=0,
2

Hy = 0, H=—w?cos(q)+ %, H; =0,

H3 = 07 H3 = 07 H4 = 07

H, = 0, H, = 0, Hs= —o1pcos(q),

Hs = —oypsin(q), Hs=0, Hs=—pw’sin(q),
(8.4.22)
Thus
~ p2
H = —w?cos(q) + 5 hw?psin(q) + . . ., (8.4.23)
H, = oysin(q) — hoypcos(q) + ..., (8.4.24)
Hy, = —oyco8(q) — howpsin(q) + ..., (8.4.25)

and the truncated modified equation is

dy = J'WH(y)dt + J 'VH(y) odWi(t) + J 'V H,(y) o dWs(t)

( hWZ];Cisglciz?;’:(Qqs)m(Q) )dtJr ( — (01 coi(}ijc)fltgsa(g;sm(q)) > o dlV,

hoap cos(q) — oesin(q)
N ( o) o o diV, (8.4.26)

which is also written as

dp = (hw’pcos(q) — w?sin(q))dt — (o1 cos(q) + hoipsin(q)) o dW,
+ (hoapcos(q) — oasin(q)) o dWa, p(0) = po,

dg = (p— hw%z’n(q))dt — hoy cos(q) o AWy — hogsin(q) o dWs,  q(0) = qo.
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In numerical tests in Chapter 9, we simulate the solution of (8.4.27)-(8.4.28) by its sym-
plectic Euler-Maruyama discretization

Prsl = Dn + R2w*ppia cos(q,) — hwzsin(qn) — (01 c08(qn) + ho1pnr1sin(g,)) AW,
<h02pn+1 COS(Qn) - O—QSZ‘n(Qn))AnW% (8429)
Gns1 = Gn+ hpny1 — h2w?sin(g,) — hoy cos(gn) AW — hoasin(q,)A,Wa.  (8.4.30)

+

We realize it by fixed point iteration.

We can also use generating function S3(u,v,h) with two noises to construct modified
equation of a symplectic method with two noises. Assume that the symplectic method
D, ¢ (p,q) — (P, Q) is generated by S*(u,v, h) via relation (5.1.15)-(5.1.16)

P=p—03,8uw), Q=q+09{5(uv),

where u = %, v = %. Then we can find as in Theorem 8.5 the modified equation of
®;,, which is a stochastic Hamiltonian system, by using S®(u, v, h).

Theorem 8.6. Given a stochastic Hamiltonian system with two noises (8.4.1)

dy = J'VH(y)dt + J 'V H(y) o dW,(t) + J 'V Hy(y) o dWs(t),
where y = ( g ) Suppose that a symplectic method ®;, has generating function

Sg(u,v,h) = Fl(U,U>W1(h)+K1(U,U)W2(h)
h h
+ Fg(u,v)/ WlodW1+K2(u,U)/ Wy o dW,
0 0
B h - h
+ Gl(u,v)h—i—Fg(u,v)/ WQOdW1+K2(U,U)/ Wi o dW,
0 0
h - h
+ GQ(U,U)/ W1d8~|—G2(u,v)/ Wods
0 0
B h . h
+ FQ(U,'U)/ W1W20dW1+K2(U,’U)/ W1W20dW2
0 0
h h
+ Fg(u,v)/ sodW1—|—K3(u,v)/ s o dW,
0 0

h h
ég(u,v)/ W1W2ds+G3(u,v)/ sds
0 0
(8.4.31)

Then the modified equation of ®; is a stochastic Hamiltonian system with two noises

dy = J"'VH(y)dt + J 'VH,(y) o dWy(t) + J 'V Hy(y) o dWs(t), (8.4.32)
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where

H(p,q) = H(p,q)+ Hs(p,q)W1 + Hu(p,q)Ws + Hs(p, ) W1W> + He(p, q)h
+ H7(p, Q)hwl + Hs(p; Q)hwz + H9(P> Q)hwlwz + H10<p7 Q)h2 +...
(8.4.33)

Hi(p,q) = Hi(p,q)+ Hy(p, )Wy + Hs(p, q)Wa + Hy(p, Q) Wi Ws + Hs(p, q)h

+  Hg(p,q)hW1 + Hy(p, Q)hWy + Hg(p, q)hW1 Wy + Ho(p, q)h* + .. .,
(8.4.34)

Hy(p,q) = Halp,q)+ Ha(p, q)Ws + Hs(p,q)W1 + Hai(p, Q) Wi W + Hs(p, q)h

+  Hg(p, q)hWao + Hz(p, q)hW1 + Hy(p, q)hWi Wy + Ho(p, q)h> + . ...
(8.4.35)

Proof. Suppose that the phase trajectory of the stochastic Hamiltonian system (8.4.32) is
generated by the function S®(u, v, t) via relation (5.1.15)-(5.1.16). Thus according to The-

orem 6.6, it is sufficient that 5’3(u,v,t) satisfies the following Hamilton-Jacobi equation
with two noises:

953 . - . N . N
T H(P,Q) + H\(P,Q)W, + Hy(P,Q)Ws, S*(u,v,0) =0, (8.4.36)
~a T ~o T
where P = u — %‘96—‘23 ,Q=v+ %%—f . In order to solve the equation (8.4.36), let

S’S(U’U,t) = gl(u,v,h)Wl(t)+U1(u,v,h)W2(t)
t t
+ S'g(u,v,h)/ Wi o dW; —l—UQ(u,v,h)/ Wy 0 dWsy
0 0

+ Ti(u,v, h)t + Sy(u, v, h) /OtWQOdW1+U2(u,v,h) /;WlodWQ
+ Ty(u,v,h) /OtWIdS—FTQ(u,v,h) /Ot Wads

+ Sy(u,v,h) /Otwlwgodwl—i—UQ(u,v,h) /;VVM/QOCWV2

+ Sg(u,v,h)/otsodwl—I—Ug(u,v,h)/otsode

t t
Tz(u,v,h)/ W1W2d8+T3(U,U,h)/ sds
0 0
(8.4.37)
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Thus

053

o Ty + ToWy + ToWe + ToW Wy + Tat + Tyt W, + Tyt Ws

Tt WiWy + Tot® + ...

W1(Sy + SoWy + SoWy + SoWiWa + Syt + SytWy + Syt

SgWiWy + Sst? 4 ..

Wo (U, + UsWy + Us Wy + Uy Wi Wo + Ust + Ust W, + UstW,

UgdWy Wy + Ust® + .., (8.4.38)

+ o+ + o+ +

-~ ~ ~ ~

where the functions T}, 13, T}, Si, Si, S, U;, Us and U, are evaluated at (u,v,h).

(8.4.36) and (8.4.38) implies

Ty + ToWy + ToWo + ToW, Wy + Tht

Tt Wy + TytWo + Tyt Wi Wy + Tot? + .., (8.4.39)
51 + §2W1 + §2W2 + SyWiWs + Sst

SytWy + SytWy + SytWi Wy + S5t + .. ., (8.4.40)
Uy + Uy Wy + UsWy + Uy Wi W + Ust

+ UgtWy + UgtWy + UgWy Wy + Ust® + .. .. (8.4.41)

H(P,Q)

+

Fll(Pa Q)

+

H2(P7 Q)

Expand H(P, Q) at (u,v) according to the formula of Wagner-Platen expansion in Stratonovich
sense and the relation (8.4.32), and then let coefficients of terms of the same order of
smallness on both sides of (8.4.39) be equal, we obtain

T, = H,

~ 1 ~ o~ ~ o~

T2 - —Q(Hleu — Hquv),

~ 1 ~ ~ o~

T, = —2(HUH2u — H,H,,),

§ 1.~ - . L N o . L

T2 = 5[ lv (H’UXU,HQ'U + HUH211v> + qu (HUUHQu + HUHQU/U - H'U/UH2’U - Hquvv)
+ gZU ([:quglv + f{uﬁluv) + ﬁlu(ﬁvvﬁlu + gvgluv - f:[uvglv - guﬁlw)]a

~ 1 ~ = ~ o~ ~ ~ ~ ~ o~ ~ ~ ~ ~ o~

T3 = §[HUH1u - H.H,, +H, (H,H, +H,H,)+ H, (H,,H, +H,H,,

- guvlfllv - guﬁlvv> + ﬁ2v (f{uuﬁ% + ]Z[uﬁzw)
+ gzu(ﬁUUﬁQU + FIUEIQuU - guv[:]% - guf{%u)]a
(8.4.42)
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The same approach applied to H,(P, Q) and Hy(P, Q) gives

1 = ﬁb
N 1 . o
Sy, = —(H, H, —f, H.)=0,
5 \/5( 1, Hi, 1, H1,)
X 1 - o
SQ — E(HlvHQU - HluHQU)y
§ 1~ - L L - . L
Sy = §[H1U(H1WH2U + Hy,Hy,,) + Hy,(Hy,, Hy, + Hi Hy,, — Hy, Hy, — Hy, H,,)
+ M (M, H, + O, H,,)+ H, (0, 0, + H,H,, — 0, H, - Ffluﬁlw)L
N 1 - o L N o o
Sy = §[H1UH1U - Hy Hy, + Hy,(Hy,, Hy, + H, Hy,,) + Hy, (Hy, Hy, + Hy Hy,
- ﬁlwglv - ﬁluglm) + f:fzv(ﬁluuﬁzv + ﬁluf:[zw)
+ Hy,(Hy,, Hs, + Hy, Hy,, — Hy, Hy, — Hy, H,,)],
g (8.4.43)
and
(jl — ~27
5 1 . o
Uy = ——(Hy iy — Hy ),
y \/5( 2, H1, 2, H1,)
X 1 - o
Uy = ——(Hy, Hy — Hy Hy) =0,
5 \/5( 2, Ho, 2, H3,)
3 1~ - L L . . o
Uy = §[H1U(H2wH2u + Hy, Hy,,) + Hy,(Hy,, Ha, + Hy Hy, — Hy, Hy, — Hy Hy,)
+ Hy (Hy, M, + Hy, Hy,,) + Hy, (Ho, Hy, + Hy Hy,, — Ho, Hy, — Ho, 1,,)],
N 1 - o L L L o
Us = §[H2UH1H — Hy Hy, + Hy,(H,, Hy, + Hy, Hy,,)+ Hi, (H, Hi, + Hy Hy,,
— M, ML, — Hy ) + H, (s, Hy, + Hy, I>,,)
+ Hy,(Hy, Hy, + Hy Hy,, — Hy, Hy, — Hy H,,)],
y (8.4.44)
respectively.

Substitute (8.4.42)-(8.4.44) and (8.4.33)-(8.4.35) into the relation

S3(u,v, h) = 8%(u,v, h),



8.4. MODIFIED EQUATIONS FOR METHODS WITH TWO NOISES 121

and compares coefficients of terms with the same order of smallness on both sides of the
equation, we obtain

Hl - F17
H2 = K17
HQ = F27
Hy = Ky——=(Hy Hy, — Hy, ),
H = le
HS - F2 - _(ﬁlvﬁ2u H11L‘[~{211)7
I:I3 = K27
1 - - .
H; = G2—E(HUH1“ — H,H,,),
1~ - L~
Hy, = Gy— —(H,H. H,H,,),
4 2 \/5( 24 2 )
3 (8.4.45)
from which the Hamiltonians in (8.4.33)-(8.4.35) are determined explicitly. O

Example 8.6. For the system with two additive noises (3.1.27)-(3.1.28)

dp = —qdt+~yodWs(t), p(0)= po,
dg = pdt+oodWi(t), q(0) = qo,

we have

1
H = 5(292 +¢%), Hy=o0p, Hy=—vq.

Its symplectic discretization (6.2.32)-(6.2.33)

h h
Prn+1 + EQTH—I = Pn— EQTL + 'YAnWQu
h h
— = Pn+1 + n+1 = ZPn + qn + JAnwl

2 2

is generated by

h h
gg(u,v,h) :F1W1+K1W2—|—K2/ WQOdW2+G1h+F2/ WgOdWl,
0 0

where
F K F,=0 K L
= ou, = -7, — Yy ——=07,
1 1 Y 2 2 \/§ Y
G 1( +0%), F ! Ky, =0
1 9 ) 2 \/§ e 2
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Thus, according to (8.4.45), we have

H1 = ou, HQZ—’)/U, EQZO, HQZO,

1 _ .
H = 5(u2+v2), Hy=0, H;=0,
1 1
Hy = ——ov, Hy=——vyu, .... 8.4.46
3 \/5 4 \/57 ( )
Consequently, we get the following truncated Hamiltonians

Aluv,h) ~ S +0?) — —— oW (h) — ——rulVa(h) (8.4.47)

.U, N = ——0 - — , 4.

B \/§ 1 \/57 2

]:.ll(u,v, h) =~ ou, (8.4.48)
Hy(u,v,h) ~ —, (8.4.49)

which implies that the truncated modified equation is

dy = J'WH(y)dt+ J'"VH(y) o dW; + J 'V Hy(y) o dW,
FWi(h) —q 0
~ vl v
(p_\/%WQ(m>dt+<a)odW1+(O)odW2. (8.4.50)

With initial value (po, qo), (8.4.50) can also be written as

dp = %Wl(h)—q)dtﬂodwz, p(0) = po. (8.4.51)
dg = @-%m(h))dwmdwl, 4(0) = qo. (8.4.52)

We simulate the modified equation (8.4.51)-(8.4.52) in Chapter 9 by its midpoint dis-
cretization

h

h h
Pn+1 + §qn+1 = DPn— §Qn + EUAnwl + ’YA,—LWQ, (8453)

h h h
Pttt = St - ﬁvAnWQ + oA, W (8.4.54)



Chapter 9

Numerical Tests

In this chapter, numerical tests are performed on the schemes produced in the previous
chapters via variational integrators and generating functions, in order to observe their
effect of simulating stochastic Hamiltonian systems. As test systems the linear stochastic
oscillator (3.1.7)-(3.1.8), the Kubo oscillator (3.1.16)-(3.1.17), the model of synchrotron
oscillations (3.1.22)-(3.1.23), and the system with two additive noises (3.1.27)-(3.1.28) are
considered. Numerical tests are also performed to compare sample trajectories of some
stochastic symplectic methods and their modified equations constructed via generating
functions.

9.1 A Linear Stochastic Oscillator

For convenience, we write the equation of the linear stochastic oscillator (3.1.7)-(3.1.8)
once again.

~~
Ne}
—_

~—

dy = —zdt+odW, y(0)=0,
de = wydt, z(0) =1

The scheme (5.3.27)-(5.3.28) generated by S*(P,q,t)

Tnt1 — Tp + hyn+17
Ynt1 = Yn — hx, + AW,

is the symplectic Euler-Maruyama method and of mean-square order of convergence 1.
We check by numerical tests its ability of preserving the linear growth property of the
second moment (3.1.14) and the oscillation property of the oscillator given in Proposition
3.8.
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Figure 1.1: Linear growth of second moment. Figure 1.2: Oscillation property of x.
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Figure 1.3: Linear growth of second moment. Figure 1.4: Oscillation property of x.

Figure 1.1 shows linear growth of second moment of the numerical solution arising from
scheme (5.3.27)-(5.3.28), where we take o = 1, ¢ € [0,5000], and step size h = 0.2. The
second moment E(z2 + y2) of the numerical solution is approximated by taking sample
average of 500 sample trajectories produced by the numerical scheme. The reference line
(dashed) has slope 1.

In Figure 1.2, the solid curve simulates the solution x given in (3.1.13) with zy = 1 and
o = 0.1. The step size in simulating the integral in solution (3.1.13) is As = 0.001. The
dotted curve is numerical = created by scheme (5.3.27)-(5.3.28), where the step size is
h = 0.1, and t € [0, 100].
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Consider the scheme (5.3.32)-(5.3.33) with mean-square order 2 produced by S*

2

Yn = Ynt1+ hzn - O_AWn + Eyn—i—la

h 2
Tpi1 = $n+hyn+1—0'/ sodW—i-Ea:n.
0

The linear growth property of the second moment of the numerical solution given by the
scheme (5.3.32)-(5.3.33) is illustrated in Figure 1.3, and its oscillation property in Figure
1.4. The solid curve in Figure 1.3 and the dotted one in Figure 1.4 are from the numerical
solution, as in Figure 1.1 and 1.2. The data for Figure 1.3 and 1.4 are the same as that
for Figure 1.1 and 1.2 respectively.

The scheme (5.4.22)-(5.4.23) is the midpoint rule

Tpntl = Tp+ h%)
X, + Ty
Yn+1 = Yn — hTH + UAWna

which is generated by S3, and also by the variational integrator as given in Example 4.2.
This method is of mean-square order 1 according to the construction of S3.
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Figure 1.5: Linear growth of second moment. Figure 1.6: Oscillation property of x.

Data and settings for Figure 1.5 and 1.6 are the same as that for Figure 1.3 and 1.4
respectively.

Scheme (5.4.25)-(5.4.26)

h h

Yn + Yn+1 U/ U/

Tpe1 = Tp+hT—"T — — sodW + — Wds,
o 2 2 Jo V2 Jo

Ty + Ty,
Yntl = Yn — hTﬂ + o AW,.
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is produced by S* with mean-square order 2.
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Figure 1.7: Linear growth of second moment. Figure 1.8: Oscillation property of x.

Data and settings for Figure 1.7 and 1.8 are the same as that for Figure 1.5 and 1.6
respectively.

9.2 Kubo Oscillator

For the Kubo oscillator (3.1.16)-(3.1.17) with given initial values
dp = —aqdt—oqodW(t), p(0) =1,
dqg = apdt+ opodW(t), q(0) =0,

S generates the scheme (5.3.42)-(5.3.43)

h
Pn+1 = DPn— ahQn - 50-2pn+1 - O-QnAWna

h
Gni1 = Gn+ ahpai1 + 50°Gn+ OPun AW,
which is of mean-square order 1, and also given by Milstein et. al. in [29].
A method of mean-square order 3 generated by S* is scheme (5.3.46)

h2 h h 2 h2 2
_(a’h + ?aoj + O-AWn + 03/ §0 dW)pn—I—l + dn+1 = (1 + i + a
0

2
h2 h22
(1+%+ .

+ achAW,,)qp,

+ achAW,)pni1 = pn — (ah + c AW,)q,.

As indicated by (3.1.21), the phase trajectory of Kubo oscillator is a circle centered at

the origin and with radius 1/pZ + ¢3, which is 1 in our discussion here. Figure 2.1 and
2.2 below show the phase trajectories of the numerical solutions arising from scheme
(5.3.42)-(5.3.43) and (5.3.46) respectively.
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sl orderl

Figure 2.1: Phase trajectory of (5.3.42)-(5.3.43).

sl order32

-15 -1 -0.5 0 0.5 1 15
P

Figure 2.2: Phase trajectory of (5.3.46).

It is clear that the method of mean-square order g simulates phase trajectory better than
that of order 1. We take a = 2, 0 = 0.3, t € [0,200], and step size h = 0.02 in the two
tests above, where AW, in the schemes are truncated according to (3.2.13) with k£ = 2.

Applying generating function S® to the Kubo oscillator, we obtain scheme (5.4.31)-(5.4.32)

n + n n + n
Poti = Pn— ahq 2q +1 aq 2@ HAWn,
i1 = qn—l—ahp Pn+1 +0P p HAWn,

2 2
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which is also given by Milstein et. al. in [29], and of mean-square order 1.
A method of mean-square order 2 produced by 5% is scheme (5.4.34)-(5.4.35)

h2 2 3 h . .
Pn+1 = pn_(@h+0AWn+a4a —|-%/ SodW)q +2q +1’
0

h2g2? 3 h .
n+1 = qn+(ah+gAWn_a40 —%/ sodW)p +2p +1
0

The phase trajectories arising from (5.4.31)-(5.4.32) and (5.4.34)-(5.4.35) are shown in
Figure 2.3 and 2.4 respectively.
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Figure 2.3: Phase trajectory of (5.4.31)-(5.4.32).
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Figure 2.4: Phase trajectory of (5.4.34)-(5.4.35).
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Both of the two schemes reproduce phase trajectory of the Kubo oscillator with high
accuracy. The advantage of applying S? instead of S* to the simulation of Kubo oscillator
is clear.

9.3 A Model of Synchrotron Oscillations

For the model of synchrotron oscillations (3.1.22)-(3.1.23)

dp = —w?sin(q)dt — o1 cos(q) o dW; — oy sin(q) o dWy,
dqg = pdt,

Milstein et. al. proposed in [29] the symplectic scheme

Pn+1 = DPn — hw2 Sin(QnJrl) — 01 COS(QnJrl)AnWl — 02 Sin(Qn+1>AnW27 (931>
n+1 = Qn+ hpna (932)

which is of mean-square order 1. It is also shown that this scheme simulates the sample
trajectory of the model with high accuracy. In the following tests, we use the sample
trajectory created by it as reference.

Applying S*, we have constructed scheme (6.1.43)-(6.1.44)

Pn+y1 = Pn — hw2 Sin(Qn) — 01 COS(Qn>AnW1 — 02 Sin(Qn)AnW27
Gn+t1 = Qo+ hpn+17

which is the adjoint method of (9.3.1)-(9.3.2), and of mean-square order 1.
The scheme (6.1.49)-(6.1.50)

h2

Pni1l = DPn— hw? sin(q,) — ?prnH cos(qn) — o1 cos(q,) A, W,

h
+  01Pnt1sin(gy) / s o dWi(s) — o9 sin(g,) A, Wo
0

h
—  O9Pni1 cos(qn)/ s o dWs(s),
0

h2 ‘ h
Gn+1 = (Qn + hpn—H + EW2 Sln(Qn) + 01 COS(Qn) / s0 dWl(s)
0

h
+ 09 sin(qn)/ s o dWs(s)
0

generated by S! is of mean-square order % Figure 3.1 and 3.2 below illustrate comparison
between sample trajectory of the approximated solution and that of numerical solution
created by method (6.1.43)-(6.1.44) and (6.1.49)-(6.1.50) respectively.
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Figure 3.1: Sample trajectory of Figure 3.2: Sample trajectory of
(6.1.43)-(6.1.44). (6.1.49)-(6.1.50).
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Figure 3.3: Sample trajectory of (6.2.27)-(6.2.28).

Solid curves in Figure 3.1 and 3.2 are sample trajectories created by method (6.1.43)-
(6.1.44) and (6.1.49)-(6.1.50), dash-dotted ones are produced by (9.3.1)-(9.3.2) as refer-
ence. They coincide visually in both figures above. We take 0, = 0.2, 09 = 0.1, w = 2,
t € [0,100] and step size h = 0.02. AW, is truncated according to (3.2.13) with k = 2.

S3 generates the scheme (6.2.27)-(6.2.28)

Pntl = Pn— sin(%)(uﬂh + 09 A, W3) — cos( o1 A, W7,

Pn T+ Pt
2

n F o,
2

Gn+1 = qn+h
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for the model system, which is of mean-square order 1. A sample trajectory produced by
it is shown in Figure 3.3. Data and settings for Figure 3.3 coincide with those for Figure
3.1 and 3.2. Note that the scheme (6.2.27)-(6.2.28) is implicit. Substituting (6.2.28) into
(6.2.27), we then applied fixed point iteration to solving p,.1, the convergence of which
requires

4

h< ——
ler| + o

(9.3.3)

where

C1 = hw2 + O'QAnWQ, Cy = alAnW1. (934)

Thus we make truncation on A, W; and A, W5, and to check whether (9.3.3) is satisfied.
If not, let |c1] + |co| = =, where n is times of fixed point iteration.

9.4 A System with Two Additive Noises

For the system with two additive noises (3.1.27)-(3.1.28)

dp = —qdt +~odWs(t), p(0) =0,
dqg = pdt+ oodW(t), q(0) =0,

we have constructed generating function S, which is given in (6.1.54) and generates via
relation (5.1.9) the symplectic Euler-Maruyama method (6.1.51)-(6.1.52)

Pn+1 = Pn — hQn + f}/AnW%
dn+1 = (Qn + hpn-‘,—l + UAnwl-

This method is of mean-square order 1. Figure 4.1 illustrates the oscillation of the nu-
merical ¢ produced by (6.1.51)-(6.1.52) and the exact ¢ given by (3.1.29).
The method of mean-square order 2, i.e., the scheme (6.1.57)-(6.1.58)

h 2
h
Prnt1 = Dn + YA Wo — U/ Wl(s)ds — quh — 7Pn+1a
0

2

h
Int1 = qn+0’AnW1—7/ 50 dWs(s) + priah + S
0

is generated by the function S! in (6.1.56). Figure 4.2 shows oscillation of numerical ¢
produced by (6.1.57)-(6.1.58), and exact ¢ by solution formula (3.1.29).
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Figure 4.1: Sample trajectory of Figure 4.2: Sample trajectory of
(6.1.51)-(6.1.52). (6.1.57)-(6.1.58).

In Figures 4.1 and 4.2, exact q are presented by solid line, and numerical ones by dash-
dotted line. They coincide visually in both figures. Data for the two tests are v = 1,
o =0, t € [0,200], and the step size is h = 0.02.

The generating function S® in (6.2.31) generates via relation (5.1.15)-(5.1.16) the nu-
merical scheme (6.2.32)-(6.2.33)

h h
Pn+1 + EQn—H = Pn— Eqn + VAnWQa
h

h
_§pn+l + dn+1 = Epn + qn + UAnWla

which is of mean-square order 1. Figure 4.3 compares behavior of ¢ created by the
numerical method (6.2.32)-(6.2.33) and the exact solution formula (3.1.29).

A method of mean-square order 3 is given in (6.2.36)-(6.2.37)

b L AW—i/hw<s)ds+i/hsodW(s)
Prn+1 2(]n+1 Pn 2(]11 YApWa2 \/§ o 1 9 o 1 )

_ﬁ + — E + _|_0AW+l/hW(s)ds—z/hsodW(s)
2pn+1 nt+1 = 2pn an nVV1 V2 /s 2 2 J 2\°)

which is generated by the generating function S® in (6.2.35). We show in Figure 4.4 the
oscillation of the numerical ¢ produced by (6.2.36)-(6.2.37) and that of the exact ¢ given
by (3.1.29).
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Figure 4.3: Sample trajectory of Figure 4.4: Sample trajectory of
(6.2.32)-(6.2.33). (6.2.36)-(6.2.37).

In Figures 4.3 and 4.4, the solid curves are the exact ¢, and the dash-dotted curves the
numerical one. We see no difference between them in both figures, which shows good
behavior of the numerical solutions produced by (6.2.32)-(6.2.33) and (6.2.36)-(6.2.37).
Data for creating the two figures are same with that for Figures 4.1 and 4.2.

9.5 Modified Equations

Modified equations can be constructed by applying generating function of a symplectic
method, which is studied in Chapter 8. We illustrate through numerical tests the tra-
jectories of numerical solutions and their modified equations constructed by generating
functions.

Example 9.1. Consider the linear stochastic oscillator (3.1.7)-(3.1.8)

dy = —zdt+oodW(t), y(0)=uyo,
de = wydt, z(0) = xo.

For the symplectic Euler-Maruyama method (5.3.27)-(5.3.28)

Tpy1 = Tp+ hyn+17
Yn+1 = Yn — hxn + O-Aan

Example 8.1 gives its modified equation (8.2.26)-(8.2.27)

dy = (hy —x)dt+ oodW(t), y(0) = yo,
dr = (y— hx)dt+ ochodW(t), z(0)= o,

which is obtained through using generating function S! in (8.2.20) with (8.2.21) for the
method (5.3.27)-(5.3.28). In order to simulate the solution of the modified equation, we
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use its symplectic Euler-Maruyama discretization (8.2.30)

Tt —h4—i2-3h2—1 b % ah32—2z7h
o) =0 ) () s
Yn+1 21 "1 Yn -1
Figure 5.1 shows oscillation of = of the exact solution, the method (5.3.27)-(5.3.28), and

the modified equation (8.2.26)-(8.2.27), which are presented with solid, dashed, and bro-
ken curves respectively.
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Fig. 5.1: Sample trajectories of exact solution Fig. 5.2: Sample trajectories of exact solution
of (3.1.7)-(3.1.8), method (5.3.27)-(5.3.28)  of (3.1.7)-(3.1.8), method (5.4.22)-(5.4.23)
and its modified equation (8.2.26)-(8.2.27). and its modified equation (8.3.24)-(8.3.25).

We can see from Figure 5.1 that the sample trajectory of the method (5.3.27)-(5.3.28) co-
incides visually with the approximated sample trajectory of its modified equation (8.2.26)-
(8.2.27).

5% in (8.3.18) with (8.3.19) generates via relation (5.1.15)-(5.1.16) the midpoint rule
(5.4.22)-(5.4.23)

n+ Yn
Tpny1 = .In—l-h%,
Tp + T
Yntl = Yn — hTH + o AW,

for the linear stochastic oscillator (3.1.7)-(3.1.8). The truncated modified equation of the
method (5.4.22)-(5.4.23) is constructed by applying S? in (8.3.18) with (8.3.19), which is
given in (8.3.24)-(8.3.25)

dy = —xdt+oodW,

o o
= — —hod
dx (y + ﬂW(h))dt +5ho w,

sample trajectory of which is simulated by its midpoint discretization (8.3.26)-(8.3.27).
Figure 5.2 compares oscillation of = of exact solution, numerical method (5.4.22)-(5.4.23),
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and its truncated modified equation (8.3.24)-(8.3.25), which are presented with solid,
dashed, and broken curves respectively. Trajectory of the method coincides with that of
its modified equation. Data for creating Figures 5.1 and 5.2 are zg = 1, yo =0, 0 = 0.1,
t € [0,100], and the step size is h = 0.1.

Example 9.2. For the Kubo oscillator (3.1.16)-(3.1.17)
dp = —aqdt —oqodW(t), p(0)=po,
dg = apdt+opodWV(t), q(0) = qo,
St in (5.3.45) generates via relation (5.1.9) the symplectic scheme (5.3.46)

h2 h h 2 h2 2
_(ah + ?aoj + UAWn + 03/0 §0 dW)pn—I—l + Qny1 = (1 + % + ¢ + aUhAWn)Qna
h 2 h2 2
(1+ no + a + achAW,))pni1 = pn — (ah + c AW, Gn,

2

which is of mean-square order % Its truncated modified equation is deduced based on S*,
and given in (8.2.36)-(8.2.37)

h
dp = —agqdt+ (503;02 —oq)odW, p(0) = po,

dg = apdt+ (op—ho’pg)odW,  q(0) = q.

Figure 5.3 contributes to comparison between sample trajectory of the numerical method
(5.3.46) and its truncated modified equation (8.2.36)-(8.2.37), where we use the symplec-
tic Euler-Maruyama discretization (8.2.38)-(8.2.39) to simulate the sample trajectory of
(8.2.36)-(8.2.37). Fixed point iteration is performed in realizing (8.2.38)-(8.2.39). Dashed
and solid curves represent trajectory of method and its modified equation respectively. It
is found that the sample trajectories coincide very well.

Figures 5.4 and 5.5 are approximated phase trajectories of the method (5.3.46) and its
modified equation (8.2.36)-(8.2.37), respectively. Data for Figures 5.3-5.5 are p, = 1,
g =0,a=2 0=0.3,t€[0,100], and the step size is h = 0.01. Number of iterations
in each step in realizing (8.2.38)-(8.2.39) is n = 100, and AW, is truncated according to
(3.2.13) with k = 2.
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Figure 5.3: Sample trajectories of method (5.3.46) and its modified equation (8.2.36)-(8.2.37).
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Figure 5.5: Phase trajectory of modified equation (8.2.26)-(8.2.27).

5% in (8.3.30) with (8.3.31) generates via relation (5.1.15)-(5.1.16) the midpoint rule
(5.4.31)-(5.4.32)

dn + qn+1 O_Qn + dn+1

il = Pn—ah - AW,
Dn+1 p a 9 9
nt1 = Qo+ ah? 2p SR 2p AW,

for the Kubo oscillator (3.1.16)-(3.1.17). Its truncated modified equation is (8.3.36)-
(8.3.37)

hao? o
q_ aq)dt + ( a_ aq) odW, p(0) = po,

h 2 3
i p)dt + (op + o p) odW, ¢(0) = qo,

dp = (

dg = (ap+
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which we use midpoint discretization (8.3.38) to simulate. Figure 5.6 gives a sample
trajectory of method (5.4.31)-(5.4.32) (solid), and its modified equation (8.3.36)-(8.3.37)
(dashed).

Figures 5.7 and 5.8 are phase trajectories of the method (5.4.31)-(5.4.32) and its modified
equation (8.3.36)-(8.3.37), respectively. The two seem to have little difference. Data for
Figure 5.6 are pg = 1, g = 0, a = 2, 0 = 0.3, t € [0,100], and the step size is h = 0.1.
Truncation of AW, is the same with that for creating Figures 5.3-5.5. For Figures 5.7
and 5.8, we choose t € [0,200], and the other data are the same with that for Figure 5.6.

T
— method
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! ! ! ! ! ! ! ! !
[0} 10 20 30 40 50 60 70 80 90 100
t

Fig. 5.6: Sample trajectories of method (5.4.31)-(5.4.32) and its modified equation (8.3.36)-(8.3.37).
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Figure 5.7: Phase trajectory of method (5.4.31)-(5.4.32).
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Figure 5.8: Phase trajectory of modified equation (8.3.36)-(8.3.37).

Example 9.3. The method with two noises (6.1.43)-(6.1.44)

Pn+1 = Pn — hWQSin(QH> — 01 COS(QTL>AHW1 - O'QSin(QH>AnW27
n+1 = dGn + hpn-‘,—l

is a symplectic discretization of the model of synchrotron oscillations (3.1.22)-(3.1.23)

dp = —w?sin(q)dt — o1 cos(q) o dWi — aysin(q) o dWs,
dqg = pdt.

S'in (6.1.42) generates via relation (5.1.9) the numerical scheme (6.1.43)-(6.1.44). Tt is
derived in Chapter 8 that the truncated modified equation of method (6.1.43)-(6.1.44) is
(8.4.27)-(8.4.28)

dp = (hwzp cos(q) — wQSin(q))dt — (01 cos(q) + hoipsin(q)) o dW;
+ (hoapcos(q) — o2sin(q)) o dWa, p(0) = po,

dq (p — hw?sin(q))dt — hoy cos(q) o AWy — hoysin(q) o dWs, q(0) = qo.

Figure 5.9 shows sample trajectories of method (6.1.43)-(6.1.44) (dashed) and its modified
equation (8.4.27)-(8.4.28) (solid) which is simulated by its symplectic Euler-Maruyama
discretization (8.4.29)-(8.4.30). We use fixed point iteration to realize (8.4.29)-(8.4.30).
Data for Figure 59 is po = 1, g = 0, 01 = 0.2, 09 = 0.1, w = 2, ¢t € [0,100], and the
step size is h = 0.05. Number of iterations in each step in realizing (8.4.29)-(8.4.30) is
n = 100, and AW, is truncated according to (3.2.13) with k = 2.
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Fig. 5.9: Sample trajectories of method Fig. 5.10: Sample trajectories of exact
(6.1.43)-(6.1.44) and its modified solution (3.1.29), method (6.2.32)-(6.2.33)
equation (8.4.27)-(8.4.28). and its modified equation (8.4.51)-(8.4.52).

Example 9.4. For the system with two additive noises (3.1.27)-(3.1.28)

dqg = pdt+ oo dWi(t), q(0) = qo,
dp = —qdt+~vodWs(t), p(0)=rpy,

generating function S% in (6.2.31) generates via relation (5.1.15)-(5.1.16) the numerical
scheme (6.2.32)-(6.2.33)

h h
Prn+1 + EQn—H = Pn— EQn + ’YAnWQa

h h
_§pn+1 + Gn+1 = Epn + qn + UAnwl-

Its truncated modified equation is derived as (8.4.51)-(8.4.52)
o

dp = (—=

v = A

dg = (p— %Wg(h))dt +oodWi, q(0) =g

We use its midpoint discretization (8.4.53)-(8.4.54) to simulate (8.4.51)-(8.4.52). In Figure
5.10, sample trajectories of the exact solution (3.1.29) (solid), method (6.2.32)-(6.2.33)
(dashed) and its modified equation (8.4.51)-(8.4.52) (broken) are sketched for comparison.
They coincide visually. Data for Figure 5.10 are pg = ¢o =0, 0 =0, v = 1, t € [0,200],
and the step size is h = 0.02.

Wi(h) — q)dt +~v o dWs, p(0) = po,

Conclusion. Through numerical tests on schemes produced by variational integrator
and generating functions, we find that these schemes are efficient and provide numerical
solutions preserving symplecticity, as well as other structures of underlying stochastic
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Hamiltonian systems. Sample trajectories of methods and their stochastic modified equa-
tions coincide well, which shows rationality of the construction of stochastic modified
equations via generating functions. All these give support to our theories of stochastic
variational integrators and generating functions.
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