High Order Numerical Methods: Entropy
Stability and Deterministic Solvers of Stochastic
PDEs

by

Tianheng Chen

B.Sc., Peking University, Beijing, P. R. China, 2014

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

in the Division of Applied Mathematics at Brown University

PROVIDENCE, RHODE ISLAND

May 2019



(© Copyright 2019 by Tianheng Chen



This dissertation by Tianheng Chen is accepted in its present form
by the Division of Applied Mathematics as satisfying the

dissertation requirement for the degree of Doctor of Philosophy.

Date
Chi-Wang Shu, Ph.D., Advisor
Recommended to the Graduate Council
Date
Boris Rozovsky, Ph.D., Reader
Date
Johnny Guzman, Ph.D., Reader
Approved by the Graduate Council
Date

Andrew G. Campbell, Dean of the Graduate School

il



Vita

Education

Brown University, Providence, RI, U.S.A.
Ph.D. in Applied Mathematics (expected in May 2019).
Advisor: Chi-Wang Shu.

Peking University, Beijing, China.
B.Sc. in Mathematics and Computational Sciences, 2014.

Advisor: Huazhong Tang.

Publications

1. T. Chen and B. Rozovskii and C.-W. Shu. Numerical solutions of stochastic
PDEs driven by arbitrary type of noise. Stochastics and Partial Differential
Equations: Analysis and Computations, 7:1-39, 2019.

2. T. Chen and C.-W. Shu. Entropy stable high order discontinuous Galerkin
methods with suitable quadrature rules for hyperbolic conservation laws. Jour-
nal of Computational Physics, 345:427-461, 2017.

Professional Experience

Cubist Systematic Strategies LLC, New York, NY, U.S.A.

Research Analyst Intern, summer 2018.

v



WorldQuant LLC, Greenwich, CT, U.S.A.

Quantitative Researcher Intern, summer 2017.

Professional Service

Referee for Journal of Scientific Computing.

Referee for Journal of Computational Physics.

Teaching Experience

Teaching Assistant.

Essential Statistics, Brown University, spring 2016.
Introduction to Computational Linear Algebra, Brown University, fall 2015.

Awards & Honors

Academic Excellence Award, Peking University, 2011, 2012 and 2013.
Gold Medal of Chinese Mathematics Olympiad (CMO, top 30), 2009 and 2010.



Acknowledgments

First of all, I would like to thank my advisor, Prof. Chi-Wang Shu, for pointing
out the research opportunities and pitfalls ahead of me, for those genuine advice
on my career development, and for kindly sharing stories and jokes in the academic
community. He is a knowledgeable, insightful and enthusiastic scholar, as well as
a considerate and open-minded instructor. I will always benefit from the research

experience under Prof. Shu’s guidance.

Secondly, I would like to thank Prof. Boris Rozovsky for giving me the chance
to participate in the stochastic analysis project. I really enjoy the interdisciplinary

nature of this project, which helps me broaden my knowledge.

I would also like to thank Prof. Johnny Guzman for his taking the time and effort
to be part of my dissertation defense committee. There are many other professors
who shared their invaluable ideas and expertise with me. To name a few, I would
express my gratitude to Prof. Mark Ainsworth, Prof. Jesse Chan, Prof. Michael

Tretyakov and Prof. Zhongqgiang Zhang, for the help on my research.

I am lucky to be in Prof. Shu’s research group, a lively circle full of talented
and warm-hearted people. Thanks Guosheng Fu, Yong Liu, Tong Qin and Zheng
Sun, for discussions and friendly debates on research projects and random math

problems. Thanks Jianfang Lu, for offering rides and helping me practice for the

vi



driver’s license. Thanks Kunrui Wang and Bingyu Zhao, for organizing our weekly

group meeting.

I am especially thankful to my parents, Wenjun Chen and Ping Li. You have
always been encouraging me to believe in myself, and to pursue my interest in math-
ematics. I thank with love to Xuefei Cao, for all the happiness and hardship we face

together. The meaning of your support is beyond what I can express here.

vil



Abstract of “High Order Numerical Methods: Entropy Stability and Deterministic
Solvers of Stochastic PDEs”, by Tianheng Chen, Ph.D., Brown University, May 2019

This thesis consists of two diverse topics on high order numerical methods for time-

dependent partial differential equations (PDEs).

In the first part, we develop a unified framework of entropy stable Discontinuous
Galerkin (DG) type methods for systems of hyperbolic conservation laws. The well-
known cell entropy inequality of classic DG method (Jiang and Shu (1994) [60]) is
limited to the square entropy and assumes exact integration. Our framework over-
comes such limitation by designing DG method satisfying entropy inequalities for
any given single entropy function, through suitable numerical quadrature rules. The
one-dimensional methodology is based on Legendre Gauss-Lobatto quadrature. The
main ingredients are discrete operators with summation-by-parts (SBP) property,
the flux differencing technique, and entropy stable fluxes at cell boundary. We then
extend the methodology to higher space dimensions by constructing SBP operators
for simplicial meshes with Gauss-Lobatto type quadrature points. The further ex-
tension to more general quadrature points is achieved through careful modification
of boundary terms. A local discontinuous Galerkin (LDG) type treatment is also in-
corporated to enable the generalization to convection-diffusion equations. Extensive
numerical experiments are performed to validate the accuracy and shock capturing

capability of these entropy stable DG methods.

In the second part, we explore the polynomial chaos expansion method for
distribution-free stochastic partial differential equations (SPDEs). So far the the-
ory and numerical practice of SPDEs have dealt almost exclusively with Gaussian
noise or Lévy noise. Recently, Mikulevicius and Rozovskii (2016) [78] proposed a
distribution-free Skorokhod-Malliavin calculus framework that is based on general-

ized polynomial chaos (gPC) expansion, and is compatible with arbitrary driving



noise. We will analyze these newly developed distribution-free SPDEs. We obtain
an estimate for the mean square truncation error in the linear case. The convergence
rate is exponential with respect to polynomial order and cubic with respect to num-
ber of random variables included. Numerical experiments are conducted to exhibit
the efficiency of truncated polynomial chaos solutions in approximating moments and

distributions. The theoretical convergence rate is also verified by numerical results.
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Introduction



Time-dependent partial differential equations (PDEs), whose evolving functions
are of the form wu(t,x) with (¢,x) € [0,00) x R%, are ubiquitous in science and
engineering. Since analytical solutions of these PDEs are rarely available, numeri-
cal methods have to be designed to solve them. Most numerical schemes follow the
method of lines principle; that is, we first perform spatial discretization with suitable
basis functions and test functions, and transform the problem into a system of ordi-
nary differential equations (ODEs). Then standard ODE solvers (e.g. Runge-Kutta
time stepping) can be adopted. Numerical methods are usually classified according
to the choice of basis functions and test functions. For example, spectral methods use
orthogonal polynomials or trigonometric polynomials as basis function [50], and the
implementation of spectral methods is often accomplished with Galerkin approach
(where test functions are the same as basis functions) or collocation approach (where

test functions are Dirac-¢ functions at grid points).

Convergence is undoubtedly a major goal for numerical schemes. The numerical
solution should approach the exact solution as we refine the resolution. The well-
known Lax equivalence theorem [65] states that for a well-posed linear problem,
convergence is guaranteed by consistency and stability. A method is said to stable if
the numerical solution is uniformly bounded under certain norm, which is typically
related to the well-posedness of the PDE itself. The most widely used type of norm
is the L? norm. For linear PDEs with periodic boundary condition, Fourier analysis
serves as a powerful tool to prove L? stability [45]. On the other hand, consistency
requires the truncation error, i.e. the error induced by numerical approximation on a
smooth solution of the PDE, to converge to zero. The order of method measures the
convergence rate of truncation error, mostly in terms of characteristic mesh size h.
Given stability (and linear assumption), high order convergence of truncation error

implies high order convergence of numerical solution, and proving consistency is in



general much easier than proving convergence directly. In this dissertation, we will

focus on two diverse topics concerning high order numerical methods:

1. Entropy stable Discontinuous Galerkin (DG) type methods for systems of hy-

perbolic conservation laws.

2. Polynomial chaos expansion method for stochastic partial differential equations

(SPDEs) driven by arbitrary type of noise.

The first topic handles systems of conservation laws, which encompass applica-
tions in oceanography (shallow water equations), aerodynamics (Euler equations),
plasma physics (MHD equations) and structural mechanics (nonlinear elasticity) [31].
Entropy conditions, where we require the total amount of a set of convex entropy
functions to be non-decreasing, play an essential role in the well-posedness of hy-
perbolic conservation laws. Therefore, it is natural to seek numerical schemes that
satisfy a discrete version of entropy conditions, i.e., entropy stable schemes. Discon-
tinuous Galerkin (DG) methods [17, 16, 15, 19], due to their high order accuracy,
local conservation, great parallel efficiency and flexibility for dealing with unstruc-
tured meshes, are a popular category of numerical schemes for solving hyperbolic
conservation laws. Jiang and Shu [60] proved that the semi-discrete DG schemes
satisfy a discrete entropy inequality for the square entropy for scalar conservation
laws (i.e., L? stability), which is extended to symmetric systems by Hou and Liu
[55]. However, these results are limited to the square entropy function only, and all
integrals in the DG formulation are assumed to be evaluated exactly, which can be
costly or even impossible to implement. In practice one often uses quadrature rules

and stability might be affected.

In recent years, there have been rapid developments on entropy stable DG type

methods directly built upon numerical integration. DG schemes can be recast into



the nodal formulation after quadrature [62, 51]. These nodal DG forms are often
named as Discontinuous Galerkin Spectral Element methods (DGSEM) in the lit-
erature. In [29, 7|, Carpenter, Fisher, Nielsen and Frankel established the entropy
stable DGSEM framework on Gauss-Lobatto quadrature points for one-dimensional
conservation laws. The main ingredients are the summation-by-parts (SBP) property
[27] of operators derived by Gauss-Lobatto nodes, flux differencing with Tadmor’s
entropy conservative fluxes [95, 96], and Tadmor’s entropy stable fluxes at cell inter-
faces. The entropy stable DGSEM methodology is then generalized to higher space
dimensions on unstructured meshes by Chen and Shu [13]. Several generalizations
to non Gauss-Lobatto type nodes are also recommended in [9, 10, 21, 1]. As we will
see in later chapters, these generalizations all have some drawbacks and trade-off,

and we are certainly not at the end of story.

The second topic embraces the realm of SPDEs, which essentially describe func-
tions u(t, x,w) with an extra random dimension w. SPDEs have found a broad type
of applications, including mathematical biology, financial engineering and nonlinear
filtering, to quantify the intrinsic uncertainty in these models [72]. The most popular
numerical approach to solving SPDEs is the Monte Carlo method, which generates
independent random sample paths via direct discretization [80, 115] or averaging
over characteristic lines [79]. However, it is well known that Monte Carlo simulation
suffers from slow rate of convergence and often requires millions of samples to reach
a desired accuracy level. Would it be possible to get rid of sampling? The answer
lies in the method of lines principle. In the stochastic polynomial chaos expansion
approach, we first construct a complete set of L? orthogonal basis functions, called
polynomial chaos basis functions, for the underlying probability space. By expanding
u as a series of polynomial chaos basis functions, we separate the stochastic part and

the deterministic part. These expansion coefficients will in turn satisfy a system de-



terministic PDEs, called propagator [69]. Then deterministic numerical solvers can
be applied to the propagator system. The polynomial chaos expansion approach is
often recognized as stochastic Galerkin method [105] due to its evident resemblance

with spectral Galerkin method.

Traditionally, polynomial chaos expansion approach is well suited for SPDEs
driven by Wiener process, or Gaussian white noise [54, 25]. Gaussian white noise
can be represented by a series of i.i.d standard Gaussian random variables. The cor-
responding polynomial chaos expansion is also known as Hermite chaos or Wiener
chaos in the literature. Due to multiple It6 integral formula [59], the stochastic
integral is equivalent to the Wick product [103] with white noise, which is written
in terms of expansion coefficients. Hence we can easily derive the propagator sys-
tem. The efficiency of Wiener chaos expansion has been validated by the numerical
examples in [116, 118, 56, 73]. Such methodology also works for Lévy randomness
[54, 25], and Liu [67] presented some numerical results of SPDEs driven by Poisson

noise.

Although the stochastic polynomial chaos expansion is mostly restricted to Gaus-
sian and Lévy random noise, the extension towards arbitrary type of noise has been
explored over the last two decades. Xiu and Karniadakis [106, 107] constructed the
correspondence between types of random variables and orthogonal polynomials in
the Askey scheme [2]. Their generalized polynomial chaos (gPC) technique was very
successful for problems with random initial /boundary condition and/or random co-
efficients [107, 108, 105]. However, gPC expansion is not naturally compatible with
stochastic integrals due to the lack of some vital connections, e.g., Wick product,
Skorokhod integral [92] and Malliavin calculus [74]. Recently, Mikulevicius and Ro-
zovsky built the distribution-free Skorokhod-Malliavin calculus framework [78] upon

gPC expansion, giving rise to a new family of SPDEs under their arbitrary noise



paradigm. Then Chen, Rozovsky and Shu [12] studied the numerical aspects of
these distribution-free SPDEs. The authors proved that for linear problems, the
convergence rate of the mean square error is exponential with respect to polynomial
order and cubic with respect to number of random variables included, improving the

truncation error estimate in [68].

The rest of this dissertation is organized as follows. Part I provides an incre-
mental and unified framework of entropy stable nodal DG schemes for systems of
hyperbolic conservation laws. We will discuss the basic one-dimensional method-
ology in Chapter 1, the generalization to higher space dimensions in 2, and some
possible directions towards general set of nodes in Chapter 3. Part I deals with the
polynomial chaos expansion method for distribution-free SPDEs. We concentrate
on gPC expansion and distribution-free stochastic analysis in Chapter 4, and the
truncation error estimate and numerical analysis in Chapter 5. Concluding remarks
will be given in the ending part of dissertation. A few technical details can be found
in the appendix. We remark that each part will contain its own set of notations.

The same symbol might stand for different concepts in two parts.



Part 1

Entropy Stable DG Methods for
Systems of Hyperbolic

Conservation Laws



CHAPTER ONE

One-Dimensional Methodology on

Gauss-Lobatto Nodes



In this chapter, we will analyze numerical approximations of systems of conservation

laws in one space dimension. The equation is of the form

ou  Of(u)

—+——=0, (¢ 0 R 1.1

8t + ax ? ( 71") € [ 700) X ’ ( )
where u = [u!,--- ,uP]7 denotes the vector of state variables taking values in a
convex set Q € RP, and f = [f!,--- | fP]T is called the flux function. Define the

Jacobian matrix
oft
F'(w) = {55 (Whzij.

Then the system (1.1) is called hyperbolic if f'(u) has p real eigenvalues and a com-
plete set of eigenvectors for all u € €2. We shall only consider hyperbolic conservation
laws from now on. The name conservation law follows from the fact the total amount
of u is conserved. Formally integrating the equation (1.1) in space, and assuming u

is compactly supported, we come up with the identity

d
7 Ru(t,x)dx = 0. (1.2)

Particularly, for p = 1, we have the simple case of scalar conservation law

ou n Of (u)

ot Ox

=0, (t,x)€[0,00)xR. (1.3)

Obviously scalar conservation laws are always hyperbolic.

It is well known that shock waves or contact discontinuities might develop at
finite time even for smooth initial condition. Hence we have to interpret (1.1) in the
sense of distribution and search for weak solutions. However, weak solutions are not
necessarily unique. We need some admissibility criterion to single out the “physically

relevant” solution among all weak solutions. Entropy conditions turn out to be the
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adequate criterion.

This chapter consists of following sections. In Section 1.1 and Section 1.2, we
introduce entropy analysis for one-dimensional hyperbolic conservation laws, and
briefly demonstrate existence and uniqueness of entropy solution, especially in the
scalar case. Entropy stability is well developed for first order methods, which will
be discussed in Section 1.3. We bring into the concepts of entropy conservative flux
and entropy stable flux , proving that for scalar conservation laws, monotone fluxes
[20, 48] are entropy stable with respect to all entropy functions, and for systems,
Godunov type fluxes [49] are entropy stable. In Section 1.4, we review the classic
cell entropy inequality [60, 55] for DG method, and explain why it only works for
the square entropy function. Then we move to the construction of one-dimensional
entropy stable nodal DG method [29, 7]. In Section 1.5, we present summation-by-
parts matrices and the DGSEM formulation on Gauss-Lobatto nodes. In Section 1.6,
we describe the flux differencing trick to achieve entropy balance within an element.
Just like classic DG method, we can apply a TVD/TVB limiter and / or a bound-
preserving limiter to control oscillations and enhance robustness. In Section 1.7, we
will see that these limiters do not violate entropy stability. Finally in Section 1.8,
we will report numerical results of both smooth accuracy tests and discontinuous

shock-capturing tests.

1.1 Entropy function and entropy variables

Let us first define convex entropy functions.

Definition 1.1. A convez function U : Q — R 1is called an entropy function for

(1.1) if there exists a function F' : Q — R, called entropy fluz, such that the following
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integrability condition holds
U'(w)f'(u) = F'(u), (1.4)

where U'(u) and F'(u) are viewed as row vectors.

In the scalar case, any convex function U is an entropy function, associated with
the entropy flux F(u) = [“U’(s)f'(s)ds. For more general systems, finding entropy
function - entropy flux pairs that satisfy (1.4) is much more difficult. The existence
of entropy function is a special property of the system. However, in almost all
systems we encounter in practice, we are able to find entropy functions with physical

meaning.

Define entropy variables v := U’(u)?. If we further assume that U is strictly
convex, v'(u) = U”(u) is symmetric positive-definite, and the mapping u — v is
one-to-one and can be regarded as a change of variables. Setting g(v) := f(u(v)),

we rewrite (1.1) in terms of entropy variables

ov ov
"(V)— '(v)=— = 0. 1.5
W) g )5 (1.5
The following theorem tells us that the existence of entropy function is equivalent to

the symmetry of u'(v) and g'(v) [41, 81].

Theorem 1.1. U is a strictly convex entropy function if and only if W' (v) is sym-

metric positive-definite, and g'(v) is symmetric. (1.5) is called the symmetrization

of (1.1).

Proof. We only prove the “only if” part. The “if” part is then straightforward as all

arguments hold in both directions. By strict convexity, u'(v) = (U”(u))™" is sym-
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metric positive-definite. The integrability condition (1.4) suggests that U’(u)f’(u) is

a gradient, which is equivalent to the symmetry of
(U'(w)f'(w))" = U"(w)f'(u) + U'(u)f" (u).

The second term, being a linear combination of symmetric matrices (f*)”(u),1 <

i <p, is also symmetric. Hence U”(u)f’(u) is symmetric. Since

g'(v) = f'(uu'(v) = f'(u)(U"(w)) ™ = (U"(w)) " (U ()f'(w)) (U"(w)) "

is congruent with U”(u)f’(u), we prove the symmetry of g'(v). O

Remark 1.1. Moreover, f'(u) = g'(v)v/(u) is similar to v/(u)zg’(v)v'(u)z, which
is another symmetric matrix. Therefore all eigenvalues of f'(u) are real and f'(u) is

diagonalizable. In other words, existence of entropy function implies hyperbolicity.

Now since u'(v) and g'(v) are both symmetric, there exist functions ¢(v) and

¥ (v), called potential function and potential flux, such that
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1.2 Existence and uniqueness of entropy solution

Given entropy function U, in smooth regions, the integrability condition (1.4) leads

to an extra conservation law for U

oU(u)  OF(u)
ot " on

= 0. (1.8)
However, at shock waves, we require the entropy to dissipate, which leads to the
following definition of entropy solution.

Definition 1.2. A weak solution u of (1.1) is called an entropy solution if for all

possible entropy functions U, we have

oU(u) OF(u)
<
ot * or — 0

(1.9)

in the sense of distribution.

Formally integrating the entropy condition (1.9) in space, and assuming u is

compactly supported, we obtain the bound

d

— <0. 1.10
i |, U(u)dz <0 (1.10)

That is, the total entropy is non-increasing with respect to time. If we further assume
that U is uniformly convex, the above bound indeed implies an a priori L? bound of

the entropy solution [49].

The existence of entropy solution follows from the limit of vanishing viscosity
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approximations. Consider the viscous perturbation of (1.1)

ou. Of(u.)  d%u.
5 + a2 e > 0. (1.11)

By applying U’(u.) to (1.11),

oU(u;)  OF(u.) :£<32U(us) 8UETU//<UE>0UE) < U

ot Ox or2  Or ox 0x?

Sending € — 0 we recover the entropy condition (1.9). For some physical problems
(e.g. compressible Navier-Stokes equations), it is necessary to look at the more

general form of viscous perturbation

ou.  Of(u.) 0 v,
— 2 (c(v. , 1.12
5t e 5 (C095) (1.12)
where v, := v(u.) and C(v.) is a symmetric semi-positive-definite p x p matrix.

Applying U'(u.) = vI to (1.12) gives us

8Ua(;15) + 82)(;5) = s(% <VZC(V5)8VE> — aVSTC(Vg)%> < eg(VETC(VE)aa‘;E).

Then the vanishing viscosity approach works as well. Such heuristic can be made
rigorous under smoothness and compactness assumptions. Proof of the following

theorem is provided in [39].

Theorem 1.2. Let {u.} be a sequence of sufficiently smooth solutions of (1.11) such
that {u.} converges boundedly and a.e. to some function u as e — 07. Then u is

an entropy solution of (1.1).

Conditions of uniform boundedness and a.e. convergence are satisfied by the

scalar case, so that the existence of entropy solution is established. In fact, {u.} is
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bounded in both L=([0, 00) x R) and W ([0, 00) x R), which allows us to extract an
a.e convergent subsequence approaching an entropy solution. For general systems,
we may only have an L*° bound, and additional assumptions are required. Glimm
[38] proved the existence result for systems using his random choice method, under

the assumption of initial data with sufficiently small total variation. Alternative

proof relying on vanishing viscocity approach was revealed by Bianchini and Bressan

[4]-

Entropy solution is unique for scalar conservation laws, due to the abundance of
entropy functions. Kruzhkov [63] proved the uniqueness result using the following

family of entropy function - entropy flux pairs,

Uw)=u—k|, F(u)=sgn(u—=Fk)(f(u)— f(k)), keR. (1.13)

We have obtained the well-posedness of entropy solution for scalar conservation laws
as a result of existence and uniqueness. In the following theorem, we see that the

entropy solution actually behaves well in many aspects [39].

Theorem 1.3. If u(0,:) € L*(R), then (1.3) has a unique entropy solution u €

L>((0,00] x R). The solution satisfies

1. Mazimum principle: ||u(t, )| e < [|u(0, )|~ for almost all t > 0.

2. Order preservation: if u and v are both entropy solutions, then

u(0,-) > v(0,-) a.e. = wu(t,:)>v(t,-) a.e

3. L' contraction: if u and v are both entropy solutions, such that u(0,-) and
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v(0,-) belong to L'(R), then

u(t, ) —o(t,)||zr < ||u(0,-) —v(0,-)||r for almost all t > 0.

4. Total variation diminishing (TVD): if we assume u(0,-) has finite total varia-
tion, then

TV(u(t,-)) < TV(u(0,-)) for almost all t > 0,

where TV is the abbreviation for total variation.

If we restrict ourselves to uniformly convex flux functions, then a single strictly

convex entropy function is sufficient to determine the entropy solution [84].

Theorem 1.4. Consider the scalar conservation law (1.3). Assume that f is uni-
formly convex. If u € L*([0,00) x R) is a weak solution satisfying the entropy
condition (1.9) with respect to a strictly convex entropy pair (U, F'), then wu is the

entropy solution.

For systems, we may not have enough entropy functions, and the question of
uniqueness is very challenging except for some special cases. We refer the readers to

[23, 40] and the references therein for more details on the theory of entropy solutions.

Before proceeding to numerical methods, we present some examples of hyperbolic
conservation laws, together with their entropy function - entropy flux pairs and

potential function - potential flux pairs.

Example 1.2.1. The linear symmetric system is of the form

Ju 0(Au)
— +— = 1.14
o " or (1.14)
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where A is a constant symmetric matrix. The standard energy U = %uTu serves as

an entropy function. Then v = u and

1 1 1
F = éuTAu, = §uTu, Y = §uTAu. (1.15)

Example 1.2.2. A prototype of scalar conservation laws is the inviscid Burgers

equation
Ou N O(u?/2)
ot ox

— 0, (1.16)

equipped with the square entropy U = %uQ. Then v = u and
1 1
F = gug, ¢=-u, = gu (1.17)

Here f is uniformly convex and U is strictly convex. By Theorem 1.4, if a weak solu-

tion satisfies the entropy condition with respect to (U, F'), it is the entropy solution.

Example 1.2.3. The shallow water equations model water flows with a free surface
under the influence of gravity. The governing equations (with flat bottom) are
9| h ) hw
E + I =0. (1.18)
hw © | hw? + §gh?
Here h and w are the water depth and velocity, and ¢ stands for the gravity ac-
celeration constant. In the absence of dry bed, the water depth is always positive

and

Q={ueR*:h>0}. (1.19)

The total (kinetic and potential) energy U = $hw? 4+ 1gh? is a convex function of
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u € ) and serves as an entropy function with

2
1 1 1
vV = , F= §hw3 + gh*w, ¢ = §gh2, = §gh2w. (1.20)

Example 1.2.4. The Euler equations of gas dynamics are

p pw

0 o)

O | + o | w2 | =0 (1.21)
E w(E + p)

Here p, w and p are the density, velocity and pressure of the gas. E is the total

energy. In the case of polytropic ideal gas, the equation of state is

1 P
E=-puw?+ —— 1.22
P T (1.22)

where 7 is ratio of specific heats. v = 5/3 for monatomic gas and v = 7/5 corresponds

to diatomic molecules. Assume that there is no vacuum. Then density and pressure

need to be positive and

(pw)?

Q={ueR’: p>0,p>0={ueckR®:p>0,(y—1)(E— 5
p

) >0} (1.23)

We can verify that  is a convex set and (1.21) is hyperbolic in 2. The physical
specific entropy is s = log(pp~7). Harten [46] proved that there exists a family of

entropy pairs that are related to s:

U= —ph(s), F =—pwh(s). (1.24)
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To make U convex, h can be any function such that

h'(s) —~vh"(s) >0, HK(s)>0. (1.25)

However, by regarding Euler equations as the vanishing viscosity limit of compress-
ible Navier-Stokes equations, we need to make sure that C'(v.) in (1.12) is symmetric

semi-positive-definite. The only choice of entropy pair is (see [57])

_ pws
v-1 v-1

(1.26)

The corresponding entropy variables and potential function-potential flux pair are

Y—s __ pw2
7—1 2p

V= e, o=p Y=pw (1.27)

1.3 Review of first order methods

In this section, we start to look into the numerical aspects of one-dimensional con-
servation laws. We will mostly conduct semi-discrete analysis, i.e., we investigate the
system of ODEs derived via method of lines principle, and temporal discretization is
not taken into account. For spatial discretization, suppose that we have a computa-
tional interval I' = [z}, xg|, equipped with periodic boundary condition, and divided

into cells {I;}¥, such that

rp =Ty < Tz < <INy =T, L= [%‘—1/27 I1+1/2], Az = Tip1/2—Ti—1/2,
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and h := max;<;<y is the characteristic mesh size. The first order (finite volume)
method simulates the evolution of cell averages. Let u;(t) := 1 f I (t,z)dz. Inte-

grating (1.1) in I;, we have the integral form

dlzt(t) + %m(f(u(t? Tit1/2)) — £(a(t, i-1/2))) = 0. (1.28)

Then the first order scheme reads

T E(fi+1/z —fi_12) =0, (1.29)

where EH /2= f(ui, u;41), and /f(uL, up) is some consistent two-point numerical flux
function such that

f(u,u) = f(u). (1.30)

Scheme (1.29) is conservative, in the sense that if we define wy, (t,z) := SN | w(t)1y,,

N

Cclit Llh(t 33' (Z Ailf@lh) = Z(ﬁ_l/Q _/f\i+1/2) = 0.

i=1

Entropy stability of (1.29) is thoroughly studied by Tadmor in [95, 96]. For an

entropy function U, the rate of change of the total entropy is

d d N N N N N
i | Ulup(t, x))dz = E(;A%UJ = ;Vf(fi—l/z—fi+1/z) = ;(Vi+1—vi)T£+1/2,
(1.31)

where we use the short hand notation U; := U(u;) and v; := v(u;). This motivates

us to define the concepts of entropy conservative flux and entropy stable flux.

Definition 1.3. A bivariate numerical fluz function fs(up,ug) is called entropy

conservative with respect to some entropy function U if it is consistent, symmetric,
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and

(ve —vi) fs(uy, ug) = g — ¥y, (1.32)

where we again set v g == v(urg), Yrr = Y(VLr), and ¢ is the potential flux

defined in (1.7).

Definition 1.4. A bivariate numerical flux function /f\(uL, ug) is called entropy stable

with respect to some entropy function U if it is consistent, and

(va = vi) E(u, up) < (¥ — ¥r). (1.33)

Recall (1.31). If T is entropy stable,

d
dt U(uh(t ZL’ dZL' < Z ¢z+1 ¢z)

We accordingly say that (1.29) is entropy stable with respect to U. In addition, we

can define the numerical entropy flux

F(ug,up) == %(VL +vr)Tf(uy, ug) — 1(% + Ug). (1.34)

~

It is consistent as ﬁ(u, u) = v(u)'f(u) —¥(v) = F(u). Let EH/Q = F(u;,u;41).

We get the cell entropy inequality

dU; 1 =~ ~
7t + E(E‘H/z — Fi_1)2)
X i (1.35)

:E((V’?H . VZ')T/f\lJrl/2 + (Vi = Vi )T\z 12 — (Vg1 — ¥iz1)) <0,

which corresponds to the integral form of entropy condition (1.9). Similarly, if fis
entropy conservative, the total entropy does not change and the scheme is said to be

entropy conservative. All inequalities above become equalities.
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The importance of conservation and entropy stability resides in the well-known
Lax-Wendroff [64] theorem. Proof is a direct application of dominated convergence
theorem. Notice its evident resemblance with Theorem 1.2. Actually taking the

limit of numerical methods is another way to prove the existence of entropy solution.

Theorem 1.5. If {u,(t,x)} converges boundedly and a.e. to some function u(t,x)
as h — 0%, then u is a weak solution of (1.1). Furthermore, zf/f\ s entropy stable

with respect to all entropy functions, u is an entropy solution.

In the scalar case, the entropy conservative flux is uniquely determined

—lﬁgifi ur, # uR
fs(uL, UR) = . (136)

f(UL) U = UpRr

For systems, (1.32) is underdetermined and fs(ur,ug) is not unique. A generic

choice of entropy conservative flux is the following path integration [96].

fg(uL,uR):/O g(VL—f-)\(VR—VL))d/\, (137)

which may not have an explicit formula and can be computationally expensive.
Fortunately, for many systems we are able to derive explicit entropy conservative

fluxes that are easy to compute. Let us revisit the examples in Section 1.2.

Example 1.3.1. For linear symmetric system (1.14), the entropy conservative flux

is simply the arithmetic mean

1
fs(uL,uR) = E(AUL+AUR)~ (138)
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Example 1.3.2. For Burgers equation (1.16),

1
fs(up,ug) = g(u%—i—uLuR—i—u%). (1.39)

is conservative with respect to the square entropy function.

Example 1.3.3. For shallow water equations (1.18), an explicit entropy conservative

flux is

1
—(hL’LUL + hR’LUR)
fs(uy,ug) = 2 . (1.40)

%(thL + thR)(wL + wR) + %gthR

Example 1.3.4. For Euler equations (1.21), Ismail and Roe [58] suggested the

following affordable entropy conservative flux

£ =7,
PR

2 _ * !

Is==+=ls (1.41)

where
21 1
z:= |22 = /2 |w
p
23 D

2% and (2)1°8 are the arithmetic mean and the logarithmic mean

S S
R — ?L

— 1 —
=gt em), ()= s=1,2,3.

~ log 25, — log 23’

Another entropy conservative flux, which also preserves kinetic energy, was recom-
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mended by Chandrashekar in [11]:

fs = (p)*w,

fi= % +wfs, (1.42)
1 1— _

O e e T AR

where 3 := 2%.

The construction of entropy stable fluxes can be divided into two categories. In
[58, 11, 7, 31}, the authors build f by adding some numerical dissipation operators,
of Lax-Friedrichs type or Roe type, to the entropy conservative flux, so that the
amount of entropy dissipation can be precisely determined. On the other hand, it
has been known for decades that the widely used upwind numerical fluxes, including
monotone fluxes for scalar conservation laws and Godunov-type fluxes for general
systems, are entropy stable. Here we will follow the latter approach because of other

desirable properties of upwind fluxes (e.g. maximum principle and TVD).

Most popular numerical fluxes rely on Riemann solvers, which exactly compute

or approximate the solution of the Riemann problem

;

ou , 0f(u) _
ot + or 0

u <0 - (1.43)
11(.1', 0) =

ugp = >0

The solution of the Riemann problem is self-similar. We assume that our Riemann

solver also has self-similar structure and is denoted by q(z/t;ur,ug). Let Ay and
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Ar be the leftmost and rightmost wave speed such that

u, r <A
q(r;up,ug) = ) (1.44)
urp 72> Mg

The Riemann solver should maintain conservation. For any S; < min{)\;,0} and

Sk > max{Ag, 0}, integrating along the rectangle Sy, Sg] x [0, 1] yields

Sr
/ q(r; ur, uR)dr — (SRLIR — SLllL> + (fR — fL) =0. (145)
S

L

Definition 1.5. Let q(x/t;ur,ug) be a self-similar Riemann solver that satisfies

(1.45). u(ug,ug) is called a Godunov-type flux [49] if

R 0

Sgr
f(up,ug) =fr —|—/ q(r;up,ug)dr — Sgug = ff, — / q(r;up,ug)dr — Spuy.
0 St
(1.46)

The idea follows from integration along [0, Sg] x [0,1] or [Sg,0] x [0, 1].

Theorem 1.6. For an entropy function U, assume that the Riemann solver also sat-

isfies the entropy condition such that for any S;, < min{Ar,0} and Sg > max{Ag, 0},

SR
/ U(Q(7"§ ur, UR))dT - (SRUR — SLUL) 4+ Fr— I, <0 (1.47)
S

L

Then the corresponding Godunov-type flux is entropy stable with respect to U.

Proof. By (1.46) and Jensen’s inequality,

/ U(q(r;ug,ug))dr > SRU(—/ qa(r;ug,ug)dr) = SgRU(up+—(f(up,ur)—fg)),
0 Sk Jo Sk

0 I 1~
/ U(q(T’, uL,uR))dr Z —SLU(——/ q(r;uL,uR)dr) = —SLU(IIL—I——( (uL,uR)—fL)).
sy St Js;, St
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Summing them up and applying (1.47) gives

SR(U<uR+SiR(?<uL, uR)—fR))—UR)—sL<U<uL+SiL(?(uL, wn)— 1)) —Up)+ Fr—Fp, < 0.

~

We send Sg — oo and S;, — —oo. The first term converges to v&(f(uz,ug) — fz)
and the second term converges to v (/f\(u 1, ugr)—fr). The inequality above simplifies

to
vﬂ(?(uL, uR)—fR)—Vg(?(uL, UR)—fL)+FR—FL = (VR—VL)T?(UL, uR)—(¢R—¢L) S 0,

which is exactly the condition (1.33). O

Example 1.3.5 (Godunov flux). The Riemann problem can be solved exactly for
scalar problems, as well as shallow water equations and Euler equations. The result-
ing numerical flux is called Godunov flux. Since the exact solutions satisfy all entropy

conditions, Godunov flux is entropy stable with respect to all entropy functions.

Example 1.3.6 (HLL flux). The computation of exact Riemann solver often requires
several Newton-Raphson iteration steps. Practically we resort to approximate Rie-
mann solvers to reduce computational cost. A commonly used approximate Riemann
solver is the HLL Riemann solver [46], which assumes a constant middle state. We

first prescribe values of A;, and Ag. Then

;

uy, TS)\L

q(r;uLvuR) = Yugr r> )\R : (148>

Arur—Arur—(fr—fr) AL <7 < Ap

\ Nr—Ar
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Inserting (1.46), we obtain the HLL flux

(

fr AL >0

=)

(uLa uR) = fR )\R <0 : (149)

ARfL—ALfr+ALAR(UR—ur)

AL AL <0< Ap

\

The HLL flux in entropy stable provided we approximate A, and Ag properly.

Corollary 1.1. If Ay is not larger than the true leftmost wave speed and Ag is
not smaller than the true rightmost wave speed, the HLL flux is entropy stable with

respect to all entropy functions.

Proof. Tt suffices to prove that for all entropy functions, (1.47) is satisfied by the
HLL Riemann solver. Since the approximate wave fan is larger than the true wave
fan and the middle state is constant, the HLL. Riemann solver is simply an average
of the exact Riemann solver. Another application of Jensen’s inequality completes

the proof. 0

Example 1.3.7 (Lax-Friedrichs flux). The local Lax-Friedrichs flux is written as
f(uL,uR) = §(fL+fR) — §(UR—UL), (150)

for some A > 0. It is a special case of HLL flux with A\, = —\ and Az = \. Hence
local Lax-Friedrichs flux is entropy stable with respect to all entropy functions if A

is not smaller than the true maximum wave speed (in terms of absolute vale).

The computation of \;, and A\ is, however, not trivial. Simplistic approxima-
tion usually fails to bound the true wave speeds. Toro [98, 99] recommends the

two-rarefaction approximation, and Guermond and Popov [44] prove that the two-
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rarefaction approximated wave speeds indeed provide the correct bounds for Euler
equations with 1 <~ < 5/3. We can also prove the similar result for shallow water

equations. The details of two-rarefaction approximation will be given in Appendix

A.

In the scalar case, it is more convenient to examine the monotonicty of flux.

~

Definition 1.6. A consistent numerical flux function f(ur,ur) is called monotone if
it is a a mon-decreasing function of its first argument and a non-increasing function

of its second argument.

Theorem 1.7. Monotone fluxes are entropy stable with respect to all entropy func-

tions.

Proof. For any entropy function U and its entropy variable v, since ¢'(v) = g(v) =

f(u), there exists v between vy, and vg such that

Yr — YL = (vr —vL)g(v) = (vr — v ) f(u(v)).

Due to the convexity of U, u(v) is an increasing function, and u(v) is also between

ur, and ug. By the monotonicity of fwe have

~

(ur — ur)(f(ur, ur) — f(u(v))) <0. (1.51)

Consequently

~ ~

(Yr — Y1) — f(ur,ur)(vr —vr) = (vp — vr)(f(w(v)) — f(ur,ur)) > 0.

We remark that (1.51) is exactly the characterization of the E-flux by Osher [82]. [
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Example 1.3.8 (Godunov flux, revisited). The Godunov flux in the scalar case has

an explicit expression

R r[nin ]f(u) if up, <up
flup,ug) =  “cHer . (1.52)

max f(u) if ug <wup
u€ug,ur]

It is obviously monotone.

Example 1.3.9 (Lax-Friedrichs flux, revisited). Recall the local Lax-Friedrichs flux

-~

Flus, um) = (7 + ) — 5 (ur — ). (1.53)

It is monotone provided that A > max{|f'(ur)|,|f'(ur)|}, i-e., not smaller than the

maximum wave speed.

Example 1.3.10 (Engquist-Osher flux). The numerical flux built by Eugquist and
Osher [26] is

-~

flug,ug) = f(0) + fT(ur) + f~(ur), (1.54)

where

fHu) = /Ou max{f'(s),0}ds, [f~(u):= /Ou min{ f'(s), 0}ds. (1.55)

~

f is monotone as fT is non-decreasing and f~ is non-increasing.

Besides entropy stability, numerical solutions of first order method (1.29) with
monotone flux also share the discrete version of the well-posedness properties of the

entropy solution in Theorem 1.3.

Theorem 1.8. Suppose that {u;(t)}Y, and {v;(t)}X, are both numerical solutions

~

of the semi-discrete scheme (1.29) for some scalar conservation law, where f is
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monotone and Lipschitz continuous of both arguments. Then we have the following

properties:

; ncinle: , < ,
1. Mazimum principle: lrélif%%{ul(t)} < lrélg)}v{ul(O)}.
2. Order preservation: u;(0) > v;(0),V1 <i < N = w(t) > v(t),V1 <i <N

N N
3. L' contraction: > Ax;|u;(t) — v;(t)| < > Awg|u;(0) — v;(0)].
i=1 i=1

N N
4. Total variation diminishing (TVD): > (w1 (t) — ui(t)] < > |uir1(0) — w;(0)].
i=1 i=1

We recheck the conditions in the Lax-Wendroff theorem. Maximum principle
implies uniform boundedness, and TVD property leads to a a.e. convergent sub-
sequence of {uy(t,x)}. Since monotone flux is entropy stable with respect to all
entropy functions, the subsequence converges to the entropy solution. Moreover, by
the uniqueness of entropy solution and a sub-subsequence argument (every subse-
quence has a sub-subsequence approaching the entropy solution), the whole sequence
{un(t,z)} converges to the entropy solution. We obtain the “ultimate theorem” for

first order methods.

Theorem 1.9. Let uy,(t,x) = S0 wi(t)1y,. If f is monotone and globally Lipschitz
continuous of both arguments, then {u,(t,x)} converges a.e. to the unique entropy

solution.

Remark 1.2. All theorems in the chapter are still valid for the fully discrete first

order scheme, where we use Euler forward time discretization (see e.g. Chapter 3 of

[39]).
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1.4 Review of classic DG method

Although first order methods have a bunch of desirable properties including provable
entropy stability, the convergence rate is quite slow. There are mainly two direc-
tions towards high order methods for systems of conservation laws. In high order
finite volume methods, we maintain cell averages, and the numerical flux depends
on a wider stencil of cells with some reconstruction technique; while in discontin-
uous Galerkin (DG) methods, we keep locality and the two-point numerical flux,
and evolve high order polynomials in cells. When designing high order methods, we
hope to recover some (if not all) of the properties in Theorem 1.8 without affecting
high order accuracy. People have developed various types of modifications, such as
TVD/TVB limiters [88], bound-preseving limiter [112, 113], ENO method [47], and
WENO method [90], to achieve that goal. However, in general entropy stability for
all entropy functions can not be accomplished in high order schemes. It is shown
in [48, 82] that both monotone fluxes and E-fluxes are at most first order accurate,
and Osher and Tadmor proved [83] that E-flux is in fact necessary for stability with
respect to all entropy functions. Therefore we have to make a compromise. In the
literature, one usually seeks entropy stability with respect to a single entropy func-
tion. Let us remark that Bouchut, Bourdaris and Perthame [5] gave a second order
scheme that satisfies all entropy inequalities. It does not contradict the argument by
Osher and Tadmor since their scheme was not written in the standard conservative

form.

In the realm of finite volume methods, a major result of entropy stable high order
method is the TeCNO scheme, proposed by Fjordholm, Mishra and Tadmor [31] as
a version of ENO schemes. The authors used the high order linear combinations

of entropy conservative fluxes in [66], along with the sign property of ENO recon-
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struction [32]. The TeCNO scheme is only stable with respect to a given entropy
function, as entropy conservative fluxes are specific to entropy functions. A second

order generalization to higher dimensional unstructured meshes is presented in [87].

The story is similar for DG methods. Let us start with the classic DG method
developed by Cockburn and Shu in their series of papers [17, 16, 15, 19]. We still
assume periodic boundary condition and domain decomposition {I;}¥,. Given poly-

nomial degree k > 0, we define the DG space of piecewise polynomials

5 € [PMI)P,1<i < N} (1.56)

VZ = {Wh - Wy

We seek uy, € V,’j such that for each w;, € V,’j and 1 <17 < N,

Ouy, 7AW T - T +
g thdx -/ f(uy) %dx = L1 oW ) + i oWa(zi p),  (1.57)

where

~

fi+1/2 = f(uh(xi_Jrl/Q)’ llh(l';.:l/Q)) (158)

for some consistent two-point numerical flux function f. (1.57) is usually called the

weak form of DG method as it approximates the weak problem

/R P02 g oy /R u(t, )" g g, (1.59)

for all smooth and compactly supported w. In the case that k& = 0, the DG space
contains piecewise constants and (1.57) reduces to the first order method (1.29). The

strong form of DG method is obtained after a simple integration by parts

ou,  f(up)\T B ~ -
/]. <E)_th -+ (a;)) thx = (f(uh(xiﬂ/?)) — fi+1/2)TWh(l’i+1/2)

(1.60)

- (f(uh<mj_1/2)) - fi—1/2>TWh($j__1/2)a
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which corresponds to the equation (1.1) itself. The classic DG method is conservative
(by taking wy, = 1), high order accurate, and L? stable if we have a square entropy

function, e.g. in scalar problems and linear symmetric systems.

Theorem 1.10. If U = u u is an entropy function of (1.1), and T is entropy
stable with respect to U, then the DG scheme (1.57) and (1.60) is L? stable in the
sense that

d d /1

4 [ U = £<§HuhHig) <0. (1.61)
Proof. Since U = ju”u, v =u, ¢ =u’f — F, and ¢/(u) = f(u). We set w;, = uy, in

(1.57) and get

d sl
< (Shliz) = / LS

T
- szﬂm - 1/’;4/2 f; +1/2Wiy 10 T f 1/2‘17, 1/2)

Mz

auh _
(/If(Uh) 5 &= /fzrl/2u¢+1/2 +E’1;1/2‘1211/2>

N
Z ( iv1/2(1 +1/2 - u;+1/2) - (%‘11/2 - wlii-l/Q)) <0,

where we use the short hand notation uil/Q = uh(xirlﬂ) and wil/Q = w(uirlﬂ).

The last inequality results from the entropy stability of f. O
Remark 1.3. In [60, 55|, the L? stability is characterized by the cell entropy in-

equality

i U(up)dx + E+1/2 — E71/2 <0, (1.62)
I;

where FZ-H/Q = %(u;rl/Q + u;ﬁrl/g) fz+1/2 (wz+1/2 + wz+1/2>

The stability result is limited to the square entropy function. For a general
entropy U, the mapping u — v is nonlinear, and v(u;) does not live in the piecewise

polynomial space V. We can not use v(uy) as the test function. One possible
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remedy is to approximate v directly. We evolve v, € V¥ such that for each wj, € V¥

and 1 <1< N,

ou(vy)” dw -
/ (ath) .whdx—/ g(vi)" - P e = —Eﬂl/gwh(xmmn/f;{l/?wh(g;;gl/z), (1.63)
I; I; X

This approach, initiated by Hughes, Franca and Mallet [57], is entropy stable for
any given entropy function. The proof is exactly the same as Theorem 1.10. It has
the drawback that nonlinear solvers are required at each time step, even for explicit

time discretization. Hence, people are in favor of space-time DG formulation [3, 53].

The entropy stable DG type method we are going to discuss does not incur
nonlinear solvers. It is based on quadrature points and nodal formulation, so that
we can perform nonlinear mapping freely. Actually, quadrature rules are necessary
for the implementation of DG method. If the flux function f has a convoluted form
(e.g. in Euler equations), it is costly or even impossible to evaluate the second
integral in (1.57) exactly. There are two technical challenges related to the nodal
form. We need discrete versions of integration by parts and chain rule, which are
crucial to the proof of Theorem 1.10. In the next two sections, we will address the

following ideas:

1. The summation-by-parts property on Gauss-Lobatto nodes is the discrete ana-
logue of integration by parts (see Section 1.5).
2. Identity (1.32) satisfied by entropy conservative fluxes is the discrete analogue

of chain rule f (u)g—; = B%iv). The flux differencing technique, which can be

thought as linear combination of entropy conservative fluxes (but different than
the construction in [66]), is the key to entropy balance within cells (see Section
1.6).

3. The numerical flux f at cell interfaces should be entropy stable (see Section
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1.6).

1.5 Gauss-Lobatto quadrature and summation-

by-parts

The discontinuous Galerkin spectral element method (DGSEM) is developed by ap-
plying quadrature rules to the two integrals in (1.57), and evolving nodal values
at these quadrature points. We are going to choose the Legendre-Gauss-Lobatto
quadrature rule. Consider the reference element I = [—1, 1] associated with Gauss-

Lobatto quadrature points
—1=6 <& < <G =1,

and quadrature weights {w;}¥_o. Let (-,-) and (-,-), denote the continuous and

discrete inner product

k

(u,v) ::/_ u’vdé, (w,v), = iju(éj)Tv(fj) for u,v € (L*(I))?,

and define the Lagrangian (nodal) basis polynomials

such that L;(&) = d;.

Now we bring forth the vector notation of nodal functions, and some discrete
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operators (matrices) of nodal functions. For a function u on I,

7= [ug) - ule)]

represents the vector of values of u on quadrature points. The mass matrix M and

boundary matrix B are set to be
M := diag{wo, - - -, wi }, (1.64)

B = diag{m, -+ , 7%} ={-1,0,---,0,1}. (1.65)

B corresponds to a (zero-dimensional exact) quadrature rule on the boundary such

that for u,v € L*(I),
UMY = ijuivj = (u,0), UTBY =u()o(l) —u(=Do(=1) =uv |, .

The indication of B will be more clear in higher space dimensions. The difference

matrix is set to be

D = {L;(&) Yo<ji<k (1.66)

k
Then D is exact for polynomial functions. If u € P*(I), u(¢) = > u(&)Li(€), and
1=0

E

Z gl _u(gj)

=0

In particular, since the derivative of constant function vanishes,
D1 =0, (1.67)

where ﬁ and ? are the vector of Os and 1s.
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Theorem 1.11 (summation-by-parts property). Set the stiffness matriz S := MD.
Then we have

B=S+S"=MD+D"M, (1.68)

which 1s a discrete analogue of integration by parts.

Proof. The stiffness matrix satisfies
k
Sip = wiLi(&) = ) woLi (€N Li(&) = (L, L)w = (L, L), (1.69)

s=0

where we use the fact that Gauss-Lobatto quadrature is exact for polynomials of

degree 2k — 1. Hence

Si+ Sy = (Ly, L) + (Li, L) = LiLy |1 = 6k;0m — o500 = By

[l
Remark 1.4. Recall (1.67). We immediately deduce that
- - = - — g
S1'=MD1 =0, ST1'=B1=|-10 ... 0 1| . (1.70)

In order to incorporate vector-valued functions, we introduce the extended vector

of nodal values
u(&)
? = ’

u(&)

and the kronecker products

M=M®I, D=D®l, S=S®I, B=B®I,
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Then
"MV = (u,v),, u'BV =ulv],.

We still have the SBP property
B=S+S"=MD + DM, (1.71)

and the Kronecker product versions of (1.67) and (1.70)

T=ST=0, ST =BT.

D S 0, S"1 =8B (1.72)

On a local cell I;, we also need to consider the change of variables between I; and

the reference element I = [—1, 1],

1
7€) = 5(331'71/2 + Tiq1y2) + Ji€,

A% js the Jacobian factor of mapping. The local quadrature points are

where J; = =

{%’(ﬁj)}?:o, and the local discrete operators are scaled as

M;=JM, D;=-D, S =S B =B

Specific to the DG form (1.57), let HZ) and WZ denote the values of u; and wy, at

Gauss-Lobatto points

wy,(7:(6o)) wi(7i(80))

= | W=

uy(7i(&k)) wi(7i(&r))

and ¥, be the short hand notation of the nodal values of v(uy). Likewise we can
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%
define f; and a We also put the numerical fluxes into a vector

_E—I/Z_
0
.
0
_E'+1/2_

Using the vector notations and matrices above, we are able to derive the DGSEM
in a compact matrix vector formulation. After applying Gauss-Lobatto quadrature
the both integrals of (1.57), we have the approximation

]
dt

WM (DM = W B

Since W) can be arbitrary, we arrive at the weak DGSEM formulation [62, 51]

du;

M, STT, — —B,f7. (1.73)

(2

Using the SBP property (1.68), we can deduce another equivalent characterization,

corresponding to the strong form (1.60).

Tl
MM LS T =BT - T).
dt
ie.,
=
DT = MUBT - 1), (1.74)

It is closely related to the spectral collocation method with penalty type boundary
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treatment in [50]. We can also use global operators to describe (1.73) and (1.74)

d—>

JME S'F, — —BTY, (1.75)
-
J; dczz + DI, = M'B(f, - ). (1.76)

These DGSEM forms do not satisfy any entropy condition (even L? stability that is
satisfied by the classic DG method) due to the lack of chain rule. In the next section,

we will make them entropy stable through the flux differencing trick.

Remark 1.5. Since the algebraic degree of accuracy is 2k — 1, the Gauss-Lobatto
quadrature is not exact for the first integral (1.57). Such technique is typically
termed mass lumping. On the other hand, it is exact for the second integral if f is

linear.

1.6 Flux differencing

In the flux differencing technique, we replace the difference term in (1.76) with

difference operation on entropy conservative fluxes. The modified DGSEM reads

A
o+ 2D o Fe(W, W) T = MB(E - ), (1.77)

where o denotes the Hadamard (pointwise) product of vectors and matrices, and

Fs(-,-) is the matrix of entropy conservative fluxes

diag(fs(ur0, urp)) --- diag(fs(ure, ury))

diag(fs(urpx, urp)) --- diag(fs(urpx, urr))
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We can demystify involved flux differencing term the by writing down the evolution

of nodal values

dum
dt

k
.
+2) Difs(uij,uyy) = w—{(fi,j —f7)). (1.78)

1=0 J

Ji

Before proving the main result of this chapter, we first give a lemma indicating local

conservation and local entropy balance of (1.77).
Lemma 1.1. If fg is consistent and symmetric, then for the DGSEM form (1.77),

d, _— -~ -~
(i1 T™MTW) + fii1y2 — f1j0 = 0. (1.79)

If we further assume that fs is entropy conservative with respect to some entropy
function U, then

d

=T
1
dt

(STTMT) + (VB — i) = (WgBioae — i0) = 0. (1.80)

Proof. Since M is diagonal, M(D o Fg(u)) = S o Fg(u), and by symmetry of fs,

FS(EZ-, HZ) is a symmetric matrix. Then

%(Jﬁ)TMEZ) _ _9TTSoFy(wW, W) T + T7B(T, — &)
%
— 178+ ST oFs(@W, W) T + T7B(T, — £F) (by symmetry of fs)

+ ?TB( i — ?) (by SBP property)

% A~
=1 TB? = —(fi3172 — fis1)2),
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where we use the identity that

—fs(u;0,u50) —f(uip)
0 0
BoFy(w, )T = z | & |=BE. (s
0 0
fs(uir, wir) | f(u;z)
As for internal entropy balance,
k —
d, —p d rdu;; AT
gt MT) = J%(]Z_O:%Ui’j) - JZ(Z;WJV” dt ) -V

T +v,"B(f] — ?) (by SBP property)
v,

The second terms equals V;‘Ckﬁ“ /2 — VZOE_l /2, and we simplify the first term

Kook
%
viT(ST = S)Fs(w, )T =Y > vii(Sy — Sp)fs(uiy,uy)

7=0 =0

kE k
= Z Z Slj(vi,j - Vi,l)TfS(ui,j7 ui,l) (by symmetry of fs)

7=0 =0

kook
= Z Z Si;(¥ij —iy)  (by entropy conservation of fg)

7=0 =0

= EZ'T(ST - S>? = _Z'TB? = tir — io  (by (1.70)).

Notice that the entropy conservation of fg plays a similar role to the chain rule. [

We are ready to provide the main theorem, which states that the scheme (1.77)

is conservative and entropy stable, and maintains high order accuracy.
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Theorem 1.12. Assume that all mappings and bivariate fluzes (such as v(u), ¥(v),
fs(ur,ug), /f\(uL,uR), etc) are smooth and Lipschitz continuous. If fs is consistent

and symmetric and T is consistent, then (1.77) is conservative in the sense that
d EWRY T
—<2Ji1 Mui) —0, (1.82)

and high order accurate in the sense that for all i,j and smooth solution u of (1.1),

the local truncation error

k
du; T .
i Y Dijifs(u;;,uip) — Tfuj(fi,j — ;) = O(h"). (1.83)

=0

If we further assume that fs is entropy conservative and f s entropy stable with
respect to some entropy function U, then (1.77) is also entropy stable with respect to

U in the sense that
N

%(Zji?TMﬁZ) <0. (1.84)

=1

Proof. Conservation: given Lemma 1.1,

N N

d — Z ~ -~

£< E Jz 1 TMﬁz) == (fi—1/2 - fi+l/2) == 0
i=1 =0

Accuracy: u is single-valued at cell interfaces. By the consistency of ?, E‘+1 =1 =
fi110, and the last term in (1.83) vanishes. Since u is a smooth solution of (1.1), it
suffices to prove that
i of (u)
2 Diifs(uiguig) — 5= (wi())) = O(h).

=0

Let fg(z,y) = fs(u(z),u(y)) and £(z) := f(u(z)). Then fs is also symmetric and
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consistent such that fg(z, z) = f(x). Therefore

of . ofs ofs, . Ofs

Due to the approximation property of local difference matrix D;,

k k o
2 Digfs(uij, ) =2 Digfs(@i()), 2:(&)) = 2%—?(%(&), zi(§5)) + O(h*)

=0 =0

of of (u)

= o (@:(§)) + O(0F) = — = (@i(&;)).

Entropy stability: again by Lemma 1.1 and entropy stability of /f\,

N

(A1)

=1 i

-

((VZQE—I/Q - wz’,o) - (ng/fi-i-lﬂ - %k))

1

-

<(Vz’+1,0 - Vi,k)TE+l/2 - (wz’ﬂ,o - %k)) <0.

i=1

]

Remark 1.6. Along the lines of [29], the entropy stable DGSEM (1.78) can be

written in the finite volume manner

dui,- 1
dt] + m(fi,j+1/2 —fi;12) =0, (1.85)
where
(/\
fi 172 j=-1
fijr1/2 = E+1/2 j=kK : (1.86)

J k
2 Z Z Slrf5<ui,l>ui,r) 0 SJ S k—1

\ [=0r=j+1




45

The entropy stability is also transformed into the local entropy inequality

du; ; 1
5] +

e (Fiiiije— Foia) <0, 1.87
dt sz]< J+1/2 5J 1/2) — ( )
where
.
%(VZ‘—Lk + Vi,O)T i—1/2 — (¢z 1k + Yip) J=-1
;+1/2 = %(Vzk + Vi+1,0)sz'+1/2 - %(%k + Yit1,0) Jj=k

J k
> > Su((vig +vip) fs(uig, i) — (ig 4+ i) 0<j<k—1
\ [=0r=j+1
(1.88)

The Lax-Wendroff type argument (Theorem 1.5) will yield that, if the sequence of
numerical solutions converges boundedly and a.e. to some function u, then u is a
weak solution of (1.1) supporting the entropy condition with respect to U. According
to Theorem 1.4, such single entropy condition is enough to determine the entropy

solution of scalar conservation laws with uniformly convex flux function.

We finish this section by examining the entropy stable DGSEM (1.77) for exam-
ples of conservation laws and their corresponding entropy functions. We will find

that flux differencing is equivalent to splitting in some cases.

Example 1.6.1. For linear symmetric system (1.14), fs(u;;,u;;) = 3(f(u;;) +

f(u;,)) is the arithmetic mean. Then

2DOFS(HZ-,@)? = (D?)OE) 1 T

and the scheme (1.77) reduces to the original DGSEM (1.76).

Example 1.6.2. For Burgers equation (1.16) with square entropy function, inserting

the entropy conservative flux fs(ur, ugr) = (u} +upur+u}) into the flux differencing
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term yields

2 1
2D o Fs(@, W) T = §Dﬁ+§(Dm)om+§(D1)o 7 =

The method (1.77) turns into

Ji i
dt

1

(D)o@ = MB(f - 1))

(2

2 _—
+oDfi +
3
This is the DGSEM discretization of the skew-symmetric form [30, 34]

ou  10(w?) 1 Ou
ot + 3 on + gU% =0, (189)

a well-known splitting technique for Burgers equation to improve stability. One may

check [94] for the link between entropy stability and skew-symmetric splitting.

Example 1.6.3. For shallow water equations (1.18), the entropy conservative flux

(1.40) also leads to a flux difference term equivalent to the DGSEM discretization of

oh  O(hw)
S5t g =0, (1.90a)
d(hw) 19(hw?) 1 O(hw) 1, Ow oh

We obtain the skew-symmetric form of (1.90b) by subtracting (1.90a) multiplied by

w/2.
1,0(hw)  Ow, 1, 0(hw? ow oh

which corresponds to the splitting procedure in [36].

Example 1.6.4. For Euler equations (1.21), both the Ismail-Roe entropy conser-

vative flux (1.41) and the Chandrashekar entropy conservative flux (1.42) include
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logarithmic mean. Then the flux differencing is no longer equivalent to any kind of

splitting.

Remark 1.7. Semidiscrete analysis is a crucial assumption. Fully discrete entropy
stability analysis is available for implicit time integration [66] and space-time DG
methods. The entropy stability of high-order schemes with explicit time integration,
such as strong stability preserving (SSP) Runge-Kutta methods [42; 90], is still an
open problem. There are positive results for the L? stability of the Runge-Kutta DG
discretization of linear advection equation [110], but the nonlinear (in the sense of

both flux function and entropy function) analogue is difficult to prove.

1.7 Compatibility with limiters

As in the classic DG method, it is possible to design TVD/TVB limiter and /
or bound-preserving limiter as an extra stabilizing mechanism. Limiters tend to
squeeze the data towards the cell average, and hence make total entropy smaller.

We formulate such intuition in the following lemma.

k
Lemma 1.2. Suppose a; > 0,u; € Q for 0 < j < k with > a; = 1. Define the

j=0
k
average U := Y a;u;. We modify these values without changing the average. Let
7=0
u; =u+0;(u; —u), 0<0;<1,
k o~
such that y aju; =U. Then for any convex entropy function U, we have
7=0

ZajU(ﬁj) < ZajU(uj). (1.92)
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Proof. Since é)ajﬁj = gkoozj(ﬁ—l— 6;(u; — 1)) =T,
ZO‘J(l —0j)u; = (Z a;(1—6;)u
By the convexity of U,
k k
U(uy) < 0;U(u;) + (1 - 6;)U(1), (Z a;(1=0;))U(u) < Z%‘(l —0;)U(u;).
Hence
Z%’U(ﬁj) < Z%‘(@U(uj) +(1-0)U(u) = ZajGjU(uj) + (Z a;(1—6;)U(a)
< Z%‘@'U(ua‘) + Z%’(l —0;)U(u;) = Zosz(uj).

The bound-preserving limiter was developed by Zhang and Shu in [112; 113] to
maintain the physical bound €2 of numerical approximations, such as the maximum
principle for scalar conservation laws and positivity of density and pressure for Euler
equations. This technique is constructed on Gauss-Lobatto nodes, so that it perfectly
matches our nodal DG scheme. We will clarify the theoretical issues of bound-
preserving limiter in Appendix B. In a nutshell, we compute the cell average @; :=
i %uivj and perform a simple linear limiting procedure with some 0 < #; < 1 such
j=0

that w;; :== W, + 6(u;; — ;) € Q. Clearly, we have the following entropy stability

result due to Lemma 1.2.

Theorem 1.13. Bound-preserving limiter does not increase entropy.
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Bound-preserving limiter helps enhance robustness, but the solution profile may
still contain oscillations. The TVD/TVB limiter is well suited for damping oscilla-
tions. For scalar conservation laws, the TVD type limiting procedure can be defined

as

Wi 0 i= W= (W — Ui 0, Wi 1 — Wiy Ui—Wij—1), Wi fy 2= W+ =T, Wi — Ui, Wi — W1 ),

(Ui — ;) + (Uig — ;)

ﬂzzﬂz—i—euz—ﬂl forlgjgk—l, where 0 := — — -
7 (i ) (wio — W) + (uip — ;)

We set 6 such that cell average does not change. The minmod function m is

smin{|al, 0], |c|} if s = sign(a) = sign(b) = sign(c)
m(a, b, c) = .

0 otherwise

The TVB (total variation bounded) limiter is devised by replacing m with the mod-

ified minmod function m [88].

a if |a| < Mh?
m(a,b,c) = ;

sign(a) max{|m(a,b,c)|, Mh?} if |a] > Mh?
where M is a parameter that has to be tuned appropriately.

Theorem 1.14. For scalar conservation laws, the TVD/TVB limiter mentioned

above does not increase entropy.

Proof. We only focus on the TVD limiter. The proof for the TVB limiter is exactly
the same. Without loss of generality we assume that u; = 0. According to Lemma

1.2, we only need to show that 0 < w; ;/u; ; <1 for each 0 < j < k. By the definition
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of minmod function,

Ui _ m(—ui 0, —Ui—1, Wi+1) €l Ui MUk, —Ti—1,Wit1) el

071]7 - =

0,1].
Uj,0 U0 Us U k

It remains to prove that 0 < 6 < 1. If u;o and u;; have the same sign, it is
obvious. Otherwise we assume that ;o < 0, u;, > 0 and w;o + u;, > 0. Then
Ui = —min{—u;0,u;_,, 0, } and Uy = min{w;y, u;_;, Uy, b It is easy to verify

that 0 < ;0 + Ui x < w0+ u; . Other cases can be proved in a similar fashion. [

Remark 1.8. In general the TVD/TVB limiter for systems is not guaranteed to
be entropy stable. The reason is that different components or characteristics are
limited independently, which does not satisfy the assumption of Lemma 1.2 and the
influence on total entropy is undecided. Certainly we could come up with a limiter

that squeeze all components to the same degree, but it might be too restrictive.

Remark 1.9. There is a still a gap in our result: entropy stability relies on semi-
discrete analysis, while limiters can only be applied to fully discrete schemes. If we
assume the fully discrete version of (1.77) is entropy stable, since limiters do not

increase total entropy, the scheme modified by limiters is also entropy stable.

1.8 Numerical experiments

In this section, we test the performance of the entropy stable DGSEM (1.77) for
one-dimensional systems of conservation laws. All tests are performed on uniform
grids. The schemes are integrated in time with third order SSP Runge-Kutta method
(given in Appendix B). Godunov flux will be employed at cell interfaces. For Euler

equations, the ratio of specific heat v is taken to be 7/5, and the entropy conservative

flux (1.42) will be used.
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We first test problems with smooth solutions to validate the accuracy of the
method. We would like to compute with £ = 2,3,4. If k = 2, we set the CFL
number to be 0.15; otherwise we will let At = CFL - h**1/3 50 that time error will

be dominated by space error.

Example 1.8.1. We solve the linear advection equation

Ju Ou
%—FE—O, ZL’E[O,27T],
with periodic boundary condition and initial data u(0,7) = sin*(z). The exact

solution is u(t, z) = sin*(z — t). The entropy function in this case is the exponential

function U = e, and the entropy conservative flux is given by

(ug — 1)e"® — (uy, — 1)e"~

eUR — 'L

fs(ur,ur) = , if up # ug.

When |u;, — ug| is small, such formula suffers from round-off effect. Instead, we
should use Taylor’s expansion to approximate the numerator and the denominator.
Numerical errors and orders of convergence of the entropy stable DGSEM with k =
2,3,4 are listed in Table 1.1. The scheme is evolved up to t = 2m. We observe

optimal (k + 1)-th order convergence for all values of k.

Example 1.8.2. Next we consider the Burgers equation

ou  O(u*/2)
§+T_O’ [EG[O,QW],

with periodic boundary condition and initial data «(0,z) = 0.5 + sinz. The exact
solution can be obtained by tracing back characteristic lines. We choose square
entropy function U = u?/2. Then the entropy stable DGSEM is equivalent to the
skew-symmetric splitting. In Table 1.2, we present the errors at ¢ = 0.5 when the

solution is still smooth. It is evident that the convergence rate is below optimal,
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Table 1.1: Example 1.8.1: accuracy test of the linear advection equation associated
with initial data u(z,0) = sin®(x) and exponential entropy function at t = 27.

k N L'error order L?error order L> error order
2 20 7.030e-2 - 3.347e-2 - 2.688e-2 -
40 5.363e-3 3.712 2.669e-3 3.649 2.340e-3  3.522
80 4.575e-4 3.551 2.205e-4 3.598 1.846e-4 3.664
160 4.414e-5 3.374 2.230e-5 3.305 2.582e-5 2.838
320 4.745e-6 3.218 2.595e-6 3.103 3.626e-6 2.832
640 5.485e-7 3.113 3.181e-7 3.028 4.794e-7 2.919
3 20 3.097e-3 - 1.514e-3 - 1.890e-3 -
40 1.675e-4 4.208 8.672¢-5 4.126 1.359e-4 3.798
80 1.053e-5 3.993 5.372¢e-6 4.013 8.928e-6 3.928
160 6.571e-7 4.002 3.354e-7 4.001 5.664e-7 3.978
320 4.107e-8 4.000 2.096e-8 4.000 3.553e-8 3.995
4 10 2.608e-2 - 1.178e-2 - 8.580e-3 -
20 8.325e-4 4969 3.763e-4 4.969 3.497e-4 4.617
40  2.623e-5 4.988 1.179¢-5 4.997 9.860e-6 5.149
80 8.170e-7 5.004 3.683e-7 5.000 3.084e-7 4.999
160 2.553e-8 5.000 1.151e-8 5.000 9.454e-9 5.028

especially for the L* error and even values of k.

Table 1.2: Example 1.8.2: accuracy test of the Burgers equation associated with
initial data u(0,z) = 0.5 + sinx and square entropy function at ¢ = 0.5.

k N L' error order L?error order L™ error order
2 40 1.320e-3 - 1.178e-3 - 3.269¢e-3 -
80 2.07le-4 2.672 2.284e-4 2.366 7.923e-4 2.045
160  3.162e-5 2.711 4.316e-5 2.404 2.078e-4 1.931
320 4.724e-6  2.743 7.979¢-6 2.435 5.100e-5 2.026
640 6.911e-7 2.773 1.450e-6 2.460 1.290e-5 1.983
1280 9.930e-8  2.799 2.606e-7 2.477 3.209¢e-6 2.008
3 40 4.344e-5 - 4.566e-5 - 1.658e-4 -
80 3.348e-6  3.698 3.703e-6 3.624 1.610e-5 3.364
160  2.344e-7 3.836 2.771le-7 3.740 1.306e-6 3.624
320  1.577e-8 3.894 1.950e-8 3.829 9.301e-8 3.812
640 1.036e-9 3.928 1.336e-9 3.868 6.252¢-9 3.895
4 20 6.782e-5 - 6.319e-5 - 1.525e-4 -
40 2.630e-6 4.688 2.849e-6 4.471 1.126e-5 3.760
80 1.067e-7 4.624 1.374e-7 4.375 7.149e-7 3.977
160  4.203e-9 4.666 6.385e-9  4.427 4.342¢-8 4.041
320 1.576e-10 4.737 2.858e-10 4.481 2.620e-9 4.050
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Remark 1.10. The suboptimal convergence is probably due to the fact that the
Gauss-Lobatto quadrature is exact for polynomials of degree only up to 2k — 1. In
order to maintain optimal convergence, the algebraic degree of accuracy should be
at least 2k (see [15]). In linear problems, the Gauss-Lobatto quadrature is exact for

the linear convective part, and we still get optimal convergence.

Example 1.8.3. We solve Euler equations with initial condition

p(0,2) =1—0.5sinz, w(0,z) =p(0,2) =1, z€]0,2n],

with periodic boundary condition. The exact solution is

p(t,z) =1—05sin(x —t), w(t,z)=p(t,z)=1.

Errors and orders of convergence of the density variable at ¢ = 1 are given in Table
1.3. Here the convergence rate of entropy stable DGSEM is also optimal. It should

be related to the linear behavior of the exact solution.

Then we provide discontinuous test problems to illustrate shock-capturing capa-
bility. We will only show the numerical solutions with k£ = 2 and CFL number 0.15.
The bound-preserving limiter can be added to make the entropy stable DGSEM more
robust. However, for Euler equations, due to the lack of entropy stable TVD/TVB

limiter, there are still some oscillations in test results.

Example 1.8.4. We consider the following Riemann problem of Buckley-Leverett

equation

-3 ifx<0

ou 0 4u?
a+£<4uz+u_u>z> =0, ul0,z) = | -
3 ifz>0
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Table 1.3: Example 1.8.3: accuracy test of one-dimensional Euler equations associ-
ated with initial data «(0,x) = 0.5+sinx at ¢t = 1. Results of density are tabulated.

k N L'error order L?error order L*> error order
2 20 9.019e-04 5.216e-04 6.653e-04
40 1.105e-04 3.029 6.537e-05 2.996 8.253e-05 3.011
80 1.363e-05 3.018 &8.175e-06 2.999 1.028e-05 3.006
160 1.694e-06 3.009 1.022e¢-06 3.000 1.282e¢-06 3.003
320 2.110e-07 3.005 1.278e-07 3.000 1.601e-07 3.002
640 2.633e-08 3.002 1.597e-08 3.000 2.000e-08 3.001
3 20 1.560e-05 9.882e-06 2.517e-05
40 9.951e-07 3.970 6.280e-07 3.976 1.718e-06 3.873
80 6.223e-08 3.999 3.928e-08 3.999 1.084e-07 3.987
160  3.890e-09 4.000 2.455e-09 4.000 6.772e-09 4.000
320 2.432e-10 4.000 1.534e-10 4.000 4.233e-10 4.000
4 10 1.097e-05 9.013e-06 2.279e-05
20  2.980e-07 5.203 2.384e-07 5.240 7.351e-07 4.954
40  9.620e-09 4.953 7.880e-09 4.919 2.297e-08 5.000
80 2.871e-10 5.066 2.488e-10 4.985 7.669e-10 4.905
160 8.885e-12 5.014 7.692e-12 5.015 2.402e-11 4.997

The exact entropy solution contains two shock waves connected by a flat rarefaction
wave that is close to 0. For such a non-convex flux function, the choice of entropy
function will affect the performance of numerical method substantially. We first test
the scheme with square entropy function U = u?/2. The computational domain is
[—0.5,0.5] and the end time t = 1. We also apply the bound-preserving limiter with
) = [-3,3]. The numerical solution on 80 cells is plotted in the left panel of Figure
1.1. Evidently it does not agree with the entropy solution. Then we try an ad hoc
entropy function U = [ arctan(20u)du. The entropy variable v = arctan(20u), which
emphasizes the states near v = 0. In fact it can be viewed as a mollified version of
the Kruzhkov’s entropy function U = |u| (see (1.13)). The numerical solution with
the same setting is depicted in the right panel of Figure 1.1. The result is quite

satisfactory thanks to the carefully chosen entropy function.

Example 1.8.5 (Sod’s shock tube). It is a classical Riemann problem of Euler
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(a) U =u?/2 (b) U = [ arctan(20u)du

Figure 1.1: Example 1.8.4. Numerical solution of the Riemann problem of Buckley-
Leverett equation at t = 1 with the square entropy function and an ad hoc en-
tropy function. Computational domain [—0.5,0.5] is decomposed into N = 80 cells.
Bound-preserving limiter is used. The solid line represents the exact entropy solution
and the triangle symbols are cell averages.

equations. The computational domain is [—0.5,0.5] and the initial condition is

T
T [1 0 1] itz <0
[P wo p| = T :
[0.125 0 0.1} ifz>0

The exact solution contains a left rarefaction wave, a right shock wave and a middle
contact discontinuity. The classic DG method tends to blow up due to emergence
of negative density or negative pressure unless we apply bound-preserving limiter
or TVD/TVB limiter. The entropy stable DGSEM, on the other hand, can be
evolved without any limiter. Figure 1.2 illustrates the profiles of density, velocity
and pressure at t = 0.13 with 130 cells. All waves are resolved correctly despite some
slight oscillations at the right shock wave. Entropy stability contributes to a more

robust scheme for this test problem.

Example 1.8.6 (Sine-shock interaction). This benchmark test problem of Euler

equations was given by Shu and Osher in [91]. The solution has complicated structure
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—0.5 0 0.5 —0.5 0 0.5

(a) density (b) velocity

0.8+

0.6 F

0.4F

—0.5 (‘1 0.5
(c) pressure

Figure 1.2: Example 1.8.5: Numerical solution of Sod’s shock tube problem at ¢ =
0.13 with 130 cells. We do not apply any limiter. The solid line represents the exact
entropy solution and the triangle symbols are cell averages.

in that it contains both strong and weak shock waves and highly oscillatory smooth

waves. The computational domain is [—5, 5] and the initial condition is

T
T [3.857143 2.629369 10.3333} ifo<—4
o] - X
[1+O.28in(5x) 0 1} ifr>—4

We compute the reference solution using a first order scheme on a very fine mesh
with 80000 cells. Once again the classic DG method suffers from negative pressure

or negative density, while the entropy stable DGSEM works without any limiter.
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The plots of density, velocity and pressure at t = 1.8 with 150 cells are displayed in

Figure 1.3. The scheme performs well despite some minor oscillations.

n 2.50 hbbuu

(a) density (b) velocity

(c) pressure

Figure 1.3: Example 1.8.6: Numerical solution of sine-shock interaction test problem
at t = 1.8 with 150 cells. We do not apply any limiter. The solid line represents

the reference solution computed with 80000 cells and the triangle symbols are cell
averages.
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In this chapter, we move on to systems of conservation laws in arbitrary space di-

mensions

u <O, (n) J
E + Z 8$m - 07 (t7X) = [07 OO) xR (21)

m=

d

For a normal vector n € R?, let f,(u) := > ny,f,(u). (2.1) is called hyperbolic if
m=1

f/ (u) has p real eigenvalues and a complete set of eigenvectors, for any u € Q and

n € R?. We always assume hyperbolicity.

The one-dimensional entropy stable DGSEM framework in Chapter 1 can be di-
rectly applied to multi-dimensional Cartesian meshes through tensor product. How-
ever, for problems with complex geometry, it is often desired to consider numerical
methods that work on unstructured meshes. Inspired by [52], we construct of multi-
dimensional discrete operators with summation-by-parts property. With the SBP
operators and flux differencing technique at hand, we are able to develop the en-
tropy stable DG type method on unstructured meshes. We remark that another way
to discretize domains with complex geometry is to use curvilinear Cartesian meshes.

See [35] for the survey of entropy stable DGSEM on curvilinear meshes.

This chapter consists of the following sections. In Section 2.1, we briefly review
the entropy analysis and numerical discretization of systems of hyperbolic conserva-
tion laws. Most materials are essentially the same as the one-dimensional counterpart
in Section 1.1 — Section 1.4. We only go through some key concepts. In Section 2.2,
we design the multi-dimensional SBP operators, mainly on simplicial elements, but
the general idea works for any polygonal element. In Section 2.3, we introduce the
multi-dimensional high order entropy stable DGSEM. In Section 2.4, we discuss a
specific topic of practical importance, i.e., the entropy stability of wall boundary con-
dition for two-dimensional Euler equations. In Section 2.5, we consider convection-

diffusion equations, for which an entropy stable local discontinuous Galerkin (LDG)
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type method [18, 8] will be included to handle the diffusive term. Finally in Section

2.6, we will perform numerical experiments on some two-dimensional test cases.

2.1 Preliminaries

Similar to one-dimensional problems, we define the convex entropy function and

entropy solution for multi-dimensional systems of conservation laws.

Definition 2.1. A convez function U : Q — R is called an entropy function for (2.1)
if there exist functions {F,,(u)}¢ called entropy fluxes, such that the following

m=1>

integrability condition holds

U'w)f (u)=F (u), 1<m<d. (2.2)

Definition 2.2. A weak solution u of (2.1) is called an entropy solution if for all

possible entropy functions U, we have

OU(M) = OF,(u)
< .

in the sense of distribution.

For an entropy function U, let v := U’(u) be the entropy variables and g, (v) :=

f(u(v)). Then the symmetrization of (2.1) is

u'(v)aa—: +> g;n<v)% = 0. (2.4)

m=
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We also define the potential function and potential fluxes
o(v) :i=u(v) v —Uuv), UYn(v):=gn(v)'v—-F,(uv)), 1<m<d, (2.5)

so that ¢'(v) = u(v)T and ¢/,(v) = gn(v)T. For a normal vector n € R?, we set
d

d
Fo:= > npkby, and ¥y i= Y npth,.
m=1

m=1

Theorem 2.1. U is a strictly convex entropy function if and only if W' (v) is sym-
metric positive-definite, and g (v) is symmetric for each 1 < m < d. Moreover, if

U is a strictly convex entropy function, then (2.1) is hyperbolic.

In the scalar case, any convex function is an entropy function, and there ex-
ists a unique entropy solution satisfying the well-posedness properties in Theorem
1.3. However, for general systems, there are very few global existence results, and
Chiodaroli, De Lellis and Kreml [14] even found an counterexample showing the
non-uniqueness of entropy solution. It is conjectured that measure-valued solutions

might be the correct paradigm to describe multi-dimensional systems [33].

We now turn to numerical discretization. Suppose that we have a polygonal
computational domain I' € R? with periodic boundary condition. Let K, := {K;} ¥,
be some domain decomposition of I', and A is the characteristic length of IC;,. For the
sake of simplicity, we assume that all elements are simplices, and there is no hanging

node in the mesh. The first order finite volume method is given by

duz ]_ -~ t
+ < £, (a, u] " > =0, 2.6
o e (2 (2.6
’YGaKI
where n is the outer normal vector, ?n is some directional numerical flux function
corresponding to the directional Riemann solver with f,, and u;”OUt denotes the nu-

merical solution from the opposite that of . The finite volume method approximates
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the following integral form of (2.1):

%(/K udx> +/3K f.(u)dS = 0. (2.7)

i

Entropy stability of (2.6) is again specified by entropy conservative fluxes and (di-

rectional) entropy stable fluxes.

Definition 2.3. For 1 <m < d, a numerical fluz function f,, s(ur,ug) in the m-th
space dimension is called entropy conservative with respect to some entropy function

U if it satisfies the following conditions:

1. Consistency: f,, s(u,u) = f,,(u).
2. Symmetry: £, s(up,ug) = £, s(ug,u).

3. Entropy conservation: (vg —vi) f, s(ur, ug) = ¥mp — Ym.r-

Given entropy conservative fluzes in all space dimensions, we also set
d
fn,S(uL7 uR) = § nmfm,S(uLa uR)
m=1

Definition 2.4. A directional numerical flux function /fn(u,uOUt) 15 called entropy

stable with respect to some entropy function U if it satisfies the following conditions:

1. Consistency: /f\n(u, u) = f,(u).
2. Conservation (single-valuedness): fu(u, u®") = —f_,(u"" u).

3. Entropy stability: (vo" — v)TE,(u, uo™) < 2t — ..

Since entropy conservative are specific to each space dimension, and entropy

conservative fluxes are specific to each normal vector, they can be derived in the
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same manner as in Section 1.3. As a consequence, the upwind numerical fluxes
(monotone fluxes for scalar problems and Godunov type fluxes for general systems)
are still entropy stable. In the scalar case, the finite volume method (2.6) with
monotone fluxes at element interfaces also satisfies the well-posedness properties in
Theorem 1.8, and the sequence of numerical solutions will converge to the unique

entropy solution.

Example 2.1.1. Consider the two-dimensional Euler equations

p pw1 pPW2
o | pw o | pwi+p o | pwiw,
5 o ' + o 1 ~0. (2.8)
pWo . PW1W2 2 pwi+p
i E | _wl(E —|—p)_ _wQ(E +p)_

T
Here, w = [wl wQ} is the velocity field. The equation of state is

p

1

The Euler equations are rotationally invariant. Under the change of coordinates
(r1,72) — (Zn,Tne), where n € R? is a normal vector, o, := nix; + nyrs, and

Tyl 1= Ny — N1xe, (2.8) are converted into

p pun pWy L
o | pw o | pwh+p 0 PUWRWy L
5 B . +3 ! = 0. (2.10)
t PWpL Tn PWnWp L Tnt pwf1 L +D
B | wa(E +p) ] | wnt (B +p) |

We also set wy, := njwy + nswy and wy1 1= now; — njwy. With the physical specific

S
v—1

entropy is s = log(pp™7), U = — is still an entropy function of (2.8), such that
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the entropy fluxes are F; = —% and Fy = —%. The entropy variables, potential

function and potential fluxes are given by

y=s p(w%—&-w%)-

y—1 2p
w

V= Y , d=p, U1=pwi, = pwy. (2.11)

w
P
_P

L P J

Both the Ismail-Roe entropy conservative flux and the Chandrashekar entropy con-
servative flux have the two-dimensional version. The Chandrashekar’s construction

is

fll,S = (p)"=wy, le,s = (p)"#w,

7 __
fis==+Wifig, fis=Tifss,
20
fo=wafly fis= L +mf)
1,5 s J2s =53 2,5 (2.12)
1 w} + w3
4 o wiy 2\l | —p2 | ——r3
LS = (2(7 —1)(B)lee 2 )fLS +Wifis + W02 s
.y 1 w? + wl

2,8 = (2(7 — 1)(3)1% B 2 )le’S + w_1f227s * w_2f2375-

By rotational invariance, the Godunov flux and HLL flux for one-dimensional Euler

equations can be directly used to build directional entropy stable fluxes.

The L? stability result of classic DG method can also be extended to higher space
dimensions. In the DG method with polynomial degree k, numerical solutions and

test functions both live in the space

Vi = {wy, : wilg, € [P*(K)P, 1 <i< N} (2.13)
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We seek uy, € V,’j such that for each w;, € V,’ﬁ and 1 <7< N,

811T dWh o ou

The strong DG form is

/Ki <8uh Z 8$m > wpdx = /aKi(fn(Uh) —f, (p, ) wpdS.  (2.15)

Theorem 2.2. I[fU = —u u is an entropy function of (2.1), and f';l 15 entropy stable
with respect to U, then the DG scheme (2.14) and (2.15) is L? stable in the sense

that

1 2
dt/FU(uh)dX dt<2l|uh”L2> <0 (2.16)

2.2 Multi-dimensional summation-by-parts oper-

ators

The summation-by-parts operators on simplicial meshes can be established in two
steps. We first need to find a special Gauss-Lobatto type quadrature rule that also
contains some boundary quadrature points. The algebraic degree of accuracy is at
least 2k — 1 in the element, and at least 2k over the boundary. Then the difference
matrices have to be carefully designed to achieve the SBP property. Without loss of
generality, we only need to work on the reference simplex K with global coordinates
€ € R4, such that K; is the image of K under some affine mapping & — x;(£€). One

example of the global reference simplex is

d
:{f:fmz()foreachlgmﬁd, Z§m§1}> (2.17)
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Given polynomial degree k, the dimension of P*(K) is

N = <k + d>.

Suppose that there is a degree 2k — 1 quadrature rule on K, associated with N >
Npj. nodes {¢; }j“ff , and positive weights {w; }?;Ql’k. Some quadrature points should
be on 0K, and these points form a degree 2k quadrature rule over the boundary,
with positive weights {Tj}ﬁ%k. We also let n; be the outer normal vector at &;. If
&, ¢ OT is an interior point, we require that 7, = n; = 0. The continuous and

discrete inner product on K and 0K are defined as
NQ’]Q

(u,v) = /KuTvdx, (u,v), = Z wiu(€;)v(E)) (2.18)

NG,k

(u,v) == /a ) ulvds, (u,v),:= iju(gj)Tv(gj) (2.19)

Discrete operators are based on nodes {§; }?g’k. The vector notation of nodal

function is again adopted. The restriction of function u on quadrature points is

denoted by
T
U= u(e) - ulbn,,)
We define mass matrix M and boundary matrix B
M = diag{wi, -+ ,wnp, b, Bri=diag{r, -+, 7, ) (2.20)

such that

UMY = (u,0)y, UTBY = (u,v),,
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and the diagonal matrices of outer normal vectors
Ny, = diag{nim, - ;nngom}, 1<m <d. (2.21)

Let {p (ﬁ)}?\ipl’“ be a set of basis functions of P*(K). The Ng x Npj Vandermonde

matrix V consists of columns of nodal values of basis functions

Vo= {pi(€5) h<isng pi<isaey- (2.22)

Since Ngr > Npy, the Vandermonde matrix is not always invertible. We still have
its pseudo-inverse under norm M, i.e., the quadrature-based projection matrix into
PH(K)

P:=VTMV)"'VTM. (2.23)

Derivatives of polynomials in P*(K) still belong to P*(K). We set the (modal)
N, Pk X N, py differentiation matrices lA)m for 1 < m < d, such that

Npk

o ~
fngmwm.

Hence

R Np i R 9
(VDm)jl = Zpr(€j>Dm,rl = ﬂ(é-J)
r=1 aém

In other words, Vﬁm is the Vandermonde matrix of the m-th partial derivative of
basis functions. The existence of nodal difference matrices with the SBP property

will be clarified in the following theorem.

Theorem 2.3. We compute the Ng x Noy difference matrices Dy, for each 1 <

m < d, using the formula

1 A~
D,, = 5M—l(] +VP)'BN,,(I —VP)+VD,,P. (2.24)
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Then these difference matrices satisfy the two properties below:

1. Ezactness: if u € P*(K), DU contains nodal values of ai—zl; that 1s,
D,V =VD,,. (2.25)
2. Summation-by-parts: set the stiffness matriz Sy, == M D,,. Then we have

BN,, = S, +SL = MD,, + D- M. (2.26)

Remark 2.1. By the exactness property and SBP property,

— BN, 1. (2.27)

Proof. Since PV =1, (I = VP)V =0, and
D,V =VD,, =VD,PV = VD,

As for the SBP property,

1 ~
Sy =MD,, = 5(I +VP)'BN,,(I = VP)+ MVD,,P
1 1 ~ 1
= SBNu+ (PTVT BN, — BN,V P) + (MVDmP - §PTVTBNmVP)
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Let us check the entries of VI BN,,V:

No .k
(VTBN V Z TiNjmpPl £j>pr(€]) <pl7p7"nm>7' = <pl7prnm>

(pl, o)t (5?;’170 (- 5e).* ().

NQ k NQ,k

Z wipL 53 (&) + Z Jaaé-m (&5)p-(§;)

= (VTMVDm + DSLVTMV)”,

where we use integration by parts, and the algebraic degree of accuracy of (-,-) and

(-,-). Therefore

1 | o P
Sm = 3BNu + 5(P'V' BNy — BN,V P) + (MVD,.P - SPI (VI MV D, + DLVTMV)P)
1

1 1 ~ ~
= 5 BNu + §(PTVTBNm — BN,,VP) + §(MVDmP — PTDIVT M),

due to the identity (VIMV)P = VTM. Summing S,, and its transpose, the first
term becomes BN,,, and the second and third term will vanish. This completes our

proof. O

Remark 2.2. For one-dimensional Gauss-Lobatto quadrature rule, Npx = Ngx =
k+1 and V is invertible. We simply take D,, = VﬁlVﬁm. In general we need more
than Npy nodes to accomplish the quadrature rule, which complicates the derivation

of difference matrices.

Discrete operators for nodal values of vector-valued functions are again under-

stood as Kronecker products
M=M»lI,, D,=D,®I, S,=5,®1I1,, B=B®I, N,=N,®IL,.

For a local simplex element T; € Ty, let J; := det(x}(§)) be the global-to-local
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Jacobian factor, and G; := §'(x;) be the inverse of Jacobian matrix. J?, denotes the

Jacobian factor of face mapping at £; such that ij ;=0for&; ¢ OK, and
I} = diag{J}1, -+, a3 © Iy
Then the local discrete operators are
d
M; =JM, Din=) GimD, B;=JB. (2.28)
r=1

These geometric factors satisfy the following identity [9].

d
Ji ( Z Gi,rmnj,r) = Jf’jni’j,m, (2.29)
r=1

where n; ; is the j-th outer normal vector on K;. Hence we still have the local SBP

property
BN, =Sim+ S, =MD, + D/, M;, 1<m<d. (2.30)

Remark 2.3. Conceptually, the SBP framework can be further generalized to ar-
bitrary polygonal meshes without any difficulty. We stick to simplicial meshes for
practical purposes. We only need to store one set of discrete operators, and the local
operators are acquired through the global-to-local mapping. This is efficient in terms

of space complexity, especially for meshes with a large number of elements.

The remaining part of this section is devoted to the implementation of SBP op-
erators on two-dimensional triangular meshes. We need to find the two-dimensional
quadrature rule that achieves interior and boundary accuracy simultaneously. For
boundary accuracy, we put k£ + 1 Legendre-Gauss points along each edge. Let us

summarize the prerequisites of the quadrature rule:
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1. It is symmetric so that adjacent elements can be glued together.
2. The quadrature weights should be positive to make M positive-definite.
3. It is exact for polynomials up to degree 2k — 1.

4. The quadrature points include k + 1 Legendre-Gauss points on each edge.

Quadrature rules that meet these requirements are investigated in the literature.
We use the software presented in [109] to obtain the rules of order £ = 1,2,3 and
4'. The distribution of quadrature points are illustrated in Figure 2.1. We call
them B-type quadrature rules. The letter B indicates the restriction that these
quadrature rules must contain boundary quadrature points. For reference, we also

list the coordinates of quadrature points and their weights in Appendix C.

(a) k= LNQ,k =6 (b) k= 27NQ7k =10 (c) k= 37NQ,k =18 (d) k= 47NQ,k =22

Figure 2.1: B-type quadrature rules on triangles with & = 1,2, 3,4. We use equilat-
eral triangles to emphasize symmetry. Dots are quadrature points for the triangle,
and circles are quadrature points for the edges. The symbols overlap because bound-
ary nodes play both roles.

Remark 2.4. The same requirements also arise in [114] where the authors tried to
implement bound-preserving limiter on triangular meshes. They proposed a generic
quadrature rule based on three warped transformation from a unit square to triangles.

However, Ng i = 3k(k + 1) for such technique, which is unnecessarily large.

Then we compute the entries of difference matrices according to 2.24. We use

the orthonormal set of polynomials on triangles [61] as basis functions. It is not an

thttp://lsec.cc.ac.cn/phg/download /quadrule.tar.bz2
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orthonormal basis under (-, -),, as the quadrature rule is not exact for polynomials of
degree 2k. However, the condition number of the Vandermonde matrix will be small
enough to prevent large rounding error. For k = 1,2, it is possible to use symbolic

computation software to obtain the exact values of difference matrices.

2.3 Multi-dimensional entropy stable DG method

For clarity of notations, we explain the entropy stable DGSEM on the reference
element and omit the subscript i. Numerical solution collocated at the Ng x quadra-
ture points will be evolved. U denotes the numerical solution, and E*E stands for the

vector of directional fluxes on element interfaces such that

~

- fa(uy,ui™) & € 0T

n,j

0 §j¢5T.

We develop the multi-dimensional entropy stable DGSEM by doing flux differencing

in each space dimension:

d
d +22Dmopms<7,ﬁ)? — M 'B(f, - ), (2.31)
dt — ’
where
dia’g<fm,S(uL,17 uR,l)) Tt diag(fm,S(uL,h uR,NQ,k))

diag(f,s(arng,, ur1)) -+ diag(fns(Uag,, UrAG,))
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The component-wise form of (2.31) is

d Nok
du
—2 423> Dy b s(uy,w) = ‘(fn,j — ;) (2.32)

m=1 [=1

The main properties of the (2.31) are outlined in the following theorem.

Theorem 2.4. Assume that the sequence of meshes {T}, parameterized by h, is
uniform, and all mappings are bivariate fluzes are smooth and Lipschitz continuous.
If £, s is entropy conservative for each 1 < m < d, and ?n 15 entropy stable, then the
scheme (2.31) is high order accurate in the sense that for alli,j and smooth solution

u of (2.1), the local truncation error

du; Jb . .
U 53 Dy sl ) s~ £a) = O, (239
m=1 1—0

and conservative and entropy stable in the sense that
d N — d N — ﬁ
TNF = T
dt( > 1 Mzuz) 0, dt( > TN, ) <0 (2.34)

Proof. We only present the sketch of proof as it is almost the same as the proof of
Theorem 1.12. For accuracy, we use the approximation property on uniform meshes
to show that

i O, (1)
2> " D jifins(Wi, i) — 5 (xi(€) = O(h*).

=0

As for conservation and entropy stability, we have the same local conservation and
entropy balance result as in Lemma 1.1

d Na

E(?Tlvm) _TTBE = Z 78 (1, ™), (2.35)
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NG,k

d
E(?TME}) — G TBT — VME = 3 75(y — v Ea(uy,ud™)).  (2.36)
j=1

Then at a boundary node §; € 9T, since ?n(uj, u") and ?_n(ug“t, u;) cancel out,

we prove the global conservation. The entropy production rate at §; is

ou T/\ ou ou TA ou
Ti(Ynj + wﬂf,j -V fn(“—ja u; t) - (Vj t) f—n(uj ’ uj))

=7;(hng — VL — (vj — vO)TE, (1, u™)) < 0.

Therefore we also have entropy dissipation. O

Remark 2.5. The multi-dimensional bound-preserving limiter is again a simple
linear scaling procedure u; := u + #(u; — u). It can be imposed naturally without
affecting entropy stability. However, it is very challenging to design entropy stable

TVD/TVB limiters.

Remark 2.6. The link between the entropy stable DGSEM and the classic DG
method looks vague due to the fact that the degree of freedom (Ngy) is larger
than the dimension of the underlying polynomial space (NVpy). These issues will be

addressed in Section 3.2 and in Section 3.7.

2.4 Entropy stability of wall boundary condition

So far we have always assumed periodic boundary condition. There is a need to
investigate the solid wall boundary condition of two-dimensional Euler equations
(2.8). We will prove that the commonly used mirror state treatment is entropy

stable. This section extends the one-dimensional analysis in [93].
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At the wall boundary, we prescribe the no penetration condition; that is,
Wy = WiNy + Wong =0 (2.37)

Suppose that we have a numerical state u on the solid wall. In order to weakly
impose the no penetration condition, we have to provide an artificial state u°"* on
the other side of the interface, and compute the numerical flux ?n(u, u"). The

reflecting technique introduces a mirror state such that

out out out out

P =p, P =p, wy" =-—wn, Wpl = Wyt. (2.38)

The following theorem affirms the entropy stability of the reflecting technique.

Theorem 2.5. Iffn(u, u’y is Godunov flur or HLL flux where u®" is taken to be

the mirror state (2.38), then such boundary treatment is entropy stable.

Proof. According to (2.36), we need to prove that the entropy production rate at
the interface

Un — VT?n(u, u)

is non-positive. By rotational symmetry, it it enough to consider the vertical wall

T
21 = 0. Then n = [1 0] and

T T
u= [P pwy  pws E] , u= [P —pwy pws E

The numerical flux simply solves the Riemann problem in the first dimension. The
exact Riemann solver will give a middle state u* such that wj = 0. Hence the

Godunov flux is

fu(u,u") = fi(u*) = {o p* 0 o]T. (2.39)
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For the HLL Riemann solver, the two-rarefaction approximation yields A\, = —\ and

Ar = A. Then we actually have the local Lax-Friedrichs flux

A\ T
—(uout—u): [0 p+Aipw; 0 0Of - (2.40)

-~

falun u™™) = 2 (6 (0) + £ (™)) — 3

In both cases only the second component of /fn is nonzero. On the other hand, since

T
2 2
v=|2Y=—s __ plwitwy) pwi  pws _p ; 7/1n = pwy,

7—1 2p p p D

T

out _ 2 4 w2 out
vout = |y=s _ plwitwy) _ pwi pwr  _p| PO = —pwy,

7—1 2p p D p

we can easily verify that

wn_vT/f(u’ uout’ 1’1) — (Vout)’f/f}(u’ uout’ n)_wrolut — %((Vout_v)T/f(u’ uout’ n)_(¢r01ut_,¢n))‘

It is non-positive due to the entropy stability of Godunov flux and HLL flux. n

2.5 Convection-diffusion equations

In this section, we add viscous diffusive terms to the hyperbolic conservation law
(2.1). The convection-diffusion equations are given by:
d ov

i M(fm(u) -y CW<V)8—XT) =0, (2.41)

m= r=1

where v is the entropy variable of some entropy function U, and C,,,.(v) are p X p
matrix-valued functions. One typical examples is the compressible Navier-Stokes

equations. Recall the vanishing viscosity approach in Section 1.2. We assume that
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the matrix

Cn(V) Cld(v)

Can(v) -+ Caa(v)
is symmetric semi-positive-definite. Then (2.41) supports the entropy condition with
respect to U. The convective part will be handled by (2.31). For the diffusive part,
we present a nodal version of the LDG method of Cockburn and Shu [18], with

provable entropy stability. We recast (2.41) into the mixed formulation

d
ov
Z . — ) =0, dn :;om(v)om b, =5 (242

The LDG type method evolves the nodal discretization of u and {6, }?_, simulta-

neously. The coupling between adjoining elements are achieved by f (u,u") and
single-valued numerical fluxes of v and qy:
Vi=v(v,v°™),  Qn = qu(v, v°", qa, q°"). (2.43)

%
Once again U and 6, denote the nodal values of numerical solutions in the reference

element. We further define

U

Cmr = dlag{c’mr (V1)7 o Om’r‘(VNQ k Z Cmr T

=

_>
Additionally, we also let v* and qj, describe the vectors of corresponding numerical

fluxes. Then the LDG method is

22( O Fus(®, W) T ~ D)) = MT'B((6 — ) — @ — ab).
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-1 =
—-D,V=-M"'BN,(V -V, 1<r<d (2.44b)
Such scheme is entropy stable for carefully chosen fluxes of v and q.
Theorem 2.6. Given parameters a > 0 and 3 € R, if we use the LDG fluzes

G(V, Vout) — %(V + Vout) + ﬁ(V — Vout), (2 45)

-~ ou 1 ou ou ou
qn( v,V 7qn7qn t) = Q(qn+qn t) B(qn_qn t) Oé(Vj—Vj t)’

then (2.44) is entropy stable.

Proof. We left multiply (2.44a) by VTM and (2.44b) by @, "M, and sum them
up. The convective part is already entropy stable according to Theorem 2.4. The

remaining terms are
d
— —
> (- @"™M8; + VIMD,G + @ "MD, V) - V'B(@ - &) - @ B(V - V'

1
d
— —
— -3 @"™™M8, + (V'Bd. + @BV — V'Bg,).

d N Ng,k d Nk d d
%
=@M, = =Y e (Y al) = = Do wi( X D0 Con(vi)8rs) <0,
r=1 j=1 r=1 j=1 m=1 r=1
The boundary contribution reduces to
Q NQ,k
Z 3 (VI (V5o v g, ai) + ab TV, V) = Vg ) = D TiAy.
j=1 7=1

If §; € 9T, we add the corresponding terms from the other side of the interface. The
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contribution at &; is

Ay AP = (v = V) G (v, V7 g o)

+(Any — ) V(v VE) = (Vidng — (V) aRY).

Due to the identity

1 1
vy — (V)T = 50V dng — )+ 5 (v = ) (s a3,

plugging (2.45) yields
Aj+ AN = —a(v; —v9" ) (v; = vi™) < 0.

Hence the boundary contribution is also non-positive and our nodal LDG method is

entropy stable. O]

Remark 2.7. Both a and 5 may depend on j. We can also replace a by a symmetric

positive-definite p x p matrix.

2.6 Numerical experiments

We will perform numerical tests for two-dimensional systems of conservation laws
on unstructured triangular meshes generated by Gmsh? [37]. The discrete SBP
operators are built on the B-type quadrature points in Section 2.2, with £ =1, 2, 3, 4.
Basic settings are the same as in one-dimensional numerical experiments. We take
k = 2, 3,4 for smooth test problems, and only k& = 2 for discontinuous test problems.

For Euler equations, we still use the Chandrashekar’s entropy conservative flux (2.12),

Zhttp://gmsh.info/
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and the local Lax-Friedrichs flux will be considered at boundary for problems with
strong shocks, due to the reason that the exact Riemann solver might contain vacuum

state.

Example 2.6.1. The first smooth test example is the two-dimensional linear advec-

tion equation

ou ou ou
DT T 112
ot " om T g, 0 xeI5

with periodic boundary condition and initial data «(0,x) = sin(27x;) sin(27xs), and
square entropy function U = u?/2. The exact solution is u(t,x) = u(0, x; —t, x9 —t).
We test the two-dimensional entropy stable DGSEM on a hierarchy of unstructured
triangular meshes. Errors and orders of convergence at ¢ = 0.2 are shown in Table
2.1. Same as the one-dimensional linear advection equation, we obtain optimal

convergemnce.

Table 2.1: Example 2.6.1: accuracy test of the two-dimensional linear advection
equation associated with initial data u(0,x) = sin(27wz;)sin(27z,) and square en-
tropy function at ¢t = 0.2.

k h L' error order L?error order L™ error order
2 1/8 3.380e-3 - 6.000e-3 - 6.890e-2 -
1/16  5.032e-4  2.748 9.868e¢-4 2.604 1.809e-2 1.930
1/32  6.170e-5 3.028 1.213e-4 3.024 2.292e-3 2.981
1/64  7.916e-6 2.962 1.55le-5 2.967 3.387e-4 2.758
1/128  9.890e-7 3.001 1.926e-6 3.010 4.419e-5 2.938
1/256  1.244e-7 2991 2414e-7 2996 5.929e-6 2.898
3 1/8 2.329¢-4 - 4.375e-4 - 8.752e-3 -
1/16  2.114e-5 3.461 3.536e-5 3.629 8.228e-4 3.411
1/32  1.790e-6  3.562 2.810e-6 3.654 6.194e-5 3.731
1/64  1.429e-7 3.647 2.210e-7 3.668 4.310e-6 3.845
1/128 1.063e-8 3.748 1.658e-8 3.737 3.183e-7 3.759
1/256 7.341e-10 3.856 1.160e-9 3.838 2.194e-8 3.859
4 1/8 1.295e-5 - 2.230e-5 - 6.184e-4 -
1/16  4.534e-7 4.837 9.969e-7 4.483 6.627e-5 3.222
1/32  1.528e-8 4.891 2.824e-8 5.141 1.401e-6 5.564
1/64 4.923e-10 4.956 8.940e-10 4.982 6.046e-8 4.535
1/128 1.547e-11 4.992 2.773e-11 5.011 1.897e-9 4.994




Example 2.6.2. We consider the two-dimensional Burgers equation

Qu
ot

ou?

oy

ou?

Oy

=0, x¢€l0,1]?
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with periodic boundary condition and initial data u(0,x) = 0.5sin(27(z; + x2)),

and square entropy function U = u?/2. Exact solution follows from the solution

of one-dimensional Burgers equation in the direction 7 = z; + x5. The entropy

stable DGSEM is evolved up to t = 0.05 when the solution is still smooth. Errors

and orders of convergence are displayed in Table 2.2. The results are similar to its

one-dimensional counterpart. Convergence rate is below optimal.

Table 2.2: Example 2.6.2: accuracy test of the two-dimensional Burgers equation
associated with initial data u(0,x) = 0.5sin(27(x;+25)) and square entropy function

at ¢ = 0.05.
k h L' error order L?error order L™ error order
2 1/16 1.354e-3 - 3.275e-3 - 5.954e-2 -

1/32  2.394e-4  2.500 7.046e-4 2217 1.646e-2 1.855
1/64 3.900e-5 2.618 1.406e-4 2.325 4.894e-3 1.750
1/128 5.773e-6 2.756 2.456e-5 2.518 1.269e-3 1.948
1/256 8.43le-7 2776 4.109e-6 2.579 2.413e-4 2.394
3 1/16 1.890e-4 - 6.252¢e-4 - 1.968e-2 -
1/32 24825 2.929 1.058e-4 2.563 4.859%-3 2.018
1/64  2.327e-6  3.415 1.106e-5 3.258 7.31le-4 2.733
1/128 2.065e-7 3.494 1.158e-6 3.255 1.195e-4 2.613
1/256 1.898e-8  3.444 1.236e-7 3.229 1.299¢-5 3.202
4 1/16  3.740e-5 - 1.454e-4 - 6.039e-3 -
1/32  2.787e-6 3.746 1.427e-5 3.349 1.068e-3  2.500
1/64 1.348e-7 4.370 7.65le-7 4.221 8.839¢-5 3.595
1/128 5.566e-9 4.598 3.722e-8 4.362 6.398¢-6 3.788
1/256 2.293e-10 4.602 1.696e-9 4.456 3.059e-7 4.387

Example 2.6.3 (Isentropic vortex)

. The last smooth test case is the isentropic

vortex advection problem for the two-dimensional Euler equations, taken from Shu

[89]. The computational domains is [0, 10]? and the initial condition is given by

w1(0,x) =1 — (zg — y2) (1),

wa(0,x) =1+ (z1 — y1)o(r),
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—1 5
T(0,%) = 1= =00, p(0,x) =T71, p(0.%) =T,

where (y1,y2) is the initial center of the vortex and

¢(r) = ee*™™) v = /(a1 — 1) + (22 — 12)2.

The parameters are ¢ = o>, a = 0.5 and (y1,y2) = (5,5). The vortex will be advected
in the diagonal direction and the exact solution is u(t,x) = u(0,z; — ¢,z — t). We
use the exact solution to prescribe boundary conditions. Table 2.3 summarizes errors
and orders of convergence of the density at ¢ = 1. Here the convergence rate is also

slightly below optimal, but better than Burgers equation.

Table 2.3: Example 2.6.3: accuracy test of isentropic vortex problem for two-
dimensional Euler equations at t = 1. Results of the density are tabulated.

k h L' error order L?error order L error order
2 10/8  2.299e-1 - 6.053e-2 - 8.735e-2 -
10/16  4.204e-2 2.451 1.223e-2 2307 2.957e-2  1.563
10/32  6.598e-3 2.671 1.918e-3 2.673 5.162e-3 2.518
10/64 9.330e-4 2.822 2.688e-4 2.835 1.064e-3 2.279
10/128 1.273e-4 2.873 3.609e-5 2.897 1.717e-4 2.631
10/256 1.652e-5 2.947 4.779e-6 2.917 2.280e-5 2.913
3 10/8  4.344e-2 1.160e-2 2.960e-2
10/16  3.976e-3 3.450 1.155e-3 3.327 4.271e-3  2.793
10/32  3.632e-4 3.453 1.030e-4 3.487 2.652e-4  4.009
10/64 3.041le-5 3.578 8.538e-6 3.593 4.557e-5 2.541
10/128 2.536e-6 3.584 7.148e-7 3.578 3.793e-6 3.587
10/256 1.990e-7 3.672 5.670e-8 3.656 2.720e-7  3.802
4 10/8  7.754e-3 - 2.136e-3 - 8.836e-3 -
10/16  3.941e-4 4.298 1.308e-4 4.030 5.582e-4  3.985
10/32  1.546e-5 4.672 4.858e-6 4.750 2.549e-5  4.452
10/64 5.620e-7 4.782 1.806e-7 4.749 1.680e-6 3.923
10/128 2.020e-8 4.798 6.433e-9 4.812 8.998e-8 4.223

Example 2.6.4 (two-dimensional Riemann problem). We solve the Riemann prob-
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lem of the two-dimensional Burgers equation

ou Ou>  Ou?
P et i 112
8t + 81’1 + 81’2 0’ x€ [0’ ] ’

subject to the initial condition

025 iz <0.5and 22 <0.5
—0.1 ifz; <0.5and 25 > 0.5

0.4 if z;y > 0.5 and x5 < 0.5

—0.5 ifz; >05and 29 > 0.5

\

The exact solution for ¢ > 0 is as follows [101, 43]

§
0.25 ifx1<%—%andx2<%+%

. 1 3t 1, t
=01 ifry <5 —% and wy > 5 + 55
el Bt 1t —8a | 15 _ 15t
0.25 if 5 = <x < 7 and zy < =+ 11— %
_ il 3t 1 _t =8z 15 _ 15
05 if;g -3 <z <g—jandzy > ="+ 15— 52

il 2 1t 5 5t

0.25 1f§ Z<x1<§—|—§andx2<—x61—|——12—_24
u(x,t) =

el ¢ 1, ¢ z 5 5¢

0.5 1f§ Z<—$1<§+§andx2>—#+ﬁ_ﬂ

2zm=1  se 1 1 1, 4 _ 5 _ 12
o if5+5<m<g+%Fandr <z — 5501 +1—3)

—0.5 if%+%§x1<%+%andele—%(xl-kt—%)?

0.4 ifog >i+Fanday, <-4
—0.5 ifoZ%—I—‘l—;andeZ%—%

We choose the square entropy function U = 4?/2 and run the entropy stable DGSEM

up to t = 0.5 on a triangular mesh with A = 1/128. The bound-preserving limiter
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with € = [—0.5,0.4] is also imposed. The numerical result is shown in the left panel
of Figure 2.2, and the absolute value error is also plotted in the right panel where
we use logarithmic scale and values less than 10716 are transformed to 1076, The
scheme successfully captures the correct profile. Error is very small unless near shock

waves.

1
. 1072
. . : 10!
. 107
i 1078
: 4 10 10
i g 10712
’ - ' i 101
: 8 10716

0 .

0 0.2 0.4 0.6 0.8 1 . . . )

(a) numerical solution (b) absolute value of error

Figure 2.2: Example 2.6.4: Numerical solution and error of a Riemann problem
of two-dimensional Burgers equation at ¢ = 0.5 on a mesh with h = 1/128. En-
tropy function is U = u?/2 and bound-preserving limiter is used. Error is shown in
logarithmic scale.

Example 2.6.5 (double Mach reflection). This famous test problem of two-
dimensional Euler equations was proposed by Woodward and Colella in [104] and
has been intensively studied in the last few decades. It involves a Mach 10 shock
which makes a 60° angle with a reflecting wall. The undisturbed air ahead of the
shock has a density of 1.4 and a pressure of 1. Usually people solve the problem with
rectangular computational domain and horizontal wall. Here we use the flexibility of
unstructured triangular mesh to consider the original physical problem with a hori-
zontally moving shock and a wall inclined with a 30° angle (e.g. [97]).We illustrate
the computational domain and the unstructured mesh with h = 1/20 in Figure 2.3.

Initially the shock is positioned at z; = 0. Inflow/outflow boundary conditions are
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prescribed for the left and right boundaries, and at the top boundary the flow values

are set to describe the exact motion of shock.

(—0.1,2) (2.7,2)

(2.7,0.9V3)

wall

(—0.1,0) (0,0)

Figure 2.3: Example 2.6.5: illustration of the computational domain and the un-
structured mesh with h = 1/20.

The entropy stable DGSEM is implemented with bound-preserving limiter (called
positivity-preserving limiter as the density and pressure are kept positive) and local
Lax-Friedrichs flux. The plots of density and pressure at ¢ = 0.2 with mesh size
h = 1/240 are given in Figure 2.4. Similar to the observations in [111], the solution
is more oscillatory than results obtained via WENO scheme or DG scheme with
TVD/TVB limiter, but it also catches some interesting features such as the small roll-
ups due to Kelvin-Helmholtz instability, which indicates low numerical dissipation

of our scheme.

Example 2.6.6 (shock diffraction). A shock wave diffracting at a sharp corner is
another popular test problem for two-dimensional Euler equations. In [19, 113] the
results of a Mach 5.09 shock diffracting at a 90° edge are presented. Here we would

like to study a Mach 10 shock diffracting at a 120° degree [114]. The computational
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0.6
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(a) density

540
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420
360
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180
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(b) pressure

Figure 2.4: Example 2.6.5: profiles of density and pressure at t = 0.2 on a mesh with
h = 1/240. 40 equally spaced contour levels are used for both plots.

domain and the triangular mesh with h = 1/4 are demonstrated in Figure 2.5. The
shock is initially located at z; = 3.4 and 6 < x5 < 11, moving into undisturbed air
with a density of 1.4 and a pressure of 1. Boundary conditions are inflow at the
left /top boundary (in accordance with the exact shock motion), and outflow at the

right /bottom boundary.
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(0,11) (13,11)

(0,6) wall (2V3,6)

wall

(0,0) (13,0)
Figure 2.5: Example 2.6.6: illustration of the computational domain and the un-

structured mesh with h = 1/4.

We still use positivity-preserving limiter and local Lax-Friedrichs interface flux.
The contour plots of density and pressure at ¢ = 0.9 with mesh size h = 1/40 are
depicted in Figure 2.6. The result is comparable to the one in [114] despite some

oscillations and overshoots near the shock wave.
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Figure 2.6: Example 2.6.6: profiles of density and pressure at ¢t = 0.9 on a mesh with
h =1/20. 40 equally spaced contour levels are used for both plots.
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The entropy stable DGSEM established in previous chapters depends on Gauss-
Lobatto type quadrature points, i.e., the internal quadrature and the boundary
quadrature share the same set of nodes. However, we also notice some drawbacks

related to these Gauss-Lobatto type nodes:

1. The internal quadrature rule is only of degree 2k — 1. We detect suboptimal

convergence rate in nonlinear test problems.

2. In higher space dimensions, the local degree of freedom (Ng ) is much larger
than the dimension of polynomials (MVpy), which makes the scheme more ex-
pensive than the classic DG method, in terms of both space complexity and

time complexity.

Therefore, it is worthwhile to consider more general set of nodes, i.e., the internal
quadrature and the boundary quadrature have separate sets of quadrature points.
In one space dimension, the Legendre-Gauss quadrature rule is of degree 2k + 1. For
two-dimensional triangular element, quadrature rules of degree 2k with k£ =1,2,3,4
are illustrated in Figure 3.1. We call them A-type quadrature rules, where the letter
A means arbitrary distribution of quadrature points. The coordinates of quadrature
points and the quadrature weights are also given in Appendix C. Compared to the
B-type quadrature rules in Figure 2.1, the A-type quadrature rules achieve better
algebraic accuracy with fewer number of nodes. This is the benefit of removing

Gauss-Lobatto type constraint.

We would like to extend the entropy stable DGSEM to general set of nodes.
Flux differencing can still be used to ensure internal entropy balance, while the main
difficulty lies in boundary treatment. Under the generalized summation-by-parts
paradigm [27, 28] for general set of nodes, the boundary matrices are dense, and

identities such as (1.81) are no longer valid. Then we have to alter the boundary
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(a) k= 17NQ,I€ =3 (b) k= 2,NQ,k =6 (C) k= 3,NQ,k =12 (d) k= 4,NQ71§ =16

Figure 3.1: A-type quadrature rules on triangles with k£ = 1,2, 3, 4. Dots are quadra-
ture points for the triangle, and circles are quadrature points for the edges.

penalty term (called simultaneous approximation term in the SBP community). Sev-
eral approaches have been proposed to overcome this issue, and we will dig into them

in this chapter.

This chapter consists of the following sections. In Section 3.1, we develop dis-
crete operators with the generalized SBP property. The main new ingredient the
extrapolation matrix that maps data to boundary nodes. In Section 3.2, we apply
quadrature rules to the classic DG method (2.14) and deduce DGSEM formulations.
Because of the mismatch of Npj and Ny, there are two related but non-equivalent
formulations, i.e., the modal formulation (evolving polynomial coefficients) and the
nodal formulation (evolving point values). In Section 3.3, we reinterpret the entropy
stable DGSEM by Chan in [9, 10]. The key trick is a skew-symmetric boundary
correction term. In Section 3.4, we review an alternative entropy stable boundary
treatment by Crean et al in [21]. The authors replaced the bivariate interface flux
with an extrapolation of entropy conservative fluxes. The resulting scheme is entropy
conservative, and additional entropy dissipation can be added to element interfaces.
In Section 3.5, we cover the “brutal force” type approach by Abgrall in [1]. We ana-
lyze the original DGSEM, which is not entropy stable due to aliasing error. Then a
simple linear correction procedure will help eliminate the aliasing error. In Section
3.6, we will see that for convection-diffusion equations, the LDG discretization in

Section 2.5 also works perfectly on general set of nodes. In Section 3.7, we try to
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derive modal versions of entropy stable DGSEM formulations. Finally in Section
3.8, we will examine the accuracy (i.e., whether optimal convergence is recovered) of

these schemes on two-dimensional Burgers equation.

3.1 Generalized summation-by-parts operators

We still consider the reference simplex K C R? Suppose that we have a degree

2k —1 internal quadrature rule with NV, > Npj, nodes {§; }ﬁ“jﬁ and positive weights

{wj}?fl’k, and a degree 2k boundary quadrature rule with Np; nodes {52}?@1]“ and

positive weights {7, /S\fl"“. Let {ns};\fl”“ be the collection of outer normal vectors at

boundary nodes. We define
M = diag{wi, -+ ,wng, b, Bri=diag{r, -, T, ) (3.1)

and

Nm = diag{nl,ma e 7nNB7k,m}a 1 S m S d. (32)

We also set the Vandermonde matrix and the boundary Vandermonde matrix:

V= A{p) hejenppicicnee: V= {DiE) Mcseny pa<i<np (3.3)
as well as the projection matrix
P:={VTMV)'VT M. (3.4)

Since the internal nodes and the boundary nodes do not overlap, we need some com-

munication mechanism between them. We construct an N, B X ./\/’Q,;.C extrapolation
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matrix R that is exact for all polynomials in P*(T). In other words,
RV =V*, (3.5)

A simple choice of the extrapolation matrix is R = V*P. For a function u, the

vectors of internal nodal values and boundary nodal values are defined as:
T

W= ) - uEny,)| W= RT.

Difference matrices with generalized SBP property will be provided in the following

theorem.

Theorem 3.1. Assume that we have an extrapolation matriz R with the exactness

property (3.5). Then the difference matrices, given by the formula
1 ~
D,, = 5M—l(R +V*P)Y'BN,,(R - V'P) +VD,,P, (3.6)

satisfy the two properties below:

1. Ezxactness: D,V = Vﬁm.
2. Generalized summation-by-parts: E,, = S, + SZ:H where S,, == MD,, and
E,, .= RT"BN,,R.

Remark 3.1. By exactness of R and D,,, and the generalized SBP property,

- =
0

R? - 177 Sm? =D,1 =70, ST? = Em? = RTBNMF, (3.7)

m

where 17 is the length-Ng ;. vector of 1s.

The proof is the same as Theorem 2.3. Here FE,,, denotes the generalized boundary
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matrix, such that for functions u and v,

NBk

YTEW7 = <¥> BN,, v = Z TsMs, mu v

still approximates the boundary integral |, o W0nmdS. Notice that Fi, is dense, which

makes boundary treatment more involved in entropy stable DG type methods.

Similar to Section 2.2, we can use Kroncker products to generate discrete opera-
tors for vector-valued functions, and Jacobian factors to compute discrete operators

on local elements.

Remark 3.2. We would like to highlight some special cases of extrapolation matrix

and difference matrices.

1. If Npp = Ngy (e.g. one-dimensional Legendre-Gauss quadrature and Gauss-
Lobatto quadrature), R = V,V~'tand D,, = vf)mv—l.

2. If R =V,P, the first term of (3.6) vanishes, and D,, = VD,,P.

3. In Gauss-Lobatto type quadrature, £ = &, for each 1 < s < N}, and we can

choose R = [ Ing . 0] . Then we recover the difference matrices in (2.24).

3.2 DGSEM: from modal formulation to nodal

formulation

Recall the classic DG method for systems of conservation laws (on the reference

element K):

0 rd ~
/K uh —Lwdé — Z/ (up) %d{——/@}{f (up, u")  'wy,dS. (3.8)
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We expand uy, and wy, under the basis {p;(€) ﬁplk

Np i Np i

w, =Y up), wi=Y wpl(f).
=1 =1

Define

UNp ), WNp i

= 1 e . :
Then 7 = V u, u’ = V’u. We use the internal quadrature rule to approximate

the left hand side of (3.8), and the boundary quadrature rule to approximate the

right hand side. The resulting scheme is

(ve) (Vi) -y (vB,®) ME - - (vF) BT,

b,out

2°ou). Since w can be arbitrary, we obtain

« _ £ b
where f . = f,(ul,u

= d
d ~
(VIMV)L = (VD) "M, = —(V!)'BE;, (3.9)
m=1
ie.,
dﬁ d N
d_‘; — Z(VTMV)—l(Vﬁm)TMfm = —(VTMV)—l(Vb)TBEf. (3.10)

m=1

This is called modal DGSEM formulation as we evolve the vector of polynomial
expansion coefficients. Applying the Vandermonde matrix V to (3.10), we come up

with the nodal formulation that describes the evolution of W :

d
au S M~/(VD,,P)"ME, = —M~}(V'P)"B¥;

- _ 3.11
dt — ( )

n-
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Here we use the relation V(VIMV)~! = M~!'P7. Tt is a special case of the more

general nodal DGSEM formulation
il &
% Y MsTE, = -M'R7BF; (3.12)

by choosing R = VP and D,, = Vf)mP. According to generalized SBP property,

we also deduce the strong version of (3.12):

dd N = & —
—r+ Y Dby = M—l(ZEmfm - RTBfn>
m=l = (3.13)
=MRTB( Y N, — f_f) — M 'R”B (@ - ﬁ)
m=1

On the other hand, we can recover the modal formulation by applying projection to
—
e di _ p.
(3.12), and setting %+ = P4

g d
d
S PmshE, = _PM-'RTBF.
t m n

m=1

This reduces to (3.10) due to the exactness properties:
PM D! = (VIMV)(D,, V)" = (VIMV)"{(VD,,)7,

and

PM 'R' = (VIMV) }RV)! = (VIMV) (V)T

To conclude, by taking interpolation, the modal formulation implies a specific nodal
formulation (with particular choices of R and D,,,). However, by taking projection,
all nodal formulations (with any R and D,, satisfying exactness properties and
generalized SBP property) lead to the modal formulation. The reason for such

asymmetric relation is the fact that Ngx > Npy.
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3.3 Approach 1: skew-symmetric boundary cor-

rection

We start to analyze the entropy stable DGSEM in [9, 10] by Chan. We still modify
%
(3.13) by replacing D,, f,,, with the flux differencing term 2DmOFm7s<ﬁ, ﬁ)? Using

the proof of Lemma 1.1, we can show that
1™ <2Dm oF,, 5(1, ﬁ)?) —17E, o F,,s(d, )71,
and
VTM(2D,, 0 Fys(W, W) T) = V7B 0 Fp oW, W) T — GTE,T.
Since E,, is dense, it is difficult characterize E,, o Fmﬁ(ﬁ, 7)? A natural step is

%
to replace M—'E,.f,, with M—'E,, o Fm7s(ﬁ, ﬁ)?, which gives us the scheme

%+2;DmoFm,s(ﬁ, ﬁ)? =M (mZ::l EmOFm,S<77 ﬁ)?—RTB€>- (3.14)

Then (3.14) will achieve local conservation and entropy balance:

d T d T T
S(TTM) = (17) BTY, E(?TBUS - (1/71;) M1 - (3) BfY.  (3.15)
We also have global conservation due to the cancellation of numerical fluxes from
both sides of element interface. However, unlike flux differencing, the boundary
modification in (3.14) violates accuracy. Besides, the entropy production rate at &°
is

(VO = V)T Ea(ul ulo) — (002 = ) )
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The sign is undecided as u? # u(v%) and ¢° # ¥(v%). i.e., extrapolation does not
commute with function evaluation. We solve the latter issue by resorting to entropy

The interface

( b ”"l;out)' In

= ~
extrapolations. Set ﬁji and ¢ such that u} = u(v?%), % = ¥, (V).
flux also depends on entropy-extrapolated values, such that f} fA
order to maintain high order accuracy, we add a skew-symmetric correction term,

and build the following scheme:

d

2ZDm F,.s(T, )1 :Ml(ZEm F, s(¢, )T - R"Bf

—_

+§(RTBN (Ro s (7 9))T R o s (. 1) BNT)),

(3.16)
where
diag(fn,s(uf, wi)) -+ diag(fn,s(07, urg,))
Foos @ ﬁ) -
diag(fmﬁ(ﬁf\@’k, u)) - diag(fm,g(ﬁﬁ’v&k, un,,))
The component-wise form of (3.16) is
Ju d Nok NB.k NG,k
]+2ZZDmJmeS ujaul ZRS] <ZRslfnSu]7ul)
m=1 =1 “iNio
Nox (3.17)

B ) D R (W ) — s, wy) ).
=1

Theorem 3.2. Assume that the sequence of meshes {T,} is uniform, and that all
mappings and bivariate fluves are smooth and Lipschitz continuous. If £, g is entropy

conservative for each 1 < m < d, and ?n is entropy stable, then the scheme (3.16) is
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high order accurate in the sense that for all i,j and smooth solution u of (2.1),

Ju d Nok NB.k Jb No Kk
dlj+2ZZDzmjlfmS uzyauzl Zng ZZ}S(le:zslfnS u’Lj7uZl)
m=1 I=1 Jiw; N2
i o (3.18)
- f (ﬁfsa bom + Z RslfnS lsvuzl) fn,S(ﬁ?,saui,j)> = O<hk)a
=1

and conservative and entropy stable in the sense that
d /o= d /o 7
£ §j1TMi—§>:o —(§j1TMi Z-)<o. 3.19
dt( : u Tdt \ 4 - ( )

Proof. Since the flux differencing is high order accurate, and the Jacobian factors
have the scales .J; = O(h?) and J?, = ©(h*') (as a result of uniform mesh), it
suffices to show that

NQ.k Nk

Z RslfnS u”,u”) f/'\( 1S,~b0m —|—Z RslfnS zs7ull> fn,S(ﬁ?,sauz’,j> = O(hk+1)

=1 =1

By the approximation property of extrapolation and Lipschitz continuity,
V2 = v(x(E) = O, W, — u(xi(€) = O,

We check each component separately:

NQ,k
> Rafas(wij, i) = fus(wij, u(xi(€)) + O(h*),

=1

f(@,, W) = falu(xi(€)) + O(hFY),
NQk
> Rafa s, ui0) = fu s (W, u(xi(€2)) + OB ) = fa(u(xi(€1)) + OB,
=1

fn,s(ﬁzs, w;;) = £ s(u(x;(€2), u; ;) + O(R*H).
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Hence the truncation error of boundary terms is also of high order. For conservation

and entropy stability, we identify the effect of the skew-symmetric correction term:

1T (RTBNm (R oF,, 5(67 ﬁ)>_> “RToF,.s (? 7>TBNm?)
:(F)TBN (R ° Fm3<l;z, ?))? _T™R” o Fm,S@, ﬁ)TBNmTZ —0,

and

V7 <RTBN <R oF @ ﬁ)) “RTOF,, s (f;i ﬁ) TBNmfZ)
:<3>TBN (RoFmS<3,ﬁ ) 7>TRT0141M(7z ﬁ) BN, 1/

No .k NB k No.k Nk

=) e B (Ve = V) s w) = >0 mingn Ry (0 — )

j=1 s=1 j=1 s=1

:(@Z_gi ) "BNLRT - @TRTBNmF = (@7’; - @E) BN, T

Recall (3.15). We see that

L Frmw) (7)TBF (3.20)

a LT\ = (7)1t - () B

n’ dt
The skew-symmetric correction term reduces to zero when multiplied by constant
vector, and contributes to entropy-extrapolated values of 1, when multiplied by V.
As a result, conservation is obvious, and the entropy production rate at £ is:

(Vb,out )Tf (~b ﬁgout) (,(Zb,out . {/;b ) < 07

s U, n,s n,s/ —

which clinches entropy stability. O]

Remark 3.3. Constructing bound-preserving limiter and TVD/TVB limiter is
highly non-trivial due to the nonlinear entropy extrapolation. We also have such
difficulty in the other two schemes in this chapter. Compatibility with limiters is a

notable advantage of Gauss-Lobatto type nodes.
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Although the boundary penalty term in (3.16) looks very complicated, it can be
greatly simplified in some particular situations. In the following examples, we will

study the effect of boundary treatment.

Example 3.3.1. For Gauss-Lobatto type nodes with R = |:[NB X ()] , E,, is diago-
= -

nal, and 1? = ujz Then E,, o Fms(ﬁ, ﬁ)? =E,.f,, and

— —

£,

? - RTBNmR Emfrm

R’BN,, (R oF,, (Eg ﬁ)

N———

T T
RT o F,, (ﬁTz 7) BN, 16 — (R"BNy,) 0 Fos (§ ﬁ) 1
%
— R'BN,f’ = E, [

We use the identity X o (YZ)' 1 = diag(XYZ) = (XY)o Z77 herein. Notice that

'-h\L ,_\J/

all three components equal E,,.f,,, and (3.16) reduces to

n

dd & L o — B = =
E+2;DmoFm7s(?,ﬁ)? M 1(;1Emfm—RTBfn) - M 1RTB<fn—f )

Therefore, the entropy stable DGSEM (2.31) is a special case of (3.16).

Example 3.3.2. For the linear symmetric system (1.14) in one space dimension

with fs(uz,ug) = 1(f(ur) + f(ug)), the one-dimensional version of (3.16) is

% +2D o Fs(, W) T =M (EoFs(W, W) T - R"BF’

(3.21)
+RTB(RoFg<ﬁTz,ﬁ))T>—RToFS(ﬁTZ,ﬁ)TB?) 321

where B = diag{—1,1}. We have already shown in Section 1.6 that flux differenc-
%
ing term equals D f | i.e., the unmodified difference term in (3.13). The boundary

components are recast into:

1 1
EoFs(W, )T = §E?+ SET)o f = §RTij+
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R7B(RoFs(W, 1)) T = TRBRT + LR7B((RT)o T

1 1 =
= éRTBf7 + §RTB £

R” o F (f? ?)TBF — (R”B) o Fy (§ ﬁ)T? - %RTB?’) + %(RTB?) o f.

_>
The resulting boundary penalty term is M—'R'B (f? —f *) We also recover the

unmodified boundary term in (3.13).

Example 3.3.3. For the Burgers equation (1.16) with fs(ur,ug) = %(u% +urup +
u%). Since we have square entropy function, u = v and ﬂj = uj In Section 1.6 we
revealed that flux differencing is equivalent to the skew-symmetric splitting. As for

the boundary penalty term,

EFg(7, 7)1 = %E? + é(Eﬁ) o + %(E?) o f

:lWBF+%(WB§>57+ @#B?>5?

1
3 3

3
1 2 = 1
= gRTBF + gRTbe, where fb = §’U,7 o ’U?,

R'B(Ro Fs (? 7))7T = LRTBRT + %RTB((Rﬁ) o ?) + %RTB<(R?) o ﬁ)
=

R o Fy (55 7) "B~ (BTB)o Py (55 W)TF

_ %RTB?Z + é(}ﬁﬁ) oW + %(RTB?) o f.

After summing them up, the method (3.21) turns into

dd 2 1 A r (27
—+§D?+§70(D7)—M RB<§f +

dt fig_f—v

W —

Hence the boundary adjustment also corresponds to some splitting procedure (this

is exactly the entropy stable DGSEM in [86]).
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3.4 Approach 2: replacing bivariate interface flux

The second entropy stable DGSEM was found by Crean et al in [21]. We still try
to modify the scheme (3.14). Instead of plugging correction terms, we implement
element coupling in a different way by replacing vector E*f Suppose that K has
Ng faces, and {’ye}é\fl is the collection of faces of K. There are Ny boundary

quadrature points on each face so that N = NpNgy. Furthermore,
B :dlag{Bla 7BNE}a N :dlag{N}na 7N1/7\1/E}7

where B¢ and N¢, are Ny X Mgy blocks corresponding to the face .. The extrap-

olation matrix is also decomposed as

For each face 7., let K®°" be the adjacent element on the other side of 7., and
—

u®°" be the solution vector at K“°"*. Define 1 < o(e) < N such that 7. is the
o(e)-th face of K*°" (by considering the affine mapping between K and K¢°").

The extrapolated values on both sides of v, are given by
u—b,é — Reﬁ’ ub,e,out — Ra(e)ue,out'

S |
Then u’ and u®°" are concatenations of these block vectors:

— —_
ub,l ub,l,out
3 — 7 ub,out —
—_— —_—
ub,NE ub,NE,Out
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We also set

E¢, = (R)TB°N¢ R, E%°" .= (R®)TB°N¢ R, 1<e<Npg. (3.22)

Clearly E,, = > E¢,. By designing a new coupling term E¢°" o F,, ¢ (ﬁ, ue’o‘”) 1
e=1

Y

we produce the following entropy conservative DGSEM:

d

QZDmoFmS (7, d) 1

4 N . (3.23)
:M‘1<Z ( oF, «(d, W) T Ef;futoFm,S(ﬁ,uevO“t) 1))
m=1 e=1
with the component-wise representation
du,; d_Nak
—2 +22 Z ijlfmS ujaul)
m=1 [=1
Ng NFk Na.k Nk (3.24)
=230 R T (3 Rafastiw) = 3 R s i)
e=1 r=1 =1

where s = (e — 1)Npy + 7.

Theorem 3.3. Under the same assumptions as in Theorem 3.2, scheme (3.23) is

high order accurate, conservative and entropy conservative.

Proof. For accuracy, we only need to prove that for all 7, 7 and smooth solution u,

NG,k Ng.k
Z Rslfn,S(uLja uzl Z R n S uz,]a flout) O(hk+1)

=1
By the approximation property of extrapolation,
N,k

Z RslfnS uzyauzl) - nS(ulﬁ (XZ(€ ))) +O(hk+1)

=1
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N,k
Xﬁﬂdflm,?%:manm&@m+OMHw

Then the boundary truncation error is of high order. For conservation and entropy
. vd - .
conservation, D,, o F,, (W, W) 1 and E,, o F,, o(U, W) 1 cancel with each other,

we are left with

d —» LN
_( 1 TM?) _ Z 1 TEir,Lout o Fm5<ﬁa ue,out) 1,
dt m=1 e=1
Ng d Ng
d —\T — —
dt —>TM7 Z <wlli,e> Belb,e _ Z Z VTEf?,lout o Fm,S (ﬁ’ ue,out) T)
e=1 m=1 e=1

On a face y(e), the corresponding contributions from K“°" are
d - _ N d or T
Z Ra(e)Be N;)Re)oFm’S <ue,0ut7 ﬁ) 1 = Z Ee out oFm,S (ﬁ’ ue,out> 1,
m=1 m=1
and

— o\ T
<¢beout> Belbe—l—Z( eout> Eeout) OFm75<ﬁ,ue,out> T)

Conservation is obvious, and entropy conservation results from

—n\T —n\7T —
((Ve,out> (Ee,out>T o Fm,S (ﬁ’ ue,out) T) _ vTEf):LOUt o Fm,S <ﬁ7 ue,out> T)

& NQ,

??‘

d NQkNQk

eout eout T eout eout eout
E, ,jl _VJ) fmSuJ’ § :E : E : m]l _¢j)

1 1=1 m=1 j=1 I=1

= 10= 1=
5

.
Il

N - > > —\T —
T e out T peout reont) _ (. beout b, b,
Erenou 1 — 1 E;OU ¢e ou > _ <¢ne out ¢ne> Be1be.

<=l

(

3
I

]

. —\ = .
Remark 3.4. The coupling term E&"oF,, ¢ (7, ue’om> 1 requires the nodal values
of all neighboring elements. This affects the locality of DG type formulation, and

makes the implementation of non-periodic boundary conditions (inflow, outflow, solid
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—_—
wall, etc) very difficult. We can not simply prescribe values of u®¢°ut,

Remark 3.5. For one-dimensional linear symmetric system (1.14),

1 — 1 -
EoFy(W, W) T = S (REBE 5((R6)TB61”76> o F,
Ee,out o FS(ﬁ; ue,out)? — §(R8>TBefb’e’OUt + 5 ((Re)TBelb,e> o ?7
The boundary penalty term is
NEg N , ,
Z %(Re)TBe (fb,e _ fb,e,out) _ %RTB <f7 _ fb,out) _ RTB <f? _ fj)7
e=1

—
fe

— —
where f* = %( + fev"“t). Hence (3.23) also reduces to the unmodified DGSEM

(3.13), by using the entropy conservative interface flux:

f(uz,up) = fs(uy, up) = %(f(uL) + f(ug)).

In order to make (3.23) an entropy stable scheme, we define the entropy stable
dissipation function an(u, u®"™). Tt is essentially the dissipative part of entropy stable

flux £, (u, uo™).

Definition 3.1. A bivariate function an(u, u’ty serves as an entropy stable dis-
sipation function with respect to an entropy function U if it satisfies the following

conditions:

1. Consistency: an(u, u) =0.
2. Conservation: dy(u, u®™) = —d_,(u®, u).

3. Entropy stability: (v — V)Tan(u, ut)y < 0.
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For example, the Lax-Friedrichs type dissipation function is commonly used:
da(u, ™) = Ap(u, u®) (U™ — u). (3.25)

An(u, u") > 0 is the maximum wave speed. It can be the largest absolute eigenvalue
in f/ (u) and f/ (u°"), or the two-rarefaction approximated wave speed in Appendix

A. Lax-Friedrichs type dissipation function is entropy stable in that
A (u uout)( _ Vout)T(uout . 11) — )\n(u’ uout)(u . uout)TV,(ﬁ) (uout _ u) Z 07

where U is some value on the line segment connecting u and u®"*. We generate en-
ﬁ
tropy stable DGSEM by adding entropy dissipation to (3.23). Let d;, be the vector of

entropy dissipation terms, such that the arguments are entropy-extrapolated values:

~

da(u}, u™)

d.

-~

d“(ﬁf\/s,k ’ ﬁ-l/)\ﬁ;uz)

The entropy stable scheme reads
Ng

2213 Poo(id )T M1<zd: (5,0 Fyo(2, W) T
1e=1 (3.26)
Bd, ).

The proof of high order accuracy, conservation, entropy stability follows respectively

%ﬁ

—
_ Ec;lbout o Fm,S (ﬁ, ue,out> )

from the consistency, conservation and entropy stability of &n.

Corollary 3.1. Under the same assumptions as in Theorem 3.2, if an 1S an entropy
stable dissipation function, then the scheme (3.26) is high order accurate, conserva-

tive and entropy stable.
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3.5 Approach 3: eliminating aliasing error
In [1], Abgrall recommended a simple “brute force” type approach that enforces
entropy stability. It is written in the residual distribution framework. We will the

apply the idea to the DGSEM formulations. We start with the original DGSEM

(3.13), using entropy conservative flux at element interface:

fro = fus(U, W), 1<s<Npy.

s

_)
Notice that the arguments are again entropy-extrapolated values. We also set F); to

be the vector of bivariate entropy flux functions:

* e 0,0u 1 ou S 0,0u 1 ,ou
Fo = Fas(@,007) i= S(vh+ Ve Thy (8l 8) — 5 (00, + 0ha ).

The aliasing error of (3.13) is defined as:
T+ (1) 7 =97 (= sl i (i - 7)) + () 7

- vrstE () BE + (7).

Since
- - 1 Y~ 1

(V) (B2, T — P (B, W) = (VB2 (B, W) (4000 ) = 0
We obtain

d

— T =
€= V'St - (?) By, (3.27)
m=1

We will demonstrate that for smooth solutions, the aliasing error is of high order.

Theorem 3.4. Assume that the sequence of meshes {T,} is uniform, and that all
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mappings and bivariate fluzes are smooth and Lipschitz continuous. Then for each

1 <i < N and smooth solution u, the local aliasing error & = O(h*4).

Proof. (3.27) describes the discretization error of Green’s formula:

/ Z 8:cm dx_/ Z%gm v)dx = [ n(v)dS

lm 1 8Ki

By the approximation property of difference and extrapolation matrix, and algebraic

accuracy of internal and boundary quadrature rule,

d aVT d NQ,k aVT -
/}(l Tnzl al‘m fm(u)dx = Tnzﬂ < le]m(xl(£])>fl m,j -+ O(h )
d d
= > DV Mk + OB ) = S FTSTE 0+ O(RH)
m=1 m=1
NB.k Nok
Z Ty Tba(v(x:(€2))) + O(R*F) = Z Toa(V0,) + O(RFH)
aK
= (j) lwb + O(hk—i-d)
T =
Hence & = S, V7S, 60— (1) Bal, = 0(h+). 0

To neutralize the aliasing error, a simple linear correction term will be introduced

o0 (3.13), resulting in the following entropy conservative DGSEM.

n n

dd = anT (2 W
—t+mZ::1Dmfm=M (€ - ) - oMV, (3.28)

where
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— . .
and v° is the vector of normalized values:

NQk

7

Theorem 3.5. If f,, 5 is entropy conservative for each 1 < m < d, then the scheme

(3.28) is conservative and entropy conservative.

Proof. For conservation,

d 17 Y -1 _ _({N\"nf
—(T7M) = (1 ) a1y (1 ) Bf’.
= . .
as 1'v?=0. For entropy conservation, by the definition of &,

%(?TMﬁ) _ _<17)TBF;> FE—aVIVh = —<17>TBFZ.

=]

We use the relation

j‘\@’k J(v; =) Z QkV v, — Noiv'v

SV (v — )T (v —¥) z NoE Ty — N uv'v

Due to the symmetry of f,, g and F, g,

ffnS( bout,ﬁb — fnS<ﬁb ugout)’ F nS( bout’i‘il;) — FnS(ﬁb uZout)’

which implies conservation and entropy conservation. ]

Remark 3.6. In numerical implementation, we should take

E
G

to avoid division by zero, where ¢ is positive and close to machine precision.
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Remark 3.7. Although we have proved that &; is of high order, this does not
guarantee high order accuracy of (3.28). The main reason is that \75’ = O(h), and

we are not able to control the order of oy = O(h**)/O(h?).

Similar to Section 3.4, we make (3.28) entropy stable by attaching the dissipation
-

vector dj:

@Jrzd:]) £ :M*RT@—FZ—(?) oMV (3.29)
dt mim n n n )

m=1

Corollary 3.2. If f,, s is entropy conservative for each 1 < m < d, and Hn 15
an entropy stable dissipation function, then the scheme (3.29) is conservative and

entropy stable.

3.6 Convection-diffusion equations

Recall the mixed form of convection-diffusion equations

) A, d ov
E +n; %(fm(u) - qm) = Oa qQm = ;C’mr(v)ara 07’ = al’r'

NE

We use f(ﬁ, {W}

tion of the convective part, including (3.16), (3.26) and (3.29). For the diffusive part,

> to represent the generic form of entropy stable discretiza-
e=1
the extension to general set of nodes is much easier. We just keep the LDG type

formulation:

dd

S L(R: {11—>}N) - i D,.,q = —MIRTB(oT’; —ay).  (330a)

e=1

6, - D,V — —M 'R'BN, (3 v ) 1<r<d (3.30b)
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b bout _ o (b ybout ob  bout - -
o veoit) and gy, = Au(Ve, Vool dp, AR%"). We can still establish

where v = V(v
the entropy stability of (3.30) with LDG fluxes. The proof is exactly the same as in

Theorem 2.6.

Theorem 3.6. Given parameters o > 0 and § € R, if we the LDG fluxes

N 1
V(Va VOUt) = i(v + VOUt) + B(V - VOUt)a

qut)
9

-~ ou ou 1 ou ou
qn(V7V ta dn; 4, t) = é(qn + 9, t) - 5(q1‘l —dqn t) - a(V] - Vj

(3.30) is entropy stable.

3.7 Back to modal formulation

We have only considered nodal entropy stable DGSEM formulations up to now. In
this section, we will recover the corresponding modal formulations in a straightfor-
ward manner. Here in order to maintain entropy stability, we have to make sure
that the nodal values of v live in the polynomial space, which brings us the idea of

entropy projection.

NQ,k
On the reference element K, suppose that u,(§) := > wp(§) is the numerical
=1

= . . . = .
solution function, u is the vector of polynomial coefficients, and U =V is the

vector of nodal values. For entropy variables v, we define the projected polynomial:

NG,k

=PV, vi(€) = Z vipi(§),

=
v

> =
as well as the entropy-projected values v and u, such that

%
T i=VY = VPV, & =v(¥), 1<j<Nox
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Now given the generic nodal DGSEM formulation

ST ) o o

the modal formulation is derived through projection (recall Section 3.2) and inserting

entropy-projected values:
=
u

d op— N,
=+ PL (3; {ueﬂout} E) —0. (3.32)

Theorem 3.7. If (3.31) is conservative and entropy stable, then the modal formu-

lation (3.32) is also conservative and entropy stable, in the sense that

%(i/}( uh(x)dx> = %(ZT}TMZHZ) =0, %(i?TMzﬁJ <0. (3.33)

i=1 i=1

%(?Tl\/m) — _7™™VPL (3; {ﬁ—% }N_El> _(VPT)'ML <§>; {ﬁ—{ }N_El)
(R i) ).
and

9Tt = - vMveL (R {50 ) = ~vev)yrME (T o))

= = (VN
= —vMI (@ {aet ),

e=1

Then from the conservation and entropy stability of (3.31), we see that (3.32) is also
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conservative and entropy stable. O]

Entropy projection will not affect high order accuracy. For a smooth solution u
= =
and 1 < ¢ < N, the projection error v; — Vi = O(h**1), and 1; — = O(h**1). We

can easily prove that for both (3.16) and (3.26),

() -2 @ ) o

s

Hence the local truncation error of the modal formulation is also O(h*). Moreover,
by using entropy-projected values, we achieve a better estimate for the local aliasing

error in Section 3.5.

Theorem 3.8. Under the same assumptions as in Theorem 3.4, if we replace v

with entropy-projected values v , the local aliasing error

d
&=Y ws! m?—>m—<17> Bt — O(h?+) (3.34)

Proof. Since the extrapolation is exact for polynomials, v? = v, (x;(£2)). We can

consider the Green’s formula for vy,:

| bgatmix= [ va(vds,

m=1 m OK;

such that the discretization error only comes from quadrature:

d - -
/ Z gm Vh dx = GiTSmez‘,m + O(h2k+d)’

1m 1 m=1

Yn(vp)dS = (?) Zwb + O(h2k+d>

0K;
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Hence & = O(h?k+d). O

3.8 Accuracy test

We test the numerical convergence rates of entropy stable nodal DGSEM (3.16),
(3.26) and (3.29) on the two-dimensional Burgers equation. Discrete operators are
built on the A-type quadrature points with ¢ = 1,2,3,4. The settings will be the
same as in Example 2.6.2. All three schemes are evolved up to t = 0.05. Here we

u2

consider two different entropy functions: the square entropy function U = % and

the hyperbolic entropy function U = cosh(u).

Numerical errors and orders of convergence of scheme (3.16) are presented in
Table 3.1 (for square entropy function) and Table 3.2 (for hyperbolic cosine entropy
function). The corresponding numerical results of scheme (3.26) are listed in Table
3.3 and 3.4, and the results of scheme scheme (3.29) are listed in Table 3.5 and 3.6.
Since the internal quadrature rule is of degree 2k and the boundary quadrature rule
is of degree 2k + 1, it might be possible to recover the optimal (k + 1)-th order
convergence (recall Remark 1.10). We do achieve optimal convergence in (3.16) and
(3.29), despite the fact that the truncation error of (3.29) is not fully understood.
However, the convergence is still below optimal in scheme (3.26). The change of
entropy function has relatively little impact. For a given scheme, and the convergence
orders with two entropy functions are almost the same, and the numerical error with

hyperbolic cosine entropy function is slightly smaller.
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Table 3.1: Accuracy test of the two-dimensional Burgers equation at t = 0.05:
scheme (3.16) and square entropy function.

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

2.388e-04
3.683e-05
4.821e-06
6.340e-07
8.354e-08

2.697
2.933
2.927
2.924

4.924e-04
8.852e-05
1.182e-05
1.726e-06
2.483e-07

2.476
2.905
2.775
2.797

6.618e-03
1.431e-03
1.873e-04
3.270e-05
6.024e-06

2.210
2.934
2.518
2.440

3 1/16
1/32
1/64
1/128
1/256

5.966e-05
9.006e-06
3.397e-07
2.187e-08
1.459e-09

3.575
3.881
3.957
3.906

2.064e-04
2.081e-05
1.508e-06
1.027e-07
6.922¢-09

3.310
3.787
3.876
3.891

3.278e-03
5.757e-04
3.352e-05
3.931e-06
3.300e-07

2.510
4.102
3.092
3.574

1 1/8
1/16
1/32
1/64
1/128

1.617e-04
1.209e-05
5.545e-07
1.741e-08
2.561e-10

3.741
4.446
4.993
4.969

5.139e-04
4.902¢-05
2.877e-06
8.684e-08
2.819¢-09

3.390
4.091
5.050
4.945

6.596e-03
1.231e-03
1.243e-04
5.782e-06
1.766e-07

2.422
3.308
4.426
5.033

Table 3.2: Accuracy test of the two-dimensional Burgers equation at ¢
scheme (3.16) and hyperbolic cosine entropy function.

= 0.05:

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

2.244e-04
3.391e-05
4.386e-06
2.717e-07
7.511e-08

2.726
2.951
2.939
2.928

4.597e-04
8.188e-05
1.074e-05
1.557¢-06
2.238e-07

2.489
2.931
2.786
2.798

6.226e-03
1.367¢-03
1.793e-04
2.992¢-05
5.511e-06

2.187
2.931
2.583
2.440

3 1/16
1/32
1/64
1/128
1/256

5.445e-05
4.526¢e-06
3.019e-07
1.920e-08
1.275e-09

3.589
3.906
3.975
3.913

1.913e-04
1.921e-05
1.365e-06
9.184e-08
6.148e-09

3.316
3.815
3.894
3.901

3.067e-03
5.347e-04
3.096e-05
3.538e-06
2.941e-07

2.520
4.110
3.130
3.589

1 1/8
1/16
1/32
1/64
1/128

1.476e-04
1.092e-05
4.984e-07
1.528e-08
4.818e-10

3.757
4.454
5.028
4.987

4.757e-04
4.482e-05
2.637e-06
7.728e-08
2.472e-09

3.408
4.087
5.093
4.966

6.202e-03
1.132e-03
1.150e-04
5.355e-06
1.641e-07

2.454
3.300
4.424
5.028
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Table 3.3: Accuracy test of the two-dimensional Burgers equation at t = 0.05:
scheme (3.26) and square entropy function.

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

5.589%e-04
7.520e-05
9.540e-06
1.159e-06
1.449e-07

2.894
2.979
3.042
2.999

1.417e-03
2.264e-04
3.179e-05
4.063e-06
5.328e-07

2.646
2.832
2.968
2.931

1.480e-02
2.942e-03
4.968e-04
9.024e-05
1.510e-05

2.331
2.566
2.461
2.579

3 1/16
1/32
1/64
1/128
1/256

8.852e-05
9.359¢-06
8.005e-07
6.294e-08
5.182e-09

3.242
3.547
3.669
3.602

2.776e-04
3.815e-05
3.835e-06
3.702e-07
3.689e-08

2.863
3.314
3.373
3.327

4.435e-03
9.120e-04
1.521e-04
2.543e-05
3.160e-06

2.282
2.584
2.581
3.008

1 1/8
1/16
1/32
1/64
1/128

2.135e-04
1.920e-05
1.216e-06
4.846¢e-08
1.670e-09

3.475
3.981
4.649
4.859

6.078e-04
7.180e-05
5.972e-06
2.767e-07
9.917e-09

3.082
3.588
4.432
4.802

6.544e-03
1.661e-03
2.215e-04
1.829¢-05
1.061e-06

1.978
2.906
3.598
4.108

Table 3.4: Accuracy test of the two-dimensional Burgers equation at ¢
scheme (3.26) and hyperbolic cosine entropy function.

= 0.05:

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

5.300e-04
7.057e-05
8.973e-06
1.089e-06
1.363e-07

2.909
2.975
3.042
2.998

1.367e-03
2.154e-04
3.028e-05
3.872e-06
5.082e-07

2.666
2.831
2.967
2.930

1.451e-02
2.813e-03
4.761e-04
8.605e-05
1.447e-05

2.366
2.563
2.468
2.572

3 1/16
1/32
1/64
1/128
1/256

8.324e-05
8.824e-06
7.546e-07
5.944e-08
4.908e-09

3.238
3.548
3.666
3.598

2.611e-04
3.621e-05
3.655e-06
3.537e-07
3.530e-08

2.850
3.308
3.370
3.325

4.398e-03
8.565e-04
1.463e-04
2.444e-05
3.024e-06

2.361
2.550
2.581
3.015

1 1/8
1/16
1/32
1/64
1/128

1.945e-04
1.768e-05
1.123e-06
4.482¢e-08
1.549e-09

3.459
3.977
4.648
4.855

5.587e-04
6.770e-05
5.577e-06
2.583e-07
9.283e-09

3.045
3.602
4.432
4.798

6.280e-03
1.607e-03
2.089e-04
1.709e-05
9.867e-07

1.966
2.943
3.612
4.114
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Table 3.5: Accuracy test of the two-dimensional Burgers equation at t = 0.05:
scheme (3.29) and square entropy function.

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

2.423e-04
3.695e-05
4.829e-06
6.345e-07
8.357e-08

2.713
2.936
2.928
2.925

4.972e-04
8.831e-05
1.181e-05
1.725e-06
2.482e-07

2.493
2.903
2.775
2.797

6.534e-03
1.421e-03
1.865e-04
3.245e-05
9.993e-06

2.201
2.930
2.523
2.437

3 1/16
1/32
1/64
1/128
1/256

6.369e-05
5.322e-06
3.541e-07
2.251e-08
1.491e-09

3.581
3.910
3.975
3.916

2.222e-04
2.234e-05
1.587e-06
1.066e-07
7.121e-09

3.314
3.816
3.896
3.904

3.553e-03
6.373e-04
3.607e-05
4.092¢e-06
3.434e-07

2.479
4.143
3.140
3.575

1 1/8
1/16
1/32
1/64
1/128

1.821e-04
1.336e-05
5.991e-07
1.834e-08
5.771e-10

3.768
4.480
5.030
4.990

5.807e-04
5.422e-05
3.120e-06
9.209e-08
2.945e-09

3.421
4.119
5.082
4.967

7.067e-03
1.358e-03
1.348e-04
6.217e-06
1.901e-07

2.379
3.332
4.439
5.032

Table 3.6: Accuracy test of the two-dimensional Burgers equation at ¢
scheme (3.29) and hyperbolic cosine entropy function.

= 0.05:

k h

L' error

order

L? error

order

L™ error

order

2 1/16
1/32
1/64
1/128
1/256

2.321e-04
3.456e-05
4.432e-06
2.748e-07
7.532e-08

2.748
2.963
2.947
2.932

4.779e-04
8.407e-05
1.088e-05
1.566e-06
2.244e-07

2.507
2.950
2.797
2.803

6.456e-03
1.431e-03
1.888e-04
3.105e-05
5.511e-06

2.173
2.923
2.604
2.494

3 1/16
1/32
1/64
1/128
1/256

6.136e-05
5.050e-06
3.266e-07
2.031e-08
1.330e-09

3.603
3.951
4.007
3.933

2.201e-04
2.199¢-05
1.513e-06
9.928e-08
6.533e-09

3.323
3.861
3.929
3.926

3.608e-03
6.367e-04
3.610e-05
3.837e-06
3.184e-07

2.503
4.141
3.234
3.591

1 1/8
1/16
1/32
1/64
1/128

1.787e-04
1.298e-05
2.751e-07
1.693e-08
5.198e-10

3.783
4.497
5.086
5.026

5.778e-04
5.361e-05
3.081e-06
8.712e-08
2.711e-09

3.430
4.121
5.144
5.006

7.072e-03
1.356e-03
1.346e-04
6.191e-06
1.902e-07

2.382
3.334
4.442
5.024
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This chapter is a brief tutorial of the distribution-free stochastic analysis in [78]. We
first describe the generalized polynomial chaos (gPC) expansion for an uncorrelated
sequence of random variables in Section 4.1. Then we bring into the ideas of driv-
ing noise, Wick product and Skorokhod integral in Section 4.2 and 4.3. These are

basically generalizations of Gaussian white noise and It6 integral.

4.1 Generalized polynomial chaos expansion

Suppose that = = {&}72; is a sequence of uncorrelated random variables within
some probability space (2, F,P), such that E[§] = 0 and E[¢7] = 1 for each k. We
also assume F = o(Z) is the o-algebra generated by {&;}72,.The term distribution-
free arises from the fact that each random variable can be of any distribution. They
are not required to be identically distributed or independent. We aim to construct
an orthogonal basis of L?*({2), under the notation of multi-indices.

Definition 4.1. Let o = (o, g, -+ ) be an multi-index whose length is denoted by
la] := i ag. J stands for the set of multi-indices of finite length:

k=1

J ={a=(a1,a9,--+): >0 for each k, |a| < co}.
The polynomials and factorials of multi-indices are defined as:

o0 o0
£ = Hf?’“, al = Hak!.
k=1 k=1

Moreover, €y 1s the multi-index whose entries are all zero, and €y, is the multi-index

such that its k-th entry is 1 and all other entries are zero, for each k > 1.
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Each multi-index a with |a| = n can be uniquely identified by its characteristic

set I, = (il,4%,--- ,i"), which is a vector of length n and given by
k-1 k
v =k if and only if Zaj <m< Z&j, for each 1 <m < n.
=1 =1

For instance, if a = (0,1,0,2,3,0,---), I, = (2,4,4,5,5,5). Particularly, we let
d(a) := 4%, the position of the rightmost nonzero entry in a. We impose the following

two assumptions on =.

A1l. For each finite dimensional random vector (&;,,&,, - ,&,), the moment
generating function Elexp(61&;, + 028, + - - - + 04&;,)] exists for all (61,6, ,04) in

some neighborhood of 0 € R%.

A2. We have an orthogonal set of polynomials {K,,« € J} such that for each
n>1,

span{ K3, |8] < n} = span{¢” : |8| < n} :=P",

and for each || =n +1,

K, = &% — projectionpn€®.

The generalized polynomial chaos basis functions {®,, |a| € J} are scaled ver-

sions of {K,, |a] € J}:

D, = co Ko, so that E[Q,Ds] = dup(al) (4.1)

Obviously ®., = 1 and &, = &. Under assumptions Al and A2, {®,,a € J} (and

hence {K,,a € J}) forms a complete Cameron-Martin [6] type orthogonal basis.
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The following theorem is proved in [78].

Theorem 4.1. Assume A1 and A2 hold. Then {®,,a € J} is a complete set
of orthogonal basis functions of L*(2). For each n € L*(), its polynomial chaos

ETPansion is

Ein®,
UZZ%‘Dm No = [77 ]7

ol
aeJ

and the Parseval’s identity holds:

Bl =) (ah)n?.

aeJ

In this way we separate the stochastic part (P, ) and the deterministic part (1,).

In the special case where {&;}52, are independent identically distributed (i.i.d.)

random variables, A1 and A2 can be simplified into the two assumptions below.

B1. The moment generating function E[exp(0&)] exists for all # in some neigh-

borhood of 0.

B2. There exists an orthogonal set of univariate polynomials {¢,(£)}22, such
that Elp, (&k)om(&k)] = dmnn!, and the gPC basis functions are simply tensor prod-
uets of (€)1 i}

Do = [ [ Par (). (4.2)
k=1

Corollary 4.1. Suppose that {&}32, is a sequence of i.i.d random variables with
zero mean and unit variance, and assumptions Bl and B2 hold. Then {®,,a € J}

given by (4.2) is a complete set of orthogonal basis functions of L*(Q).

Table 4.1 shows the orthogonal polynomials for some common random distribu-

tions (see e.g. [106]). It may be necessary to shift and scale the distribution to
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achieve zero mean and unit variance.

Table 4.1: Correspondence between random distribution and orthogonal polynomials
for an i.i.d. sequence of random variables.

Distribution of &,  Orthogonal polynomials

Continuous Gaussian Hermite
Gamma Lagurre
Beta Jacobi
Uniform Legendre

Discrete Poisson Charlier
Binomial Krawtchouk

Negative binomial Meixner
Hypergeometric Hahn

Remark 4.1. We use the weaker assumption of uncorrelated random variables to
incorporate Lévy randomness, whose gPC basis functions are not polynomials of
simple random variables. We will always consider i.i.d. random variables in the

numerical tests in Section 5.3.

4.2 Driving noise

Now we take the time variable into account. Let [0,7] be some time interval and

H := L*([0,T]) .We define the following driving noise N/ (t):

N =m0 =D mi(t)®e,, (4.3)

and the stochastic process

N(t) = /OtN(S)dS = (/Ot mk(s)ds)ﬁ'k, (4.4)

o]
k=

1
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where {my(t)}32, is a complete orthonormal basis of H. Then N (t) is a process

with zero mean, and the covariance function

EWN (t)N (t2)] = Z (/0 mkz(3>d8) (/0 mk(s)ds ; Lio,egs ) 1 (Ljo,29), Mk)

k=1

= (1[0,151]7 1[0,t2])H = min{tly tQ}-

In other words, NV (t) has uncorrelated increments, such that for 0 < ¢; < ¢,
E[(N (t2) = N (t))N (1)) = EIN (t2) N (t1) = N(t1)°] =t —t1 = 0.

Two specific examples of N(t) and N () are provided below.

Example 4.2.1. If {£}°, are i.i.d. standard Gaussian random variables, N (¢) is
a Gaussian process with independent increments (zero correlation implies indepen-

dence for jointly Gaussian random variables). One can easily show that
E[(N(t2) = N'(t1))"] = 3(t2 — t1)?

Then by Kolmogorov continuity theorem, we can find a version of N (t) with con-
tinuous path. This is indeed standard Wiener process W (t), and the driving noise
N (t) is the Gaussian white noise W (t). As for gPC basis functions, {@,(£)}52, are

probabilists” Hermite polynomials {He, (x)}52,.

Example 4.2.2. If {¢,}%° | arei.i.d. uniformly distributed on [—v/3, /3], the driving

stochastic process N (t) is non-Gaussian as its characteristic function is

oo sin (\/ée(fot mk(s)ds)>

E[iON ()] = exp 292 /mk ds fk ]:g ﬁe(ftmk(S)dS>

As for gPC basis functions, {,(£)}22, are the scaled versions of Legendre polyno-
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mials {L, ()}

Pu(€) = V/@n+ DnlLy (45)

§
)

such that E[p,(&)?*] = nl.

4.3 Wick product and Skorokhod integral

In this section briefly explains the languages to construct distribution-free stochastic
integrals. For the opposite direction, i.e. the stochastic (Malliavin) derivative, we
refer interested readers to [78] for more details. Let E be some given Hilbert space.
We will work on the space of generalized random variables written as formal chaos

expansion series:

D'(E) := {u = Zuaq)a DU € E},

aceJ

and the space of square integrable general random variables:

D(E) := {u =3 Ua®a i ua € B, Elfulli] = Y alfjuall} < oo},

acg acd

For instance, if E = H = L*([0,T]), D'(H) consists of generalized stochas-

tic processes u = u(t) = > ua(t)®, such that each w, € L2([0,T]); while
aceJ

D(H) = L*([0,T] x ), the subspace of square integrable stochastic processes in

D'(H).

We first introduce Wick product ¢, a convolution type binary operator on chaos

expansion coefficients:

O,0P5 =15, uov= Z Z UavgPop for u,v € D'(R).
aeJ ped
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Then for u = u(t) € D'(H), its Skorokhod integral d(u) € D’'(R) is denoted by

T o0
5(u) = / u(t) o N (1)t = 373 (o i) B, = 3 (3 (tacey )i ) o
0 acJ k=1 acd epla
(4.6)
The Skorokhod integral can be better characterized in terms of multiple integrals.
For n > 0, let H" := L*([0,T]") and H" be the family of symmetric functions in
H". We use t™ as the short hand notation of (¢,ts,--- ,t,). For each multi-index

a with |a| = n, we set

Eo(t™) =Y mig (to)maz (o) - - 1y (tom) (4.7)
0€Gn
where G, is the permutation group on {1,2,--- ,n}. Then {E,, |a| = n} is a complete

orthogonal basis of H", and | Eall%n = nlal. For each f € H™, we have the expansion

and the Parseval’s identity

E,
=Y hab fo= TR e S g

laf=n laf=n

The multiple integral I, is a linear operator from H™ to L?(€2), such that

L(f) =nl Y fala, f€H (4.8)

|a|=n

for each f € Fﬁ, and

E[L(f)*) = ) ol(nlfa)* =n!| fllf
|a|=n
Therefore, I, (to be more rigorous, I,,/v/n!) defines an isometric embedding. The
connection between Skorokhod integral and multiple integral is pointed out in the

following theorem.
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Theorem 4.2. Suppose that v = u(t) = L,(f(t,t™)) € L*([0,T] x Q), and f(t,-) €
H" for eacht € [0,T). Then 6(u) = Lt (f) € L2(Q). Here forg € H", § is standard

symmetrization of g:

~ (n 1
g(t( )) - Z I(to)ito@)s s to(n))- (4.9)

’ G'egn

Proof. We denote the expansion of f(¢,-) by:

[0 = 3 ful) Ealt™).

|a|=n

By the definition of [, and 9,

u(t) =nl Y faO)®a,  5(u) =01 Y Y (far k) rPase, -

|a|=n la|=n k=1

Since u € L*([0,7T] x Q),

T 1 T
s = [ 1M = 7 [ Bl < o

—_—~—

Hence f € H™!, and ]76 H»*+1 | with expansion:

f: Z f/.a_\E/a = Z Z(fa;mk)Hn/l_k\EZ = TL;—H Z Z(faamk)HEa+ek-

la|=n |a|=n k=1 |a|=n k=1

Comparing the expansions of ¢(u) and f, we draw the conclusion that d(u) =

L (f) € L*(Q). O

As a special case, if n =0 and f = f(t) € H, Iy(f) = f is deterministic, and the
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Skorokohd integral of f is:
0(F) =D (fome)u& =D (f Eo)u®e, = L(f) = L(f). (4.10)

k=1 k=1

In other words, §(f) = I(f) is an isometric embedding from H to L*(Q). If we
also assume that f is continuous, §(f) is limit of discrete sums in It6’s sense. Hence

Skorokhod can be regarded as the generalization of classic [t0 integral.

Theorem 4.3. Suppose f = f(t) € C([0,T]). Consider the partition of [0,T):

A= {[tifl,ti} 01 S 1 S NA, to == O, tNA == T}, ‘A’ = ISI?SHJ\I/'A(tZ — tifl).

N,
As [|A]| == 0, the Ité type discrete sum f fti1)(N(t;) — Ni—1) converges to §(f)
=1
in L*(Q).

Proof. Since

N(t) = i (/Ot mk(s)ds i Lo, M) &k = 6(L0.4),

k=1

the discrete sum equals

D F(t) V() = Nics) = 8(fa), Zf i) L (8).

By uniform continuity of f and isometric property of d, as |A| — 0, fa converges
uniformly to f (which implies convergence in H), and thus d(fa) converges to d(f)

in L?(Q). O

Furthermore, in the case that {£,}7°, are i.i.d. standard Gaussian variables, we

have seen in Example 4.2.1 that A(t) = W (t) is the Gaussian white noise, and we
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will demonstrate that Skorokhod integral is equivalent to Ito integral for adapted

processes. Let us first provide the definition of adapted processes.

Definition 4.2. Foru = u(t) € L*([0,T]xQ), we can write down its chaos expansion

with regard to multiple integrals:

ut) =Y L(falt,t™),  fult ™) = % 3 () Ea(t™).

lal=n

u is called adapted if
supp fo(t,-) € [0,t]", for eacht € [0,T].

Theorem 4.4. Suppose that v = u(t) € L*([0,T] x Q) is adapted. Then §(u) €

L3(2), and we have the Ito-Skorokhod isometry:

E[6(u)?] = /0 Elu(t)?]dt. (4.11)

If we further assume that {&}52, are i.i.d. standard Gaussian variables, §(u) coin-

cides with the Ito integral:

5(u):/0 u(t)oW(t)dt:/O w(t)dW (t). (4.12)

Proof. By Theorem 4.2, for u = u(t) = Y f,(t,t™),
n=0

0(u) = Tnsa(fn): E[(@)?) =Y (n+ Dl full .

Since f,(t,t™) is symmetric with respect to t™, f, = =1 > faalt, M), where
i=0

Fao@ 1) = fu(t, 8™, foa(t, t™) = fotity, - tioa, tytigr, -+, t,) for 1 < i <.
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From the definition of adaptedness, {f,;}", have disjoint supports, which gives us

~ 1 u 1
2 _ 2 : 112 _ 2
anHHn+1 - (n—i— 1)2 pr an,lHHn+1 - n+ 1anHHn+1-

Then we are able to prove the Ito-Skorokhod isometry:

= wlfali = [ (Zn'\lfn MYir = [ Elutoa

If {&}52, are i.id. standard Gaussian variables, for each |a| = n, we have the

multiple It6 integral formula (see [25]):

n! / / / VAW () - - dW (b )W (1) = nl, = I,(E,).  (4.13)

Hence

=3 L) = 3 / [ [ ntnawn) e aw  awe),

and

/T v

—Zn' / / / /Oh Fult £0YAW () - VY (1, )V () ) AV (1)

"l /0 /O /O /Om Fu (b EOVAW (b)) - -+ AW (£ )W (£) AWV (1)

:i(n+1)!/oT/0t /Otn---/OtQﬁL(t,t<">)dW(t1).--dW(tn1)dW(tn)dW(z)

=5 L) = 6(u).

The last two equalities follow from adaptedness. We use the fact that if f,(t,t™) is

nonzero, then ¢ > t; for each 1 < i < n, and f,(t,t™) = —fult, ). O
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In this chapter, we will look into the polynomials chaos expansion approach to
distribution-free SPDEs. Let I' € R? denote some smooth finite domain. The
stochastic solution function u(t, x) lives in the space L?([0,T] x T' x ), represented

as gPC expansion

u(t,X) = Y ua(t,x)®a, U € L*([0,7] x T).
acd
Then we are left with the propagator system, i.e. the system of deterministic PDEs
satisfied by {u,(t,x),a € J}. For linear SPDEs, the propagator system has lower
triangular and sparse dependency [75, 68, 76, 69], and is independent of the type
of noise involved. However, for nonlinear problems, the propagator system is fully
coupled [56, 73], and varies from one kind of noise to another. The Wick-Malliavin
approximation was proposed in [77] as a decoupling technique. Numerical simula-

tions of Wick-Malliavin approximation can be found in [102, 100].

In practice, a finite truncation of {u,(t,x), € J} is always necessary. For

K, N > 0, define the truncated multi-index set

Tuwi={ae il <N, da) < &) #awa = (7 3").

N
That is, Jn k contains multi-indices whose polynomial order is no more than /V, and
number of random variables is no more than K. The size of Jy x grows exponentially

with respect to both N and K. Then we compute the truncated solution

un(tX) = Y Ta(t,x) Py,

acJN, Kk

where {U,,a € Jn ik} satisfies some truncated propagator system. Notice that due

to aliasing error, u, might not be the same as u,.
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This chapter consists of the following sections. In Section 5.1, we derive the
propagator systems for two model problems. We will take a linear parabolic SPDE
as the linear model problem, and stochastic Burgers equation as the nonlinear model
problem. In Section 5.2, we analyze the approximation error induced by the trun-
cation of index set, proving that for linear problems, the convergence rate of mean
square error is actually exponential with respect to IV, and cubic with respect to K.
In Section 5.3, we carry out numerical experiments on linear and nonlinear SPDEs.
We will study numerical orders of convergence, and the error estimate in Section 5.2

is verified.

5.1 SPDE model problems

Example 5.1.1. Consider the following homogeneous linear parabolic SPDE:

%(t,x) — Lut MuoN(t), (4x) e (0,T]xT,
t (5.1)

u(0,x) = up(x), xel,

d

L= Z > ay(x) ax?axj + Z bi(x) aii te(x), M= Z a;(x) ai +B(x). (5.2)

If {1}, are ii.d. standard Gaussian variables, according to Theorem 4.4, (5.1) is

equivalent to the Ito type SPDE

du(t,x) = Ludt + MudW (1), (5.3)



134

and the Stratonovich type SPDE
du(t,x) = Ludt + Mu o dW (t), (5.4)

where £ = £ — s MM. We assume that the coefficients in £ and M are smooth and
bounded, L is uniformly elliptic, and the initial condition ug(x) is deterministic and
bounded. These assumptions are sufficient for a unique square integrable solution
uwe L2[0,T] x T x Q) (see [76, 70]). As we will see later, the propagator system
is independent of the type of noise. Therefore these well-posedness requirements

remain the same in the distribution-free setting.

Recall the definition of the Skorokhod integral (4.6). We come up with the
propagator system by comparing the expansion coefficients on both sides of (5.1):

Ouy,

5 (6:%) = Lua + > Muaemi(t),  a(0,%) = uo(X)1{a=zg).  (5.5)

e

It is a system of linear parabolic deterministic PDEs, with a lower-triangular and
sparse structure, i.e., a multi-index of order n only talks to itself and multi-indices of
order n — 1. As a result, the system is not affected by the truncation of multi-index

set, and the truncated solution is

un k(t,x) = Z Ua (T, %) Py,

a€IN, K

Parallelization is also possible as coefficients of the same order can be updated si-
multaneously. Moreover, the propagator system does not depend on the type of
randomness involved. It is solved once and for all, the computational overhead from

changes of noise is almost negligible.

From numerical perspective, we follow the method of lines principle to discretize
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(5.1) and (5.5). After some suitable spatial discretization with M degrees of freedom,
L and M turn into M x M difference matrices A and B, and (5.1) reduces to a linear
system of SODEs

u'(t) = Au(t) + Bu(t) o N(t), te(0,T]
(5.6)

u(0) = uy,

where u(t) € RM is the vector u(t,x) evaluated at those degrees of freedom. The

corresponding propagator system is

w,(t) = Aug(t) + Y mp(t)Bua—c, (t),  1a(0) = Uolia=cyy, (5.7)

z’;‘kSOé

and the truncated solution of (5.7) is

uvi(t) = Y ua(t)®.

a€IN, K

Example 5.1.2. Consider the one-dimensional stochastic Burgers equation with

additive noise and periodic boundary condition [56]:

2 2
%(m) plowt_ O, o()N(t), (t.x) € (0,T] x T,

2 Oz - #w (58)
u(0,z) = up(x), xel,

where p is a positive constant and o(z) is a periodic forcing function. The corre-

sponding Ito type SPDE in the case of i.i.d standard Gaussian noise is

du(t, z) (M% - %%)dt + o(2)dW (1), (5.9)

By assuming that ug(z) is deterministic and o, ug € L*(T"), we make sure that (5.8)

has a unique square integrable solution (see [22]). However, such result does not
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generalize to the distribution-free setting as the propagator system varies for different

driving noises.

In order to figure out the propagator system, we have to expand u? into gPC

series:
u? = Z (ZZB uﬁup>fl> (5.10)
acedJ BeJ ped
where
E[0.0;®,]  E[®,05%,)
are interaction coefficients. Hence the propagator equations are
(9Ua u (9 ua
#5323 bl s 2 < T o) S s
BEJ peJ (5.12)

o (0, 2) = uo(x)L{a=cy}-

It is a fully coupled system of nonlinear PDEs, whose interaction coefficients
B(a, B,p) depend on the type of driving noise. Compared with the linear case,
(5.12) lacks sparsity, and must be recalculated each time we change distribution.
Both features make the nonlinear problem much more expensive to simulate. For a

truncated multi-index set Jy x, we need to solve the truncated propagator system

~

I, Y u 0%,
T+ 3% s n T < oY 1 mt

BGJN K PEIN,K
(5.13)

Notice that u, is not u,, because the evolution of u, depends on multi-indices that
do not belong to Jy k. In Appendix D we will present the generic procedure to
calculate interaction coefficients, as well as explicit formulas for some special types

of distribution.

Remark 5.1. In principle, the propagator system can be determined explicitly as
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long as we only have polynomial nonlinearity. We expand power functions as tensor
products in a way that is similar to (5.10). The expansion of nonpolynomial functions
is much more challenging. Several methods are presented in [24] to perform general

function evaluations on polynomial chaos series.

5.2 Error estimate

For the sake of simplicity, we will focus on the truncation error analysis of the linear

SODE system (5.6), and its propagator system (5.7):

Uqy (0) = u01{a250}7

where u € (L?([0,T] x Q))M, A and B are constant M x M matrices. The reason
for such simplification is twofold. Since (5.6) is the spatial discretization of (5.1), it
is the equation we are actually dealing with in numerical simulations. Besides, all
arguments in this section can be generalized to (5.1) with more technical considera-
tions. We simply replace the Euclidean norm with appropriate Sobolev norms and

impose regularity assumptions on £ and M (see [118]).

Theorem 5.1. Suppose that {my}2, is the trigonometric basis

my(t) = %, my(t) = \/gcos (“:_Tl)m>, k> 2. (5.14)

Let Ay := ||All2 and A\g := || B||2 be the matriz norms. Then the mean square error
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of the truncated solution uy x(T') is bounded by the estimate

(ALT)NL  16AZNLT?
(N+1)! 74 (K - 3)?

Effu,c(T)—u(T)[?) < e@+29)7 ( S (G+BXATZH6ALT?) ) ug .

(5.15)

Remark 5.2. From (5.15), we conclude that the mean square truncation error con-
verges at an exponential rate with respect to NV, and at a cubic rate with respect to
K. We improve the error estimate in [68] where the authors only proved linear rate
with respect to K. Cubic convergence result can also be found in [56] for a special
example of stochastic Burgers equation. However, the approximation error increases
exponentially in time. Long time simulation might be impractical. At least more

expansion coefficients are required to compensate error growth.

The proof is primarily along the lines in [68]. We first prove a lemma to extract

the analytical solution of (5.7).

Lemma 5.1. Suppose {u,(t),a € J} solves the propagator system (5.7). For each

n >0 and o € J with |a| = n, the explicit formula of u,(t) is

1 (trn)
wa(t) = ~ / F, (1, £ B, (1)), (5.16)

al

where E,(t™) is from (4.7) and

Fn(t,t(“>) — pltmtn)A R (tn—tn-1)A R BetlAuo,

(t.n)
/ g(t™)dt™ / / / "Nty - dty_ydiy.

Proof. We prove by induction on n. If n = 0, u,,(t) = elugy. (5.16) is obviously

correct. Now for n > 1 and |a| = n, we assume that (5.16) holds for all 8 € J with
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|5| < n. By Duhamel’s principle,

u,(t) = /Ot e(t’S)A< Z mk(s)Bua,Ek(s))ds

é‘kSOé

1 t (s,n—1)
=— e(t’S)A( Z akmk(s)B/ F, 1(s,t""NE, ., (t(”’l))dt(”’1)>ds
al Jo

er<a
1 (t,n)
== F,(t, t(”))< S apmitn) Bae, (t(”*l)))dt(”)
era
1 [0

=~ F,(t,t")E,(t™)adt™,
(6%

where we use the identity

Ea(t™) = agmp(ty) EBae, (1)

5k§04

Hence (5.16) is satisfied by any a. O]

Proof of Theorem 5.1. According to Parseval’s identity, we decompose the trunca-

tion error as

Elluyx(T) —u(D)f]= Y > aluaDP+ Y > > aljul(T)

n=N+1 |a|:n k=K+1 n=1 ‘a|:n
d(a)=k
We only need to show the two inequalities below:
o0 A2 TN+
> Y alfun () < el 5Ty e (5.17)

|
n=N+1 ‘a|:n (N + ]‘)

o) N
16A2 N2 T3
YY) alul(T))P < A?MHQB)Tﬁ@ + 3NAT? 4 6AET?) ug .
]CZK+1 TL:1 al=n 2
Ao
(5.18)

As for (5.17), setting F,,(T,-) to be the standard symmetrization of F,,(T,-) (F,, is



extended with zero value outside the simplex {t(”) 0t < -

have

1 (T,n) 1 ~
/ F, (T, t")E,(t™)dt"™ = — / F, (T, t"™)E,(t™)adt™.
[0,7]"

Ua(T) = o

T al

Since {E,, |a| = n} is an orthogonal basis of H",

1 -
oy (1) = 3 1 / B (T, £00) B, (1)) g
> 2 ol fon

laj=n

2

|a)=n
Tn
) (5.19)

— ll[Fu(T, ) e = (1) / B (T, 1) 2t ™)

(T')n)
_ / (B, (T, 10021,

For any given ¢,

|F, (T, )| < raT=tn) \geraltn=tn—a) )\ pedati|yg| = T AL ).

Plugging this into (5.19) yields

S o 2/\AT()\2 T)n ) ()\2 T)N-H
| 2 < e B > 2 22+ T \NB
> D allMP<( ) n! ol < €477 (N +1)!

n=N-+1 ‘a|:n n=N-+1

‘u0|27

which exactly recovers (5.17). Here we use the mean-value form of the remainder

term of Taylor’s expansion:

oo :En 0 :BN'H
Z m:e m for some 6 € [0, 1].
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Proof of (5.18) is more involved. For any « with || = n and d(«a) = k,

(Tn)
/ F, (T, t"™)E, (t™)dt™

n (T')n—1) tj+1 A A
:Z/ (/t F.o(T, t(n))mk(tj)dtj>Ea—é‘k(t(n\]))dt(n\]) (5.20)

j—l

(Tyn— 1) '
_Z / / T, t<n\%s>)mk(s)ds)Ea,gk(ﬂ"*l))dt(n*l),
ti1

where t("\) is the short hand notation of (t;,- -+ ,#;_1,tj41,** ,t,) and "\ is the
short hand notation of (t1,---,¢;_1,5,t;, -+ ,t,—1). We also adopt the convention

to=0,t,.1 =T. Define

(k— 1)7T T
o= [ e i (52,
and
FA(T.A0) = T
—eT=tAR. . eltiti=t)A(BA — AB)eltiti-)A4. .. Bettiy,,
FI (T, t™) = a;g (T, ™)

—eT—tn)AR ... e(tj+rtj)A(A2B + BA? — QABA)e(tj*tjfl)A e BetlAu(].

The following estimates are right at hand:

[F (T, 6] < 2eMTNNB[wol,  [F(T,1V))] < 4eMTA NG uol, (521

1 2 \/W g 2 2 _ 3T4
Mp(T) =0 ,[M;(T)| < [N (M (t))dt = = 1) (5.22)

Then we perform integration-by-parts twice on the inner integral of (5.20) and
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obtain
(T')n) (Tyn—1)
[ R n = [ G ) B (a0
where
G i (T,1"7Y) := G (T, 17 7D) + G (T, 07Y) + G (T, 7Y,

and

3

G (T, ¢ D) F, (T, t™ )M} (s)
=1

G2 (1,80 0) = = 37 (T, 19)) MR s)

j=1

S:t]'

).
s=tj_1
s=t;

).
s=tj_1

- o .
GLT. ) =3 ([ BT s)as)

ti—1

<.

j=1
Since M}(T) = 0 and F,(T, "% s = t;) = F,(T,t"M0U+Ds): s = ¢) for 1 < j <

n—1, G} (T, t=1) = 0. By (5.21) and (5.22), the other two terms are bounded by

n—1
G2 (T, D) < 26MT NG | (23 M2 (2)] + |ME(T)))
j=1
YVA n
< de™ AAAB"“'(; k—l) 7r2>
G < s gl ([ o))
< 4eMTNENL [y \/ / ))2dt
\/_

= 4MT )N ug| ————

(k= 1)*m
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Similar to the idea in (5.19),

(Tn) 2
S (D) = —\/ (T, 00 B, (100
lo|=n,d(c)=k loe|= nd
(Tyn—1)
— Z / nth(n 1)E e nl) dtn 1)‘
|a|=n,d(a)=
(T’I’L 1) 1 1 1 2
<y 7 / G (T, 40D B (40~ ))dtm—)‘
Jr
(Tyn—1) (T')n—1) 2
= [ (Gualm e )P < / (162,107 1G22, 100 ) =
(Tin=1) 21 \/ﬁ V3T5  \?
224T 2 y2n (n—1)
<16e* )\A)\B/ <Z|Mk Ty +AA(k_1)27T2> dt
(Tn—1) — 27 37
case gy [ (=0 (S 00)) + T+ M o
ST A " S e y =

=1

.

2

The remaining part of proof is clear. Since Z;le (MZ(t;))?* is a symmetric function,

/(T’n_l) nzl 2 2) (n—1) _ 1 nzl ) 1)

( (M2(t;))?) dt ™~ —/ ( dtn

=1 J (n _1 OT]n 1 =1
_on—1 37"
(n— 1! (k—1)*n*
Therefore
4862)\AT>\2 )\211 . . .
Y alful(T)P < T f1;347r4 <3(n 12T 492 4 3\AT +4).

|a|=n,d(a)=k



144

Summing over n and k yields:

ST allu(m)p

k=K+1 n=1 ‘a|:n7d(a):k

480y /& 1 Y A20(3(n — 1)2T7F2 4 2772 4 3)Z T H)
24T A B A 2
s < 2 (k;—1)4><z (n—1)! )"‘0'

=K+1

g JXAART

2 2 4 2 2
< —W4(K—%)3(5+3>\AT + 6ABT7)|ug |,

where we use the inequalities

k=K+1 k=K VF—3 2
- — e‘r
_ | — | ’
— (n—1)! —~n
N N-3 00
-1 2,.n—1 2 n+2 2 n+2
— (n—1)! e (n+1)! o n!

We have finished the proofs of (5.17) and (5.18). Then (5.15) immediately follows.

]

Remark 5.3. The proof of (5.17) is independent of the choice of {m}32,, the
convergence rate with respect to N is always exponential. The proof of (5.18) relies
on the trigonometric basis assumption. The crucial property is (5.22), which enables

cubic convergence. In fact, the proof will work for any orthonormal basis such that
My(T) =0, M(T)=0(k7%), [M{|lz=0(k"?), Vk=2.

For example, consider the scaled Legendre basis

mi(t) = 4/ %T_ L (% - 1). (5.23)
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We are able to show that

i) = 3\ =7 (57 =) ~ B3 1))

Mii(t) = 4(2/<:1+ 1) szj 1 (L’““% a 1) - L’“(% a 1))

B 4(%1— 3) 21<;Tj 1 (L’“‘l(¥ a 1) B L’“*‘*’(% B 1))

where Ly, is taken to be 0 for negative k. Then M} (T) = 0 for any k¥ > 2 and

MZX(T) = 0 for any k > 3. We also have || MZ||g = O(k™%). Therefore for Legendre

basis, the convergence rate with respect to K is still cubic.

Remark 5.4. If A and B commute such that AB = BA, then

Fn(T, t(n)) _ e(T—tn)Ae(tn—tnfl)A L. 6tlABnuO _ eTABnuO

is a constant vector that does not depend on (™. Consequently, for any |a| = n,

TABn (T)n) TABn
g (T) = 21 / B, (1) g — B0 / B (1)
o nlo! n
(0,17
eTABnuO eTABnuO

M} (T)- - ML(T).

ol ol

= / ma (t1) -+ myn (tn)dt™ =
0,77

For trigonometric basis (and Legendre basis), M}(T) = 0 for any k£ > 2. That is,
ua(T) = 0 whenever d(a) =i > 2. It is enough to fix K = 1 and only consider the

truncation on N. The resulting error estimate is simply

)\2BT)N+1

El[un(T) — w(T)|2] < a7 ((N Ll (5.24)
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5.3 Numerical experiments

We first introduce some post-processing techniques for the numerical solution written

as polynomial chaos expansion:

unk(tx) = ) Ta(t,x) P,

aeJN K

Moments can be computed directly, the first and second moments are

and The third and fourth moments are given by

Eluy x] = Z Oz'ua< Z Z uBup>

a€JN, K BEIN,k PEIN K
2
B = 3 (¥ Y Besn)
a€EJaN, K BEIN,k PEIN, K

In the computation of fourth moment, we use the fact that the expansion order of
u?v i (t,x) is at most 2N. For linear problems, the first two moments remain the
same for all kinds of noises, while higher moments always depend on the type of ran-
domness (due to the emergence of B(«, 3,p)). Other statistics can be computed via
random sampling. We simply generate L i.i.d. realizations of (&, -, k), denoted

by {{’Y), s }?} for each 1 <[ < L. The sample points of uy x(t,x) are:

l l l
ug\f),[{ = Z uaq)a( () 7€§{))

JEIN, K

Then for any function f, the expectation E[f(uy k)] is approximated by a sample

mean. We can also plot the normalized histogram of these sample points to visualize



147

empirical distribution.

In this section, we always assume that {£;}52, are i.i.d. random variables. To be
more specific, we will test three types of randomness: Gaussian noise with Hermite
chaos (Example 4.2.1), uniform noise with Legendre chaos (Example 4.2.2), and
Beta(%7 %) noise with Chebyshev chaos. In the last situation, {&}52, are supported

on [—v/2, /2] with probability density function

6= Y28 o Lva Vil

27

The univariate gPC basis functions are scaled Chebyshev polynomials {7),(z)}5%:

>1 (5.25)

Pl€) =1 @) = VEIT(S5). =

Now we proceed to solve distribution-free linear and nonlinear SPDEs numeri-
cally. Propagator systems are integrated in time with a fourth order Runge-Kutta
method. Time step size is small enough so that error from temporal discretization is
negligible. Here {my(¢)}%2, is taken to be the trigonometric basis (5.14). The results
of the scaled Legendre basis (5.23) are almost indistinguishable from trigonometric
basis and will not be reported. We will conduct comparisons with reference solu-
tions, and among different types of driving noise. Several techniques are adopted to

compute reference solutions.

1. Moment equations: the ODE of first few moments, available to linear Ito type

SPDEs.
2. Fokker-Planck equation: the PDE of probability density function, available to

low-dimensional It6 type SODEs.

3. Monte Carlo simulation: the most commonly used and least restrictive ap-
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proach, available to additive noise and/or It6 type SPDEs. The main bottle-

neck is high computational cost and low accuracy.

The first two methods are free from sampling error, and will be selected whenever

possible. Monte Carlo simulation serves as a backup option.

Example 5.3.1 (Linear SODE). Suppose that u = u(t) € L*([0,T] x ) satisfies
the following linear SODE

W () = u(t) + 1+ u(t) o N(1), ¢ €[0.7],

(5.26)
u(0) = 1.
For Gaussian noise, it is equivalent to the Ito type SODE
du(t) = (u(t) + 1)dt + u(t)dW (t). (5.27)
By It6’s formula, we are able to derive its moment equations
dE[u(t)]
= Efu(t 1
S Epun) +1,
dE[u?(t
BO) _ ()] + 2Eu(t)),
dt (5.28)
dE[u?(t)] '
— = 6E[u’(t)] + 3E[u*(t)],
dE[u(t
% = 10E[u*(t)] + 6E[u*(2)).
The analytical solution to (5.28) is
Elu(t)] = 2¢" — 1,
2
E[2(1)] = ~e¥ — 26 4 2,
Y. 7.6, 1 (5.29)
Eld ()] = 2Lebt _ Lot L D0 2
[u?(t)] T 3¢ + St
38 37 4 8 2
Elut(p)] = 2S00 _ 20 60 =3¢ O v~
e T T R AT
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We can also find out the probability density function of u(t), denoted by p(u,t). The

governing PDE of p(t,u), i.e. Fokker-Planck equation is:

o) = ~0,((u+ Do) +02(“op). (t.w) € (0.7] x (0.00).
(5.30)

p(0,u) =0(u—1), wue(0,00),

where ¢ is the Dirac delta function. Substituting v = logu, we simplify (5.30) and
get

1 1
atp(tv U) = (5 - 6_U>avp + éagpu ,0(0, U) = 6(U) (531)

(5.31) is a standard convection-diffusion equation, which can be solved by the LDG
method. The computational domain is [—7,7] with zero boundary condition, and
divided into 501 quadratic elements. For uniform and Beta noise, we do not have
derive moment equations or Fokker-Planck equation. The first and second moments

will be the same, as a result of linearity.

We evolve the propagator ODE system up to end time 7" = 1 with time step size
5t = 10~*. In order to examine the convergence rates of mean square truncation
error, ideally we should compute E[|uy x — s x|*] to single out the error induced
by N, and E[|luy x — un|*] to single out the error induced by K. In practice we
use ugg x to approximate us i, and uy 5o to approximate uy . Figure 5.1 contains
the semi-log plot of E[|uy (1) — ugo x(1)[*] versus N with K = 1, and the log-log
plot of E[|un k(1) — uns0(1)[?] versus K with N = 1,2,3. The numerical rate of
convergence with respect to N is evidently exponential. The plot with respect to K
has a zigzag shape (especially for N = 1), but the average slope is close to 3. The
cubic convergence rate is more clearly seen in Table 5.1, where we only compare even

values of K to average out the zig-zag profile.

Next we compute moments of the truncated solution. Table 5.2 lists the first
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e
S
e

= 1072 F

(1)-
(1) = un,s

S8k

Ellu
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(a) Convergence with respect to N (b) Convergence with respect to K

Figure 5.1: Example 5.3.1: Plots of mean square truncation error with respect to N
and K. Left panel shows the semi-log plot of E[|uy1(1) — ugo1(1)[?] versus N for
N =1,---,10. Right panel shows the log-log plot of E[|un k(1) — uns0(1)|*] versus
Kfor N=1,23and K =1,---,12.

Table 5.1: Example 5.3.1: Values and numerical convergence orders of ey g =
Ellun (1) — unso(1)?] for N =1,2,3 and K = 2,4,--- ,12. The orders are given
by log(; %) /log(#7£2).

EN,K+2
N =1 N =2 N=3
error order error order error order
7.997¢-3 2.080e-2 2.677e-2

9.659e-4 3.049 2.201e-3 3.241 2.831e-3 3.241
2.816e-4 3.040 6.102e-4 3.164 7.799e-4 3.180
1.173e-4 3.044 2.480e-4 3.129 3.158e-4 3.143
9.939e-5 3.050 1.238e-4 3.114 1.572e-4 3.126
3.398e-5 3.062 7.018e-5 3.113 8.895e-5 3.123

s ook X

four central moments of uy k(1) with all three types of randomness, by taking N =
K =4 N =K =6and N = K = 8. For Gaussian noise, moments of u(1) are
also included according to (5.2). Two conclusions can be drawn from the table.
Comparing the central moments of uy x(1) and u(1), we see that the variance can
be approximated well with relatively few chaos expansion terms, but more terms
are needed to resolve higher moments. Comparing among types of driving noise, we

notice the large discrepancy in third and fourth moments, despite the fact that they



151

share the same mean and variance. It is probably related to the kurtosis of different
distributions. The fourth moment of &; is 3 for standard Gaussian distribution, % for
uniform distribution, and 2 for Beta(3, 5) distribution. Higher kurtosis in {&,}72,

leads to higher kurtosis in uy k.

Table 5.2: Example 5.3.1: Comparison of central moments of uy (1) and u(1). We
take N =K =4, N =K =6 and N = K = 8. Higher moments of u(1) are only
available to Gaussian noise.

Type of noise Type of moment u(1) ug4(1) uge(1) ugs(1)

Gaussian Variance 22.413 22.313 22.410 22.413
Third central moment  565.548  487.838  558.223  565.138
Fourth central moment 41759.97 22914.36 37479.48 41233.50

Uniform Variance 22.413 22.313 22.410 22.413
Third central moment - 208.415  220.604  221.203

Fourth central moment - 3080.52  3446.20 3474.01

Beta Variance 22.413 22.313 22.410 22.413
Third central moment - 150.739  159.566  160.011

Fourth central moment - 1789.49  1957.34  1970.63

Empirical distribution is a more intuitive way to describe random variables. Fig-
ure 5.2 demonstrates the empirical probability densities of w4 4(1), uge(1) and ugg(1)
for all three types of randomness. All densities are estimated by normalized his-
tograms with 10% bins out of 107 i.i.d samples of uy x(1). For Gaussian noise, the
numerical solution of Fokker-Planck equation at ¢ = 1 is also displayed in Figure 5.2.
The empirical densities of 1y 4(1) and ug (1) slightly deviates from the Fokker-Planck
solution, and the empirical density of ugg(1) agrees with the Fokker-Planck solution
very well. As for the comparison among three types of noise, their density patterns
are qualitatively different. The distributions with Gaussian noise spread out and
have long tails. The density profiles with Beta(%, %) noise are mostly constrained
in a narrow region, and the density profiles with uniform noise lie somewhere in

between. This also explains the difference of higher moments in Table 5.2.
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Figure 5.2: Example 5.3.1: Normalized histograms of uy g (1) out of 107 i.i.d samples.
We take N = K =4, N = K =6 and N = K = 8. For Gaussian distribution,
the black dashed line represents the numerical solution of Fokker-Planck equation
(5.31). Values larger than 20 are discarded. Number of bins is 10°.

In summary, in this example we study a very simple linear SODE so that reference
solutions of moments and density function can be acquired without much effort.
By linearity, we only need to solve the propagator once and save the expansion
coefficients for post-processing. The mean square truncation error results in Figure
5.1 and Table 5.1 indicate exponential convergence with respect to N and cubic
convergence with respect to K, as predicted by Theorem 5.1. Table 5.2 and Figure 5.2

highlight the contrast of higher moments and empirical distributions with different

20
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noises. We also observe that although the mean square error converges rapidly, high
order chaos expansion terms are beneficial to the approximation of higher moments

and distribution.

Example 5.3.2 (Linear parabolic PDE). We solve the linear parabolic PDE in
Example 5.1.1. Consider the one-dimensional space region I' = [0, 27] with periodic
boundary condition. The initial data is ug(z) = cosz. Differential operators £ and

M are set to be [117, 118]

0? .0 0
520.145@4-0.181111‘%, Mu_058_x
Fourier collocation method with M = 32 collocation points is used for spatial

discretization. Let {x;}}, be the set of equidistant collocation points such that
T = 2” 2L Then uf(t, -) is identified by the length-M vector u(t). We only need to
work on the linear SODE system (5.6). For Gaussian noise, it is possible to obtain

moment equations of (5.6). Direct application of It6’s formula yields

M
4E| “luﬂ = S (AuBlujw] + AElugw]) + Z Z ByBjElum,], 1<ij< M.

=1 =1 r=1 (5.52)
It is a M?-dimensional ODE system describing the evolution of covariance matrix.
Higher moment equations are written in a similar fashion, but they are computation-
ally formidable in that for d-th moment, we have to tackle the full tensor product
system with M¢ dimensions. Solving Fokker-Planck equation is also not feasible, as
it depends on M spatial variables. We will use Monte Carlo simulation to approxi-

mate higher moments and density function. Let u, be the sample of u at p-th time

step. The update rule of the second order weak scheme is (see Chapter 2 of [80])

ot? ot Vot
Wp1 =y Ot AW, + - Aty + Vot¢,Bu, + 5 (G = 1B, + ——((AB+ BA)u,
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where ¢, are i.i.d. standard Gaussian random variables.

The propagator system is run up to 7" = 5 with Runge-Kutta time step size
0t = 1073. Figure 5.3 depicts the mean square truncation error with respect to N
and K. Same as in the previous example, we compute E[||un, (5, ) — u20,x (5, )| %]
as the proxy of error induced by N, and E[||un k(5,) — uns0(5,-)||%] as the proxy

of error induced by K, where the discrete L? norm for v € H is defined by

2
ol = 37 > vl

Once again, the N-version convergence shows exponential rate, and the K-version

convergence shows cubic rate.

100

R
)5, )7

U,

(un,1—

1077

E|
Ef|l(un, x — ;50

-
0L 100 L

G i s N R
(a) Convergence with respect to N (b) Convergence with respect to K

Figure 5.3: Example 5.3.2: Plots of mean square truncation error in discrete (> norm
with respect to N and K. Left panel shows the semi-log plot of E[||un1(5,-) —
u20,1(5,+)||2]) versus N for N = 1,---,10. Right panel shows the log-log plot of
Elljun,x(5, ) — uns0(5,)||%] versus K for N =1,2,3 and K =1,---,12.

The first four central moments of uy x(5,-) with all three noises are plotted in
Figure 5.4. We consider N = 4,8 and K = 4. Variance of u(5, ) is also exhibited as

reference by solving the moment equation (5.32) through fourth order Runge-Kutta
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method with time step size 6t = 1072. For Gaussian noise, third and fourth central

moments of the Monte Carlo solution with 10° sample paths and time step size

5t = 103 are also shown in Figure 5.4. We observe that both uyg4 and ug 4 predict

the variance sufficiently well, but only ug 4 succeeds in resolving higher moments.

As for the comparison among three types of noise, their third central moments have

different structures. Fourth central moments look similar in shape but different in

magnitude.

0.4

0.3F

Variance
o
T

0.11

— N=4,K=4
N=8 K=4
Moment equation

0.2 [e— Gaussian: N—4, k-1
— Gaussian: N=8, k=4
=« Gaussian: Monte Carlo

e—e Uniform: N=4,K=4
— Uniform: N=8 K=4

o—e Beta: N=4,K=4
— Beta: N=8,K=4

Third central moment

! —0.2

n .
/2 ™ 3m/2

x

(a) Variance

2

™
x

.
3m/2

(b) Third central moment

e—e Gaussian:

— Gaussian: |

N—

4, K=41
8, K=41

=+ Gaussian: Monte Carlo

e—e Beta: N=4,K=4
— Beta: N=8,K=4

e—e Uniform: N=4,K=4
— Uniform: N=§, K=4

0.2 ¢

Fourth central moment

2

.
P 3m/2 2

(c¢) Fourth central moment

Figure 5.4: Example 5.3.2: Central moments of ug y(5,-). We take N = 4,8 and
K = 4. Black dashed lines are reference solutions. Variance is computed via moment
equation (5.32) (for all types of noise), and higher moments are approximated by
Monte Carlo method with 10° samples (only for Gaussian noise).
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Empirical distributions at the second collocation point x5 are illustrated in Figure
5.5. For Gaussian noise, we plot normalized histograms of w4 4(5, x2) and ug (5, z2)
out of 107 samples in the left panel, as well as the histogram of 10 Monte Carlo
samples for reference. Number of bins is 103. We underline that the distribution of
u(5, o) is supported in [—1, 1], as a result of averaging over characteristic lines [79].
The empirical distribution of Monte Carlo sampling is indeed inside [—1, 1] and highly
rightly skewed. Almost all samples of wug4(5, 22) and ug4(5, z2) fall into [—1,1] as
well. We discard the few outlier samples in the figure. The empirical density function
of u4 4 underestimates the position of right peak, and the empirical density function
ug4 is almost on top of the reference solution. For uniform noise and Beta(%, %)
noise, we plot the empirical density functions of wu104(5, z2) and ui94(5,z2) in the
right panel. The profiles of w94 and w24 nearly coincide with each other, which
suggests that we achieve reasonable approximations of the true density functions.
These density patterns look dramatically different from the Gaussian noise case,
in that they are neither supported in [—1, 1] nor rightly skewed. Such distinction
is consistent with Figure 5.4, where the skewness (third central moment) at x5 is

negative for Gaussian noise, and positive for other two noises.

In this example, we analyze a one-dimensional linear parabolic SPDE with rel-
atively long evolution time. Here solving moment equations is only practical for
the second moment. We resort to Monte Carlo simulation to produce other refer-
ence solutions. Our observations are roughly parallel to the previous example. The
truncation error of the second moment converges at rates predicted by Theorem 5.1.
Higher moments and empirical distributions are more difficult to characterize, and

highly depend on the type of underlying randomness.

Example 5.3.3 (Passive scalar equation). We move on to two-dimensional linear

transport type SPDE. Consider the following distribution-free passive scalar equa-
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— N=4,K=4 — Uniform: N=10,K=4 -- Beta: N=10,K=4
7Ll — N=8,K=4 — Uniform: N=12, K=4 -- Beta: N=12,K=4

4
-- Monte Carlo | n

Density
o IS o
T T
Density

071 7[‘].5 [‘l [l.‘5
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Figure 5.5: Example 5.3.2: Normalized histograms of uy x (5, 22) out of 107 i.i.d
samples. In the left panel, we take N = 4,8 and K = 4. Values outside [—1, 1] are
discarded, and the black dashed line represents the normalized histogram of Monte
Carlo simulation with 10° samples. In the right panel, we take N = 10,12 and
K = 4. Number of bins is 103.

tion, driven by two independent noises N; () and N (t), and equipped with periodic

boundary condition on ' = [0, 27]%.

1 . .
) = (MG M)+ Mywo Ki(t) + Mo o No ),

u(0,z,y) = sin(2z) sin(y),

(5.33)

where

M, :cos(m+y)(%—§y>, Mgzsin(x—l—y)(——— .

For Gaussian noise, (5.33) reduces to the passive scalar equation in Stratonovich

version [71, 116].
du(t, z,y) = Myuo dWi(t) + Mau o dWs(t). (5.34)

Since there are two driving noises, we need to introduce the Cartesian product of
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multi-index sets:
J?={a=(a" 0% :a" 0’ T}, Tix={a=(a"0?):a" 0’ € Tyk}-
The polynomial chaos basis functions are

D, = H (pa}c (gli) H ()Oai (513)
k=1 k=1

Under the extended nomenclature, the gPC expansion and the truncated solution

are still defined as

u:g UaPo, UNnK = E UqPq-

aeJ? anJﬁ,yK

It is easy to verify that M; and My commute with each other, so that they also
commute with (M7 + M3). By Remark 5.4, K = 1 is enough for the truncation,
and we can only adjust the value of N. In fact, for Gaussian noise, we are able to
work out the analytical solution based on tracing back characteristic lines [79] of

(5.34). u(T,z,y) has the following representation
U(T, Z, y) = UO(XI,?J<O)7 Y;E,y<0))7 (535>
where X, ,(t) and Y, ,(¢) satisfy the system of backward (characteristic) SODEs

Ta. T
dX,,(t) = cos(Xyy + Yo, )dWi(t) 4+ sin(X, , + Yo, )dWa(t), t € [0,T]

AY,(8) = = 08(Xyy + Y, JAW, (1) — sin(X, , + Yo, )W (1), t€[0,T] (530)

x7y

Xoy(T) =12, Y,,(T)=uy.

H
The definition of backward Ito integral dW (¢) can also be found in [79]. Summing
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the two equations, we realize that X, ,(t) + Y, ,(¢) is constant over time. Therefore

X.y(0) =2 — cos(z + y)Wy(T) — sin(z + y)Wo(T),

Y, ,(0) =y + cos(z 4+ y)Wyi(T') + sin(z + y)Wo(T).

Then the analytical solution is

w(T, z,y) =sin(2(x — cos(z + y)W1(T) — sin(z + y)Wo(T)))
(5.37)

cos(y + cos(x + y)Wi(T') + sin(x 4+ y)Wa(T)).

Notice that the distribution of u is again supported in [—1,1], and u just depends
on Wi(T) = VT& and Wyo(T) = VTEE. Monte Carlo sampling of (5.37) is triv-
ial. Moments of (7T, z,y) can be computed very accurately through Gauss-Hermite

quadrature rule. We pick 50 quadrature points in each dimension.

We employ Fourier collocation method with M = 64 collocation points in each

dimension for the spatial discretization of the propagator system. Equidistant col-

location points are denoted by z; = y; = 2”(;/;1). The propagator system is then

computed up to T' = 0.2 with time step size dt = 5 x 10~*. The N-version con-
vergence of mean square truncation error is displayed in Figure 5.6. We plot values
of Efjun,1(0.2,-,+) — u(0.2,,-)||2] in logarithm scale for N = 1,---,10, where the

discrete L? norm is
9 M M

ol = 375 57 S0l )

i=1 j=1

The convergence rate is clearly exponential.

Next we fix N = 8 and pay attention to higher moments. Figure 5.7 presents
contour plots for the third and fourth central moments of ug;(0,2,-,-). For Gaus-

sian noise, we also provide third and fourth central moments of «(0.2,-,-) using
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Figure 5.6: Example 5.3.3: Semi-log plot of mean square truncation error
Elljun1(0.2,-, ) — u(0.2,-,-)||%] for N =1,---,10.

Gauss-Hermite quadrature. The agreement between the truncated solution and the

reference solution is quite satisfactory. For uniform noise and Beta(%, %) noise, the
corresponding contour plots have different patterns, especially for the third central

moment.

We also detect the impact of driving noise by checking empirical distributions.
In Figure 5.8 we demonstrate normalized histograms of uy; at the collocation point
(w6, ys) out of 10" samples. For Gaussian noise, we choose N = 4, 8, together with the
reference distribution generated by 107 samples of (5.37). Samples outside [—1, 1] are
discarded. Similar to Figure 5.8, ug; outperforms w4, in approximating the highly
rightly skewed true distribution. For uniform noise and Beta(%, %) noise, we consider
N = 8,10. The empirical density functions of ug; and wu;o; are mostly overlapping,
so that they can be thought as credible approximations. Once again we notice the

fact that different driving noises lead to strikingly different empirical density profiles.

Example 5.3.4 (Stochastic Burgers equation). We consider the stochastic Burgers

equation in Example 5.1.2. The space region is D = [0, 1] with periodic boundary
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Figure 5.7: Example 5.3.3: Third and fourth central moments of ug;(0.2,-,-). First
two plots are reference solutions with Gaussian noise. 30 equally spaced contour

levels are used for all plots.



162

1
— N=4 4t : — Uniform: N=8
— N=38 ! — Uniform: N=10

5L == Monte Carlo ] -- Beta: N=38

; - Beta: N=10

!

!

I

Density
Density

10

-1 -0.5 0 0.5 1 7(‘). 5 [‘l 0.‘5
(a) Gaussian noise (b) Uniform and Beta(3, 3) noise

Figure 5.8: Example 5.3.3: Normalized histograms of uy 1(0.2, zg, ys) out of 107 i.i.d
samples. In the left panel, we take N = 4,8. Values outside [—1, 1] are discarded,
and the black dashed line represents the normalized histogram of 107 Monte Carlo
samples of (5.37). In the right panel, we take N = 8,10. Number of bins is 10°.

condition. The parameters are = 0.005 and o(z) = 1 cos(47z), and the initial

data is ug(z) = L(e®™) — 1.5)sin(27(x 4 0.37)). We apply the Fourier collocation

1
2
method with M = 128 collocation points for spatial discretization. The end time is

set to be T' = 0.8 with Runge-Kutta time step size dt = 1073,

For such additive noise, Monte Carlo simulation is well suited for any type of
distribution. We generate sample paths of A/ (t) by truncating the infinite sum up
to K = 50. For a fixed sample path, we solve the resulting deterministic Burgers
equation using Fourier collocation method and fourth order Runge-Kutta time step-
ping, with M = 128 collocation points and time step size dt = 1073. Moments and
empirical distributions of Monte Carlo samples will be chosen as reference solutions.

We take 10° sample paths.

The convergence of mean square truncation error is given in Figure 5.9. We
again plot E[|Jun x (0.8, ) — 20, (0.8, )||2] to represent N-version convergence, and

E[|Jun,x(0.8,-) — unz50(0.8,-)||2] to represent K-version convergence. Due to nonlin-
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earity, these truncation errors rely on the underlying randomness. For the N-version
convergence, we only plot results with uniform and Beta(%, %) noise as the interaction
coefficients of Hermite polynomials grow exponentially with respect to N, causing
the numerical computation to blow up for large N. For the K-version convergence,
the plots are nearly identical for three noises, so that we only present the plot with
Gaussian noise. We emphasize that the numerical convergence rate is still exponen-
tial with respect to IV and cubic with respect to K, even though Theorem 5.1 is only

proved for the linear case.

107 ¢
=—e Uniform noise e—e Gaussian noise: N=1
~—e Beta(j,5) noise e—e Gaussian noise: N=2

107}

IIE
IlIE

20.1) (0.8,
x,50) (0.8,

(un, x —u,
=
o
&

él

(

107

1 2 3 4 5 6 7 8 9101112
N K

(a) Convergence with respect to N (b) Convergence with respect to K

Figure 5.9: Example 5.3.4: Plots of mean square truncation error in discrete (> norm
with respect to N and K. Left panel shows the semi-log plot of E[||uy1(0.8,-) —
U20,1(0.8, )||%] versus N with uniform and Beta(1, 1) noise for N =1,---,10. Right
panel shows the log-log plot of E[||uy k (5, ) — uns0(5, )||%] versus K with Gaussian
noise for N =1,2 and K =1,---,12.

Then we fix K = 8. Third and fourth central moments of uy5(0.8,-) and
u55(0.8,) are drawn in Figure 5.10. As the profiles with different noises are close
to each other, we only show the zoomed-in view between the 21-st collocation point
and the 50-th collocation point. Central moments of Monte Carlo solution are also
plotted for comparison. We note that for all noises, ug g results in inaccurate approx-

imations, and u; g leads to much better performance. The plots of empirical density
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functions of usg and us g out of 107 samples at x3y are provided in Figure 5.11. From
the figure we can also see how us g is superior to us g in agreeing with the reference

distributions.

e—e Gaussia 2,K=8 e—e Uniform: N=2, K=8 e—e Gaussian: N=2,K=8 e—e Uniform: N=2, K=8
0.01H — Gaussian: N=5,K=8 — Uniform: N=5K=8 — Beta: N=5,K=8 0.02H — Gaussian: N=5,K=8 — Uniform: N=5K=8
=+ Gaussian: Monte Carlo =+ Uniform: Monte Carlo =+ Beta: Monte Carlo = * Gaussian: Monte Carlo =+ Uniform: Monte Carlo =+ Beta: Monte Carlo
g 5
g £
£ S
g E
E =
= Il
e 0 b=]
< g 0.01
8 <
v £
= 2
—0.01
. . . . 0 . . . .
0.2 0.25 0.3 0.35 0.2 0.25 0.3 0.35
(a) Third central moment (b) Fourth central moment

Figure 5.10: Example 5.3.4: Third and fourth central moments of uy (0.8, -) be-
tween x9; and x59. We take N = 2,5 and K = 8. Dashed lines are reference solutions
computed by Monte Carlo simulation with 10 samples.
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Figure 5.11: Example 5.3.4: Normalized histograms of uy x (0.8, x39) out of 107 i.i.d
samples. We take N = 2,5 and K = 8. Black dashed line represents the normalized

histogram of Monte Carlo simulation with 10 samples. Number of bins is 103.
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This dissertation is mainly based on the work in [13, 12]. In Part I, we construct
high order entropy stable DG type methods for systems of hyperbolic conservation
laws. These DG methods can be stable with respect to an arbitrary entropy function.
Therefore we circumvent the limitations of the Jiang-Shu L?-stability result for the
classic DG method. The methodology is based on quadrature rules, and applies
from one-dimensional Gauss-Lobatto nodes all the way to general set of nodes on
multi-dimensional simplicial meshes. The entropy stability is guaranteed by three

main ingredients:

1. Discrete operators with the summation-by-parts property. This is straightfor-
ward if Npj (dimension of modal space) is the same as Ngj (dimension of
nodal space). In the general case, we need to work out the difference matrices,
which are given in equations (2.24) and (3.6).

2. Flux differencing technique , i.e., a high order linear combination of entropy
conservative fluxes that ensures entropy balance within an element. The same
goal can also be achieved by the “brute force” type method in Section 3.5.

3. Entropy stable boundary penalty term. For Gauss-Lobatto type nodes, simply
inserting entropy stable fluxes at element interfaces is enough. For general set
of nodes, some extra effort is required, and two possible boundary treatment

approaches are established in Section 3.3 and 3.4.

Our entropy stable DG framework has great flexibility in that it enables reflecting
wall boundary condition (Section 2.4), generalization to convection-diffusion equa-
tions (Section 2.5 and Section 3.6), and the transformation between nodal and modal
formulation (Section 3.7). For Gauss-Lobatto type nodes, we can also impose entropy
stable bound-preserving limiter and (one-dimensional scalar) TVD/TVB limiter. On

the other hand, the main advantage non Gauss-Lobatto type nodes is their better
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algebraic accuracy with smaller degrees of freedom.

We perform a large number of numerical tests whose results are comparable to
other existing schemes. In smooth test problems, the numerical orders of conver-
gence are usually suboptimal on Gauss-Lobatto type nodes. We are able to recover
optimal convergence by using the method on general set of nodes. In discontinu-
ous test problems, our scheme shows the potential of better robustness (Example
1.8.5 and Examp 1.8.6) and computing physically correct solution (Example 1.8.4).
However, for problems with strong shocks (Example 2.6.5 and Example 2.6.6), only
entropy stabilization is not enough. The numerical solution profiles contain evident
oscillations. In our future study, we would like to research further on the combi-
nation of entropy stabilization and other types of stabilization mechanism, such as
bound-preserving limiters on general set of nodes, TVD/TVB limiters for systems,

and the introduction of artificial viscosity.

In Part II, we explore the polynomial chaos expansion approach method for
distribution-free SPDEs. We generalize the definition of Wick product and Sko-
rokhod integral to arbitrary driving noise. Then the resulting SPDEs are not limited
to Gaussian or Lévy randomness. More importantly, for linear SPDEs, the propaga-
tor system, and even the first two moments or the solution, are the same for different
noises. The computational burden of solving the propagator system is purely off-
line. The only on-line work is post-processing. However, the propagator system of

nonlinear SPDEs changes with noise as interaction terms come into play.

Analysis of the mean square truncation error is carried out for linear problems.
We prove exponential convergence with respect to polynomial order, and cubic con-
vergence with respect to the number of random variables. The cubic rate arises

from repeated integration-by-parts and special properties of the orthonormal basis



169

{mi(t)}32,. We need to assume trigonometric basis or Legendre basis.

We conduct systematic investigation on numerical results of linear and nonlinear
SPDEs with different driving noises. Numerical rates of convergence are consis-
tent with our theoretical analysis. Higher moments and density function can also
be approximated effectively with sufficiently many expansion terms. However, we
recognize some drawbacks and unsolved problems, which gives hints on our future

research.

1. To the best of our knowledge, the limiting procedure of distribution-free Sko-
rokohd integral is unclear. Theorem 4.3 is only for deterministic processes, and
Theorem 4.4 is only for Gaussian (and Lévy) noise. Further work is required
for better understanding of the distribution-free stochastic analysis.

2. We do not focus on long time integration in this paper, but the exponential
growth of error with respect to time is seen both theoretically and numerically.
Proper techniques should be devised to mitigate the impact of time evolution.
We remark that direct generalization of the multi-stage methodology in [68,
67, 118] is incorrect as the driving process N (t) may not have independent
increments.

3. The propagator system usually consists of PDEs of the same type but with
different data. It can be expected that for a large number of expansion terms,
the application of reduced basis method [85] may significantly reduce the com-

putational cost while maintaining desired accuracy.
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Two-rarefaction Approximation
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For Euler equations, the solution of the Riemann problem consists of three charac-
teristic waves. The left wave and right wave are either rarefaction fans or shocks,
and the middle wave is a contact discontinuity. The pressure is continuous across
the contact discontinuity and thus constant in the middle region, denoted by p*. We

find the exact value of p* by solving the following equation.

@(p*anv IOL) + sp(p*apRa pR) + Wr — WL, = 0 (A]')
where

or(p*,p,p) = %((%)(7_1)/27 — 1) if p* < p (rarefaction wave)

(", p,p) =
p*—p

(p((y=D)p*+(v+1)p)/2

os(p*,p,p) = v, if p* > p (shock wave)

(A.2)
and a = /7p/p is the sound speed. ¢ is a continuous, strictly increasing and concave
function of p* (see [99]), so that we can use Newton-Raphson iteration to find the

unique root. Once we have p*, the leftmost and rightmost wave speeds are given by

AL =wp —arq(p*,pr), Ar = wg+ arq(p*,pr) (A.3)
such that
1 if p* <p
q(p*,p) = (A.4)
\/1—1—72—?1(%—1) if p* >p

The following inequality is proved in [44].

Theorem A.1. If 1 <y <5/3, ps(p*,p,p) = ¢ (p",p, p) for p* > p.
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Proof. Substitute x = (p*/p)~1/27. Then

22/(=1) 1

2a a
V& = D2y + (7 + D/27)a® 70D

-1

(z—=1), @s(",p,p) =

o (p*,p,p) =
v

Let a = 27v/(y — 1) € [5,00). We need to show that

¢ —1

z—1

¥ >a+ala—1)z% forx>1

(

Rearranging the term yields

-1 1

( —gam—qxx—nfza?+%fm—¢f@—1f (A.5)

r—1

By Taylor’s expansion

33:__11 > a+ %a(a (@ —-1)+ %a(a —1)(a —2)(z — 1)

Inserting this inequality, we have

¢ —1

z—1

(

Since @ > 5, (a« —2)/3 > (o — 1)/4 and so (A.5) is valid. We note that in most
physical applications « does fall into the range (1,5/3] (5/3 for monatomic gas and
7/5 for diatomic gas). O

Invoking Newton-Raphson iteration during all flux computations can be time-
consuming. The two-rarefaction approximation assumes that the left wave and the
right wave are both rarefaction waves, and provides an explicit formula of p*, A\, and

Ar. Thanks to Theorem A.1, the approximated wave speeds bound the true wave
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speeds. Then we can take these wave speeds to construct entropy stable HLL flux

(or local Lax-Friedrichs flux).

Theorem A.2. The two-rarefaction approximation solves the equation

o (D}, PLy L) + ©r (D5, PRy PR) +WR — WL =0

The explicit solution is

(G tant (v = D(wr — wR)/z)Q'y/('yfl)
tr — —
aL/p(L'Y /2y &R/pg 1)/2y

The approximated wave speeds are

A, = W, — arq(Py,PL), Mg = Wi + arq(py, Pr)

Then qz(T Z q*7 )\tr,L S AL and )\tT,R Z )\R'

(A7)

(A.8)

Proof. By Theorem A.1, ¢, < ¢ for all p > 0. As both ¢ and ¢, are strictly

increasing, pf. > p*. ¢ is also an increasing function of p*. Hence A\, < Ar and
9 tr )

/\tr,R 2 >\R'

]

The same argument also works for shallow water equations. We will omit the

details, only giving the key inequality without proof. The exact Riemann solver

reduces to the equation

(,D(h*,hL> + QO(h*, hR) + WR — Wy, = 0



where
er(h*,h) = 2(V/gh* — V/gh)

ps(h* h) = (h* = h)y /39"

@(h* h) =

When A* > h, it is easy to prove that

ps(h" h) = @r (7, h)
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if h* <h
(A.10)
if h* > h

(A.11)

Therefore two-rarefaction approximation will produce proper wave speeds.
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Bound-preserving Limiter
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The bound-preserving limiter is designed for fully discrete schemes. For the sake
of simplicity we shall assume uniform grid size Ax and uniform time step At. Let
A= At/Az. We start with the first order method for one-dimensional conservation
laws, using first order finite volume spatial discretization (1.29), and Euler forward

time stepping.

A~

wt = H(up ol ud s A) = ul - A(Fu)ug,) — f(ul,ul). (B.1)

Definition B.1. Scheme (B.1) is called bound-preserving if for some \g > 0,

u? ,ul,ul, € Q and A < Ao will imply u!t = H(ul ,ul,ul,; \) € Q.

Theorem B.1. In the scalar case, sz 15 monotone and Lipschitz continuous of both
arguments, and Q = [m, M| for m, M € R, then (B.1) is bound-preserving (usually

called mazimum-principle-preserving).

Proof. Since fis monotone, H is non-decreasing with respect to u}'~* and u'. Let
L be the Lipschitz constant of J? Then H is also a non-decreasing function of u

provided that A < 5-. Now if u |, ul, ul"; € [m, M],

uftt > H(m,m,m; A) =m,  uftt < H(M, M, M; ) = M.

We see that H is bound-preserving with \g = ﬁ O

Theorem B.2. For general systems, if the exact Riemann solver is bound-preserving
(e.g. mo dry bed for shallow water equations or no vacuum for Euler equations), and
f is Godunov fluz or HLL flux with suitable wave speed estimates, then (B.1) is

bound-preserving.

Proof. Since 2 is a convex set, the HLL Riemann solver, as an average of the exact
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Riemann solver, is also bound-preserving. When A\ is small enough such that waves
of Riemann solvers at different cell interfaces do not intersect, the first order method
(B.1) can be regarded as another averaging procedure of Riemann solvers. Hence it

is also bound-preserving. O

High order spatial discretization is generally not bound-preserving in the sense of
Definition B.1. However, we can still prove a weaker argument, i.e. the cell average
at next time step is in ). The next theorem paves the path for high order bound-
preserving limiter. It can be formulated in a more general manner, but we stay

within the context of entropy stable DGSEM.

Theorem B.3. For the fully discrete version entropy stable DGSEM (1.77)

) i i g

S G SN <2D o Fg(ul,u)T — M'B(f} — W)) (B.2)

Assume that the underlying first order method is bound preserving under the CFL
condition X < Xg. If u; € Q foreach1 <1< N and 0 < j <k, then ﬁ?“ e N

provided that A < %X Xg.

Proof. By local conservation (1.79),

o~

- A(f(quv u?+1,0) - f(u?—l,k’ uZO))

w. o~ o~
2 - /\<f(u?,ka u?+1,0) - f(u?—l,k’ u?,o))

I
M-
N
c
SS

W Wo 20\ wo 2\
_ J . n n n n . n n n .
= u;, + - H (ui—l,kvuz‘,()’ui,k’ _> T H{ 050, 05y, 0y 0
Wo Wo

If A < %2 Ao, the last two terms are in 2. Then )/t € Qas it is a convex combination

of elements in §). O
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The bound-preserving limiter is a simple linear scaling procedure uy; = u; +
07 (u; —uy) to enforce uy; € Q. It can be enforced as long as uj € Q. Roughly
speaking, for each 0 < 7 < k we compute

0;; .= max{s € [0, 1] : @} + s(uj; — W) € Q}

Then we simply let 67 := min .. A combination of mathematical induction and

n
0<j<k “J

Theorem B.3 tells us that we can apply such limiter at each time step, leading to
a robust scheme whose numerical solution never goes out of 2. For implementation
details and the proof that bound-preserving limiter is genuinely high order accurate,
one may check the papers by Zhang and Shu [112, 113]. The positivity-preserving

limiter is generalized to higher space dimensions in [114].

Finally, the magic of SSP time discretization enables us to go beyond Euler
forward time stepping. In this paper, we use the third order SSP Runge-Kutta

method. For an ODE system Ccll—;‘ = Lu, the three stages at the n-th time step are

u™l) = u" + AtL(u") (B.3a)
3 1

a2 — Zun + Z(u(n,l) + AtL(u(”’l))) (B.3b)
1 2

wth = cu” o S 4 AL (™)) (B.3c)

Since it is a convex combination of Euler forward steps, all the previous analyses are

still valid.
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Quadrature Rules on a Triangle
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As indicated in [109], we group the quadrature points into symmetry orbits. The
orbit S3 only includes one point, the barycenter of the triangle. The three points in
So1 are determined by a single abscissa, and the six points in S7;; are determined by
two abscissas. Table C.1 shows the idea of symmetry orbits. The B-type quadrature
rules in Chapter 2 are listed in Table C.2, and the A-type quadrature rules in Chapter
3 are provided in Table C.3. In both tables, the quadrature weights are scaled so
that the sum of them is 1.

Table C.1: Symmetry orbits on a triangle.

orbit barycentric coordinates # of points

Ss(3) (333) 1

Sop (cv) permutation of (o, a, 1 — 2a) 3
Si11(a, B) | permutation of («, 5,1 — a — f3) 6

Table C.2: B-type quadrature rules on a triangle with k£ = 1,2, 3, 4.

(a) k= 17NQ,I€ =6

orbit abscissas weight
S | (0,0.211324865405187) | &

(b) k=2, Ngx = 10

orbit abscissas weight
S, 1 9
’ i P
Sa1 3 0
S111 | (0,0.112701665379258) i

(c) k=3,Ngs=18

orbit abscissas weight
S111 (0,0.330009478207572) 0.04045654068298998
S111 (0,0.0694318442029737) 0.0150990148725656
Sinn | (0.1870738791912771,0.5841571139756569) %
(d) k= 4,NQ’k =22
orbit abscissas weight
Ss % 0.09109991119771334
So1 0.01853708483394977

So1 0.4384239%24408185 0.1247367322897736
So1 0.1394337314154536 0.1054293296208443
Si11 | (0,0.230765344947159) | 0.02053045968042896
Si1 | (0,0.046910077030668) | 0.006601315081001616




Table C.3: A-type quadrature rules on a triangle with k = 1,2, 3,4.

(a) k= 1,NQ’k =3

orbit | abscissas

weight
T

T
Sa1 6

3

(b) k=2,Ng =06

182

orbit abscissas weight
So1 1 0.09157621350977073 | 0.1099517436553219
So1 | 0.4459484909159649 | 0.2233815896780115
(C) k = B;NQ,k =12
orbit abscissas weight
So1 0.219429982549783 0.171333124152981
So1 0.480137964112215 0.08073108959303098
Si11 | (0.1416190159239681, 0.01937172436124079) | 0.04063455979366066
(d) k=4,Ngx = 16
orbit abscissas weight
Ss 3 0.1443156076777872
Sa1 0.1705693077517602 0.1032173705347182
So1 0.4592925882927231 0.09509163426728465
So1 0.05054722831703097 0.03245849762319808
S111 | (0.2631128296346381,0.008394777409957609) | 0.027230314174435
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Interaction Coefficients B(a, 5, p)
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We assume that {£}72, are i.i.d. random variables. Then the interaction coefficient

B(a, 8,p) can be decomposed into

B(a, 3,p) :M:H

al

E[Sﬁak(fk)vézggk)gppk(fk)] = Hb(ak,ﬁmpk)- (D.1)

k=1 k=1

It suffices to compute b(3, j, 1) for any ¢, 5,1 > 0. According to orthogonality,

E[%(ﬁ)%(f)%

7!

EEIGEDY

=0

(g)]%(f) — Zb(i,j, Dpi(€). (D.2)

Hence b(3, j, 1) is the i-th expansion coefficient of ¢;(£)¢;(€) in terms of {p,(£)},.
In particular, for the three types of noises and corresponding orthogonal polynomials

considered in Section 5.3, there are explicit formulas for these expansion coefficients.
Example D.1. For Gaussian noise and Hermite chaos. ¢, (§) = He,(§). Since

min{j,l} ]'l'

He;(z)He(z) = Z I T)!T!H€j+l_2r($>, (D.3)

we have

1

b(i, j,1) = (D.4)

0 otherwise

Example D.2. For uniform noise and Legendre chaos, ¢, (¢) = +/(2n + 1)n!L,(£/V/3).

Define
T+1/2)  [Ih_o(m+1/2)

" TAr(/2) nl

Then the expansion of L;(x)L;(x) is
min{j,l}

Li(x)Li(z) = )

r=0

2(j + [ — 27‘) +1 )\T)\i—T)\j—T
20 +1=r)+1 Ay

Lj+l—2r(x)' (D5)
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Thus

Qi+ 2D i AN Xjr e SO
b(i. i, 1) = v 3G 11 ]TTJ; ifi=75+4+1—2r and r <min{i, j} |

0 otherwise
(D.6)

Example D.3. For Beta(3, 1) noise and Chebyshev chaos, ¢,,(£) = v/e,n!T,(£/v/2)
where ¢g = 1 and ¢, = 2 for n > 1. Since Chebyshev polynomials are essentially

cosine functions,

L Tyi() + ST (). (D7)

Ty(@)Tx) = 5 ;

Thus

ifi=71l=0o0ri=10,7=0

b(i, j,1) = w/Cjcu/f“ if jl>0andi=j+lori=|j—1 - (D.8)

otherwise

Here the expansion coefficients have a sparse pattern. For fixed j and [, there are at

most two values of ¢ such that b(i, j,1) is nonzero.

In general, we compute b(i,7,l) by matching the monomial coefficients on the

both sides of (D.2) (see [119]). Suppose that

= Z Pm,ngm'
m=0

According to (D.2), for i > j+1, b(,j,1) = 0, and {b(4, j,1) : 0 < i < j + [} satisfies

the following linear system

j+l min{,5}

Z b(Zaja Z)Pm,i = Z Pr,jlji—r,l- (Dg)
=0

r=max{0,i—1}
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It is easy to solve (D.9) directly as {Pmn}fn+ ! _, is a upper triangular matrix. This

procedure is applicable to any set of orthogonal polynomials.
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