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Abstract

This dissertation consists of four integral parts with a unified objective of developing
efficient numerical methods for high frequency time-harmonic wave equations defined
on both homogeneous and random media. The first part investigates the generalized
weak coercivity of the acoustic Helmholtz, elastic Helmholtz, and time-harmonic
Maxwell wave operators. We prove that such a weak coercivity holds for these wave
operators on a class of more general domains called generalized star-shape domains.
As a by-product, solution estimates for the corresponding Helmholtz-type problems
are obtained.

The second part of the dissertation develops an absolutely stable (i.e. stable in
all mesh regimes) interior penalty discontinuous Galerkin (IP-DG) method for the
elastic Helmholtz equations. A special mesh-dependent sesquilinear form is proposed
and is shown to be weakly coercive in all mesh regimes. We prove that the proposed
[P-DG method converges with optimal rate with respect to the mesh size. Numerical
experiments are carried out to demonstrate the theoretical results and compare this
method to the standard finite element method.

The third part of the dissertation develops a Monte Carlo interior penalty
discontinuous Galerkin (MCIP-DG) method for the acoustic Helmholtz equation
defined on weakly random media. We prove that the solution to the random
Helmholtz problem has a multi-modes expansion (i.e., a power series in a medium-
related small parameter). Using this multi-modes expansion an efficient and accurate

numerical method for computing moments of the solution to the random Helmholtz



problem is proposed. The proposed method is also shown to converge optimally.
Numerical experiments are carried out to compare the new multi-modes MCIP-DG
method to a classical Monte Carlo method.

The last part of the dissertation develops a theoretical framework for Schwarz pre-
conditioning methods for general nonsymmetric and indefinite variational problems
which are discretized by Galerkin-type discretization methods. Such a framework has
been missing in the literature and is of great theoretical and practical importance for
solving convection-diffusion equations and Helmholtz-type wave equations. Condition
number estimates for the additive and hybrid Schwarz preconditioners are established
under some structure assumptions. Numerical experiments are carried out to test the

new framework.
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Chapter 1

Introduction

As a fundamental mechanism for energy transmission, wave phenomena are ubiqui-
tous in our world. Waves are determined by their sources and the media in which
they propagate. Wave scattering describes the physical phenomena in which wave
propagation is changed due to some non-uniformity in the medium in which the
wave is traveling. Wave scattering problems have applications in many scientific
fields including communications, defense, aviation, geoscience, medical science,
manufacturing, etc.

The goal of this dissertation is to develop efficient numerical methods for high
frequency time-harmonic wave equations defined on both homogeneous and random
media. Specifically, it focuses on three basic mathematical models of wave scattering
and propagation. These are the acoustic Helmholtz, elastic Helmholtz, and time-
harmonic Maxwell’s equations.

The first wave scattering problem we will consider is the acoustic/scalar Helmholtz

problem given by

—Au—Ku=f in Q, (1.1)

ou |
on, +iku=g on 0S4, (1.2)
u=0 on 0€)_. (1.3)



Here, Q C R? (d = 1,2,3) is a domain that consists of some acoustic medium and
u : 2 — C is the pressure of the medium. k is the wave number, defined by k := ¢,
where w,c > 0 are the angular frequency and speed of the wave in €2, respectively.
f is the external source. 0f) is decomposed into two pieces €2, and 02 . n ,n_
denotes the unit outward normal vectors on 02, and 0f)_, respectively. Typically,
wave propagation problems are posed on large or unbounded domains complemented
with a far-field radiation condition. For computational purposes, we choose to utilize
a truncated domain. OS2, represents the boundary from this truncation. When g = 0,
(1.2) is a first order absorbing boundary condition [35], which is an artificial boundary
condition that absorbs incoming waves at the boundary. 9€)_ is the scattering portion
of the domain boundary. (1.3) ensures that the scattering boundary 9€2_ is sound
soft.

The acoustic Helmholtz problem comes from seeking time-harmonic solutions or

applying Fourier transforms (in ¢) to the well-known acoustic wave problem

1
gUtt_AU:F in 2 x (0,00),

1 ou
EUt + m = on aQ+ X (0, OO),
U= on 992_ x (0,00),

U=U;=0 in Q@ x {t =0}.
Here u, f, g from (1.1)-(1.3) take the form

u(z) = /_OO e“tU (z,t)dt,

f(z) = /OO e F(z, t)dt,
g(x) = /00 e“'G (z,t)dt.



Computing solutions to (1.1)-(1.3) is known as the frequency domain treatment for
wave problems [29, 30]. This approach is favorable, because for a set of chosen
frequencies one can compute time-harmonic solutions in parallel by solving a set of
independent acoustic Helmholtz problems. Also, the use of frequency specific time-
harmonic waves often arise from many applications.

The second problem that we will consider is the elastic Helmholtz problem given

by

—w?pu —div (o(u)) = f in (1.4)

iwAu+o(ujn=g on 0S). (1.5)

Similar to the acoustic Helmholtz problem, (1.4)-(1.5) arise from seeking time-
harmonic solutions to the well-known linear elastic wave equations. Q C R (d =
1,2,3) is a domain that consists of some elastic medium and u : Q@ — C? is the
displacement vector of that medium. w,p are the angular frequency of the elastic
wave and the density of the elastic medium, respectively. For the elastic Helmholtz
equation, the wave number is given by k& = |/pw. o(u) denotes the stress tensor

defined by
1
o(u) :=2ue(u) + Adivul, g(u) := §(Vu + vu’).

Here, u, A > 0 are the Lamé constants for the elastic medium 2 and e(u) is called the
strain tensor. We do not consider a scattering portion of the boundary in (1.4)-(1.5)
for simplicity. Similar to (1.2), when g = 0, (1.5) is a first order absorbing boundary
condition [35]. A is a d X d symmetric positive-definite constant matrix.

Lastly, we consider the time-harmonic Maxwell’s equations given by

curlcurlE — k’E = f in €, (1.6)

curlExn—i\Er=g on 0. (1.7)



(1.6)—(1.7) arise from seeking time-harmonic solutions to the well-known Maxwell’s
equations (c.f. [25]). @ C R?® and E : Q — C? is the electrical field of Q. Er =
(n x E) x n is the tangential part of E. The wave number £ is defined as k = w./fo€o,
where w > 0 is the angular frequency of the wave, ¢y > 0 is the electrical permittivity
of the medium, and pg > 0 is the magnetic permeability of the medium. Similar
to the elastic Helmholtz problem, we will not consider a scattering portion of the
boundary for simplicity. (1.7) is the standard impedance boundary condition, with
A > 0 called the impedance constant.

Because the acoustic Helmholtz, elastic Helmholtz, and time-harmonic Maxwell’s
problems all arise by seeking time-harmonic solutions to wave problems and thus
have similar characteristics, these three problems will be referred to as Helmholtz-

type problems in this dissertation.

1.1 The State of the Art

Many numerical methods have been developed for the three Helmholtz-type problems
in homogeneous media, i.e. for constant wave number k. These include finite
difference (FD), finite volume (FV), finite element (FE), and discontinuous Galerkin
(DG) methods [1, 2, 3, 6, 7, 10, 13, 19, 20, 23, 26, 29, 30, 32, 36, 38, 48, 51, 52, 54,
53, 59, 60, 61, 64, 67, 70, 75, 76]. This section will discuss some of the challenges that
arise from solving the three Helmholtz-type problems numerically.

Recall that Helmholtz-type problems are wave problems. Solutions to these
problems are oscillatory with wave length ¢ = 27 /k. Enough grid points must be used
in the spacial domain to resolve the wave. The widely accepted rule-of-thumb is to
use 6-12 mesh/grid points per wavelength. This rule-of-thumb was proved rigorously
for the linear FE method for the 1-D acoustic Helmholtz problem [54, 53]. This
yields a mesh constraint of kh = O(1), where h is the mesh size. Meshes satisfying

this mesh constraint make up the so-called pre-asymptotic mesh regime. Therefore,



in the high frequency case, discretizing the Helmholtz-type problems yields a large
system of linear equations that must be solved.

In the case of linear FE method for the 1-D acoustic Helmholtz problem, the
authors of [54] showed that the H! error bound for the FE solution contains a term
of order k3h?. This term is called the pollution term and an increase in error as
one increases the wave number k under the constraint kh = O(1) is called the
pollution effect. The authors of [13, 29, 54] showed that the pollution effect is
inherent in Helmholtz-type problems and also leads to a loss of stability of standard
discretization techniques. To eliminate the pollution effect, a more stringent mesh
constraint k*h = O(1), called the asymptotic mesh constraint, is used. It is under
this constraint that stability is proved for standard discretization techniques applied
to Helmholtz-type problems. Shen and Wang obtained an absolutely stable (i.e.
stable for all k,h > 0) spectral Galerkin discretization for the radially symmetric
acoustic Helmholtz equation in [73]. Feng and Wu obtained absolutely stable interior
penalty discontinuous Galerkin (IP-DG) discretizations for the acoustic Helmholtz
and time-harmonic Maxwell’s equations in [42, 43, 44]. Feng and Xing obtained
an absolutely stable local discontinuous Galerkin (LDG) method for the acoustic
Helmholtz equation in [45].

As noted previously, for k large one must solve a large linear system of equations
in order to solve Helmholtz-type problems. From (1.1),(1.4), and (1.6) we see
that for k& (or w) large the Helmholtz-type PDE operators are indefinite. Thus,
any discretization method applied to Helmholtz-type PDEs yield indefinite, and ill-
conditioned linear systems. It is known that standard iterative methods do not work
well when applied to Helmholtz-type problems. In fact, many are not convergent (c.f.
[37]). There is no framework in place to analyze multi-level solvers/preconditioners,
such as multi-grid and Schwarz domain decomposition methods, for indefinite
problems like the Helmholtz-type problems. Also, if one must adhere to the stringent
mesh constraint £k = O(1) in the high frequency case, practical coarse mesh spaces

for multi-level solvers cannot be implemented.



1.2 Summary of this Dissertation

This dissertation contains five additional chapters. In Chapter 2, we study the
three Helmholtz-type problems at the PDE level. In particular, we show that all
three Helmholtz-type PDEs satisfy a generalized weak coercivity property. This
generalized weak coercivity property was proved to hold for the time-harmonic
Maxwell’s equations in [43]. The techniques used to prove these generalized weak
coercivity properties were first used in [27] and rely on Rellich identities for the
Helmholtz-type operators as well as a star-shape condition on the domain 2. Because
a star-shape condition can be viewed as restrictive, the analysis in Chapter 2 is
carried out on generalized star-shape domains. As a corollary of the generalized weak
coercivity property, solution estimates are proved in energy norms for each Helmholtz-
type problem.

Chapter 3 develops an absolutely stable interior penalty discontinuous Galerkin
(IP-DG) method for the elastic Helmholtz problem. Recall that this was already
done for the acoustic Helmholtz and time-harmonic Maxwell’s problem [42, 43, 44].
This chapter uses new techniques, introduced in [42, 43, 44], to obtain stability and
optimal (in h) error estimates in the pre-asymptotic mesh regime. Analysis in the
asymptotic mesh regime is also carried out using the standard Schatz argument.
Numerical experiments are provided to demonstrate the theoretical results presented
in this chapter.

In Chapter 4, we develop a Monte Carlo interior penalty discontinuous Galerkin
(MCIP-DG) method for the acoustic Helmholtz problem in random media. The
random media is characterized by use of a random wave number in the acoustic
Helmholtz problem. In this chapter, we show that when this random wave number
is a random perturbation of some constant wave number, the solution takes the
form of a power series expansion in the perturbation parameter. We call this series
expansion the multi-modes expansion. Using this multi-modes expansion, an efficient

and accurate MCIP-DG method is obtained. Numerical experiments presented to



show that the multi-mode MCIP-DG method is accurate compared to the classical
MCIP-DG method and much more efficient.

There is no general framework to study Schwarz preconditioners for general
non-Hermitian and indefinite variational problems. This includes Helmholtz-type
problems. As a first step to meet this challenge, in Chapter 5, we develop a
general framework to analyze Schwarz preconditioners for real-valued non-symmetric
and indefinite variational problems. In this chapter the theoretical framework is
introduced and different Schwarz preconditioners are developed and analyzed. This
new framework is designed as a generalization of the existing Schwarz framework given
in [77]. Extensive numerical experiments are also conducted to demonstrate some
properties of Schwarz preconditioners applied to a non-symmetric problem. Though
this framework does not apply directly to the three Helmholtz-type problems, it is
our hope that this initial step will lead to a generalization that also applies to these
Helmholtz-type problems.

Lastly, Chapter 6 discusses a number of future research directions that come from

this dissertation.

1.3 Notation

This dissertation adopts many standard notation conventions. Much of the notation
is explained when it is introduced, but we define some standard notations here that
will be used throughout.

HP(Q) will be used to denote the standard Sobolev space W#2(Q). For any S C
and 3 C 99, let (-,-)s and (-, )y denote the standard L*inner products defined by

(u,v)s ::/u-ﬂdx, (u,v)x ::/u-EdS,
S S

for all u,v € L*(S) and u,v € L*(X), respectively.



A bold-face font will be used to emphasize a vector or vector valued function,
such as x € R? or u : S — C? With this in mind, we use the following bold-face

convention for identifying vector-valued function spaces:

L?(S) := {V:S—)(Cd‘?}iELp(S) foralli=1,2,--- ,d},

H(S) = {v: 85—

v € H3(S) fori=1,2, - ,d}.



Chapter 2

Generalized Weak Coercivity of

Reduced Wave Operators

2.1 Introduction to Generalized Weak Coercivity
and Generalized Star-Shape Domains

This section introduces two new concepts; namely, generalized weak coercivity and
generalized star-shape domains. As was already discussed, the Helmholtz-type
operators are indefinite. Thus, one cannot expect the sesquilinear forms used to define
the weak formulation of the Helmholtz-type operators to be coercive. In fact, in the
case of Helmholtz-type operators one cannot even expect a weak coercivity property.
Instead, for Helmholtz-type operators a generalized weak coercivity property of the

form

| Tm a(u, v)| |Rea(u,v)|

sup >Cllullg  YueE (2.1)

vev vllv vew  [lvllw

takes the place of standard weak coercivity. Such a generalized weak coercivity
property can be used to obtain a-priori wave-number explicit estimates for solutions

of the three Helmholtz-type PDEs.



Generalized weak coercivity is also valuable in the development of novel discretiza-
tion methods and linear solvers that are tailored to these Helmholtz-type problems.
Specifically, the techniques employed in the proofs of the generalized weak coercivity
properties can be useful in the development of absolutely stable discretization methods
for Helmholtz-type problems (c.f. [42, 43, 44, 50]). That is, methods that are stable
regardless of the mesh size h. Such an absolutely stable method for the elastic
Helmholtz equation is developed and analyzed in Chapter 3. Absolutely stable
methods are necessary to provide practical coarse mesh spaces, a key component
for any multi-level method such as multi-grid or multi-level domain decomposition
methods.

With multi-level methods in mind, the analysis of two-level domain decomposition
for non-symmetric and indefinite linear problems in real valued Banach spaces is
the focus of Chapter 5. The analysis in this chapter is based on a weak coercivity
condition. It is believed that for non-symmetric and indefinite linear problems in
complex valued Banach spaces the existing framework can be extended to include
problems that satisfy a generalized weak coercivity condition in lieu of the standard
weak coercivity condition. This is yet another motivation to study such generalized
weak coercivity conditions.

The techniques used to obtain generalized weak coercivity properties of the
Helmholtz-type operators are adapted from the techniques in [27, 43, 50]. The analysis
found in these sources relies on a star-shape condition on the domain 2 C R?. That
is, for 2 there exists x¢ € € and a positive constant ¢ = ¢(2) such that for @ = x—x¢

the following condition holds:

oa-n>c on Of).

Practically, this constraint on the domain €2 is adequate when a scattering object is
not present. In this case (2 is usually a truncation of a large or unbounded domain

and can be chosen to meet this requirement. On the other hand, for a scattering
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problem, a condition like this can be restrictive. This is due to the fact that portions
of the boundary can be attributed to the scattering object.

With this in mind, this chapter is used to establish less restrictive generalized
star-shape conditions on {2 for each Helmholtz-type operator. In particular, these new
generalized star-shape conditions allow the existing analysis to hold while admitting
more exotic geometry. These generalized star-shape domains are designed for each
Helmholtz-type operator, separately. This idea does away with the “one-size fits all”
nature of the standard star-shape condition and replaces it with “operator friendly”
domain constraints.

This chapter is organized as follows: Sections 2.2-2.4 are used to tailor a
generalized star-shape condition for each Helmholtz-type operator and prove a
generalized weak coercivity condition for each operator. Section 2.5 applies the results

of the previous sections to obtain stability estimates for each Helmholtz-type problem.

2.2 The Scalar Helmholtz Operator

First, a generalized star-shape domain for the scalar Helmholtz operator is defined.
We consider an acoustic domain = Q, \ Q_. Here, Q, is the truncation of some
unbounded acoustic medium and 2_ C €2, is some scattering object in the medium.
For the existing analysis to hold using a classic star-shape condition one requires that
Q. and €2_ are both star-shape domains with respect to the same point xo € 2_. An

example of such a domain is given in Figure 2.1.
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Figure 2.1: An example of a domain €2 of interest.

To generalize this idea, it is required that €2 is a domain such that there exists a

vector field o € C'(€Q) that satisfies the following conditions:

a; = o),

a-n; >cp >0
—a-n_>c_>0
la] <R

o <div(a) <c
mln{gz:} >c3>0

L —C+2c3>c4 >0

on 0§,

on 0f)_,

in Q,

in €,
inQand:=1,2...d,

in

Y

[N}
w

~~ — ~~ ~~ ~~
Ot =~
S~— N— N— S— SN—

(2.8)

where 0 = 00, U0 and ny, n_ are the outward normal vectors to 02, and

0€)_, respectively. A domain €2 that admits a vector field o as described above will

be called a generalized star-shape domazin for the scalar Helmholtz equation.

Remark 2.2.1. (a) This is a true generalization of the concept of a star-shape

domain in the sense that any star-shape domain does satisfy the above properties.

This includes the case discussed above (c.f. Figure 2.1).
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(b) The motivation for all of the generalized star-shape conditions introduced in
this chapter comes from the use of Rellich identities for these specific Helmholtz-type
operators. These identities are key in the techniques used to prove the generalized
weak coercivity properties for each Helmholtz-type operator.

(c) It is conjectured that this generalization allows room for interesting computa-
tional domains that are not star-shape domains in the classical sense. At this point,

no such examples are known, and this will be an item explored in future research.

For the rest of this section, {2 is assumed to be a generalized star-shape domain for
the scalar Helmholtz equation. Recall that the generalized weak coercivity property
is a property of the weak form of Helmholtz-type PDEs. Therefore, the weak form
of (1.1)-(1.3) will need to be given. For the sake of completeness, the weak form
is derived in the preceding lines. Begin by multiplying (1.1) by v € C*°(Q) and
integrating over all 2. To this, integration by parts and (1.2) are applied. These

steps yield the following sequence of identities:

—(Au,v)q — KX (u,v)q = (f,v)q,

ou

(V. To)a = (Grv) =Kol = (7.0)a

ou ou 9 B
(V’LL, VU)Q - <mjv>ag+ - <8T7U>@Q_ —k (U>U)Q - (fa U)Q?

. > B k2<u’v)9 = (f7 U)Q + <gv U>39+'
o0 _

(Vu, Vo) + ik(u, v)aq, — <8n__’v

From the above identity, we observe that an appropriate solution space for the

weak formulation of (1.1)—(1.3) is given by

V= {u c HY(Q) ‘u — 0 on 990 and Vu € L2(aQ)} .
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Now the weak form of (1.1)-(1.3) is defined in the following way: Find v € V such
that

a(u,v) = (f,v)a + (g9,v)a0, Yo € HY(Q), (2.9)
where a(-,-) is a sesquilinear form defined on V' x H*(Q) given by

On Y

a(u,v) :== (Vu, Vo)g — k*(u,v)q + ik(u, v)aq, — < Ou >8Q : (2.10)

The goal of this subsection is to prove a generalized weak coercivity condition (c.f.
(2.1)) for the above sesquilinear form a(-,-). To accomplish this goal we rely on the

following Rellich identities quoted from [27]:

Lemma 2.2.2. Let u € H*(Q) and o € CY(Q). Then the following identity holds:

~ Re(u, (V) - a)q = = (div (a0), [ul?),, - %<a g, [0,

DN | —

Lemma 2.2.3. Let u € H*(Q) and a € CY(Q). Then the following identity holds:

1, .. 1
Re(Vu, V((Vu) - a))q = —§(dlv (o), \Vu\z)g + §<a ‘N, ]Vu|2>8Q
d d
ou Oaj; Ou

i=1 j=1

With these Rellich identities in hand, the following generalized weak coercivity

property for the scalar Helmholtz operator is obtained:

Theorem 2.2.4. Let Q C R? be a generalized star-shape domain with a € CH(Q)
satisfying (2.2)—~(2.8). Then for any u € V' the following generalized weak coercivity
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property holds for the sesquilinear form a(-,-):

| Im a(u, v)| |Rea(u,v)| _ 1
Sup > _”u”E’
veV vz veH(Q) |||U|||L2(Q) Y

where

‘= max { [2(2c, — des + 4)® + 16(K° + 1)32}% ,M} ,

2
M;:Q(k3+@+c—+),
Cy k

1
2
lulllzzy = (Beallul3a + e lullZaen,) )

ullz == <k:204\|u|]%2(9) + C4”VUH%?(Q) + C+”UH%2(39+) + C+HVU||%2(89+)
1

2
+ e IVulaa))

Proof. In this proof, we assume that u € H*(2) N'V. This is possible because u € V
can be approximated by a sequence of smooth functions that converge to w in || - ||g.
Once the result is obtained for u € H?(2) a limit can be applied to obtain the result
for u € V. For the sake of brevity, these details are suppressed in the steps to follow.

Begin by setting v = u in (2.10) and taking the real and imaginary part separately.
This yields the following identities:

Rea(u, u) = ||Vul72q) — K*|ull72(q), (2.11)

Im a(u,u) = k||u||%2(ag+). (2.12)

As will be a common theme for the analysis of all three Helmholtz-type problems,
the indefiniteness of the scalar Helmholtz operator shows up here in an adverse way.
That is, the signs of the terms on the right hand side of (2.11) are different. Thus
the use of this one test function is not sufficient. For this reason, we employ a second

test function v = Vu - a, motivated by the above Rellich identities. Using this test
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function in (2.10) yields

Rea(u,v) = Re(Vu, Vo)q — k* Re(u, v)q — kIm(u, v)sq, — Re <ﬁ, v> .
00—

(2.13)

We substitute the Rellich identities from Lemma 2.2.2 and Lemma 2.2.3 into (2.13)

2)
Q
k?2

1 1
ey, = e ne [VuP) g = Slacn [VuP)

+Re<a—u,v> + kIm(u, v)sa, + Rea(u,v)
- /o

k? 1 1
= §<O‘ Ny, ’“|2>aQ+ - §<O‘ "My |Vu|2>a§z+ + §<O‘ o [Vul®)

and rearrange the terms to get

2

K L g - (2
7 (v (@), i) = 5 (div (@), [Vul)g + 3 <3_

=1

Oui
(91:2-

+ kIm(u, v)sa, + Rea(u,v).

Notice that the first line above uses (2.2) and we get the last equality because Vu =

a?l—lin_ on 0N)_ since v =0 on O0f)_.

Using the conditions on a that are found in (2.3)—(2.6) and multiplying the
previous inequality through by 2 produces the following inequality:

Feillullfai0) = 2l Vullia) + 26 Vil f2(q)
<k {a-ny, |ul*)on, — cr[[Vull 200 ) — c-[|Vul[ 1200

+ 2k Im(u, v)pa, +2Rea(u,v).
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Adding c; — 2c3 times (2.11) and <t times (2.12) to the above inequality yields

k(e — 2 + 2¢3) [ull 7o) + e llullZ2 0.
< Kooy, Jul®)aa, — el Vullrzea ) — e |Vull2ea ) + 2k Im{u, v)aq,

+ Rea (u,2v + (c2 — 2¢3)u) + % Ima(u,u).

Applying (2.8) and adding %' times (2.11) gives

k204 2 Cy 2 2
THUHLz(Q) + EHVUHLQ(Q) + e llullz200.)
< k2<a 1y, |u|2>aQ+ — C+||VUHL2(QQ_) — CfHVUHL?(&Q_) + 2k Im(u,v>39+

+ Rea (u,2v + <02 — 2¢c3 + %4) u) + %Ima(u,u).

At this point, we apply Cauchy-Schwarz and Young’s inequalities in conjunction
with (2.12) to the previous inequality to obtain the following:
k264 Cy
THUH%P(Q) + EHVUH%%Q) + C+||UH%2(8Q+)

C+
< kQRHUH%%am) - C+||VUH%2(39+) - C—HVUH%%aQ,) + ?Ima(uuu)

¢
+ Rea (u, 20 + <62 — 2c3 + 54) u) + 2k R||u|| L2 (00| V| 200, )

C+
< kQRHUHi%am) - C+HVUH%Q(BQ+) - C*HVUH?'Q(@Q,) + —-Ima(u, u)

k
4 k*R? Cy
+ Rea (u, 2v + (cz — 2¢3 + 5) u) + o HUH%Q(am) + 7HVUH%Q(OQ+)
Cy kRQ Cy
= —7”VUH%2(3Q+) - C*HVUH%Q(GQ,) + (kR + Z + ?) Ima(u,u)
+ Rea (u,2v—i— (02 —2c3 + 62—4) u) )
Consequently,
ul|Z < M| Ima(u,u)| + | Rea (u,4v + (4 + 2c; — 4ez + ca)u) |. (2.14)
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Let © = 4v + (44 2c — 4cz + cq4)u. Putting this test function into ||| - |||12(q) yields

112111320y < (262 = des + ca)? [Beal[ullFagey + esllulzon,)]
1682 [Kes]| Vul3a() + ¢4 | Vulagon, |

< [2(2c0 — des + ea)® + 16(K* + 1) R?] ||ul|%.

Finally, this inequality along with (2.14) implies that

| Tm a(u, v)| |Rea(u,v)|
sup ————— sup —————
vev  llle vem() vl
| Ima(u,u)| |Rea(u,?)]
e 119]1] 222
| Ima(u, u) |Rea(u,9)]
Jull [2(2c5 — 4z + c4)? + 16(k2 + 1) R2)? ||ul s
1 M|Ima(u,u)| + | Rea(u, 0)|
! [ulle
1
> —|lullz-
Hence the generalized weak coercivity condition holds. O]

2.3 The Elastic Helmholtz Operator

In this section, the focus is turned to the elastic Helmholtz operator. This operator is
similar to the scalar Helmholtz operator. Due to this similarity, the analysis for the
elastic Helmholtz operator should follow that of the scalar Helmholtz operator. This
section is restricted to the case in which 9Q_ = () and thus, 9Q = 0, where Q is
the elastic medium. Such a restriction is made to compensate for the added difficulty

in working with vector-valued functions. €2 is defined to be a generalized star-shape
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domain for which there exists & € C*(Q) such that the following properties hold:

a; = a;(z;), (2.15)

a-n>cy >0 on 0€2, (2.16)

o) <R in Q, (2.17)

90 _ w0 inQandi=1,2...d. (2.18)
8%

As was the case in Section 2.2, the analysis of this section relies on Rellich identities
for the elastic Helmholtz operator. These Rellich identities are the reason behind
the constraints placed on the domain. Unfortunately, the Rellich identities for the
elastic Helmholtz operator do not yield as much as those for the scalar Helmholtz
operator. This is mainly a result of the increase in complexity when moving from
scalar-valued functions to vector-valued functions. For this reason the generalized
star-shape domain criterion for the elastic Helmholtz operator is more restrictive than
that of the scalar Helmholtz operator. A less restrictive domain might be possible, but
different techniques will be needed to attain a generalized weak coercivity condition.

Now with a generalized star-shape domain defined for the elastic Helmholtz
operator, a weak formulation of (1.4)—(1.5) will be derived. To begin, multiply (1.4)

with a smooth function v € C*(2) and integrate over {2 to obtain
—w?p(u, v)g — (div (o(u)), v)q = (f, v)a. (2.19)
Since o(u) is symmetric the following product rule for the divergence holds:

div (o0(u)v) = div (o(u))v + o(u) : Vv.
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This identity together with the divergence theorem yields

—(div (o(u)),v)g = — /Q div (o(u)v)dx + (o(u), Vv)q

= —(o(u)n,v),y, + (o(u), Vv)q. (2.20)
From Lemma 3 of [27] one obtains the following useful identity:
o(u) : Vv = Mdivudivv 4 2ue(u) : (V).
With this identity (2.20) becomes
—(div (o(u)), v)o = A(divu,divv)g + 2u(e(u),e(v))o — (c(u)n, v),o . (2.21)
Applying this integration by parts formula along with (1.5) to (2.19) gives
Adivu, divv)g + 2u(s(u), e(v))g — w?p(u, v)q + iw{Au, v)aq = (f,v)q + (g, V)aa.

Thus, a weak formulation of the elastic Helmholtz equations (1.4) - (1.5) is given

by: find u € H(Q2) such that
a(u,v) = (f,v)a + (g, v)sa Vv eH'(Q), (2.22)
where a(-,-) is defined on H}(Q2) x H'(Q) by
a(u,v) = Adivu,divv)g + 2u(e(u), e(v))g — w?p(u, v)q + iw(Au, v)aq. (2.23)

Now that the weak formulation is established on a generalized star-shape domain,
the focus of this section shifts to obtaining a generalized weak coercivity property for

a(+,-). As stated previously, this will require the use of some Rellich identities for the
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elastic Helmholtz operator. These Rellich identities were established in [27] and are

quoted below as the following two lemmas.

Lemma 2.3.1. For u € H%(Q) and o € C(Q), the following identity holds:

Ma-n, |divul®)og + 2u(a - n, [e(u)]?) o
= Adiv ey, [divul?)g + 2u(div e, [e(u) [*)q
+2ARe (divu, div ((Vv)a)), + 4pRe (¢(u), e((VVv)a))o
d d
. 806]' 8ul
—2A ReZZ (dlvu, oz, ij)ﬂ
=1 j=1
d d d
-2 J . )
MRQZZZ (827] + a$i7 an 8xk>ﬂ

i=1 j=1 k=1

Lemma 2.3.2. For u € H%(Q) and a € CY(Q), the following identity holds:

(diVOL, |u|2)Q = <O€ -1, |u|2>39 - QRG(U, (Vu>a>Q

Similar to other analysis involving the stress tensor o(-), it is necessary to use
the well-known Korn’s inequality to obtain the desired generalized weak coercivity

property. It is stated here as a lemma. For a proof, see [63].
Lemma 2.3.3. There exists a positive constant K such that for any v € H*(Q) the
following inequality holds:

[Vl[a1 < K|lle()|l 2 + |v]l 20 |-

As was the case in Section 2.2, the analysis used in this section will follow closely
to that in [27]. In [27] the authors found it necessary to use a Korn-type inequality
on the boundary 0f2 to obtain estimates that are optimal in terms of the frequency w.

This Korn-type inequality still remains a conjecture. As stated in [27], this conjecture
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is believed to hold for the solution of the elastic Helmholtz problem since a similar

result is shown in [28] for the solution of the Lamé systems of elastostatics.

Conjecture 2.3.4. There ezists a positive constant K such that for any u € H?(Q)
the following Korn-type inequality holds:

IVulfapn) < K [HUH%WQ) +le()Z2(00)| - (2.24)

With these technical lemmas in hand, we have all the tools necessary to prove a
generalized weak coercivity property on a(-,-). This will be done in two steps. First,
we prove a preliminary result that does not make use of Conjecture 2.3.4. Next, we
prove a generalized weak coercivity property for u in a more restrictive function space

(i.e. the space on which Conjecture 2.3.4 holds).
Lemma 2.3.5. Let Q2 be a generalized star-shape domain such that there exists o €

CY(Q) satisfying (2.15)~(2.18). Then for all u € H*(Q) and € > 0 there holds

[u|% < EHVUH%%aQ) - (C+MHU‘H%2(6Q) + C+MH€(U)H%Q(8Q)>
szCA

+ Rea(u,2(Vu)a + (1 — d)cju) + L (pr +

+ 2) Im a(u, u),
€A

where || - || g is defined by

lallf = crw?pllullzz o) + erAlldivulfa i) + 2e1plle(w)]72(q)

+cppllull r2n) + e A||divullZ o) + crplle(@)lli oo

Proof. In a manner similar to the proof of Theorem 2.2.4, setting v = u in (2.23) and

taking both real and imaginary parts separately we get

Rea(u,u) = Adivul[72 () + 2ulle(w) ||z — w’pllullzzq). (2.25)

Ima(u,u) = w(Au, u)n. (2.26)
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Again, it is clear that this first test function alone cannot yield the desired result
because of the sign difference in (2.25). For this reason, a second test function,
motivated by our Rellich identities, will be selected. Let v = (Vu)a for the rest of
this proof. Substituting this test function into (2.23) and multiplying through by 2

gives

2Rea(u, v) = 2\(divu, divv)g + 4u(e(n),e(v))a — 2Rew?p(u, v)q

— 2wIm(Au, v)sq.

By the Rellich identities for the elastic Helmholtz operator (i.e. Lemmas 2.3.1
and 2.3.2), we get

2Rea(u,v) = Aa - n, |div u|2>8(2 +2pu{a - n, |5(u)|2>8Q — A(div e, [div u|2)Q

d d
~2p(divan o))+ 2ARe 3 Y (dvu, S 00)
i=1 j=1 i 0% ) q
auz auj 8CYk 8ul

=1 j=1 k=1

—w’p(ac-m, |u|2>Q + w’p(div e, |u|2)Q — 2wIm(Au, v)sq.
Equivalently,

w?’p(div e, |u|2)Q — A(divey, |div u|2)Q — 2u(div e, |g(a)]?)

L Ja; Oy
. J i
+ 2\ Rezz (dlvu, oz, axj)ﬂ
i=1 j=1
ou; 8u Oay, Ou
92 % j 7
* MRGZZZ( &El axjaxk)

i=1 j=1 k=1

Q

= w2p<a -, |u|2>8Q — )\<a -n, |divu|2>8Q — 2u<a ‘n, |5(u)|2>8Q
+ 2w Im(Au, v)so + 2Rea(u, v).
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Applying the properties of a from (2.15)—(2.18) to the above identity produces

derw?pl[ul| Lz (q) — derAl|divul e ) — 2d01MII€(U)IIi2

d
+2c1ARe Y (div u, %) + 2011 RQZ Z (gzz
7 J

=1 =1 j=1
< Rw?pllullfzp) — ciAl|divul[Z2o0) — 24 ul|e() 17200,

+ 2w Im(Au, v)so + 2Rea(u, v).
At this stage, we appeal to the following simplifications:
d Ju; Ou;
2c1 A Re ; (div u, 8_562) . =21\ Re (dlvu Z 317:
= 261)\||d1V ll||%2(ﬂ)

and

9¢ Rezdjz ou; +au] ou;
TR, dz;  Ox; 0x; )

3uj 8Ul
ém ’ al‘j

(2.27)

e uTe zd:zd: 8ui+8uj ou; ‘*’Zdjz 8u7;+
- an i £ dz;  Ox; Ox;), <=4 Ox;
=1 j=1 =1 j=1
d d
ou;  Ou; Ou;  Ou;
_ R, i j i j
apRed ) (89&] T or 0, T oa )Q
=1 j=1
= deple(w) 720

We apply these simplifications to (2.27) to get

derw?pl[ul| L) + (2 — d)es [ divul|fg) + 2(2 = d)esplle(u)l|72 )

< Rw?pl|ullZzp0) — e Al|divalZagg) — 2¢p)|e() 17200,

+ 2w Im(Au, v)go + 2Rea(u, v).
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Note, for d > 2, the terms with coefficient (2 —d) are negative. To eliminate these
terms from the left hand side (LHS), add (d — 2)¢; times (2.25) to the above identity

to obtain the following:

2010°pl|ul|Faq) < R?pl|ullizion) — coAl|divulZapa) — 2c1p|e(w)lE2 o0

+ 2w Im(Au, v)sq + Rea(u, 2v + (2 — d)cyu).

We notice that (2.26) allows us control over the terms on the right hand side (RHS)
involving |lu|| z2(a0). With this in mind, we apply the Cauchy-Schwarz inequality along

with Young’s inequality to 2w Im(Au, v)sq to obtain

2c10°pllu|72 (0
< Rw?p||ull? — i A|[divul)3 — 2c,pf|e(u)|3
> Pl L2(60) + L2(09) +H L2(99)
+ 2w||Au|| r290) |V || L2(80) + Rea(u, 2v 4 (2 — d)ciu)
< Rw?pllul|72a0) — cx Alldivul|Zs a0y — 24 plle(u) (1720
+ 2RW||AUHL2(39)||VU||L2(3Q) + Re (l(ll, 2v + (2 — d)Cﬂl)
< Rw%““”%%aﬂ) — ¢y A[[div uH%%aQ) - 20+M||5(U)H%2(39)

R2w20,4 2 2
+ ———[[ullz2090) + €l Vull72(59) + Rea(u,2v + (2 — d)ciu).

The term €||Vul|250) Will be controlled later using the boundary Korn-type
inequality (c.f. Conjecture 2.3.4). With this in mind, we add and subtract
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20+u||u”%2(8m and apply (2.26) to yield

2010° pl|u|Z2 oy + crpllullizgon) < —cAl|divulZaan) — crulle(w)l7zon)

+ €||V11||2L2(89) — (e pllull3g + crplle(w)]3g)
2, ,2

R*w*C
+ Rea(u,2v + (2 — d)cyu) + (Rpr + % + 26+ﬂ) Huﬂia(aﬂ)

< —c A||divulFaga0) — coplle()]72 00,

1
+ Rea(u,2v + (2 —d)cju) + — (pr +

CA € w

) Ima(u, u).

To obtain a norm on H!(Q) on the LHS, we subtract (2.25) from the above

inequality, and move some terms to the LHS to get

crw?pllul|7z ) + aAldivul|7zg) + 2cipfle() |72
+ C+HH“H%2(8Q) + C+>\HdiV u“%%am + C+MH£(“)H%Q(8Q)

< eIVl o0 — (crullullze + crpulle(w)]3e)

R2w(C)y N 2 i

w

1
+ Rea(u,2v + (1 —d)cqu) + — (pr +
CA

) Ima(u, u).

Therefore, the assertion holds. O

In order to prove a generalized weak coercivity property on a(-,-), an estimate to
control the term e||Vu||%2(aQ) on the RHS of the inequality in Lemma 2.3.5 needs
to be established. This is where a Korn-type inequality on the boundary would be

helpful. With this in mind, we introduce the special function spaces

Vo= {v e Hl(Q)’ (V) € L2(8Q)},

Vi i={ue V| IVulan < & [lulen + 1@ |-
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where K is a positive constant. With the help of these spaces, the following

generalized weak coercivity property holds.

Theorem 2.3.6. Let Q be a domain for which there exists oo € CY(Q) satisfying
(2.15)—(2.18). Then for any K>0andue V i the following inequality holds:

Ima(u,v Rea(u,v 1
[ Im a(u, v)| sup [Rea(u,v)| Lialls.
vev vz veH!(Q) H|V|HL2(Q) Y

where

2 3 2
v o= max{ {4R2K (1 + ?) +4R*K + (1 — d)““cf} ,M},
i

1 200K 2
M;:_<pr+chA + C*”),

CA Cy b w

[ull% = c1w’pllul7a) + crA|[divulfag) + 2ciplle(w)]|72(q)
+epplull o) + e A||divullZa g0y + crplle(u) 7200

IIall[Z2() = aw?pllullZ ) + cxplullizoo)-

Proof. As was the case in the proof of Theorem 2.2.4, we only give a proof for u €
Vi NH?(Q). After we prove the result for this more restrictive case, we can use a
limiting process to yield the result for u € V.
By Lemma 2.3.5 with e = =% we obtain
Il < SRVl 00) — (crnllulzion + ol )]300)
K

R2wC A K N 2c, U

Cyfb w

1
+ Rea(u,v) + — (pr +
Ca

) Tm a(u, u),
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where v := (2(Vu)a + (1 — d)cyu). With this choice of €, there holds

C+H
— ||V11||%2(aﬂ) - (C+M||u||%2(an) + C+M||5(u)||i2(aﬂ))
K

< C+M(||u||%2(asz) + ||5(u)||%2(asz)) - (C+M||u||gﬂ + C+M||5(u)||%2(asz))

<0.
Thus,
lullz < |Rea(u,v)|+ M|Ima(u,u)|. (2.28)
Next, by the definitions of || - ||z and ||| - |[|2() We get
1VII[Z20) = aw?plI V172 () + corll VIl o0 (2.29)
< 4ey R2w?p|| V|| g2y 4+ 4R p]| V|22 50
+ (1= dPciw’pllullrzo) + (1 = d)*ciepllullza oo
2 w?p 27 2 2 2
< [4R°K 1—|—2— +4R*K 4+ (1 —d)*ct| ||ul|%
I
< 7*|lul%.
It follows from (2.28) and (2.29) that
Ima(u,v)| [Rea(u,v)| _ [Ima(u,w)| _[Rea(u, )|
sup ————— > -
vev vz v Vvillzz@ [ul[ 2 [1¥[]z2(2)
M|Ima(u,u)| |Rea(u,v)|
M[ul|z Yulle
M|Ima(u,u)| + | Rea(u,v)|
B 7l
1
> —|[ul|s.
Thus, the desired generalized weak coercivity property holds. O]
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2.4 The Time-Harmonic Maxwell Operator

As was the case in Sections 2.2 and 2.3, we begin this section by defining a generalized
star-shape domain that is specially suited to the time-harmonic Maxwell operator.
In this section, the restriction that d = 3 ( i.e. Q C R?) is assumed. Similar to
section 2.3, the domain {2 is also restricted to the case where a scattering portion
of the boundary is not present. That is, 9Q2_ = () and thus 99, = 09Q. Lastly, in
this section, €2 is defined to be a generalized star-shape domain such that there exists

a € CH(Q) satisfying the following properties:

a; = a;(;) in Q and for i =1,2,3, (2.30)

la] <R in Q, (2.31)

a-n>cy >0 on 02, (2.32)

diver — 2 max {gi} >e >0 inQ. (2.33)

Maxwell’s equations are defined using the curl operator. For this reason, some
special function spaces need to be defined on 2 before a weak formulation can be

defined.

H(curl,Q) :=4{ve L2 )| curlv € L2<Q)}a
H(div,Q) = {v e L2 divveL2(Q)},
H(divg, ) :=

v € H(curl Q))v € L2(Q>}7

{
{
)i= {v e L2(Q)| divv = 0},
v {
v {

v € H(curl Q)) curlv € H(curl, ) and v € H(curl, 89)}

Following the example set forth in Sections 2.2 and 2.3, the weak formulation of

(1.6)—(1.7) is derived below. Multiplying (1.6) with a smooth test function v € C*(Q2)
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and integrating over the domain €2 gives
(curlcurl E, v)q — K*(E,v)q = (f, V). (2.34)

In order to derive the appropriate integration by parts formula, we start with the

following identity:
div (curl E X ¥) = curlcurl E - ¥ — curl E - curl v. (2.35)

This identity is easily obtained from the well-known vector calculus identity:
div(ax b) =b-curla—a- (curlb). (2.36)

(2.35) along with the divergence theorem yields the following integration by parts
identity:

(curlcurl E,v)q = (curl E, curl v)q + / div (curl E x v)dx (2.37)
Q

= (curl E, curl v)g + (curl E X v, n),
= (curl E, curl v)g — (curl E x n,v>m

= (curl E, curlv)g — (curl E x n,VT>aQ.

Here, the identities a- (b x ¢) = ¢ (a x b) and a x b = —b X a along with the
decomposition v = vy + (v - n)n and the fact (a x n) - n = 0 have been used.

By the boundary conditions (1.7) we get

(curlcurl E,v)q = (curl E, curlv), — i)\<ET,vT>8Q — <g, VT>BQ.
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Applying the above identity to (2.34) yields the following weak formulation of the

time-harmonic Maxwell’s equations: find E € V such that
a(E,v) = (f,v)q + (8, vr)on Vv ey, (2.38)

where the sesquilinear form a(-,-) on ¥V x V is defined by
a(u,v) := (curlu, curl v)g — k*(u, v)q — iX(ur, vr)an. (2.39)

After having derived the above weak formulation for the time-harmonic Maxwell’s
equations, the focus of this section shifts to the goal of obtaining a generalized weak
coercivity property for the sesquilinear form a(-,-). Again, Rellich identities will be
used to achieve this goal. These Rellich identities are generalizations of those that can
be found in [39]. Similar identities are derived and used to achieve stability estimates
for the time-harmonic Maxwell’s equations when €2 is a star-shape domain (c.f. [50]).
Since the general case of a being a C'(Q) function was not considered, detailed proofs
for these Rellich identities are given below. The following notation will be used in

the Rellich identities:
Vab = (a-V)b.

Lemma 2.4.1. Suppose u € H%(Q) and o« € C'(Q). Then the following identity
holds:

(divey, [curluf’) , + (a - n,|curlul*),

= 2Re (curlu, curl (curlu x a))q, 4+ 2Re (curlu, V01 ,@) -

Proof. To prove this lemma two additional differential identities along with the

divergence theorem are used. Set v = curlu x a. To derive the first identity,
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we recall the following well-known identity involving the curl operator:

curlv = curl (curlu x )

= div (a)curlu — adiv (curlu) + Vacurlu — V0 Lo

Using the fact that div (curlu) = 0, the above identity gives the first sought-after
identity:

curl v =div (a)curlu+ V,curlu — V (2.40)

curl u&

To derive the second sought-after identity, expanding div (a|b|?) using the product

rule for the divergence and gradient yields

div (a/b|*) = div(a)[b|*+a-V(b-b) (2.41)
=div(a)b|*+b-V,b+b-V,b
=div(a)/b|* +2Reb - V,b.

(2.41) immediately gives the second sought-after identity
div (a|curlul’) = diva|curlu|? + 2Recurlu - V,curlu. (2.42)

Taking the complex conjugate of (2.40), applying the dot product with 2curl u,
and taking the real part gives

2Recurlu - curl v = 2div (a)|curl ul’* + 2 Re curlu - V,curla

—2Recurlu -V 114
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which together with (2.42) gives

2Recurlu - curl v = 2div (a)|curl u|” — div (a)|curl u|* + div (c|curl u]?)
—2Recurlu-V

curl a&®

= div (a)|curlu]® + div (a|curlul?) — 2Recurlu - V 1 4

Integrating the above identity over €2 and using the divergence theorem yields

2 Re(curlu, curlv)g = (div (), [curluf?) , + / div (a|curluf?) dx
Q

— 2Re (curl u, Veurl ﬁcu)
= (div (), [curlu*) , + (e - n, |curl 11|2>(99

— 2Re (curl u, Vel ﬁoz)Q :

By rearranging terms and recalling v = curlu X «a, the desired Rellich identity is

obtained. O

Lemma 2.4.2. Suppose u € HY(Q) and a € C*(Q). Then the following identity
holds:

1 1
Re(u, curlu x a)q + 5 (div e, |u|2)Q + 3 (a-m, |u|2>89

= Re(adivu,u)g + Re (u, Vya), — Re(a X u,u x n)y0.

Proof. Like the proof of Lemma 2.4.1, this proof relies on two differential identities
along with integration by parts. The first differential identity is the following identity

involving the curl operator:

curl (a x u) = adivu — udiva + Vya — V,u. (2.43)
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The next identity follows from (2.41) and reads as
div (a|ul?) = div (@)|u]* + 2ReuV,u. (2.44)
By (2.36) and the divergence theorem we get

(curlu,v)q = (u,curlv)g + / div (u x v)dx (2.45)
Q

= (u,curl v)g + (u x v, n)sq.

It follows from the identities a- (b x ¢) = b - (c x a), (2.45), (2.43), and (2.44)
that

Re(u, curlu x a)g = Re(curlu, a x u)
= Re(u x a x @, n)gn + Re(u, curl (a x u))gq
= —Re(a X u,u X n)sg + Re(u, adivu)g — (divea, [uf?)
+ Re (u, Vya), — Re(u, Vau),
= —Re(a X u,u X n)sg + Re(u, adivu)g — (dive, [uf?)
+ Re (u, Vya), — % (a-m,|ul?), + % (dive, [uf?),,
= — Re{a x u,u x n)so + Re(u, adivu)g — % (div e, |u|2)Q

1
+ Re (u, Vya), — 3 (a-m, |u|2>8Q.

Thus, the desired Rellich identity is obtained by rearranging the terms above. O]

The above Rellich identities can be used to establish a generalized weak coercivity
property for a(-,-). Note that a generalized weak coercivity property for a(-,-) was
already established in [43] for a star-shape domain and what is below is an extension

of that result to a generalized star-shape domain.
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Theorem 2.4.3. Let Q2 be a generalized star-shape domain such that there exists
a € CYQ) satisfying (2.30)(2.33). Then for any u € V N H(div,, Q) the following

generalized weak coercivity property holds on a(-,-):

[Ima(u, v)| [Rea(u,v)|

1
sup > ~|lullz,

vey  IVle vev [|[Vr2@)
where

_ 2Rcy +2R°E® 4 2R?N?
N /\C+

v:=4kR + M, M :

Y

1
2
oy = (B[l ) + cokllulan, )

-

2
[ull = <01k2||u||%2(9) —|—cl||curlu||%2(m + C+k2||u||%2(8ﬁ) +c+||curlu||%2(aﬂ)> :

Proof. Similar to the proof of Theorems 2.2.4 and 2.3.6, this proof makes use of two
specific test functions. The first is v = u. Using this test function in (2.39) and

taking the real and imaginary parts separately yield

Rea(u, u) = [[eurlu||72 g, — k*[[ull72), (2.46)

Ima(u,u) = —>\||11T||%2(ag)- (2.47)

The second test function is v = curlu x a motivated by the Rellich identities.
Recall that « is the vector field defined by the generalized star-shape condition on
Q2. Using Lemmas 2.4.1 and 2.4.2 gives

2Rea(u,v) = 2Re(curl u, curl v)g — 2k? Re(u, v)q + 2X Im{uz, vr)aq (2.48)
= (divey, [curlul?), — 2Re(curlu, Ve p @) + (@ - n,|curl u|2>8Q
+ k% (dive, |u]2)Q — 2k* Re(u, Vya)o + k* (- m, ]u]2>m

+ 2k* Re{a x u,u x n)yq + 2A Re{ur, vy)aqg.

Here the fact that divu = 0 has been used.
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By using (2.30) we get

3 3 3 3
u vua_zu,u V)a ;;ui(@%)a,:;;wgg (2.49)
<ol s 5}
Similarly,
curlu - Vi p15¢ < |curlul* max {8%}. (2.50)
=123 | Ox;

Combining (2.49) and (2.50) with (2.33) gives

k? (div e, [uf?) , — 2k* Re(u, Vya)g > k? <diva — max {Gaz} : |u|2>
0

i=1,23 | O0x;

> 1kl 72
and
(div e, |curl u|2)Q —2Re(curlu, V1 )0 > cf|curl u||%2(9).
Rearranging the terms in (2.48) and substituting the above inequalities yield

clk2||u||L2 +cl||cur1u||L2
< —k*{a-n,u >8Q —(an, |curlu|2>m

+ 2k*(a x u,u X n)og — 2M\(ur, vr)an + 2 Rea(u, v). (2.51)
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To bound the term 2k?*(a x u, u X n)sq, by the decomposition a = ar + (- n)a

and the identity (a x b)-(cxd)=(a-c)(b-d)— (a-d)(b-c) we get

— 2k*(a x u,u X n)yq
= —2k*{ar x u,u x n)sg — 2k*((a -n)n x u,u x n)sg
= —2k*(ar - u,u-n)ag + 2k* (e - 1, [u?)aq + 2k* (a0, Ju x n|?)oq

= —2k2<aT -ur,ua- 1'1>aQ + 2k2<a -1, |u X n|2)39.
This identity allows us to rewrite (2.51) as

Clk2HUH%2(Q) +C1HCHI’1UH%2(Q) (252)
< -k (a-m, ‘u‘2>ag —(a-m, |curlu|2>GQ + 2k’ Re (e - m, [u x n|2>8(2

— 2k*Re{u - n, ar - ur)sq — 2A Re(ur, vr)an + 2Rea(u, v).
Noting that

lur]* =|[(n xu) xnf* = uxnf’ - ((u X n) -n)2 = |u x n|? on 0f).
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We use this identity along with (2.31), (2.32), Cauchy Schwarz and Young’s

inequality in (2.52) to get

Clkgﬂu”zﬁ(m + Cl”CUPIUH%Q(Q)
< —C+k?2||11||2L2(aQ) — cif[curlul|z2p0) + 2Rk’2||uT||2L2(aQ)

+ 2Rk2||u||L2(BQ) ||uTHL2(aQ) + 2R/\||UTHL2(BQ) ||CUI'1 u||L2(8Q)

+2Rea(u,v)
< —C+k’2H‘1H%Z(aQ) — cif[curlul|r2o0) + QRkQHUTH%%aQ)
c+k2 2R2k2
T ||u||%2(8§2) + ||uT||%2(8Q)
2R2)\2 Cy
+ ||11T||%2(ag) + ?chrluH%Q(aQ)
+ 2Rea(u,v)
C C
< —ngHuHia(am - %”CUTIUHLQ(BQ) +2Rea(u, v)
2Rcy + 2R*k* + 2R?\? 5
+ o HUTHL2(aQ)-

Multiplying the above inequality by 2 and making use of (2.47) yield

2017@2“““%2(9) + 201H0ur1u”%2(9) + C+k2HuHi2(am

+ ¢t [|curl u||%2(am + 4C+k2”uT”%2(6Q)

_ 2Rey + 2R%k? + 2R?)\?

3 Murl|72(o0) + Rea(u, 4v).
C+

< M|Ima(u,u)| + | Rea(u, 4v)]|.
Thus,

Jul|z < M|Ima(u,u)| +|Rea(u,4v)|. (2.53)
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By the definitions of v, || - || g, and ||| - |||z2(q) we have

N|=

V][22 = Clk'2||C‘11'111 X a||%2(9) + C+k2HCUI’1‘1 X a”%?(am)
1

< <01R2k2||curl u||2L2(Q) + C+R2k:2||curlu||%2(aﬂ)> :
k

< kR|[ulls. (2.54)

It follows from (2.53) and (2.54) that

Tmafu,v) [Rea(u,v)| _ [Imafu,w)| Rea(u,v)|
sup —————— + sup =
verz)  [Vle ver(@) [IVIllz2@ [l [[[4(curlu x e[| 2(q)
M|Ima(u,u)] |Rea(u,v)|
> +
M|z Yulle
- 1 M|Ima(u,u)| + |Rea(u,v)|
7 [ul|
1
> _||u”E>
v
which yields the desired generalized weak coercivity property. O]

2.5 Applications to Stability Estimates

In Sections 2.2, 2.3, and 2.4, it was demonstrated that each Helmholtz-type problem
satisfies a generalized weak coercivity property. The goal of this section is to give
one application of the generalized weak coercivity properties. Namely, we apply
the generalized weak coercivity properties to derive wave-number explicit solution
estimates for each Helmholtz-type problem. These solution estimates are stated in

the following three theorems.

Theorem 2.5.1. Let Q@ C R? be a generalized star-shape domain with o € C(§)
satisfying (2.2)—(2.8). Suppose u € V' solves (2.9) with f € L*(Q) and g € L*(0%y).
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Then the following estimate holds:

lulle < 298(If 2@ + lgllz2ons) )

where

v 1= ma { [2(2e; — deg + e2)* + 160 + DR?]* M}
2
M::2(kR+@+C—+),
Cy k

1 1
+

2
lelllzzy = (ReallulBae + s lulsgon,) )

B

ullz = <k204||u||i2(9) + C4||VU||%2(Q) + C+||U||%2(aﬂ+) + C+||VU||%2(39+)
1

2
+ e IVuldn))

Proof. Let v € H'(Q). The Cauchy-Schwarz inequality yields the following series of

inequalities:

|a(uvv)| = |(fvv)Q + <g7v>8§2+|

< Hf||L2(Q)HU||L2(Q) + ||9||L2(a§z+)“UHL2(aQ+)

1
2
< (/1220 + l93aony ) * (01320 + 013200

1

2

1

1 1 2
s 7=) Wl + llizon.)) ~
< (Zmz+ o) (M1 + lolison.)) " el

Similarly, for v € V' we have

|CL(’LL,U)| = |(f7 U)Q + <gvv>8ﬂ+|

1

1 1 :
< - 2 2 ) '
- (ﬂ ! /_) (11200 + Nalzgony ) ol
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Thus,

| Im a(u, v)| | Re a(u,v)|
—|lullg < sup sup —————
Y veEH2(Q) o] & veHL(Q) |||U|||L2(Q)
N TR 5]
“vemx) Ve venio Hvllze@
< (=) (I + 9l
= ek o ) (09)

1 1 3

+ (o + =) (e + lolison,)
< 28(1If 20 + lgllzon).

The proof is complete. O

Theorem 2.5.2. Let Q C R? be a generalized star-shape domain such that there
exists o € CY(Q) satisfying (2.15)~(2.18). Suppose that there exists some positive
constant K such that u € V. solves (2.22) for f € L*(Q) and g € L*(09). Then the
following stability estimate holds:

1 1
<2 ( f )
Il <27 (57 + == ) (1810 + gl

where

2 3 3
= max{ [4R2K (1 + %) FARK + (1 - d)zcﬂ ,M}7
I

1 R2WOAK 2
M::—<pr+ WA +C+“>,

cA Cypt w
[ul% = c1w’pllul7z) + cd|[divulfag) + 2ciple(w)]|72q)
+ C+M||11HL2(aQ) + C+)\HdiV uHL?(aQ) + C+MH€(U)||%2(BQ)7

H\UW%%Q) = CW?PH“H%(Q) + C+HH“H%2(6Q)'

Proof. This proof is very similar to that of Theorem 2.5.1. We begin with finding an
upper bound on |a(u, v)| for some v € H'(Q). By the Cauchy-Schwarz inequality,
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we get

ja(u, v)| = |(f, v)a + (g, V)aol

< If[lz2@ I Vllz2@) + I8l z200) |Vl 2200

1
2

1
2
< (€132 + g2z ) * (V122 + I¥11E2(om))

1
1 1 )\?2 2
S(QM+;;)(MMWHW@wmQGMWﬂam+@ww;mJ.

Therefore, for v.€ H'(Q),

1 1
+~—)(wm@+mmmwmwm@. (2.55)

aw?  cip

otuv)l <
By noting that, ||[v|||z2@) < [|v]|E, we find

1 1
aw?  cip

3
otwv)l < ) (11 + el ) V. (250

These bounds on |a(-, )| in conjunction with Theorem 2.3.6 imply that

‘Ima(u7 V)| ‘Rea(u,vﬂ
—|ul|g < sup ———+ sup ————
Y veH2(Q) vl e veH!(Q) v[lle
o @V, ey
verz() IVIlE  vemi) [lIVIllE

<o (L) (e + gl
> aw? | cap L2(Q) gllr29) ) -
Hence the stability estimate holds. O

Theorem 2.5.3. Let Q C R3 be a generalized star-shape domain with a € C()
satisfying (2.30)—(2.33). Suppose E € V solves (2.38) for f € H(div, ), g € L2(99).
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Then the following solution estimate on E holds:

oy (11
Els <t (—+—)(If )
e < 5 (2 + =) (1l + lgllzon

(Cl +R)% R% .
+ THfHQ + THlefHLZ(Q)

where

_ 2Rcy +2R°E® 4 2R?N?
N /\C+

v:=4kR + M, M :

Y

1
2
oy = (e[l + cokllulan, )

=

2
[l == <01k2||u||%2(9) —|—cl||curlu||%2(m + C+k2||u||%2(8ﬁ) +c+||curlu||%2(aﬂ)> :
Proof. This proof follows the proof of Theorem 2.3 from [43] with changes in some

details dealing with the generalized star-shape condition imposed on the domain 2.

Now since E € V solves (2.38) then E satisfies (1.6) a.e. in Q and we find
—k’divE = div (curlcurl E — i’E) = divf  ae. in Q.

This implies divE = —k~2divf a.e. in €.

To apply Theorem 2.4.3 we need a vector field u € H?(Q2)NH(div, ). Therefore,
unlike the proofs of Theorems 2.5.1 and 2.5.2, we cannot directly apply Theorem 2.4.3
to E. To overcome this difficulty, consider an auxiliary vector field F = V¢, where

¢ € H(9) solves the following Poisson equation:
A¢ = k~2divf a.e. in . (2.57)

By definition, divF = k~2divf a.e. in . Also, the definition of F ensures curl F = 0
so F € V. Thus for u := E+ F, u € VN H(divy,Q). With this in mind, the

estimate on E will be obtained by estimating F and u separately. Estimates on F
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can be obtained based on its definition and estimates on u can be obtained from the
generalized weak coercivity property for the time-harmonic Maxwell operator.

To derive estimates for F, we test (2.57) with ¢ and integrate by parts to obtain

Vo720 = E2(F, Vo) < E72(If |20 I VoIl 20

Hence,
IF||2200) = VOl 2() < k72|l 120 - (2.58)

Next, testing (2.57) by the test function V¢ - a = F - a and applying integration

by parts and Lemma 2.2.3 we obtain

2Re(A¢, Vo - a)g =2Re(Ap, Vo - a)q

= —2Re (V¢, V(Ve- O‘))Q +2Re <g_i

3 3
= (dive, |¢]?) _QRGZZ ¢ 9q a¢)

== 8:61 Ox; Ox;

— (-, |Ve|*),, +2Re <8_n’ Ve a>8Q

o0

Now Fr = (V¢)r = 0 on 99 since ¢ € H}(Q2). Using this fact along with (2.30),

=)
Q
—(a-n,|V¢[*),, +2Re <g¢ ((V¢)T+g—¢n) .a>
o0
> (diva — 2 max {8%} |V¢|2> + <a -, \V¢’2>aﬂ

1=1,2,3

(2.32), and (2.33) in the above inequality gives

Oa;
ox;’

2Re(A¢, Vo - a)q = (dive, |¢f*), — 2Re Z(

Ou;

> a1||Fl|72 () + 1 ll50-
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Therefore, it follows from (2.57), (2.58), (2.31), and the Cauchy-Schwarz inequality
that

P aon = 496 ]sm) < 247 Re(divE, F - a)o
< 2Rk™?||div £|| 2 () | F | 20
< 2RE™div £ 2 (@) ]l 220

< RE~Y|div £]|72) + RE(If 11720 (2.59)
Since curl F = 0 in 2, (2.58) and (2.59) yield the following estimate for ||F||p:

IF|E = cih®|FlL2) + ek [ F 72 g00)

< ek 7?)E)1 + Rk_2|’din||%2(Q) + Rk_zan%?(Q)
_a+tR

R,
= L + 5 i £ (2.60)

Next, we derive estimates for u. Note that since ¢ € H}(Q) and F = V¢, Fr = 0
on 02 and curl F = 0 in 2. These two facts imply that u satisfies the following weak

form of the time-harmonic Maxwell’s equations:

CL(U, V) = (f — k’_2F, V)Q + (g, VT>L2(8Q) Vv e V. (261)

45



where a(-, -) is the sesquilinear form defined in (2.39). Thus, by the Cauchy-Schwarz
inequality, (2.58), and (2.61) we get

la(u,v)| = |(f — K°F,v)q + (g, vr)oq
< |(£,v)a| + K*|(F,v)a| + (g, vr)oq|
<l 2@ lIvlz2@) + B F 2@ IVl 22e) + 18]l 2200y [Vl 2200

= 2[[f|2@)lIVilze) + Igllzz00) Vel 200
1
2
< (481200 + gl ) (V12 + IVrlZaon)

(1 1 1
<27 (24 1) (18l + ellzrom) (b VIR + s VI m)

_ 1 1
=27t (24 1) (1l + glzon) IV
C1 Cq

2

Thus for v € H(Q),

_ 1 1
o(av)l <267 (4 ) (Ifl + lelon)IMllow: (262

Note for v € V, [v[llz2() < [[v]|e- Hence,

(1 1
otav) <26 (4 ) (Ifliz + lelizon) vl (209

Substituting (2.62) and (2.63) into the generalized weak coercivity condition given

in Theorem 2.4.3 gives

| Ima(u, v)| | Rea(u,v)|
—|ulg < sup —= sup ———
Y veH2(Q) Iv]le veH(Q) vIle
C gl e v))
veH2(Q) vz veH!(Q) vz

/11
<4t (24 ) (18l + el
C Cy

1
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Thus,

4y (1 1
fulls < 5 (24 ) (Ifla + el (2.64)
C1 Cy

Recall E =u —F. Thus (2.60) and (2.64) yield

(11
|El|lz < T (C—l + Z) <||f||L2(Q) + ||g||L2(8Q)>

(c1+ R)? Rz

]

Remark 2.5.4. (a) The above solution estimates ensure uniqueness of the solution
to each Helmholtz-type problem in their respective solution spaces.

(b)The adjoint problem for each Helmholtz-type problem differs only in the sign of
the boundary integral terms. For this reason, all of the results of this chapter also hold
for these adjoint problems. In particular, the uniqueness results. By the Fredholm
Alternative Principle this ensures existence of the solutions to the Helmholtz-type

problems in their respective solution spaces.
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Chapter 3

Absolutely Stable Discontinuous
Galerkin Methods for the Elastic
Helmholtz Equations

As is the case for the scalar Helmholtz equation, the angular frequency w plays a key
role in the analysis and implementation of any numerical method used to solve the
elastic Helmholtz equations. It is a well-known fact that in order to resolve the wave
numerically one must use some minimum number of grid points in each wave length
¢ = 27 /w in every coordinate direction. This yields the minimum mesh constraint
wh = O(1), where h is the mesh size parameter. In fact, the widely held “rule of
thumb” is to use 6-12 grid points per wave length. In [54], Babtuska et al proved the
necessity of this “rule of thumb” in the 1-dimensional case for the scalar Helmholtz
equation. In [54], it was also shown that the H' error bound for the finite element
solution contains a pollution term that contributes to the loss of stability for this
method in the case of a large w. The pollution term also causes the error to increase
as w increases under the mesh constraint wh = O(1). This forces one to adopt a
more stringent mesh condition to guarantee an accurate numerical solution for high

frequency waves.
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The loss of stability of the standard finite element method applied to Helmholtz-
type problems is an important issue to address and a fundamental limitation to
overcome. Specifically, in [6, 29, 30], a strict mesh condition of w?h = O(1) (called the
asymptotic mesh constraint) was required to obtain optimal and quasi-optimal error
estimates for finite element approximations applied to the scalar Helmholtz equation.
In [26], this same mesh condition was used to obtain error estimates for the elastic
Helmholtz equations. Requiring such a stringent mesh constraint makes the use of a
practical coarse mesh space impossible in the case that w is large. This is a hurdle
that must be overcome if one wishes to use multi-level algebraic solvers, such as the
multi-grid method or multi-level domain decomposition method.

Thus, it is the goal of this chapter to develop and analyze an interior penalty
discontinuous Galerkin (IP-DG) method that will be absolutely stable for the elastic
Helmholtz equations. In other words, a method in which a-priori solution estimates
can be obtained for any w,h > 0. This chapter follows the example of [42, 79, 43]
which give similar methods for the scalar Helmholtz equation and the time-harmonic
Maxwell’s equations.

Section 3.1 introduces standard notation required to formulate a discontinuous
Galerkin method and presents the IP-DG method. Also, in this section, some key
properties of the proposed method are demonstrated. In Section 3.2, error estimates
are obtained for the asymptotic mesh regime (i.e. when w?h < C). To accomplish this,
we define and analyze a specific elliptic projection operator for the elastic Helmholtz
equations. With this projection operator, Schatz argument is carried out to obtain
the optimal error estimates. Section 3.3 is devoted to establishing stability and
error estimates for the pre-asymptotic mesh regime (i.e. when w?h > (). This is
an important feature of the IP-DG method proposed in this chapter since it has
not been shown that previous discretization techniques yield stability in this mesh
regime. Section 3.4 is devoted to numerical experiments that validate properties of

the proposed IP-DG method and compare it to the standard finite element method.
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3.1 Formulation of the IP-DG Method

In this section, an interior penalty discontinuous Galerkin (IP-DG) method for the
elastic Helmholtz equations is formulated. This formulation will follow those in [42,
44]. The methods referenced in the previous papers are absolutely stable, (i.e. stable
for all w,h > 0) a trait sought in the discretization methods for Helmholtz-type
problems.

First, some standard IP-DG notation needs to be introduced. Let T, be a shape
regular partition of the domain €2, such that for each cell K € T, hx = diam(K).
Also, for each edge/face e of a cell K, define h, := diam(e). T}, is called shape regular
if there exist positive constants my, ms such that for any K € T, and e an edge/face

of K the following inequality holds:
mihe < hye < mahe.

The partition 7}, is parameterized by h, which denotes the maximum spatial cell size,
i.e. h:=maxge7, {hk}. We note that the discontinuous Galerkin (DG) methodology
allows greater flexibility in terms of meshing the domain €2. In particular, one can
use any polyhedral elements in the partition. In some cases, the partition is made of
elements with curved boundaries.

Let

&l .= set of all interior edges/faces of Ty,

EP = set of all boundary edges/faces of T, on 0%.
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For any edge e € &/, let K., K! € T;, such that e = 9K, N OK. For such an edge

e, we define the following jump and average operators:

V|k. — V|kz, if the global labeling number of K, is greater than that of K,

Ml V|k, — V|k,, if the global labeling number of K is greater than that of K.,
and

M= 5 (vlk, + vIxe)
For e € £P, we use the convention [v]|. = {v}|. := v|.. Also keeping in mind the

idea of cell by cell integration by parts, the outward normal vector n, to e € & will
need to be defined. Let n. be the unit outward normal vector to K. on e, where
e = 0K, NOK. and K, has a bigger global labeling number than that of K.

Define the DG energy space E as

E:= [] B (K).

KeTy,

Note that unlike a conforming finite element method, this energy space can be

discontinuous across cell boundaries. Multiplying (1.4) by some v € E and integrating
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by parts piecewisely we get

(£, V) = —(div (o(u)), V) — w?p(u, v)g

- _ Z (div (o(u)),v)x — w?p(u,v)q

KeTy

= (Adivu, divv)g + 2u(e(w),e(v)) k) — w?p(u, v)q
KeTy

= D (o(Wne, V)

KeTy

= Z ()\(div u,divv)g + 2M(€(U),5(V>>K) — w’p(u, v)g
KeTy,

- /[g<u)ne VdS = Y (o(u)n,,v), .

To the above identity we apply (1.5) along with a well-known identity concerning the
jump of a product, i.e. [a-b] = {a}-[b] + [a] - {b}, and get

(£,v)a+ (g, V)en = > (Mdivu,divv)x + 2u(s(u),e(v)) k) — w?p(u, v)o

= > (Ho(nd, V), + ([o(n, {v}),) +iw (Au,v), .
et}
Now assuming that the solution u of (1.4)-(1.5) is smooth enough, we find

[o(u)n,] = [u] =0 on all e € . Thus the above identity is equivalent to

(f,v)a + (g, V)oa = Z (Mdivu, divv) g + 2u(e(u),(v)) k) — w’p(u, v)q (3.1)
KeTy

= > (Hotn, W), +n ([l {o(v)n}), ) +iw (Au, v) 0.

ee&l
(3.2)
The term 7 ([u], {o(v)n.}), is introduced as a possible avenue toward symmetriz-

ing the RHS. Thus, 7 is called a symmetrization parameter. It is standard for one
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to consider three possible values for 7. These values are n = 1 for a symmetric
formulation, 7 = 0, and n = —1 for an anti-symmetric formulation. In this chapter,
we only focus on the symmetric case with n = 1. Here it is left as a variable parameter
to offer different formulations of this method.

An important aspect of the IP-DG methods is the use of penalty terms to ensure
the coercivity of the sesquilinear forms involved in the formulation. To this end, we
introduce two penalty sesquilinear forms Jy(-,-) and Ji(+,-). They are defined for

w,v € E as

Jo(w,v) = 3w V),

e
eegi

Ji(w,v) = Z 71,ehe< [o(w)n.], [o(v)n,] >e=

eESé

where Yo, 71. > 0 are called the penalty parameters for e € £. Note that by the
smoothness of the solution u we have Jy(u,v) = Ji(u,v) = 0. Thus, (3.2) can be

rewritten as

(f,v)a+(g,v)sn = Z (AMdivu, divv) g + 2u(e(u),&(v)) k) — w’p(u, v)o

+i(Jo(u,v) + Ji(u,v)) + iw (Au, v) 5, .
Therefore, u satisfies

Ap(a,v) = (£,v)a + (g, V)an Vv € E, (3.3)
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where A (+,-) is defined on E x E as

Ap(w,v) == ap(w,v) — wp(w,v)q + iw(Aw, v)aq, (3.4)
ap(w,v) = Z </\(div w, diVV)K + 2p(e(w), €(V))K>
KeTy
=3 (Howine}, V), + n{iwl, {o(v)n}),)
+i(Jo(w,v) + Ji(w,v)). (3.5)

With the DG sesquilinear form A (-, ) in hand, a discrete function space is needed
to formulate the IP-DG method. For this chapter, only piecewise linear polynomial
functions over the partition 7, will be considered. Thus the IP-DG approximation

space V}, is defined as

V=[] Pu(x).

KeTy

With all the building blocks in place, our IP-DG method is defined by seeking
u;, € Vy, such that

Ah(uh, Vh) = (f, Vh)Q + <g, Vh>aQ Vv, € V. (36)

3.1.1 Some Properties of the IP-DG Method

In this subsection, some useful properties of the above IP-DG method (3.6) are
established. From this point on, we only consider the case n = 1 for simplicity.

Also, we assume there exists a positive constant C such that

hr <h<Chg VK € Ty,
Yo.e <Y < Coe Ve € &,

Ne <N <Cne Vel
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The above constraints are not necessary for the analysis of this chapter, but rather
are in place to make the constants in the inequalities more tractable.

In order to analyze the proposed IP-DG method, we introduce the following semi-

norms:
3
Ve ( S Mldivv[Zage + 2ull=(v >||iz(K)) |
KeT,
2
IVl = (rv\ih vV + J1<v,v>) |
3
Vllln = (nvulh T Z o (v)ne} e ) .
ESI Y0
Note on Vy, the semi-norms || - ||1,, and ||| - |||1,» are equivalent. This is trivial since

V), is a finite dimensional vector space. On the other hand, it can be shown that this
equivalence is independent of the dimension of V. This result is non-trivial, and
thus it is proved in a lemma below.

To prove the equivalence, we need two inequalities which hold for polynomial

functions. Namely, the inverse and trace inequalities as given below:

_1
||VhHL2(e) S Che 2 ||Vh||L2(K) \V/Vh c Vh, (37)

_1
lo(vi)nellr2e) < Che *|lo(vi)llrzey Vi € Vi, (3.8)

where K € T, and e is an edge/face of K. These inequalities will be used throughout

the rest of this chapter.

Lemma 3.1.1. For any v, € Vy, there holds
1
Ivallin < [lvalllin < C&2[Ivallin,

where £ 1= (1 + %0) and C' 1s a positive constant independent of w, h, Yo, 71 -
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Proof. Note that the first inequality is trivial. To show the second inequality we use

(3.8) as follows:

\wmmfwwm+§j (V)
ESI
< valls, o (1o By + o)y )
eGSI
C(A+2p) .
snvmﬁh+——f%——-§j(Mwwvm@~%n4dw»mqm)

KeTy

A+2
sc@+ ”)Wﬂﬂ-
Yo

]

In order to show that (3.6) is well posed, we need to verify that A,(-,-) is both
continuous and weakly coercive on V. Weak coercivity in this case relies on the fact
that 'V}, is made up of piecewise linear polynomials. This fact infers the following

lemma.
Lemma 3.1.2. For any 0 <6 <1 and vy, € Vy,

Cs(A+2p)
|Vh|ih < 5WQP||Vh||%2(Q) + TWHVhHQm(aQ)

Cs(\N+2 C
+ MJO(V}“V}L) i s

o mjl(Vh,Vh). (39)

Proof. Note that v|x € P1(K) for all K € T, and thus div (¢(v4))|x = 0. For any
wy, v, € Vi, and K € Ty, integrating by parts yields

0= (div o(vn), Wh)K

= —(o(vy)ng, Wh>aK + A(div vy, divwy) .+ 2u(e(vh), e(Wh))
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Thus,
A(div vy, divwy) o+ 2p(e(va), (W) . = (o(vi)ng, Wh>6K.

Setting w;, = v, and summing over all K € T, gives

ValT, = D {o(vi)ng, Vi)

KETh
_Z<{avh n.} Vh> —|—< o(vy)n.], {Vh}>> Z<O‘Vh ne,vh>
ecel ecEB
<Y (HevineHlzz@llvalllze + o andl2ell{ve}H z2e)
e€$£
+ ) llo(vine| 2 Ivall 2
eeff

By the trace and inverse inequalities (3.7) and (3.8) along with the Cauchy-Schwarz

inequality we obtain

_1
VilTh < C D he 2llo(vi) 2o 1Vall 2

eGSB

+C Y he 2 Villlzae (lova)llzaae) + llo(va)llzz))

6651

+C Y he 2 llovamellrae (Ivallzzin + Ivallzan) -

eEEI
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Finally, it follows from the discrete Cauchy-Schwarz inequality along with Young’s
inequality that

1
2
_1
Vali, < Ch ™2 < E HU(Vh)HL2(K)> Vil 220

KeTy,
_1 Y0, 1 1
+ 0% (X BElmallize) " (D2 loalau )
el ¢ KEeT;,
_1 1
+ O (S nehelloamd g ) IVallzz)
eeS,{
C(A+ 2u) 5 C(\+2u)
< dlvpl? T 2, —|vn|3, + ———L,
< dlvaliy + Sl w|[vallzzo0) + 2|Vh|1,h + 9o 0(Va, Vi)
+6(1 = 8)w?p||vall32iq + ¢ J1(Vi, V).
LT 5(1 = 6)w2ph?y, ’
Thus (3.9) holds. O

With this lemma in place, the following theorem establishes the continuity and
weak coercivity of A,(-,-). We note that since A is a constant symmetric positive

definite (SPD) matrix that there exists positive constants c4, C'4 such that
CAHV”%Q(BQ) < (Av,v)on < CA”VH%Q((?Q) Vv € E. (3.10)

Theorem 3.1.3. The sesquilinear form Ap(-,-) is continuous on the space E and
weakly coercive on the space Vy. That is, there exist positive constants M,C

independent w,h,vy,71 such that

1 1

2 2
[An(w, V) < M (W +2pllwlEe )™ (VIR +w?lvIBeg)”  (311)

for all w,v € E and

1 1 -1
[An(vi i)l = C(€+ — + m) (valzn +w?plvallee).  (312)
‘Ah<Vh,Vh)| > Jg(Vh,Vh) + Jl(Vh,Vh) + w(Avh, Vh>8Q' (313)

o8



for all vy, € V. Here £ =1+ 7—10

Proof. To show (3.11), we appeal to the Cauchy-Schwarz and triangle inequalities
Thus, for any w,v € E, we find

[ An(wW, V)] < lan(w, V)] + @ pl[ Wl 2@ V|2

< IwWlhalviie + ) [{o(w

6651

+ 2 IWlllzzo I{o(vine} I

© T @ plwlz@ vl
eegé

neH 2o V] 22

< [Wlhalvliin +wplwlz@ vl

)
> (( ) otwin i () H[V]||L2<e>>
> ((”) il (22 ||{a<v>ne}||me>)

,€e

1

< wlipllviiie + +w?pllwll 2o v e
2

(X 2 rwing e | dovw)?

0,e
e€5£

+ Jo(w, w) Z h

I
e€s;

(V)ne}”%%)

N[

h
< | Iwli s + Jo(w,w) + >

0,e
6655

{o(wWne}liz) +w?pllwlizz

N

he
VT, + Jo(v,v) + Y0 = H{o(VInHIZeq) + w*plvIlZec)

0,e
eegi

<M ?

1 1
2 2
< M (Il +w?pliwliZay ) * (IVIIE L +w2ollvIZaqe
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To verify weak coercivity, for any v, € Vj, taking the real and imaginary parts

of Ah (Vh, Vh) ylelds

Re An(vi, vi) = [Val} ) = W?plvallia) + 2Re > ({o(vi)ne}, [val),,  (3.14)

665}{

Im Ay (v, vi) = Jo(Vh, Vi) + J1(Vih, Vi) + w<Avh, Vh>m. (3.15)

Then (3.13) follows directly from (3.15).
To verify (3.12), we need to bound the term 2665}1 ({o(vi)ne}, [va]),. This step
involves using the trace and inverse inequality and was already carried out in previous

calculations (c.f. Lemma 3.1.2). Thus,

1

-3 Yo 3
Re An(vi, vi) < [valt, = w?plvalie + €207 (D2 2 lIVal Iz ) Ivalu

eES,Il

<

NN GV]

!Vhﬁ,h - wszVhH%Z(Q) + %JO(Vh,Vh)-
Combining the above inequality with (3.9) and using § = § we get

1 C
§|Vh’ih + W?pllValliz) < —Re An(va, vi) + 2lvilT, + ,_Y_JO(Vhth)
0
<~ Ro An (Vi va) + S pllvi ey + ——weallvall?
= € Ap\Vh, Vi WPl VrllLz(Q) whea AllVallz200)

2
C C
+ —Jo(Vh, Vh) +

A .
Yo Ephy, 1V V)

Thus, subtracting both sides of the above inequality by sw? pHVhH%Q(Q) and using both
(3.10) and (3.15) yield

1 1 1
2 2 2
Vali s + @ plvall2 ) < —2Re Ap(vi, vi) + C(% + when + w20h2%> Im Ap(vi, va)
1 1 1
< 0(1 - ) Ay (v vi)|.
- + Yo + whey * w?ph?v, [An(va, va)l

Hence, (3.12) is verified. O
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Remark 3.1.4. (3.12)(3.13) is called weak coercivity because of the complex

magnitude used in the left-hand side of these inequalities.

Theorem 3.1.5. For every choice of w,h,v0,71 > 0, f € L*(Q), and g € L*(09)

there exists a unique solution uy of (3.6).

Proof. This is an immediate consequence of Theorem 3.1.3 and the well-known Lax-

Milgram-Babuska theorem [8, 9]. O

We note that the weak coercivity of Ap(-,-) in (3.12) depends in an adverse way
on the mesh parameter h. For this reason, this weak coercivity cannot be used to
obtain optimal error estimates in the case that h is allowed to be arbitrarily small.
In the case of small i, which belongs to the asymptotic mesh regime, we instead rely
on a Géarding’s inequality for Ay (-, -) to derive more robust estimates. This Garding’s

inequality is proved in the following theorem:
Theorem 3.1.6. For v, € V, the following Gdrding’s inequality for An(-,-) holds:

1
§th|‘%,h — W?plVallaq) < CEAR(VR, Vi), (3.16)

where & := <1 + %) and C' 1s independent of w, h, Yy, V1.

Proof. Similar to the proof of the weak coercivity inequalities in Theorem 3.1.3, we
begin by taking the real and imaginary part of A, (-,-) separately (c.f. (3.14)—(3.15)).
Also, in a similar fashion as was done in the proofs of Theorem 3.1.2 and 3.1.3, the
Cauchy-Schwarz and Young’s inequality along with (3.7) and (3.8) are used to bound

the term Zees,{ ({o(vi)ne}, [vi]),. Thus the following sequence of inequalities are
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obtained:

Re Ap(vi, vi) = |Vh|%,h - WQPHVH%%Q) +2Re Z <{U(Vh)1’le}» [Vh]>e

ec&}
1 C(A+2p)
> [Valtn = @ plvallizg = 5Vl = —=———Jo(va, va)
C(A+2u)

1
> Slvalin = @ plvallize) — Im Ay (Vh, Vh)-

Rearranging the above inequality and adding § times (3.15) yield

1 A2
§||Vh||ih — Ppllvil 2@ < CRe Ap(vi, vi) + C (1 + 5 M) Im Ap(vi, Vi)
0
A+ 2
<C (1 + “) A (v, vi)l.
Yo
Hence, (3.16) holds. O

3.2 Asymptotic Error Estimates

Recall that Theorem 3.1.3 guarantees both continuity and weak coercivity of Ay(-, )
for any positive values of w, h, v, 71. Unfortunately, as is observed in Theorem 3.1.3,
the weak coercivity inequality degrades as h becomes small. For this reason, weak
coercivity of A,(+,-) cannot be used to obtain optimal order error estimates in the
asymptotic mesh regime, i.e. w?h = O(1).

Instead, a standard argument called Schatz argument (c.f. [71]) is often used to
obtain error estimates in the asymptotic mesh regime. Schatz argument is useful for
deriving error estimates for consistent discretizations of indefinite problems that are
characterized by sesquilinear forms that satisfy a Géarding’s inequality. This method
has been used in the past to prove optimal order error estimates for finite element
approximations of Helmholtz-type problems. For references of Schatz argument
applied to finite element formulations of the scalar Helmholtz equation, see [6, 29, 30].

For an example of Schatz argument applied to a finite element approximation of the
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elastic Helmholtz equation, see [26]. For a general reference of Schatz argument
applied to the finite element approximations of general second order PDEs satisfying
Gérding’s inequality, see [16].

The consistency of (3.6) immediately infers Galerkin orthogonality on Vj,.

Namely,
Ah(u — uh,vh) =0 Vv, € Vy, (317)

where u solves (1.4)—(1.5) and uy, solves (3.6).

We also quote frequency-explicit a priori estimates for the PDE solution u. These
are taken from [27]. Note that the estimates in [27] were only carried out in the
case in which g = 0 but these estimates should hold as well for any g € L?*(09).
This extension can be expected because the analysis in Theorem 2.5.2 holds when
g € L?(09) and this analysis is based on that of [27]. The estimate that will be used

in the analysis of the proposed IP-DG method is quoted below.

Theorem 3.2.1. Suppose that €2 is a convex polygonal domain or £ is a smooth
domain. Further suppose that u € H?(Q) solves (1.4)—(1.5). Then u satisfies the

following reqularity estimate:
1
Iallegoy < € (4 22 ) (o + eloom) (3.18)

where o = 1 if u € Vi for some positive constant K as defined in Chapter 2 and

otherwise o = 2.

3.2.1 Elliptic Projection and its Error Estimates

The primary goal of this section is to estimate the error u — u;, in the asymptotic
mesh regime. This will be done based on the error decomposition u—u;, = (u—1uy) +
(4, — uy) with some @, € V,, which is sufficiently close to u, such as a projection

of u. To this end, for any w € E, we define its elliptic projection wj, € V} as the
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solution to the following problem:

an (W, vp) + iw<Av~vh,Vh> o = an(w,vi) + iw<Aw,vh>aQ Vv, € V. (3.19)

0

Since the elliptic projection is defined using the bilinear form ay(-, ), it would be
prudent to prove some properties of a(+,-). The following theorem is given with this

in mind.

Theorem 3.2.2. For any v,w € E there exists a positive constant C independent of

w, h,v0,71 such that
|an(v, w)| < ClIVIIalllwll]1a- (3.20)

Also for any 0 < d < 1 and v, € V}, there holds

C
Reap(vp, vy) + (1 — 0+ 75) Im ay,(vi, vi) = (1= 6)[lvalli - (3.21)
0

Proof. Note that (3.20) is easy to prove with the techniques used to prove continuity
of A(+,) and thus we omit it. By using Cauchy-Schwarz, trace, inverse, and Young’s

inequalities we get

Rean(vi, vi) > [Vali, +2Re > ([va], {o(va)n.}),

66515

> Valin =2 D Vil Ho(va)ne i

eegé

1
C ¢
> valtn = Y =5 lvalllzee (lovillz e + lo(villzge)
eegé ’702 hez
Cs

—J(](Vh, Vh).

> (1 =8)|v,]?, —
(1= d)ft, -
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Also,
Im ap, (v, vi) = Jo(Va, Vi) + J1(Vh, V).

Combining these two results yields (3.21). O

Using this theorem, it is easy to check that the bilinear form ay(+,-) + iw(A-, -)sq
is both continuous and coercive when 7y is large enough. Hence, by the Lax-Milgram
theorem, the above elliptic projection is well-defined.

Trivially, the following Galerkin orthogonality holds.

Lemma 3.2.3. Suppose that w € E and w;, € V}, is its elliptic projection then
ah(w — Wy, Vh) + 1w<A(w — V~Vh), Vh> =0 Vv, € Vy,. (322)

Theorem 3.2.4. Let u € H*(Q) solve (1.4)~(1.5) and let 0, € V}, be its elliptic

projection defined in (3.19). Then the following estimates hold:

~ 1 ~
[[[a —ap|[1n +w2|lu — a2 00) (3.23)

1 1
< C&h(E+ 71 4+ wh)? (wa + E) (1]l 22) + llgllz200)) » (3.24)

and

N .1
||11 — uh||L2(Q) S C€2h2 (g + Y1 —|—Wh) (w + E) <||f||L2(Q) + ||g||L2(8Q)) s (325)

where € = 1+ 5", a is defined in Theorem 5.2.1, and C is a positive constant

independent of w, h, Yo, 7V1-

Proof. Let u, € Vy, denote the P; conforming finite element interpolant of u on 7y,.

Then the following estimates are well-known (c.f. [16, 24]):
Hu — ﬁhHL?(Q) < C’hz\u\Hz(Q) and HV(U - ﬁh)HLQ(Q) < Ch|u|H2(Q). (326)
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Applying the trace and inverse inequalities to these estimates yields
[IJu—llln < CE+m)2hlalizo), (3.27)
and
[a — | 2200y < Ch2 [ul g0 (3.28)

Set 1, := u, —0y. By Galerkin orthogonality along with the fact that 1, +u—u;, =

u — u; we get

ah(qibh’ 'djh) + iw<A¢hv ’l’bh>89 = &h(u - ﬁfw qph) + iw<A(u - ﬁh)’ ¢h>3g‘
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Next, it follows from Theorem 3.2.2 with § = % and Lemma 3.1.1 that

1
Sl < CEllabalE,

Ch
< C&Reap(y, ;) + C§ <% + 75) Im ay(y,, 1)
1 O
- Cg Re (ah(¢h7 ¢h 1w<A¢h7 ¢h>ag> - ng (5 + ’7_02> <Awh7,l/)h>aﬂ

C’
+ C¢ (% > Im (%(d’m#’h +iw( Ay, 1’bh>89>

Yo

= C¢Re (ah(u — Uy, ) + iw<A(u — ), ¢h>39>

C L C I A(

+ C¢ 5 70 m<ah(u—uh,¢h 1w< u— ), 1,bh>m>
Ch

- ng ( + _> <A¢ha 1/’h>69

< Celllwllalllu = lllun + Cotlulzzionla = dllzzn) — Cwtlnlzon
+ 02 (Nl = a1l 4wl zom 1 — oo
. N C
< CElllllluallla = lllun + 20w 0 — GnllZzom) — 7€ 200

X 1 C .
< Ol — B+ Sl — S35y + 2080 — 43 oy
Substituting (3.27) and (3.28) into the above estimate gives
RBalIE -+ € 9y < C (€101 — I+ — 2

< (€46 + WPl + <€l

= C¢'h? (5 +7+ Wh) |u|§{2(9)

1 2
< gt tan) (0 + 25 ) (Il + lelon)
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Thus,

1
IS +w25||7/’h||L2(aQ)

1 1
< CEh(E + 7 +h)} (wa ; w_> (IEl 2@ + llglz2gom)

Recall that u — up, = u — u, — v¢;,. By the triangle inequality we get

~ 1 ~
[Ju = ap|[|1n + w2|lu — g 200

~ 1 ~ 1
< |[Ja = apl[|1p +w2|la — gl z200) + ||ullln + w2 €] 2200

1 1
< CEh(€ +m +wh)? (“’a i E) (IEllz2@) + llgllz2om)

Therefore, (3.24) holds.
To obtain (3.25), we appeal to the duality argument by considering the following
auxiliary PDE problem:

—div (o(w)) =u— 1y, in €,

o(w)n —iwAw =0 on 0f).
It can be shown that there exists a unique solution w € H?(2) such that

[Wlla2) < Cllu — || r2q)- (3.29)
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Let wy, € V}, be the P, conforming finite element interpolant of w. Testing the

above auxiliary problem with u — uy, yields

lu — @720 = —(u — @y, divo(w))

I
Q
>
s
|
c
T
2
+
£
7~
S
i
|
o
T
g
~—
Q
)

= ap\a — flh,W - VAVh) + 1w<A(u - flh),W — Wh>89

< Ol = ap|[lpl[|W = Wa|[l1n + wlw = Qnl|L200) [|[W — Wh!\L2(ﬂ)>

<C Lh Wh%|W|H2(Q)||u — ﬁhHLQ(aﬂ))
1 ~ ~

< C((§+ ) 2hlu— a2l [ — p|]|1,n

(
(
(
((6+ 1) lwlmaqell[u =
(

3 ~ ~
+ wh | — iy | 2oy Ju — uh||L2(m)>.
Hence,

~ 1 ~ 1 ~
o — | L2(q) < Ch(E + 71 + wh)> <|||11 — [, +w2gflu— uh||L2(Q)>

1

Thus, (3.25) holds. O

With estimates for the elliptic projection in hand, all of the components are in
place to complete Schatz argument and obtain asymptotic error estimates. The next

subsection is devoted to carrying this out.

3.2.2 Asymptotic Error Estimates Via Schatz Argument

In this subsection, error estimates for the proposed IP-DG method are proved in the
asymptotic mesh regime (i.e. when w?h = O(1)). This will be carried out using the

well-known Schatz argument (c.f. [6, 29, 30, 26, 16]).
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To carry out Schatz argument, we introduce the error decomposition

e = 1 — 1y, = % + b,

where ¢ := u — uy, ¢, := U, — u, and u; is the elliptic projection of u as defined
in (3.19). Recall that estimates on 1 have already been established (c.f. Theorem
3.2.4). Thus it is left to bound ¢,,.

The next step relates the semi-norm ||, ||1., to norms on % and a lower order norm
|@nll2()- This step relies on the Gérding’s inequality for Ax(-,-) and the continuity
of Ap(-,-). After this is complete, the next step is to relate the norm |[[e;||12(q) to
the semi-norm hl||en|||1 s using a duality argument. The final step is to put all of the
previous steps together with A chosen to be small enough to obtain the desired error
estimates.

The following lemmas carry out the intermediate steps leading to error estimates

in the asymptotic mesh regime.

Lemma 3.2.5. Suppose that u € H?*(Q) solves (1.4)-(1.5), wy is its IP-DG

approximation, and Oy, 1s its elliptic projection. Then for ¢, = uy — uy

l6ull2n < C (S, + ol + wpldulliae ), (3.30)

where p =u—uy, £ =1+ A/io and C'is a positive constant independent of w, h, vy, V1.

Proof. By Gérding’s inequality (c.f. Theorem 3.1.6), the continuity of A.(:,-),

Galerkin orthogonality, the Cauchy-Schwarz and Young’s inequalities we have

1
slDnllin — ol enlliz < CELANDL 61)]

= CE|AN. 9]
2 2 2 % 2 2 2 %
< CE (Il s + w320 ) (ElldallEn +?ollonl3)
. . w?p 1
< C (IR + 2ol + L N8ulEn ) + 31013
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Thus, rearranging the terms and using the fact that 1 + % < 2 yields the desired
inequality (3.30). O

Lemma 3.2.6. Suppose that u € H?*(Q) solves (1.4)-(1.5) and uy, is its IP-DG

approzimation. There exists a positive constant Cy independent of w, h,~y,v1 such

that for
1 ) o 1Y)
h <min<{ —, (2015 w(€+m) (w + —2>) ;
w w

there holds

1
u = wllaey < CERLE+ ) (w4 5 ) - willun, (330

where £ =1+ % and C' 1s a positive constant independent of w, h, v, 71-

Proof. Let w be the solution to the following problem:
Ah(V7W) = (V,Gh)g Vv € E.

Let W, be the elliptic projection of w defined by (3.19). Using the continuity of
Ap(+, ) and Galerkin orthogonality we get

||eh||2L2(Q) = (en,en)r2(0)
= Ah(eh,w)

= Ah(eh, W — Wh)

-
-

2

2 ~ ~
< C (Illenlllun +w?lenlZz@)) * (1w = Wallli +w2llw = Wal32(q) )
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Applying Theorem 3.2.4 and using the fact that h < % yield

1
2

lenlZz@y < € (Illenlllin +w?llenllFzqe
1
. 52(6 +7 + Wh)h(l + Wh) (wa + E) ||eh||L2(Q)
1
< Cu (Illenlllun +w?lleallEze )

1
-Eh(E+m) (wa + E) lenllz2 -

Dividing both sides of this inequality by ||ex| 12 and using the fact that h <
(2016%(§ + ) (W + &))" gives

2 for 1

el < GEB(E + ) (0 + 25 ) lleallus
1
+ (e ) (0 + 2 ) lenlloo
2 a 1 1
< CERE+m) (& + — ) lllenlllun + Sllenll -

Subtracting 3|les|| 2@ from both sides of the above inequality yields the desired

result. O

Lemma 3.2.5 and lemma 3.2.6 are now put together to derive optimal order error

estimates for A small.

Theorem 3.2.7. Let e, = u — u;, where u € H2(Q) solves (1.4)—(1.5) and wy, is its
IP-DG approzimation. There exists a positive constant C, independent of w, h, 7o, V1,

_ —1
such that for h < hy := min {%, <20§%w(€ +7) (wa + u%)) } the following error
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estimates hold:

1
llellun < CEYE +0) (w4 25 ) (b + ) (Bl + ellzzon) . (332

1 2
lenllo < CEE + ) (w6 + 5 ) (1 + ) (Fllo + leliom) . (339

where £ = 1 + Wio, « is defined as in Theorem 3.2.1, and C is a positive constant

independent of w, h, Yo, V1.

Proof. Let uy, be the elliptic projection of u. Then e, = ¥ + ¢, where ¥ =u —u,

and ¢, = u, — u,. By Lemma 3.2.5 we get

leall3 < C (Ml + 1l 1)
< C (Il +€lial )
< C (Il + W liee + &I pnlteey) - (334)

Note that ¢, = —1 + e, and the triangle inequality implies that

lbuliZzy < € (I3 + llenla)) -

Substituting the above inequality into (3.34) and using Lemma 3.2.6 (at this point
we assume that C > (] and thus h is small enough to satisfy the condition of Lemma

3.2.6), we have

lleal 12 < C (€11 + P13 + E?llenlaey )

< O (Il + €22y

. 1\?
+ e+ (w4 55 ) Mlenl

73



Now the fact that h < hy implies

1
llenlllin < C (11101 + € l1bl1E0) + Zllenlll

Thus,

llealllun < C (E/[[lllin + Ewltbl @) ,

which together with Theorem 3.2.4 infers (3.32).
(3.33) follows from applying Lemma 3.2.6 to (3.32). H

We note that a mesh constraint of the form w®™'h = O(1) must be used to
ensure an optimal order error estimate when using Schatz argument. If a Korn’s
inequality holds on the boundary (c.f. Conjecture 2.3.4) then a = 1 and the
constraint becomes w?h = O(1). This is consistent with the mesh constraint used
to characterize the asymptotic mesh regime for discretization methods applied to
the other Helmholtz-type problems. Stability in the asymptotic mesh regime can be
derived as a consequence of the error estimates above. For standard discretization
methods applied to the elastic Helmholtz problem, stability has only been proved in
the asymptotic mesh regime. In the next section, we will carry out a stability and

convergence analysis for our IP-DG method in the pre-asymptotic mesh regime, i.e.

for wth > C.

3.3 Pre-asymptotic Error Estimates

In the previous section, optimal error estimates were obtained in the asymptotic mesh
regime, i.e. when w*h < C, where « is defined in Theorem 3.2.1 and C is some
positive constant independent of w. In this section, stability estimates for our IP-
DG approximation will be established in the pre-asymptotic mesh regime, i.e. when

wTth > C. These stability estimates will then be used to establish optimal order
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error estimates in the pre-asymptotic regime. Thus, Section 3.2 together with this
section ensure that the proposed IP-DG method is absolutely stable. This property
makes the proposed IP-DG method especially well suited to approximate the elastic

Helmholtz equations.

3.3.1 Stability Estimates in the Pre-Asymptotic Mesh Regime

In this subsection, stability estimates for the proposed IP-DG method are established.
Specifically, these estimates are established in the pre-asymptotic mesh regime, i.e.
when w®th > C. It turns out that stability in this case is just a consequence
of Theorem 3.1.3 which proves a weak coercivity property of A(-,-). As stated
previously, the coercivity constant from this theorem is adversely dependent on h for
small values of h. In the case that h is bounded away from zero, this constant can
be replaced with one that is not dependent on h. Thus, stability estimates for the
pre-asymptotic mesh regime are obtained as a consequence of the weak coercivity of
Ap(+,-). The stability of the IP-DG method in the pre-asymptotic mesh regime is

given by the next theorem.

Theorem 3.3.1. Suppose that u, € Vy, solves the IP-DG method given by (3.6).

Then the following inequalities hold:

[wnl? s + 2 plunlFa < C (CalIE 12 + Cuallgliny ), (3:35)

C

Jolan,un) + i w) + (A, W), < = (Cual €20y + lglem) - (3:30

where Cyy = (é

w

+ ﬁ + ;) ,E=1+ %0, and C'is a positive constant independent

w3 hQ’Yl

Ofwa hv Y0, 71-
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Proof. By (3.12) and (3.13) we get

1 1

1
14+ —
|uh|1h+w P||uh||L2 +W< + +wh W2phiy,
<c<1+1+1 3 o ) 1A (s, )|
- u,. u

><Auhvuh>a§z

1 1 1
<01+ o+ o+ o) (I )
< + o ot P €] 20y lunll 2(@) + I8l 2200y [unll 200

C 1 1 1 2 2 w?p
< (Ut ot ) Wl + 5 ol

+C(1+1+1+ ) lal?
Wey wh — w?ph?vy, 8liz2(00)
1 1

1 2
woea(Lt 2 0 G, ) o

Substituting (3.10) into the above inequality infers (3.35).
Now, combining (3.13) with (3.35) yields

Jo(up, up) + Ji(up, up) + w(Auy, uh>aQ
< |Ap(up, up)|

< |[fll 2@ lanllz2@) + gl 200 [lunll 200

SIS

C 1
< 1mm@( CE 8 gy + — @Mﬂmm)
wp?

(,UCA

C e
+ w_CAHgHL2(8§2) + HuhHL2 (99)

C 9 C 9 wea

< w_pcstaHf”Lz(Q) + EHgHB(aQ) + ”uhHL2(aQ)
Using (3.10) in the above inequality infers (3.36). O
Remark 3.3.2. When w®th > C
2a0—1
Cuta < C(é Fuwtl g w—) (3.37)
w g

Thus, the constant in the above stability estimate is independent of h in the pre-

asymptotic mesh regime.
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3.3.2 FError Estimates for the IP-DG Method

In this subsection, the stability estimates established in Subsection 3.3.1 are utilized
to obtain optimal order error estimates for the proposed IP-DG method in the pre-
asymptotic mesh regime (i.e. w*h > (). These estimates are obtained with the help
of the elliptic projection defined in Subsection 3.2.1, the stability estimates established
in Subsection 3.3.1, and Galerkin orthogonality for the sesquilinear form A(-,-).
Let u € H*(Q2) solve (1.4)-(1.5) and u, € V), be its IP-DG approximation defined
n (3.6). As before, the error e, is defined by e, := u — u;. Subtracting (3.6) from
(3.3) immediately yields the following Galerkin orthogonality property for Ap(-,-):

ap(en, vy) — pr(eh,Vh)Q + iw<Aeh,vh>aﬂ =0 Vv, € V. (3.38)

Let @), € V}, denote the elliptic projection of u as defined in (3.19). In the same
fashion as was done in subsection 3.2.2, the error e, can be decomposed as e, = Y+¢,,
where 9 = u — u;, and ¢, = 0, — u. Again, estimates on e, will be established
from estimates on 1 and ¢, that are obtained separately. By Galerkin orthogonality
given in (3.17) and (3.38) we have the following identity:

a’h(d)ha Vh) - w2p(¢h7 Vh)Q + iw<A¢h7 Vh>aQ (339>
= _ah<¢7 Vh) + w2p(¢> Vh)Q - IW<A¢7 Vh>6Q
= w2p(1,b,vh)Q Vv, € V.

In other words, ¢, € V}, solves (3.6) with f = w?p1p and g = 0. This allows us
to establish estimates on ¢, by using the stability estimates from Theorem 3.3.1.

Specifically, we have the next lemma.
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Lemma 3.3.3. Let u € H?*(Q) solve (1.4)-(1.5), uy, be its IP-DG approzimation,

and ay, be its elliptic projection. Then ¢, = u, —uy, satisfies the following inequality:

1
|Dnll1n +wp?|dp L2

1
< C§2w2h2csta(§ + 7+ Wh) (wa + E) <||fHL2(Q) + ||g|]L2(3Q)>, (340)

where Cyn = (g + ﬁ + ﬁM) ,E=1+ %, and C' is a positive constant independent

Ofwa h7 Yo, V1-

Proof. (3.39) implies that ¢, solves (3.6) with f = w?py and g = 0. Thus, an
application of Theorem 3.3.1 yields

1
1dnll1.hn +wp?[|Dnll 2@y < — Cstall w090 1200

T Q

1
< Cw2p2csta“¢HL2(Q)’

which along with Theorem 3.2.4 infers (3.40). O

We are now ready to derive error estimates for our IP-DG method in the pre-
asymptotic mesh regime. The next theorem is a consequence of combining Theorem

3.2.4 and Lemma 3.3.3.

Theorem 3.3.4. Let u € H?(Q) solve (1.4)~(1.5) and uy, be its [P-DG approzima-

tion. Then e, = u — uy, satisfies the following inequality:

leallin +wp? llenll 2 (3.41)
< O(E + +wh) (w7 + =) (IFlle + igllzom)
+ OEWR (14 wCa) (€ + 7+ wh) (0 + = ) (Il + lelzzom) ).
lenllz2 () (3.42)

1
< O (1 +wCia) (€ +wh) (w0 + 5 ) (€20 + gl 2o )
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where Cyin = (é + ﬁ + ﬁ), E=1+ %, and C' is a positive constant independent

w

Ofw7 h; Yo, 7V1-

Proof. Recall that estimates for ¢ and ¢, have already been established in Theorem
3.2.4 and Lemma 3.3.3, respectively. These estimates are combined in the following

steps to obtain (3.41):

1
lenllin +wp?llenll 2@

1 1
< |llllen +wpz Pl + 1 @nllin + wpz 2@
1 1\3
< Oh (€ + 1 +wh)? (o + =) () + lgl20m))
1
+ CEWI €+ +wh) (w + E> (1€l 22(0) + gl 2o )
1
—+ Cf%ﬂh?CSta(g - wh) (wa + E) (HfHLQ(Q) + Hg”pwm)
o 1

< Oh (€ + 1 +wh) (w0 + = ) (€20 + gl 2o

1
+ CEwh? (1 + wCia) (€ + 71 + wh) (wa n F> (|yf||L2(Q) i HgHLQ(am).

Similarly, (3.42) is obtained by combining Theorem 3.2.4 and Lemma 3.3.3. O

Remark 3.3.5. When w®tth > C

é‘ 2a—1

Cain < C(— +w w—)
w 4!

Therefore, the above error estimates are optimal in h in the pre-asymptotic mesh

regime.

3.4 Numerical Experiments

In this section, numerical tests are carried out in order to demonstrate key features of
the proposed IP-DG method. We choose € = (—0.5,0.5)? C R? (i.e. the unit square

in R? centered at the origin), along with the material constants p = u = A = 1,
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and penalty constants 7o = 10 and «; = 0.1. For the sake of testing the exact error,
f and g are chosen so that the exact solution to the elastic Helmholtz equations is
1

u = 73

—=[e“r —1,e7" — 1]7, where r = ||x||o. This simple problem along with the

subsequent numerical tests are chosen to mirror those for the IP-DG method proposed
in [42] for the scalar Helmholtz problem. Some example plots are given in Figures 3.2
and 3.3. These plots demonstrate how well the proposed IP-DG method can capture
an example with large wave frequency when using a relatively coarse mesh.

To partition the domain 2, a uniform triangulation 7, is used. For a positive
integer n, define 7y, to be a triangulation of 2n? congruent isosceles triangles with
side lengths 1/n,1/n, and v/2/n. Figure 4.1 shows a sample triangulation 7; 10.

The numerical tests in this section intend to demonstrate the following:

absolute stability of our IP-DG method,

error of our IP-DG solution,

pollution effect on the error when wh = O(1),

absence of the pollution effect when w?h? = O(1),

comparisons between standard FE and our IP-DG method for this problem.

0.5

-0.5 0 0.5

Figure 3.1: Example of the triangulation 77 /0.
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Figure 3.2: Plot of || Re (uy,)||2 for w = 50 and h = 1/70. Both a top down view (left)
and a side view (right) are shown.
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Figure 3.3: Plot of ||Re (uy)||2 for w = 100 and h = 1/120. Both a top down view
(left) and a side view (right) are shown.

3.4.1 Stability

In this subsection, the stability of both the proposed IP-DG method and the P;-
conforming finite element method will be discussed. Let u/"™ denote the Pj-
conforming finite element approximation of u. Recall that the proposed IP-DG
approximation is absolutely stable, i.e. it is stable for all w,h, 79,71 > 0. This
has not been established for the P;-conforming finite element approximation. In fact,
the stability of the P-conforming finite element approximation is known to hold only

when h satisfies w?h < C.
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Semi-Naorm

Figure 3.4 plots both |juyll1s and [[ufEM|;, for h = 0.05,0.01 and w =
1,2,...,200. We observe that ||[uy||1, decreases in a smooth fashion as w increases.
This smooth behavior of ||uyl|1 4 is indicative of the absolute stability of the IP-DG
approximation. On the other hand, we observe oscillations in |[uf#M||,, that occur
when we vary w. This oscillation is indicative of the instability of the P;-conforming

finite element method when A is too large.

012

—IPDG h=005

——IPDG h = 0,01

—IPDG h = 0.01 ot —FE h =001
—FEh=005
—FEh=001 Q1

E 0.09+

[=]

Z .08}

g

w 007"
0.06}

0.05}

0.04

50 100 150 200 100 120 140 160 180

Figure 3.4: Plots of ||uy]|y 4 and [Jul BM||, .

3.4.2 Error

In this subsection, the optimal order of convergence for the proposed IP-DG method
will be demonstrated. The pollution effect will also be demonstrated. From Theorems
3.3.4 and 3.2.7 we expect the error in || - ||;,, to decrease at an optimal order in both
the pre-asymptotic and asymptotic mesh regimes. In other words, |[u—ulj1, = O(h)
is expected. Figure 3.5 is a log-log plot of the relative error |[u—uy||14/]|ull1,, against
the value 1/h for frequencies w = 5,10, 20, 30. From this plot, it is observed that the
relative error decreases at the same rate as h, thus displaying the optimal order of
convergence in the relative semi-norm. Also displayed in Figure 3.5 is the error when
w varies according to the constraint wh = 0.25. From this figure it is observed that
the error increases as w increases under this constraint. This is due to the pollution

effect on the error for the elastic Helmholtz equations.
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Figure 3.5: Log-log plot of the relative error for the IP-DG approximation measured
in the H'-seminorm for different values of w.

The pollution effect for Helmholtz-type problems is characterized by the increase
in error as w is increased under the constraint wh = O(1). This effect is intrinsic to
Helmholtz-type problems (c.f. [54]). It is well-known that the pollution effect can
be eliminated if h is chosen to fulfill the more stringent constraint w®h? = O(1). In
Figure 3.6 the relative error is plotted against w as h is chosen to satisfy different
constraints. Under the constraints wh = 1 and wh = 0.5, the pollution effect is
present and the relative error increases as w is increased. On the other hand, when

w3h? =1 is used to choose the the mesh size h, the pollution effect is eliminated.
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Figure 3.6: Relative error of the IP-DG approximation measured in the H! seminorm
computed for different values of w and h is chosen to satisfy the given constraints.
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3.4.3 IP-DG vs. FEM

In this subsection, the proposed IP-DG solution is compared to the Pj-conforming
finite element solution. As stated previously, the proposed IP-DG method is
absolutely stable while the P;-conforming finite element method is only shown to
be stable when h satisfies w?h = O(1). With this in mind, one can anticipate that in
the case that the frequency w is allowed to be large, the IP-DG method becomes a
better method.

In Figures 3.7-3.9, || Re(us)||2 and || Re(ul®M)||, are plotted for w = 100 and
h =1/50,1/120,1/200 on a cross-section over the line y = x. In addition, || Re(u)||5 is
plotted to measure how well the respective approximations capture the true solution.
In Figure 3.7, it is observed that u, already captures the phase of u with A = 1/50
while not fully capturing the large changes in magnitude. On the other hand, for
h = 1/50, ul M has spurious oscillations. In this case, uf#M also fails to capture
the changes in the magnitude of the wave. In Figure 3.8, we see that for h = 1/120,
uy, captures the phase and changes in magnitude of the wave very well while uf#™
still displays spurious oscillations. In Figure 3.9, we see for h = 1/200, both methods
capture the wave well. However, the IP-DG method captures the wave slightly better.
These examples demonstrate that the IP-DG method approximates high frequency
waves better than the standard finite element when a coarse mesh is employed. This

is of great importance when memory is limited or one wishes to employ a multi-level

solver such as multigrid or multi-level Schwarz space/domain decomposition methods.
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Chapter 4

A Multi-modes Monte Carlo
Interior Penalty Discontinuous
Galerkin Method for Acoustic

Wave Scattering in Random Media

4.1 Introduction

Partial differential equations with random coefficients arise naturally in the modeling
of many physical phenomena. This is due to the fact that some level of uncertainty is
usually involved if the knowledge of the physical behavior or when noise is present in
the experimental measurements. In recent years, substantial progress has been made
in the numerical approximation of such PDEs due to the significant development in
computational resources. We refer to [11, 12, 21, 68, 80] and the references therein
for more details.

In this chapter, we consider the propagation of acoustic waves in a medium where

the wave velocity is characterized by a random process. More precisely, we study the
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approximation of the solution to the following Helmholtz problem:

—Au(w, ) — K a(w, )u(w, ) = f(w,") in D, (4.1)
du(w, ) +ika(w, u(w, ) =0 on 0D, (4.2)

where k is the wave number, and D C R (d = 1,2, 3) is a convex bounded polygonal
domain with boundary 0D. Let (2, F, P) be a probability space with sample space €2,
o—algebra F and probability measure P. For each fixed x € D, the refractive index
a(-, ) is a real-valued random variable defined over 2. We assume that the medium

is a small random perturbation of a uniform background medium in the sense that
a(w,:) =1+ en(w,-). (4.3)

Here ¢ represents the magnitude of the random fluctuation, and n € L*(2, L>=(D)) is

some random process satisfying

Plwe; n(w, ) pmp <1} =1

For notational brevity, we only consider the case that n is real-valued. However,
we note that the results of this chapter are also valid for complex-valued 7. On
the boundary 0D, an absorbing boundary condition is imposed to absorb incoming
waves [35]. Here v denotes the unit outward normal to 9D, and J,u stands for
the normal derivative of u. The boundary value problem (4.1)—(4.2) arises in the
modeling of wave propagation in complex environments, such as composite materials,
oil reservoirs and geological basins [46, 55]. In such instances, it is of practical
interest to characterize the uncertainty of the wave energy transport when the medium
contains some randomness. In particular, we are interested in the computation of
some statistics of the wave field, e.g. the expected value of the solution wu.

To solve stochastic (or random) partial differential equations (SPDEs) numerically,

the simplest and most natural approach is to use the Monte Carlo method, where
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a set of independent identically distributed (i.i.d.) solutions are obtained by
sampling the PDE coefficients, and the expected value of the solution is calculated
via a statistical average over all the sampling in the probability space [21]. An
alternative is the stochastic Galerkin method, where the SPDE is reduced to a high
dimensional deterministic equation by expanding the random field in the equation
using the Karhunen-Loeve or Wiener Chaos expansions. We refer the reader to
[11, 12, 33, 68, 80] for detailed discussions. However, it is known that a brute-
force Monte Carlo or stochastic Galerkin method applied directly to the Helmholtz
equation with random coefficients is computationally prohibitive even for a moderate
wave number k, since a large number of degrees of freedom is involved in the
spatial discretization. It is apparent that in such cases, the Monte Carlo method
requires solving a PDE with many sampled coefficients, while the high dimensional
deterministic equation associated with the stochastic Galerkin method will be too
expensive to be solved.

In this chapter, we propose an efficient numerical method for solving the Helmholtz
problem (4.1)-(4.2) when the medium is weakly random defined by (4.3). A multi-
modes representation of the solution is derived, where each mode is governed by
a Helmholtz equation with deterministic coefficients and a random source. We
develop a Monte Carlo interior penalty discontinuous Galerkin (MCIP-DG) method
for approximating the mode functions. In particular, we take advantage of the fact
that the coefficients of the Helmholtz equation for all the modes are identical; hence,
the associated discretized equations share the same constant coefficient matrix. Using
this crucial fact, it is observed that an LU direct solver for the discretized equations
leads to a tremendous saving in the computational costs, since the LU decomposition
matrices can be used repeatedly. Thus, all of the solutions for all modes and
all samples can be obtained in an efficient way by performing simple forward and
backward substitutions. Indeed, it turns out that the computational complexity of
the proposed algorithm is comparable to that of solving a few deterministic Helmholtz

problems using the LU direct solver.
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The rest of the chapter is organized as follows. A wave-number explicit estimate
for the solution of the random Helmholtz equation is established in Section 4.2.
In Section 4.3, we introduce the multi-modes expansion of the solution as a power
series of € and analyze the error estimation for its finite-modes approximation. The
Monte Carlo interior penalty discontinuous Galerkin method is presented in Section
4.4, where the error estimates for the approximation of each mode function is also
obtained. In Section 4.5, a numerical procedure for solving (4.1)—(4.2) is described
and its computational complexity is analyzed in detail. In addition, we derive optimal
order error estimates for the proposed procedure. Several numerical experiments are
provided in Section 6 to demonstrate the efficiency of the method and to validate the

theoretical results.

4.2 PDE Analysis

The focus of this section will be to derive a priori solution estimates for the random
Helmholtz problem introduced in (4.1)—(4.2). These a priori estimates will be used
to prove existence and uniqueness of the solution to the random Helmholtz problem.
The techniques in this chapter will mirror those carried out for the deterministic

scalar Helmholtz problem (1.1)—(1.2) (c.f. Chapter 2 and [27]).

4.2.1 Preliminaries
Similar to Chapter 2, analysis in this section will be carried out using the following

special function spaces:

H{ (D) := {ve H(D); |Vv||, € L*(8D)}, (4.4)
V:={ve H'(D); Ave L*(D)}. (4.5)

Without loss of generality, we assume that the domain D C Bg(0). Throughout

this chapter we also assume that D is a star-shaped domain with respect to the origin
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in the sense that there exists a positive constant ¢y such that
r-v>c¢ ondD,

Recall that the analysis in Chapter 2 also relied on a star-shape condition on the
domain.

Let (92, F, P) be a probability space on which all the random variables of this
chapter are defined. E(-) denotes the expectation operator on this probability space.
The abbreviation a.s. stands for almost surely.

As it will be needed in the late sections of this chapter, in this section we analyze
the boundary value problem for the Helmholtz equation (4.1) with the following

slightly more general nonhomogeneous boundary condition:
61,'&((,{), ) + ika(w7 -)u(w, ) = g(wv ) (46)

As in Chapter 2, analysis of the random Helmholtz problem (4.1),(4.6) will be
carried out on its weak formulation. With this in mind, we introduce the following

definition.

Definition 4.2.1. Let f € L*(Q,L*(D)) and g € L*(Q,L*(0D)). A function
u € L3, HY(D)) is called a weak solution to problem (4.1),(4.6) if it satisfies the

following identity:

/Qa(u,v) dP = /Q ((f,v)p + (g,v)op) dP Yo € L*(Q, H' (D)), (4.7)

where

a(w,v) :== (Vw, Vv) , — k*(?w,v) , + ik (aw, v),), . (4.8)

D

Remark 4.2.2. Using (4.10) below, it is easy to show that any solution u of
(4.1),(4.6) satisfies u € L*(Q, HL (D)NV).
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4.2.2 Wave-number Explicit Solution Estimates

In this subsection, we shall derive stability estimates for the solution of problem
(4.1),(4.6) which is defined in Definition 4.2.1. Similar to Chapter 2, our focus is to
obtain explicit dependence of the stability constants on the wave number k. Such
wave-number explicit stability estimates will play a vital role in our convergence
analysis in the later sections. We note that wave-number explicit stability estimates
also play a pivotal role in the development of numerical methods, such as finite element
and discontinuous Galerkin methods, for deterministic reduced wave equations (cf.
Chapter 3 and [42, 44]). As a byproduct of the stability estimates, the existence and

uniqueness of solutions to problem (4.1),(4.6) will be conveniently established.

Lemma 4.2.3. Let u € L*(Q, HY(D)) be a solution of (4.1),(4.6), then for any
01,02 > 0 and € < 1 there hold

E(IVuls0y) < (K0 +2)° 46 ) E(ula o) (49)
) 1
+ (g * ) (B0 ) + Elalon)
0 1
E(|lullz2op)) < k(l—Q_E)E(HUHiz(D)) + mE(WH;(D)) (4.10)

1 2
+ mE(HQHH(aD))-

Proof. Setting v = u in (4.7) yields

/Qa(u,u)dP:/ ((f,u)p + {(g,v)ap) dP.

Q

Taking the real and imaginary parts and using the definition of a(-,-), we get

/ (HVU”%%D) — K21+ 577)“”%%17)) dpP = Re/ ((f,w)p + (g,v)op) dP, (4.11)
Q Q

/{;/Q<1+€n, |u\2>8DdP:1m/Q((f,u)D+<g,u>aD) P, (112)
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Applying the Cauchy-Schwarz inequality to (4.12) produces

=9

1
2 2 2
—E 2 —FE 2
9 (ffullz (D)) + 26, (1117 (D))
k(1 —¢) 5 1 5
+—2 ]E(Hu|’L2(8D))+—2k<1 _g)E(”gHm(aD))'

k(1 — 5)E(||U||2L2(6D)) <

Thus, (4.10) holds. Applying Cauchy-Schwarz to (4.11) yields

o 1
B(IVullap) < (B0 27+ 5 ) Bl + 5 B o)

01 1
+ SE(ulEom) + 55 EllolE20m)

which together with (4.10) (using d; = k(1 — ¢)) infers (4.9). The proof is complete.
[l

From Lemma 4.2.3, We observe that the test function v = w is not enough to obtain
solution estimates for the weak solution of (4.1), (4.6). Recall that this was also the
case for the deterministic scalar Helmholtz equation. To overcome this difficulty, in
Chapter 2 and [27] we made use of Rellich identities for the Laplacian operator. With

this in mind, we prove the following lemma.

Lemma 4.2.4. Let u € L*(Q2, H*(D)), then

d 1
Re/ (u, - Vu), dP = —5/ [ul|Z2(py dP + 5 / (x-v,|ul*)opdP, (4.13)
Q Q Q
2 d ,

+ % /Q (z-v, |Vu]2>aD dP.

Proof. To obtain the above result, we apply Lemmas 2.2.2 and 2.2.3 with o« = x and
integrate the subsequent identities over the probability space (2, F, P). O

Remark 4.2.5. (4.14) could be called a stochastic Rellich identity for the Laplacian.
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We are now ready to state and prove our wave-number explicit estimate for

solutions of problem (4.1), (4.6) defined in Definition 4.2.1.

Theorem 4.2.6. Let u € L*(Q2, H{(D)) be a solution of (4.1)~(4.6) and R be
the smallest number such that Br(0) contains the domain D. Then there hold the

following estimates:

1 1\2

E (|1l 2oy + 0l F20m) + 0 IVl Faan) ) < Co(5 + 13) Mfg),  (415)
112

E(Jullfp) < Co(1+5) M(f.0)  (416)

provided that (2 + £) < 7 := min{l, %}. Where Cy is some positive

constant independent of k and u, and

M(f,9) == E(I3ao) + I91320m) ) (4.17)

Moreover, if g € L*(Q, H2(D)) and u € L*(Q, H2(D)), there also holds

1\2
Elullya ) < C(k + 5 ) E(1F 172y + 1914 ) (4.18)

Proof. To avoid some technicalities, below we only give a proof for the case u €
L*(Q, H*(D)). For the general case, u needs be replaced by its mollification u, at the
beginning of the proof and followed by taking the limit p — 0 after the integration by
parts is done. A similar strategy was adopted in the proofs of the generalized weak
coercivity properties in Chapter 2.

Setting v = x - Vu in (4.7) yields

/Q<(Vu, VU)D—k:2(a2u,U)D+ik‘(au,v>ap> dP = /Q ((f,v)p + (g,v)sop) dP. (4.19)
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Using (4.13) and (4.14) after taking the real part of (4.19) and regrouping we get

K a2
/||u||L2 aP = /(THVUHiz(D)+k25Re(n(2+877),v)D>dP

k‘2

1
_ /Q(]{;Im«l + 577)u7 U)(‘)D + 5 <x -V, |Vu|2>aD _ ? <x U, |u’2>aD> dP

+/Q(Re(f,v)p + Re(g,v)op) dP.

It then follows from the Cauchy-Schwarz inequality, the star-shape condition, and the
facts that |z| < R for v € D and ||n||L~p) < 1 a.s. that

dk? 1 )
S E(lul}zo ><kzeR<2+a>(2—5lE<uuHiQ<D>+—1E<kuiz ))
d—2 Ro.
+ BVl ) + 5B o) + 5 B Vulzzm)
R R5
+ ﬁE(HgHi%aD)) + 73E(HVUHL2(BD))
kR
+ = 5 (||U||L2(6D))+kR54E(||VU||L2 op))
k*R

— —E(HV HL2 D) )+ TE(Hu“L2(8D))'

At this point, we note that €(2 + ¢) < 1 implies € < % Setting 03 = 7%, 04 = g%,

denoting v = (2 + ¢), and using Lemma 4.2.3 we can bound right-hand side as
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follows:
dk? d—2 K2Ry, Ré, ) k2R~ )
FEul) < (5= + =5 + 5 E(IVulGay) + 55 Bl

8k*R?> KR c
+ (== + 5 Ellullaon) — FE(IVulli200)

R 9 2R? 2

d—2 KkRys, RS
( St L4 22>(k21+7 +65) E(|lull72p

. (d . 2 kz;;m . R252> <2_55 N _> (B 1520) + B9l 0m)))

8k2R? %R 2 2 4 2
+( — 5 ) (206E(lull32 ) + mE(IIf!Isz)) + SE(9l200))

K2Ry R 2R
55 E(IIUIIiz<D))+ (Ilfllp D))+—E(|Iglle(aD))

- ZE(HVUHi?(aD))’

<

which is equivalent to

Co
rE(|[ull 72 py) + ZEOWUH%D)) < E(|f1172)); (4.20)

where

=k — %(k% y ) (MM1 + R52) (k2(1 +7) + 55)

2 2
- (1612232 + KRG — kziv,
0
(e ey Ly
+ (32]ZZR2 +2k2R) <k2256 + :2) + 2% + 26—]z2.
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Let §; = &, 0y = L, 95 = B and §g = —L  _ then

2k 4R 4 4( 12};2 +R)
97 —4d  4d—7 (21 + 47)Rk
1.2 o
o=k [ 32 ( s ' 16 ) ]
d—2 kRy 1y/1 1 ,
(2P L SN (24 ) L oR(1
“ ( > T +8)<2+8k2)+ F(1+ )
16R2 16R2
+8< 6 +R>( O +R+1).
Co Co

If v < 79, it is easy to check that ¢; > ’;—; Thus, (4.20) infers that

C 1
E(Jully p) + eoB(IVullion) < 15 (14 75) (BUF I x0) + Ellgllizop)  (421)

for some constant C' > 0 independent of k£ and u. We combine this result with (4.10)
(using 0y = k) to obtain (4.15).
By (4.9) (using d; = k?) and (4.21) we get

E(H“”?{l([))) = E(““Hi?([)) +E(||VUI|i2(D))

)
Crool
< 2 (14 5) (BUFBao) + EllR2o)
+ (B (1+ )" + k) E[lull72p))
1
+ (1 + ﬁ> (E(Ilf\lim)) + E(Hgni%m))

1\2
< C(1+ 15) (BUT ) + Edlglion))-

Hence, (4.16) holds.
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Finally, it follows from the standard elliptic regularity theory for the Poisson
equation and the trace inequality (cf. [47]) that

2
Bl o) < € (BUR ] Fap) + B 1E2(0) + I 3 )
FE(kul?y )+ Elulam)

< CE(K ullZaqp) + 11 ey + 61

T CE<k2 IVl p) + ||u||L2<D>)
2 2
<0 (k) BN + 1911 )
Hence (4.18) holds. The proof is complete. -

Remark 4.2.7. By the definition of vy, we see that vy = O(L In practice, this

kR)'

1s not a restrictive condition because R 1s often taken to be proportional to the wave

length. Hence, kR = O(1).

As a non-trivial byproduct, the above stability estimates can be used conveniently
to establish the existence and uniqueness of solutions to problem (4.1),(4.6) as defined
in Definition 4.2.1. This strategy was mentioned at the end of Chapter 2 and is carried

out explicitly in the following theorem.

Theorem 4.2.8. Let f € L*(Q, L*(D)) and g € L*(Q2, L*(0D). For each fized pair
of positive numbers k and € such that (2 4+ €) < 7o, there exists a unique solution

uwe L*(Q,HL(D)NV) to problem (4.1),(4.6).

Proof. The proof is based on the well-known Fredholm Alternative Principle (cf.
[47]). First, it is easy to check that the sesquilinear form on the right-hand side of
(4.7) satisfies a Garding’s inequality on the space L*(Q2, H'(D)). Second, to apply the
Fredholm Alternative Principle we need to prove that solutions to the adjoint problem

of (4.7)—(4.8) is unique. It is easy to verify that the adjoint problem is associated
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with the sesquilinear form

a(w,v) :== (Vw, VU)D — k2 (aQw,v)

o — ik (aw,v)yp

which differs from a(:,-) only in the sign of the last term. As a result, all the
stability estimates for problem (4.7)—(4.8) still hold for its adjoint problem. Since
the adjoint problem is a linear problem (so is problem (4.7)—(4.8)), the stability
estimates immediately infer uniqueness. Finally, the Fredholm Alternative Principle
then implies that problem (4.7)—(4.8) has a unique solution u € L*(Q2, H'(D)). The

proof is complete. O

Remark 4.2.9. The uniqueness of the adjoint problem can also be shown using the

classical unique continuation argument (cf. [57]).

4.3 Multi-modes Representation of the Solution
and its Finite Modes Approximations

The first goal of this section is to develop a multi-modes representation for the solution
to problem (4.1)—(4.2) in terms of powers of the parameter €. We first postulate such a
representation and then prove its validity by establishing some energy estimates for all
the mode functions. The second goal of this section is to establish an error estimate for
finite modes approximations of the solution. Both the multi-modes representation and
its finite modes approximations play a pivotal role in our overall solution procedure
for solving problem (4.1)—(4.2) as they provide the theoretical foundation for the
solution procedure. Throughout this section, we use u® to denote the solution to
problem (4.1)—(4.2) which is proved in Theorem 4.2.8.

We start by postulating that the solution w® has the following multi-modes

expansion:

ut = Z "y, (4.22)
n=0
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whose validity will be justified later. Without loss of generality, we assume that k£ > 1
and D C By(0). Otherwise, the problem can be rescaled to this regime by a suitable
change of variable. We note that the normalization D C B;(0) implies that R = 1.

Substituting the above expansion into the Helmholtz equation (4.1) we get

f=—Au — k*o’u®
= 5"( — Au, — k2(1 + 2en + 52n2)un)
n=0

— Z (e”( — Au, — Kuy,) — 28" nku, — 6”+2k2772un>
n=0
= —Augy — kug — 6( — Auy — Euy — 2k27)u0)

+ Z 5"( — Au, — K2uy, — 2k nu,_q — /{;2772un_2).
n=2

Matching the coefficients of " order terms for n =0,1,2,---, we obtain
u_q :=0, (4.23)
—A’LLO — k‘2U0 = f, (424)
— Ay, — Kup = 2K U + k*n* s for n > 1. (4.25)

Similarly, the boundary condition (4.2) gives

£

0
0=2" +ik(1 + en)u®

ov
0o P .
= <8ni + "iku,, + 5”+1iknun>
ov

ouy . =~ (Ou, .
=24 ikug + Z € ( By + iku,, + lknun_l)

This translates to each mode function u,, as follows:
oyuy, + iku, = —iknu, for n > 0. (4.26)
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We note that the non-zero right hand side term in (4.26) was the motivation to study
the random Helmholtz equation with non-homogeneous boundary data given by (4.1),
(4.6) in Section 4.2.

A remarkable feature of the above multi-modes expansion is that all the mode
functions satisfy the same type (nearly deterministic) Helmholtz equation and the
same boundary condition. The only difference is that the Helmholtz equations have
different right-hand side source terms, and each pair of consecutive mode functions
supply the source term for the Helmholtz equation satisfied by the next mode function.
This remarkable feature will be crucially utilized in Section 4.5 to construct our overall
numerical methodology for solving problem (4.1)—(4.2).

Next, we address the existence and uniqueness of each mode function u,,.

Theorem 4.3.1. Let f € L*(Q, L*(D)). Then for each n > 0, there exists a unique
solution u,, € L*(Q, H'(D)) (understood in the sense of Definition 4.2.1) to problem
(4.24),(4.26) for n =0 and problem (4.25),(4.26) for n > 1. Moreover, for n >0, u,

satisfies
E (Jluall32o) + a3 200 + €0 1V a3 20 (4.27)
1 1\2
< (4 +75) CouRE(N 1),
2 1\2 2
E(lunlliyp) < (14 75) COLRES 2 (4.28)
where
C(0,k) := Cy, C(n, k) = 4210 (1 4+ k)*  forn > 1. (4.29)

Furthermore, if u, € L*(Q, H*(D)), there also holds

Eluall2o) < = (k+ 75) Cln EA 2 o), (4.30)

where ¢y := min{1, kco}.
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Proof. For each n > 0, the PDE problem associated with w, is the same type
Helmholtz problem as the original problem (4.1)—(4.2) (with € = 0 in the left-hand
side of the PDE). Hence, all a priori estimates of Theorem 4.2.6 hold for each u,

(with its respective right-hand source side function). First, we have

E (Jluoll72(p) + luolF2(o) + o V0l 220 ) (431)
1 1\2
s%&+@)mwmw>
E(luoll3 o)) < Co(1+ 5 ) B IEaqo)) (4.32)

Thus, (4.27) and (4.28) hold for n = 0. Without loss of generality we assume that
Co > 1.

Next, we use induction to prove that (4.27) and (4.28) hold for all n > 0. Assume
that (4.27) and (4.28) hold for all 0 < n < ¢ — 1, then

Emwﬁ2 +WM%waNWWﬁwm>
2 2
200 (7 + 15) E 128 2a )+ Bae 1F20Pueol| 2 ) + e acon)

<2 41+—)1+m(%W—Lm+cw—zmﬁwm;@>

>2800 1+k)2C(0—1,k) <1 + %) E(1f172)
+52) O

O RE( fllz2(p)):
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where 0y = 1 — 8y, and 0y, denotes the Kronecker delta. To obtain the above result,

we note that k,Cy > 1 yield the following inequality:

8Co(1 + k)2C (¢ — 1, k) (1+%)

c
42£ 2) 10@ 1(1+k)
42(6-1)— 105(14—]6)2(8 1)

= 8Cy(1+ k)2C(—1,k) (14

= 8Cy(1+ k)*’C(¢ — 1, k) (1+42001+k))

< A2Co(1+ k)’C(L—1,k)

=C((, k)
for ¢ > 2.
Similarly,
E(|[uell3: ()

1 _

< 200<1 + k_) (”2/{2777% 1HL2 + 010 HkQUZWfQ”iz(D) + HknuéleZm(aD))
112

<2y (1+ 75 ) (L kP (400 = 1,1) + €= 2,0) )E(1f 2 )

< (14 3) CURENS apy):

Hence, (4.27) and (4.28) hold for n = ¢. So the induction argument is complete.
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We now use (4.27) and the elliptic theory for Poisson problems directly to verify
estimate (4.30).

E(”“n”?ﬂ(am)

1\2
S 200 (l{? + ﬁ) E(H2k‘2nun_1Hiz(D) + Hk2772un_2HL2 + H/{:nun 1||H2 8D))

1\2
s2co(k+k—) RE (4 lvaslfap) + lun-allfaio) + o 1Vt o)

< 20y(k+ 5) 1+ W2(4C0 —18) + Cln = 2,1) ) E(If )

Co

1 12
< = (bt ga) COuRE(S )

Hence, (4.30) holds for all n > 0.
With a priori estimates (4.27) and (4.28) in hand, the proof of existence and
uniqueness of each u, follows verbatim the proof of Theorem 4.2.8. The proof is

complete. O

Now we are ready to justify the multi-modes representation (4.22) for the solution
u® of problem (4.1)—(4.2). To carry this step out we define the partial multi-modes

expansion Uy as

N
Uy = E " Uy,
n=0

where NV is some positive integer. Uy, will also play a key role in our overall numerical
approximation method. Since the full series u® cannot be computed, we approximate

u® by its truncation Ug.

Theorem 4.3.2. Let {u,} be the same as in Theorem 4.3.1. Then (4.22) is valid in
L*(Q, HY(D)) provided that o :=4eCZ (1 + k) < 1.

Proof. The proof consists of two parts: (i) the infinite series on the right-hand side
of (4.22) converges in L*(Q2, H'(D)); (ii) the limit coincides with the solution u®. To
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prove (i), note for any fixed positive integer p we have

It follows from the Cauchy-Schwarz inequality and (4.27) that for j = 0,1

N+p—1
E(||U}Ev+p—Uzav||%{j(D)) <p Z Ean(HunH?{i(D))
n=N
‘ 112 N+p—1
<p(W 7+ 5 ) B ) Yo eCk)
n=N

N+4p-—1

. 1\2 .
B+ ) Bl ) D o
n=N

1 O’2N(1 — 027’)

<G (kj_l VB0 -
=~ Gop + k2 (||f||L2(D)) 1 2

< Cop

/N

— 0

Thus, if 0 < 1 we have

J\}EEOE(”UJEV—&-]? - U]EVH?P(D)) =0.

Therefore, {U%} is a Cauchy sequence in L*(Q2, H'(D)). Since L*(Q, H'(D)) is a
Banach space, then there exists a function U¢ € L?(Q, H*(D)) such that

lim U5, =U°  in L3(Q, HY(D)).

N—oo
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To show (ii), we first notice that by the definitions of w, and Ug,

a(Uy,v)
N-1
— / 5”< Vi, Vv)p — kE*(a*u,,v)p + ik(un,v>ap) dP
n=0 Q
N-1
— / 5"( Vi, Vv)p — k*(un,v)p + ik(un,v>ap) dP
n=0 Q
N-1
/ e (K2 ((2en + €0 un, v) |, — ik(enuy, v}aD> dP
Q

Il
=)

n

- / (f,v)pdP + Z / sn((%?nun_l + B0t —2,v) , — ik(nu,_1, U>BD> dP

_ Z/ k?2 2577 + 5 )un’ ) — ik{enu,, U>3D) dP

- / (f,0)p dP — k2N / (02 + enux— + Puxs, v) AP
Q 0

+ ike™ / (nun—1,v)op dP,
Q
Thus, Uy, satisfies
/ ((Vva, Vo), — k*(a?Ug,v) , + ik (aUg, v)aD> dpP (4.33)
Q

:/(fﬂf)D dP—k25N/(77(2+577)uN—1+772UN—2> U)D dpP
O 0

+iksN/<77uN_1,v>aDdP
Q

for all v € L*(Q, H'(D)). Where a = 1 +¢en. In other words, U§ solves the following

Helmholtz problem:

~AU§ — K*?US, = f — k2N (77(2 +en)un_1 + n2uN_2) in D,

o, UN +ikalUy = —ik;eanuN_l on 0D.
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By (4.27) and the Cauchy-Schwarz inequality we have

k2eN

/ (77(2 +en)un_1 + N un_a, U)D dP‘
Q

< 3k2€N<<E(||UN—1H%2(D)))2 + (E(”UN—Q”%?(D)))%) (E(HUH%Q(D)))%
11 ! 3 3
< Gk2eN <% + E>O(N — Lk (E( f122(p))) 2 (E[0]1221y))

< 3e(k + 1)CEN (B F1220)? (B(l0]2200))

— 0 as N — oo provided that ¢ < 1.

N

Similarly, we get

ke

/<77UN17 U)aD dP‘
Q

1 1
< ke (E(HUN—lH%?(aD))) ? (E(HUH%Q((‘)D))) ’

< ke (5 + 1) OOV = LR (B 220)) (BI0100)

€ 1\ .1 1 z
< 5(1 * E) Ci o™ E(IF 1 Z2(0)* (B0l Z20m)))?

—» 0 as N — oo provided that o < 1.

(S

Setting N — oo in (4.33) immediately yields

/Q<(VU€, Vo), — K2 (a2U%,0) , + ik <aUE,U>8D) dP = /Q(f, V)pdP,  (4.34)

for all v € L*(Q, H(D)). Thus, U° is a solution to problem (4.1)—(4.2). By the
uniqueness of the solution, we conclude that U¢ = wu°. Therefore, (4.22) holds in

L*(Q2, HY(D)). The proof is complete. O

The above proof also infers an upper bound for the error u® — Uj, as stated in the

next theorem.
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Theorem 4.3.3. Let Uj; be the same as above and u® denote the solution to problem

(4.1)-(4.2) and o := 4500%(1 + k). Then there holds for €(2e + 1) < 7o

€ € |12 9COU2N
E(llu® = Uxllgi(p)) < 32(1 + k)2

O 1\4 _
(W +2) B IBay), 5=01,  (4.35)
provided that o < 1. Where Cy is a positive constant independent of k and ¢.

Proof. Let ES := u® — Ug, subtracting (4.33) from (4.34) we get

/ ((VEfv, Vo), — K (a*E5,v) , + ik (aEy, v)aD> P (4.36)
Q

= k2N / (77(2 +en)un_1 + n*un_s, U)D dP — ike"™ / (nun_1,v)sp dP,
Q Q
for all v € L*(Q, H'(D)). In other words, E% solves the following Helmholtz problem:

—AEy — K*o’Ey = KN (n(2 4 en)un—1 + n*un_2) in D,
0, BN +ikaE}y = —ikeNnun_1 on 0D.
By Theorem 4.2.6 and (4.27) we obtain for j = 0,1
€ j— 1y?2
E(1Ex s o) < 18Co (W7 + 25 [ (E(lun-1132(0y) + Ellun-22(0) )
+ K%V E(fun 1 2on)|
- 1\4
< 18Cok (W1 + ) C(N = 1, R E(IfF2()
18000'2N : 1\4
< LG (i Y ().
< iy i+ 7) B0 )

The proof is complete. O

Remark 4.3.4. Theorem /.3.3 shows that the error introduced by truncating the
multi-modes expansion is on the order of N where N is the number of modes in the
truncated multi-modes expansion. Since € is small, U3, can be used to approzimate u®

using only a few mode functions, i.e. N is relatively small.
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4.4 Monte Carlo Discontinuous Galerkin Approx-
imation of the Truncated Multi-modes Expan-
sion Ujy

In the previous section, we present a multi-modes representation of the solution u°
and a convergence rate estimate for its truncated multi-modes approximation. These
results will serve as the theoretical foundation for our overall numerical methodology
for approximating the solution u° of problem (4.1)—(4.2).

As stated previously, we start by approximating u® through its truncated multi-
modes expansion U5,. Note that the linear nature of the expectation operator, along
with the definition of U5, yields the following expansion:

N-1

E(Uy) = > "E(uy).

n=0

Hence, to gain an accurate approximation of E(U%,) one only needs to seek an accurate
approximation of E(u,) for each mode function w,. Observe that we can apply the

expectation operator to (4.24) and (4.26) to find

—AE(ug) — K°E(ug) = E(f), in Q, (4.37)

%Ewo) +iKE(uo) = 0, on 9. (4.38)

Therefore, for E(f) known, E(ug) can be computed directly by solving a deterministic

Helmholtz equation. On the other hand, for n > 1, we apply the same reasoning to

(4.25) and (4.26) to find the following:

—AE(uy,) — K°E(uy,) = 2k*E(nu,_1) + K*E(n*u,_s), in €,

%E(un) + ikE(u,) = —ikE(nu,—1), on 0f).
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We note the terms E(nu,_;) and E(n?u,_3) cannot be further broken apart due to the
multiplicative nature of these terms and the fact that n and w, are not independent.
Thus for n > 1, E(u,) cannot be computed directly in the same manner as F(ug).
The goal of this section is to develop a Monte Carlo interior penalty discontinuous
Galerkin (MCIP-DG) method for the above mentioned Helmholtz problem. Our
MCIP-DG method is the direct generalization of the deterministic IP-DG method
proposed in [42, 44] for the related deterministic Helmholtz problem. It should
be noted that although various numerical methods (such as finite difference, finite
element and spectral methods) can be used for the job, the IP-DG method presented
below is the only general purpose discretization method which is absolutely stable (i.e.,
stable without mesh constraint) and optimally convergent. This is indeed the primary

reason why we choose this IP-DG method as our spatial discretization method.

4.4.1 DG Notations

To define the IP-DG method used in this chapter, we must introduce some standard
DG notation. This notation was first introduced in Chapter 3. Let 7}, be a quasi-
uniform partition of D such that D = Uxker K. Let hg denote the diameter of
K € T, and h := max{hk; K € Tp}. H*(Ts) denotes the standard broken Sobolev

space and V" denotes the DG finite element space which are defined as

w(T) = [[ #K), v [] PO,
KeTy KeTy
where P.(K) is the set of all polynomials whose degrees do not exceed a given positive
integer r. Let £ denote the set of all interior faces/edges of Ty, £P denote the set of
all boundary faces/edges of Ty, and € := ETUEB. The L?-inner product for piecewise

functions over the mesh 7j, is naturally defined by

(), = 3 /Ku.wdx,

KeTy,
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and for any set S, C &, the L*inner product over S, is defined by

Z/v wdsS.

e€eSy,

Let K, K' € T;, and e = 0K N 0K’ and assume global labeling number of K is
bigger than that of K’. We choose n, := ngl|. = —ngs|. as the unit normal on e
outward to K and define the following standard jump and average notations across

the face/edge e:

[v] ':’U‘K—U’K/ onecé& [v]:=v onecé&?,

{v} = (|K+U|K/) onecé& {v}:=v onecé&®

for v € V. We also define the following semi-norms on H*(7y):

|U|1,h,D = “vaL?(Th)’
Y < Bier 2
Oe l,e
”UHl,h,D = |U|1hD + Z ( ||L2(e Z || ]HLz(e)>
eESI =1
3
! he 251 .
DD %,e<7> I [3&””@2(6) )
Jj=1 eeﬁé
1
2
ol n0 = ||v||1hD+Z e
es’

4.4.2 TP-DG Method for Deterministic Helmholtz Problem

In this subsection, we consider following deterministic Helmholtz problem and its

IP-DG approximations proposed in [42, 44].

—~Ad, — k*®y=F, in D, (4.39)
&,@o + ik?q)[) = G() on 0D. (440)
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Recall that &g = E(uy) satisfies the above equations with Fy = E(f) and Gy = 0. As
an interesting byproduct, all the results to be presented in this subsection apply to
E(up).

The IP-DG weak formulation for (4.39)—(4.40) is defined by (cf. [42, 44]) seeking
®y € H'(D) N H'TY(D) such that

an(®o, 1) = (Fo, )b + (Go, ¥)ap vy € H'(D) VH™(Th), (4.41)

where

r

CLh(Cb, ¢) = bh(¢7 77D) - k2(¢a ’QD)’Th + ik<¢a ¢>5]? + i<L1(¢7 ¢) + Z Jj<¢7 w)>7 (442)

J=0

(9. %) = (Y, V), — (({0n}, W]}y + ([0 {00 ey ).

L6.6) = S5 Bk (18,06), (0,00

eES}IL =1

Ji(9, ) = Z ViehZ (e, [B]),  j=0,1,- 7.

eGS{L

{B1..} and {v;.} are piecewise constant nonnegative functions defined on &f. {r/}4-!
denotes an orthonormal basis of the edge and 0.» denotes the tangential derivative in

the direction of 7*.

Remark 4.4.1. L and {J;} terms are called interior penalty terms, {f1.} and {~;.}
are called penalty parameters. The two distinct features of the DG sesquilinear form
ap(-, ) are: (i) it penalizes not only the jumps of the function values but also penalizes
the jumps of the tangential derivatives as well the jumps of all normal derivatives up to
rth order; (ii) the penalty parameters are purely imaginary numbers with nonnegative

maginary parts.
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Following [42, 44] and based on the DG weak formulation (4.41), our IP-DG
method for problem (4.39)-(4.40) is defined by seeking ®} € V," such that

an(®f,¢") = (Fo, v")p + (Go, ¥")ap v € VI, (4.43)

For the above IP-DG method, it was proved in [42, 44] that the method
is absolutely stable and its solutions satisfy some wave-number explicit stability
estimates. Its solutions also satisfy optimal order (in h) error estimates, which are

described below.

Theorem 4.4.2. Let ®% € V" be a solution to scheme (4.43), then there hold

(i) For all h,k > 0, there exists a positive constant éo independent of k and h

such that
, R R
||¢g||L2(D) + E ||®8H17h’D + ||¢)g||L2(3D) S COCS M(F()) GO)? <444)
where
d—2 1 1 rk?h2 405 v RE
cod2 11 (4 T _lie 4.45
EOR TR\ qehz B ot \/%T e
7"2 7“3 /31 e
-+ h_e + h_g Ve >’
M(Fy, Go) = || Foll 20y + | Goll 2 omy- (4.46)

(ii) If K3h%r=2 = O(1), then there exists a positive constant Cy independent of k
and h such that

1 ~ 1 1\ -~
106 20) + 108 ll20m) + L19GlInn < Co(F +75) M(Fo, Go). (447)
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An immediate consequence of (4.44) is the following unconditional solvability and

uniqueness result.
Corollary 4.4.3. There ezists a unique solution to scheme (4.43) for all k,h > 0.

Theorem 4.4.4. Let ) € V" solve (4.43), ®y € H*(Q) be the solution of (4.39)-

(4.40), and p = min{r + 1,s}. Suppose Vje, F1. > 0. Let v; = max.cer ;. and
_ 1

A=1+ b

(i) For all h,k > 0, there exists a positive constant Cy independent of k and h

such that
K3h | o\ bl
[0 — 10 < Co(C: +—cc) ol (4.48)
1®0 — ®F1|2(0) + [0 — BF | 12(0m) < CoCy (1 ( +k*C ) —H‘I)OHHS (4.49)

where

kh
C, —)\<1+—+Zr23 Ly + ) ,
Yo = AT

. kh
C, = <1+7—+7”yl+2r2j 27]+—> C,.

A1
j=2

(i) If k*h*r=2 = O(1), then there exists a positive constant Cy independent of k
and h such that

Co(r + k2h)h#1

/rS

%0 — 5[, < 190l (4.50)

C'ok:h

1P0 = @[ 12y + [[®0 = 26| 2oy < = 1ol

(D) (4.51)
Remark 4.4.5. It was proved in [27] (also by Theorem 4.2.6 with € = 0) that

1ol

~ 1\ .~
o) < Co(k + L) M(FLGo). s=0.1.2.

114



It is expected that the following higher order norm estimates also hold (cf. [42] for an

explanation):

1

[®oll=co) < Cok =+ ) (Il

H372(D) _|_ HGO‘

ptony) 523 (452)

provided that Fy, Go and D are sufficiently smooth. In such a case, ||®ol| . p) in
(4.48)—~(4.51) can be replaced by the above bound so explicit constants can be obtained

in these estimates.

Theorems 4.4.2 and 4.4.4 give stability and optimal error estimates (in h) for
the ITP-DG method in both the pre-asymptotic and asymptotic regime. Here the
asymptotic regime is characterized as k, h, 7 chosen to satisfy the constraint k3h%r—2 =
O(1). In the remainder of this chapter we only consider the asymptotic regime of
k*h*r—2 = O(1). This choice was made because the constants for the asymptotic

regime in both Theorem 4.4.2 and 4.4.4 are more tractable.

4.4.3 MCIP-DG Method for Approximating E(U3)

We recall that each mode function wu,, satisfies the following Helmholtz problem:

—Au, — k*u, = S, in D, (4.53)
d,u, + iku, = Q, on 0D, (4.54)
where u_; := 0 and
SO ::fv QO = Oa (455)
Sn ::2k2nun—1 + /f2772un—2, Qn = _iknun—la (456)

for n > 1. Clearly, S,(-,x) and @,(-,x) are random variables for a.e. x € D,
S, € L*(Q,L*(D)) and Q, € L*(Q,L*(0D)). We remark again that due to its

multiplicative structure E(S,) and E(Q,,) can not be computed directly for n > 1.
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Otherwise, (4.53) and (4.54) would be easily converted into deterministic equations
for E(uy), as we did early for E(up). In other words, (4.53)—(4.54) is a genuine
random PDE problem. On the other hand, since all the coefficients of the equations
are constants, then the problem is nearly deterministic. Such a remarkable property
will be fully exploited in our overall numerical methodology which will be described
in the next section.

Several numerical methodologies are well known in the literature for discretizing
random PDEs, Monte Carlo Galerkin and stochastic Galerkin (or polynomial chaos)
methods and stochastic collocation methods are three of well-known methods (cf.
[12, 11] and the references therein). Due to the nearly deterministic structure of
(4.53)—(4.54), we propose to discretize it using the Monte Carlo IP-DG approach
which combines the classical Monte Carlo method for stochastic variable and the IP-
DG method, which is presented in the proceeding subsection, for the spatial variable.

Following the standard formulation of the Monte Carlo method (cf. [12]), let M
be a (large) positive integer which will be used to denote the number of realizations
and V" be the DG space defined in Section 4.4.1. For each j = 1,2, -+, M, we sample
i.i.d. realizations of the source term f(wj, ) and random medium coefficient n(w,, -),

and recursively find corresponding approximation u”(w;,-) € V" such that

an (ub(w;, ), ") = (Sh(wy, ), ") ) + (Qh(wj, ), ¥"op YY" €V (4.57)

forn=20,1,2,--- ,N — 1. Where

So(wj,-) = flws, ), Qf:=0, (4.58)
u | (w;,+) =0, (4.59)
St (wy, ) = 2K nul_ (w;, ) + E2nPul_y(wy, ), n=12---,N—1, (4.60)
Q" (wj,-) = —iknqu!_(wj,+), n=1,2,--- N—1. (4.61)
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We point out that in order for u to be computable, S* and Q", not S,, and Q,,, are
used on the right-hand side of (4.57). This (small) perturbation on the right-hand
side will result in an additional discretization error which must be accounted for later.

We approximate E(u,) by the following sample average
| M
o = MZUZ(%, ). (4.62)
j=1
Thus, E(U5) can be approximated by

N-—1
Tho =) ol (4.63)
n=0

The rest of this section is used to analyze the error generated by this MCIP-DG
method. This will be carried out in the following two steps: (i) We estimate the
error from the IP-DG approximation, i.e. Us — Uk, where Uk = SNt emy . (i) We
estimate the error from the Monte Carlo method, i.e. E(U%) — Wk

We begin by obtaining stability estimates for each u”.

Lemma 4.4.6. Assume k3h*r=2 = O(1). Then for each n > 0 the following stability

estimate holds:

1 132,
E(l[unllzz(p) + llunlizop) < (E + @) Cln, ) E(IfZ2p),  (4.64)
1\2 .
E([u12,0) < (14 3) Cln k) E(IF20)), (4.65)
where
C(0,k) :=C2,  C(n,k) =410 21+ k)™ forn > 1. (4.66)
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Proof. Using estimate (4.47) one immediately obtains

(HUOHL2 + Jlugll72 aD))
1 1 1
25+ 1m) BN o) < G5
1+

E ([ ,0) < C3(1+ 1) BUISH a0 < G

IN

1
) E 120,

+
1
=) B B0

which verifies (4.64) and (4.65) for n = 0. Suppose (4.64) and (4.65) hold for all
n=0,1,2,---,¢— 1. It remains to show (4.64) and (4.65) hold for n = ¢.
Using (4.64) with n = ¢ — 1 and steps that were used previously in the proof of

Theorem 4.3.1 one obtains the following:

E(HU?H%Q(D) + ||Uh||%2(aD))

1
KE (4||u2_1||22(m + 32 ) + 5l 120 )

)
) (LR (46— 1K) + O = 2,8))E( 7 e
)

~

270 0(6_27k) 2
(14 kPO =1, (1 T @) E(1S 2o

1 1\2,
< (3 +73) CERENS ).

Here we have used the fact that

2 2/ C(t—2,k) -
8C2(1+ k)2C(¢ — 1, k) <1+4é( = k)) < C(L, k).

Thus (4.64) is proved for n = /.
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Using (4.65) along with a similar argument the following is found:

~ 1\2
E(lut I 1.0) < C3 (14 7 ) E(ISHZ2(0) + 190320

1\2 1
< 263 (1+ ) KB (4l 12 0y + EufollEz o) + 51k [F2(0m))
152
< 202(1 +2) Ak (40 (6—1,k)+C(0 -2 k))E(HfH%z(D))
1\2 4
< (1+7) CURENS 2
Hence (4.65) holds for n = ¢. Therefore, the induction argument is complete. O

To complete step (i), we need a set of auxiliary mode functions {QZ}WO. For
fixed realizations n(w;, ) and f(w;, ), we define @”(w;,-) € V" as the solution to the

following problem:
ap (ﬂ(wj’ )Z» ¢h) ( (w], ) @Z)h) <Qn(wj7 ')7 ¢h>8D v¢h S Vrh' (4'67)

Sp(wj, ) and Q,(w;, -) were defined in (4.55) and (4.56) and are different from S” and
Q" that are used in the definition of u”.

We also need the following lemma.

Lemma 4.4.7. Let v, > 0 be two real numbers, {c,}n>0 and {an}tn>o be two

sequences of nonnegative numbers such that
co < yag, ¢, < Pepoq +ya,  forn > 1. (4.68)

Then there holds
en < ’yZB”_jaj forn > 1. (4.69)

The proof to this lemma is trivial and thus is omitted.

Now, we are ready to estimate the error u, — u”.

119



Lemma 4.4.8. Suppose k3h*r=2 = O(1). Then the following error estimates hold:

E(H“n - UZHLZ(D) + fJun — UZ”LZ(BD)) (4.70)
Cokht <= - ~ i
< OTS Z [Co(2k + 3)]" E(||u;] Ho(D))>
j=0
CC2k(14+k)h 1 < . - i
E(|lun — ul|linp) < — ( " ) > [Co2k +3)] " VE(lull o), (471)

j=0
where p = min{r 4+ 1, s}.
Proof. To begin, we introduce the following error decomposition:

Uy — Uy = (un—ﬂﬁ) + (ﬂ,’i—uﬁ)
Thus, we get estimates on the error u,, — u” by first estimating u,, — @" and then
estimating @” — u". As an immediate consequence of Theorem 4.4.4 part (ii), for

E3h?r=2 = O(1) the following estimates hold:

k?h)h+1
Co(’l“ + ) E

E(”“n - afl”l,h,D) < s (llun HS(D))’ (4.72)
_ N CokhH
E(|[un = @l 2y + [t = Tl 2op)) < =5 Elltll o) (4.73)

To bound @ — u!*, we observe that subtracting (4.57) from (4.67) yields

a/h(ah - uh h) = (Sn - Sy}lLa 77Z)h)D + <Qn - Z7¢h>aD qubh € ‘/rh7 a.s.

n n’
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We apply Theorem 4.4.2 (ii) to obtain the following estimate:

E(Klla — ubllcao) + k1 — uhlli2op) + 1 = ulllinp ) (4.74)
- 1
< Co(1+ 2 )E(ISn = Skllzam) + 1Qn — Qhllz2om))
< 2Cok(k + 1)E<||Un—1 — || 2oy + lun—2 — up_slli2(p)

+ [Jun-1 — UZ_1||L2(8D)>'

Combining (4.73) and (4.74) and applying the triangle inequality, we get

]E(||un - UZHL?(D) + [y — UZHL?(@D)) (4.75)
< E(lah - bllzo) + 1 — ulll o) + lun = @200
+ [Jun — ﬂﬁ”m(ap))

< 2Co(k + 1)E<||Un—1 — tp_yll2(0) + [un—2 — up_s r2(p)

Cokh*
+ s = w200y ) + = E (e 1)

To estimate the error in || - ||1,.p, Wwe apply an inverse inequality along with (4.73),

(4.74), and the triangle inequality to get

E(lun — ulllin,p) <E(@r — wtllino + llun — @hll1np) (4.76)
< Ch'E(||a) — ulllr2py) + E([|un — @rllinn)
< CCoh™" (k + 1)E<2||Un—1 — tp_yll2(0) + [un—2 — up_s | r2(p)

1 Co(r + E2h)h#—1
+ 2w = 2oy + = E (o).
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Thus, (4.75) and (4.76) give recursive estimates for the error u, — u. Next, we

note the following estimates:

E(|lu_t — u"[lr2m)) = E([lu—1 — " lin0) =0, (4.77)
Cokh*
E([luo — ugll 2oy + lluo — ugll2om)) < e E(lluoll s+ (). (4.78)
Co(r + E2h)h#—1
E([luo — uglhnn) < - E([uoll o)) (4.79)
and define
U_g =u_y =u", =u", =0,
en s =E(Jun — ul |l 220y + tn-1 — ul_1|lr2m))

+ E(|Jun — |l 200) + [t — sy |l 2(0m))
CokhH

rr-S

B:=Co(2k+3), 7:= .= E(|u

(D)

Then by (4.76) these defined quantities meet the assumptions in Lemma 4.4.7.
Applying Lemma 4.4.7 yields (4.70). Now (4.76) and (4.70) can be combined to
produce (4.71). O

Now Lemma 4.4.8 can be used to bound the error due to IP-DG discretization,

ie. Uy — Uk,

Theorem 4.4.9. Assume that u, € L*(Q, H*(D)) for n > 0. Then the spatial error

Us — UL satisfies the following estimates:

. Cokht <=~ ~ i
E(|Us — Ukllz2py) < e DY e [Co2k +3)]" E(|lusll o) (4.80)
n=0 j=0
E(|U% — Ukllino) (4.81)
CC2E(1 4+ k)" = o~ 1~ -
< - <Ts ) e"[Co(2k + 3)] ﬁth%]H%DQ.
n=0 j=0
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To simplify the above spatial error estimates, bounds for E(|[us || z+(p)) in terms
of higher order norms of f are necessary. Only the case s = 2 is considered below for
simplicity. When s = 2, the required estimates have been obtained in (4.30). These

estimates in conjunction with Theorem 4.4.9 yield the following results:

Theorem 4.4.10. Assume that u, € L*(Q, H*(D)) for n > 0. Then the following

estimates hold:

E(HUf\/ - Uk]”[ﬁ(p)) S Og(N, ]{3,5) h2||f||L2(Q,L2(D))7 (482)
E([|Uy = Ukllinp) < Ca(N, k) b fllr2@.22(p)), (4.83)
where
ok Ba1) 11— (20,70 (2k +3)e)Y
C3(N, k,e) == C‘; : 200( +1) 1= (GG )<) (4.84)
r k (2\/ CO — 1) 1— 200\/ Co(2k+3)€
L1+ k Ba1) 11— (20,7/Co(2k +3)e)™
Co(N k) CORLER)  Go(k? +1) 1= 200V Go@k+3)) " ) oo

r2 k2(2¢/Co — 1) 1 —2Co/Co(2k + 3)e
Proof. To obtain the above result, we need to estimate the double sum
N—-1 n

Z Z en [C’O(Qk + 3)}nijE(||uj||H2(D))>

n=0 j=0
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which is in Theorem 4.4.9. Applying (4.30) to estimate ||u; ||H2(D) and exploiting some

geometric series properties of the sum we get

N—1 n
DY e [Co2k +3)]" T E(|[usll )
n=0 ;=0
1 N—-1 n )
<k+ ) fllz2@.r20n Y 8” [Co(2k +3)]" 7 C (5, k)>
n=0 j=
Coé(k‘g + 1) N—-1 n

== Il Lz(mZ P CE(1 + k)T [Co(2k +3)]"

C% E+1 n o
S%Hf”[ﬂg[ﬂp) Zé C(] 2]{3+3] 223002
n=0 7=0

Co(k3 +1) —
< 0% Tl [2:Co/Co(2k + 3
= kK2(2v/Co — 1)HfHL o Z “Cov/ o2+ 3))"

Colk® +1) 1= (2CoV/Co(2k + 3)e)™
T R2(2VCo — 1) 1—2C/Co(2k + 3)e

Ifllz2.22(D))-

We get (4.82) and (4.83) by applying the above inequality to (4.80) and (4.81)
respectively. O

Remark 4.4.11. Theorem /.4.10, shows that the error generated by the proposed
IP-DG method is optimal in the mesh size h.

With (i) complete, we turn our attention to (ii), i.e. estimating the error generated

by using the Monte Carlo method. The following lemma is well known (cf. [12, 58]).

Lemma 4.4.12. For n > 0 the following estimates hold:

E(|[E(up) — pllZen)) <

E([1E(un) — @ull35.0) < 7Elunll? s p)- (4.87)

E(llunlli2(p)): (4.86)

=

Combining Lemmas 4.4.12 and 4.4.6, we get the following error estimate theorem.
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Theorem 4.4.13. Under the constraint k*h?r=2 = O(1) the following estimates hold:

1 /1 1\2 4
h h|12 2
E(IE(uh) - Ol < 77 (7 + 75) CORE(S ), (4:88)
1 1\2 -~
E(E(u}) — @45 ) < 77 (1+ 1) Clu k) (1 fI2p)). (4:89)

Remark 4.4.14. Estimates (4.88) and (4.89) show that for each fized n > 0 the
statistical error due to sampling is controlled by the number of realizations of ul.
Indeed, it can be easily proved by using Markov’s inequality and Borel-Cantelli lemma

that the statistical error converges to zero as M tends to infinity, see [12, Proposition

4.1] and [58, Theorem 3.2].
The above estimates on E(u”) — ®” are now used to obtain the following theorem.

Theorem 4.4.15. Suppose k*h*r=2 = O(1) and 6 := 4eCo(1 + k) < 1. Then the

following estimates hold:

A

C 1 1 1
E(HE(UJ}\LI) - \IJ?\IHB(D)) < 2\/OM (E + ﬁ) | flle2@,r2(p) - 1—6’ (4.90)
E([EUY) - Will, ) < oo (14 7)1 a0 - - (1.91)
LhD7 = o /M k ’ 1—-0o
Proof. First, note that
N-1
e
n=0
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By (4.88) we get

N-1
E(|EWUR) = Wyl o) < D "E(IE(h) = ®hll12n)
n=0

=2

-1

1
VM
Co

1 1

< ——= (¢ + ) I lerm

e"C(n, k)2

(]

3
=1

1

1 1 .
(E + @) I fllz2@.2py) ) 4"e"Cy(1+ k)"

<

~ /M

Co /1 1 1
(5 + @) Wl 7=

I~
o

<

=

2

where & := 4eCy(1+ k) < 1.
Similarly, by (4.89)

N-1
E([|EWR) = ¥&l,,p0) < D "E(IE(ur) = lhnn)
n=0
C 1 1
< sz (L ) losem - 7=
The proof is complete. O

Remark 4.4.16. Theorem 4.4.15 shows that the error generated by using the Monte
Carlo method is on the order of O(M’%). Thus, for an accurate approximation a

large number of realizations M must be taken.

4.5 The Overall Numerical Procedure

This section is devoted to defining and analyzing the overall efficient MCIP-DG
algorithm for computing u®. The key to efficiency is the exploitation of the
special structure inherent in the multi-modes expansion. In Subsection 4.5.1, the
efficient MCIP-DG algorithm is defined and its computational complexity is analyzed.

Subsection 4.5.2 summarizes all of the error estimates given in the previous sections
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to obtain an estimate of the total error produced by using the multi-modes MCIP-DG
method.

4.5.1 The Numerical Algorithm, Linear Solver and Compu-

tational Complexity

The goal of this subsection is to introduce an efficient MCIP-DG method to
approximate the expectation of the solution to the random Helmholtz problem (4.1)—
(4.2). The key to this method is the exploitation of the special structure of the
multi-modes expansion of the solution described in Section 4.3. In order to judge
the efficiency of this method, we must establish a reliable standard upon which to
compare and contrast our method. For this standard, we use the classical MCIP-DG
method that does not utilize the multi-modes expansion of the solution. In order to
define such a method, we need to introduce a new IP-DG formulation. Given a sample
realization of the coefficient 7(w;, -) and source data f(wj,-) define @"(w;,-) € V; as

the solution to
d?(ﬁh(wja ')7 Uh) = (f(wjv ')7 Uh)Da vvh € V}Ia (492)
where

(0, 0) = bu(6,1) = K((1+ en(wy, )%, ) 1+ Tk((L+en(ey, ), ¥) s
#1(La(6,10) + D Jn(0.1)).

Here by(-,-), Li(+,-), and J,,(-,-) are defined previously in Subsection 4.4.2. Notice

that the main difference between (4.92) and (4.57) which was used to define u” is

that the sesquilinear form d;‘(~, -) depends on the realization n(w;,-). This is the
key observation that makes the use of the multi-modes expansion worth-while when

seeking an efficient MCIP-DG method.
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Based on (4.92) the classical MCIP-DG method for solving the random Helmholtz
problem is defined by the following algorithm:
Algorithm 1 (Classical MCIP-DG)

Inputs: f,n,e,k,h, M.
Set W"(-) = 0 (initializing).
Forj=1,2,--- M

Obtain realizations n(wj, -) and f(w;, ).

Solve for 4" (w;,-) € V" such that
aly (0" (wj, ), o) = (f(wj,)svn),  Von € VI

Set Wh(-) = Wh() + L (w;, ).
Endfor

Output W"(.).

This algorithm is very expensive for M large, because at each step of the loop a
deterministic Helmholtz equation must be solved. This requires one to solve a large
(especially for k large), ill-conditioned, indefinite linear system. It is well-known that
no standard iterative method works well for such a system [37]. For this reason,
Gaussian elimination is considered for each solve in the loop. Since the Gaussian
elimination step is the most costly portion of the loop, the computational complexity
is estimated in terms of Gaussian elimination steps.

Let h be the mesh size of a quasi-uniform partition 7; of the domain D. Then each
coefficient matrix that appeared in the for-loop of Algorithm 1 has approximate size

O(L? x L), where L = % Each Gaussian elimination solve will have computational

3L3d
2

complexity O < ) Thus, the overall computational complexity of Algorithm 1 is

0 <w> Recall that the Monte Carlo method converges at a rate of O(M’%).
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Thus, M must be chosen sufficiently large in order to gain sufficient error reduction.
Therefore, a computational complexity of O (%) is quite costly, and this makes
Algorithm 1 not practical.

For this reason, the following algorithm is introduced.

Algorithm 2 (Multi-Modes MCIP-DG)
Inputs: f,n,e,k,h, M, N
Set W (-) = 0 (initializing).
Generate the coefficient matrix A associated to the sesquilinear form ay(-,-) over
Vi x vk,
Compute and store the LU decomposition of A.
Forj=1,2,--- M
Obtain realizations n(w;,-) and f(w;,-).
Set S§(wj, ) = f(wy, ).
Set Qf(wj,-) = 0.
Set u”;(wj,) = 0.
Set Uk (w;,+) = 0 (initializing).
Forn=0,1,--- ,N —1

Solve for u”(w;,-) € V" such that

ah(uZ(wj’ ')7 Uh) = (SZ(WP ')7 Uh)D + <QZ(WJ'7 ')7 Uh>aD Vup € Vrh>
using the LU decomposition and forward and backward substitution.
Set Un(wj,*) = Up(wy, ) + e™up(wj, ).
Set Spy1(wy, ) = 2k n(wj, Jui (wy, -) + k2n(w), ) *up_y (w), ).

Set QZ+1(W]'7 ) = —ik‘?](w]-, ')UZ(wﬁ )
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Endfor
Set W (-) < Wi () + 35 Un(wj, ).

Endfor
Output WA (-).

The key difference between Algorithm 1 and Algorithm 2 is the fact that the
bilinear form ay(-,-) used in the “nearly deterministic” Helmholtz equation in the
inner for loop of Algorithm 2 does not depend on the current mode number n or the
current realization number j. Thus, only one stiffness matrix A must be computed
and its LU decomposition can be reused when seeking a solution to the equation in
the inner loop. This results in a great savings in terms of computational time required
by the algorithm.

To analyze Algorithm 2, again the coefficient matrix A will have approximate
size O(L? x L?). Thus, Gaussian elimination used to produce the LU decomposition
has order O(#) After this LU decomposition is computed, solving the system

using forward and backward substitution has complexity order O(L?*?). Thus, the

computational complexity for Algorithm 2 is on the order O (3’:2301 + MN L2d>. M

will be chosen large (c.f. Remark 4.4.16). On the other hand, N will be chosen to
be a small positive integer (c.f. Remark 4.3.4). With the intent of choosing M large,
using M = L? for Algorithm 2 yields a computational complexity O (% + N L3d>.
This is on the same order as a few Gaussian elimination solves.

The Monte Carlo method is naturally parallelizable and it is in this setting that
Algorithm 1 should be implemented. The structure of Algorithm 2 also allows parallel
implementation. This being said, unless one uses computational resources in which
all Gaussian elimination solves in Algorithm 1 can be carried out at the same time,

Algorithm 2 should be more efficient in terms of computation time.
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4.5.2 Convergence Analysis

The goal of this subsection is to analyze the error of the multi-modes MCIP-DG
approximation produced by Algorithm 2. Recall that Algorithm 2 uses the following

three sequential approximations:

e Approximation of u® with a partial multi-modes expansion Uy,

e Approximation of U, with its IP-DG approximation Uk

e Approximation of E(U%) with its Monte Carlo approximation W#
Thus, the error E(uf) — ¥ associated with Algorithm 2 can be decomposed in the
following manner:

E(uf) — Uy = (E(uv) —E(UR)) + (B(UR) — E(UR)) + (E(U) — Uy).

Each piece of this error decomposition has already been estimated in the previous
sections of this chapter. The following theorem puts these results together to obtain

estimates for the total error of Algorithm 2:
Theorem 4.5.1. Under the assumptions that u, € L*(Q, H*(D)) for n > 0,

E3h?r=2 = 0O(1) and 0,6 <1 (i.e. e = O(k™')), the following error estimates hold:

E(|E(u) — |l r2(py) < Cre®™ + Coh® + CyM 3, (4.93)
E(|E(u) — |l ) < Cae™ + Csh+ CeM 3, (4.94)
where C; = C;(Cy, é’o, k,e) are positive constants for j =1,2,--+ 6.

Proof. To begin, we apply the triangle inequality to the error decomposition given
above. Then each term can be estimated separately using Theorems 4.3.3, 4.4.9, and

4.4.15. Note that Theorem 4.3.3 cannot be used directly; instead, the Cauchy-Schwarz
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inequality must be used in the following manner:

E (|l = Ul ) < E (1) E (1w = Uslids o))
9000'2N j 1 4 2
< m (k + E) E (Hf“L?(D)) .

Thus, taking the square root on both sides and applying the definition of ¢ yields the
first term in (4.93) and (4.94). With this result and those listed above, the desired

inequalities follow. O

4.6 Numerical Experiments

In this section we present a series of numerical experiments in order to accomplish

the following:

e compare our MCIP-DG method using the multi-modes expansion to a classical

MCIP-DG method

e illustrate examples using our MCIP-DG method in which the perturbation

parameter ¢ satisfies the constraint required by the convergence theory

e illustrate examples using our MCIP-DG method in which the perturbation

parameter constraint is violated

In all our numerical experiments we use the spatial domain D = (—0.5,0.5)%. To
partition D we use a uniform triangulation 7. For a positive integer n, 7;/, denotes
the triangulation of D consisting of 2n? congruent isosceles triangles with side lengths
1/n,1/n, and v/2/n. Figure 4.1 gives the sample triangulation 7; /0.

To implement the random noise 7, we note that n only appears in the integration
component of our computations. Therefore, we made the choice to implement 7
only at quadrature points of the triangulation. To simulate the random media, we

let n(-, ) be an independent random number chosen from a uniform distribution on
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0.5

-0.5 0 0.5

Figure 4.1: Triangulation 7y /0.

some closed interval at each quadrature point z. Figure 4.2 shows an example of such

random media.
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Figure 4.2: Discrete average media 5 Z;Vil a(wj, ) (left) and a sample media a(w, -)
(right) computed for h = 1/20, e = 0.1, (-, z) ~ U[—1, 1], and M = 1000.

4.6.1 MCIP-DG with Multi-modes Expansion Compared to
Classical MCIP-DG

The goal of this subsection is to verify the accuracy and efficiency of the proposed
multi-modes MCIP-DG method. As a benchmark we compare this method to the
classical MCIP-DG (i.e. produced using Algorithm 1). Throughout this section gh
is used to denote the computed approximation to E(u) using the classical MCIP-DG.

In this subsection, we set f =1, k =5, 1/h =50, M = 1000, and ¢ = 1/(k + 1).

Here ¢ is chosen with the intent of satisfying the constraint set by the convergence
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theory in the preceding section. 7 is sampled as described above from a uniform
distribution on the interval [0, 1]. W% is computed for N = 1,2, 3,4, 5.

In our first test, we compute || % — U"||12(p). The results are displayed in Figure
4.3. As expected, we find that the difference between W% and ¥" is very small. We
also observe that we are benefited more by the first couple modes while the help from
the later modes is relatively small. From this experiment, we see the error decrease
is similar to eV. This is expected from Theorem 4.4.15.

To test the efficiency of our MCIP-DG method with multi-modes expansion, we
compare the CPU time for computing ¥% and ", Both methods are implemented
on the same computer using Matlab. Matlab’s built-in LU factorization is called to
solve the linear systems. The results of this test are shown in Table 4.1. As expected,
we find that the use of the multi-modes expansion improves the CPU time for the
computation considerably. In fact, the table shows that this improvement is an order
of magnitude. Also, as expected, as the number of modes used is increased the CPU

time increases in a linear fashion.

02
025
015
02

0.15 g %, 01

Relative Error
€

0.05

1 2 3 2 5 1 2 3 2 5
N (humber of modes) N (humber of modes)

Figure 4.3: (left) Relative error in the L?-norm between W}, computed using the multi-
modes MCIP-DG method and ¥" computed using the classical MCIP-DG method.
(right) eV vs. N for N =1,2,--- 5.

4.6.2 More Numerical Tests

The goal of this subsection is to demonstrate the approximations obtained by our
multi-modes MCIP-DG method using different magnitudes of parameter e. We only

consider the case 0 < ¢ < 1 in order to legitimize the series expansion u®. Our
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Table 4.1: CPU times required to compute the multi-modes MCIP-DG
approximation W% and the classical MCIP-DG approximation W".

Approximation | CPU Time (s)
yh 3.4954 x 10°
wh 1.0198 x 10*
o 2.0307 x 10*
o 3.0037 x 10°
7 3.0589 x 107
7z 4.9011 x 107

hope is that € = O(k™!) required by the convergence theory (c.f. Theorem 4.4.15) is
not sharp in practice, and thus our multi-modes MCIP-DG method produces good
approximations for larger values of £. Similar to the numerical experiments from [42],
we choose the function f = sin (ka(w,-)r)/r, where r is the radial distance from the
origin and a(w, -) is implemented as described in the beginning of this section. Since
our intention is to observe what happens as we vary ¢, we fix kK = 50, h = 1/100, and
M = 1000.

In Figures 4.4 and 4.5, we set € = 0.02 and |n| < 1. In Figure 4.4 we present plots
of the magnitude of the computed mean Re(\DQL) and a computed sample Re(UgfL),
respectively, over the whole domain D. Figure 4.5 gives the plots of a cross section
of the computed mean Re(U%) and a computed sample Re(U}), respectively, over
the line y = x. In this first example, we observe that the computed sample does not
differ greatly from the computed mean because ¢ is very small.

In Figures 4.6-4.11, we fix |n| < 1 and increase € past the constraint established
in the preceding convergence theory. As expected, we see that as € increases the
computed sample differs more from the computed mean. We also observe that as ¢
increases the phase of the wave remains relatively intact but the magnitude of the
wave becomes more uniform.

In Table 4.2, the relative error (measured in the L?*-norm) between the multi-
modes approximation W% and the classical Monte Carlo approximation ¥" is given

for e = 0.02,0.1,0.5,0.8. In this table only three modes (i.e., N = 3) are used. Recall
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that the convergence theory in this case only holds for € on the order of the first value
0.02. That being said, we observe that the approximations corresponding to € = 0.1
and ¢ = 0.5 are relatively close to those obtained using the classical Monte Carlo
method. Another observation that can be made from Table 4.2 is that as € increases
the relative error increases. This is expected from the convergence theory.

Recall that the error predicted in the convergence theory can be bounded by a term
with the factor V. Thus for ¢ relatively large, one must use more modes to decrease
the error. Keeping this in mind, Table 4.3 records the relative error (measured in the
L?*-norm) between the multi-modes approximation W% and the classical Monte Carlo
approximation ¥" for ¢ = 0.5,0.8 and N = 4,5,6,7. We observe that the relative
error decreases as N increases when € = 0.5. On the other hand, the relative error
increases as IV increases when € = 0.8. From Tables 4.2 and 4.3, we observe that multi-
modes approximation W% is relatively accurate (measured against an approximation
from the classical Monte Carlo method) even in cases when e does not satisfy the
constraint set forth in the convergence theory. We also observe that when ¢ becomes
too large, the multi-modes approximation no longer agrees with the classical Monte

Carlo method.

Table 4.2: Relative error in the L?-norm between the multi-modes MCIP-DG
approximation W% and the classical MCIP-DG approximation W".

€ 0.02 0.1 0.5 0.8
Relative L? Error || 3.0125 x 107* | 6.0073 x 10~* | 0.2865 | 1.6979

Table 4.3: Relative error in the L?norm between the multi-modes MCIP-DG
approximation W% and the classical MCIP-DG approximation W".

| e [N=4[N=5|N=6|N="7]
0.5 [ 0.2866 [ 0.1125 | 0.1137 | 0.0554
0.8 || 1.7036 [ 1.6713 | 1.6839 | 1.7887
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Figure 4.4: Re(W}) (left) and Re(UY) (right) computed for k = 50, h = 1/100, ¢ = 0.02,
n(-,x) ~U[-1,1], and M = 1000.
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Figure 4.5: Cross sections of Re(W}) (left) and Re(UY) (right) computed for k = 50,
h =1/100, € = 0.02, (-, z) ~ U[-1, ],andM—lOOO over the line y = z.
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Figure 4.6 Re(\Ilg‘) (left) and Re(Ugl) (right) computed for k = 50, h = 1/100, ¢ = 0.1,
n(-,2) ~U[-1,1], and M = 1000.
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Figure 4.7: Cross sections of Re(W}) (left) and Re(UY) (right) computed for k = 50,
h=1/100, ¢ = 0.1, (-, ) ~ U[~1,1], and M = 1000.
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Figure 4.8: Re(W!) (left) and Re(UY) (right) computed for k = 50, h = 1/100, e = 0.5,
(-, x) ~U[-1,1], and M = 1000.
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Figure 4.9: Cross sections of Re(W}) (left) and Re(UY) (right) computed for k = 50,
h=1/100, ¢ = 0.5, (-, ) ~ U[—1,1], and M = 1000,
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Figure 4.10: Re(U4) (left) and Re(U}) (right) computed for k = 50, h = 1/100,
e=0.8,n(-,x) ~U[-1,1], and M = 1000.
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Figure 4.11: Cross sections of Re(U!) (left) and Re(U}) (right) computed for k = 50,
h=1/100, e = 0.8, (-, ) ~ U[—1,1], and M = 1000.
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Chapter 5

Schwarz Space Decomposition
Methods for Nonsymmetric and

Indefinite Problems

5.1 Introduction

The original Schwarz method, proposed and analyzed by Hermann Schwarz in 1870
[72], is an iterative method to find the solution of a partial differential equation (PDE)
on a complicated domain which is the union of two overlapping simpler subdomains.
The method solves the equation on each of the two subdomains by using the latest
values of the approximate solution as the boundary conditions on the parts of the
subdomain boundaries which are inside of the given domain. The idea of splitting
a given problem posed on a large (and possibly complicated) domain into several
subproblems posed on smaller subdomains and then solving the subdomain problems
either sequentially or in parallel is a very appealing idea. Such a “divide-and-conquer”
idea is at the heart of every domain decomposition or Schwarz method.

It is well-known that [77] the domain decomposition strategy can be introduced at

the following three different levels: the continuous level for PDE analysis as proposed
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and analyzed by Hermann Schwarz in 1870, the discretization level for constructing
(hybrid and composite) discretization methods, and the algebraic level for solving
algebraic systems arising from the numerical approximations of PDE problems. These
three levels are often interconnected, and each of them has its own merit to be
studied. Most of the recent efforts and attentions have been focused on the algebraic
level. The field of domain decomposition methods has blossomed and undergone
intensive and phenomenal development during the last thirty years (cf. [74, 65, 77]
and the references therein). The phenomenal development has largely been driven by
the ever-increasing demands for fast solvers for solving important and complicated
scientific, engineering, and industrial application problems which are often governed
mathematically by a PDE or a system of PDEs. It has also been infused and facilitated
by the rapid advances in computer hardware and the emergence of parallel computing
technologies.

At the algebraic level, domain decomposition methods or Schwarz methods have
been well developed and studied for various numerical approximations (discretiza-
tions) of many types of PDE problems including finite element methods (cf. [31, 81]),
mixed finite element methods and spectral methods (cf. [77]), and discontinuous
Galerkin methods (cf. [40, 56, 41, 4]). A general abstract framework, backed by
an elegant convergence theory, was well established many years ago for symmetric
and positive definite (SPD) PDE problems and their numerical approximations (cf.
[31, 81, 74, 65, 77, 83] and the references therein).

Despite the tremendous advances in domain decomposition (Schwarz) methods
over the past thirty years, the current framework and convergence theory are
mainly confined to SPD problems in Hilbert spaces. Because the framework and
especially the convergence theory indispensably rely on the SPD properties of the
underlying problem and the Hilbert space structures, they do not apply to genuinely
nonsymmetric and /or indefinite problems. As a result, the SPD framework and theory

leave many important and interesting problems uncovered as pointed out in [77, page

311].
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This chapter attempts to address this important issue in Schwarz methods. The
goal of this chapter is to introduce a new Schwarz framework and theory, based on
the well-known idea of space decomposition as in the SPD case, for nonsymmetric
and indefinite linear systems arising from continuous and discontinuous Galerkin
approximations of general nonsymmetric and indefinite elliptic partial differential
equations under some “minimum” structure assumptions. Unlike the SPD framework
and theory, our new framework and theory are presented in a variational setting in
Banach spaces instead of Hilbert spaces. Such a general framework allows broader
applications of Schwarz methods. Additive, multiplicative, and hybrid Schwarz
methods are developed. A comprehensive Schwarz preconditioner theory is provided
which includes condition number estimates for the additive Schwarz preconditioners
and hybrid Schwarz preconditioners. The main idea of our nonsymmetric and
indefinite Schwarz framework and theory is to use weak coercivity (satisfied by the
nonsymmetric and indefinite bilinear form) induced norms to replace the standard
bilinear form induced norm in the SPD Schwarz framework and theory (see Sections
5.2-5.4 for a detailed exposition). As expected, working with such weak coercivity
induced norms and nonsymmetric and indefinite bilinear forms is quite delicate. It
requires new and different technical tools in order to establish our preconditioner
theory.

The remainder of this chapter is organized in the following way. In Section
5.2, we introduce notation, the functional setting, and the variational problems
which we aim to solve. Section 5.2 also contains some further discussions on
the main idea of the chapter. Section 5.3 is devoted to establishing an abstract
additive Schwarz, multiplicative Schwarz, and hybrid Schwarz framework for general
nonsymmetric and indefinite algebraic problems in a variational setting in general
Banach spaces. In Section 5.4, we present an abstract preconditioner theory for
the additive and hybrid Schwarz methods proposed in Section 5.3. In Section
5.5, we present some applications of the proposed nonsymmetric and indefinite

Schwarz framework to discontinuous Galerkin approximations of convection-diffusion
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(in particular, convection-dominated) problems. We also provide extensive 1-D
numerical experiments to gauge the performance of the proposed nonsymmetric and

indefinite Schwarz methods.

5.2 Functional Setting and Statement of Problems

5.2.1 Variational Problem

Let X be a real Hilbert space with the inner product (-,-)x and the induced norm
|- llx. Let VW C X be two reflexive Banach spaces endowed with the norms || - ||y
and || - ||w respectively. Let A(-,-) be a real bilinear form defined on the product space
V x W and F be a real linear functional defined on W. We consider the following

variational problem: Find v € V such that
A(u, w) = F(w) Yw € W. (5.1)

The well-posedness of the above variational problem has been extensively studied.

One such result is summarized in the following theorem:

Theorem 5.2.1. (cf. [9]) Suppose that F is a bounded linear functional on W.
Assume that A(-,-) is continuous and weakly coercive in the sense that there exist

constants C4,v4 > 0 such that

|A(v, w)| < Callv||v||wl|lw YoeV,weW, (5.2)
sup oy Voev, (53)
wew |lwllw

sup A(v, w) >0 VO£ weW. (5.4)
veV

Then problem (5.1) has a unique solution uw € V. Moreover,

Eil)

lully < —
VA

(5.5)
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Remark 5.2.2. (a) Theorem 5.2.1 is called Lax-Milgram-Babuska theorem in the
literature (cf. [09]). It was first introduced to the finite element context in [8] (also
see [9]). An earlier version of the theorem can also be found in [62].

(b) As pointed out in [9, page 117], condition (5.4) can be replaced by the following

more restrictive condition: There exists a constant 54 > 0 such that

sup A(;’m > Ballwllw  Yw e W (5.6)

vev  |Jvflv

The above condition can be viewed as a weak coercivity condition for the adjoint
bilinear form A*(-,-) of A(, ).

(c) Weak coercivity condition (5.3) is often called the inf-sup or Babuska—Brezzi
condition in the finite element literature [16, 24] for a different reason. It appears
and plays a wital role for saddle point problems and their (mized) finite element
approzimations (cf. [17, 18]).

(d) Theorem 5.2.1 is certainly valid when V. = W. Since condition (5.3) is
weaker than strong coercivity, Theorem 5.2.1 is a stronger result than the classical
Lax-Milgram Theorem for the case V.= W. Indeed, for most convection-dominated
convection-diffusion problems, V.= W . However, there are situations where condition
(5.3) holds but strong coercivity fails (c.f. Section 5.5).

(e) There are also situations where one prefers to use different norms for the trial
space V' and the test space W even if V.= W (c.f. the generalize weak coercivity
properties in Chapter 2). Theorem 5.2.1 also provides a convenient framework to

handle such a situation.

5.2.2 Discrete Problem

As problem (5.1) is posed on infinite dimensional spaces V and W, to solve it
numerically, one must approximate V and W by some finite dimensional spaces
Vo, W,, € X. Here n = dim(V,,) = dim(W,,) is a positive integer which denotes
the dimension of V,, and W,. If one of (or both) V, and W, is not a subspace
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of its corresponding infinite dimensional space, then one also needs to provide an
approximate bilinear form a(-,-) for A(-,-) so that a(-,-) is well defined on V,, x W,,.
In addition, if W, is not a subspace of W one also needs to provide an approximate
linear functional f for F so that f is well defined on W,,.

Once V,,,W,,a and f are constructed, the Galerkin method for problem (5.1) is

defined as seeking u,, € V,, such that
a(tn, wy,) = f(wy) Yw, € W,,. (5.7)

Pick a basis {¢}"_; of V;, and a basis {¢/@W}"_; of W,,. It is trivial to check that
the discrete variational problem (5.7) can be rewritten as the following linear system

of equations:
Au =1, (5.8)

where u = [u(j)];-‘zl is the coefficient vector of the representation of w,, in terms of the

basis {¢W)}"_; and

A= [&ij:| Zj=1’ Qjj = a’(¢(j)> w(l))7 (59)
£= 0], D= fp). (5.10)

The properties of matrix A (called a stiffness matrix) are obviously determined
by the properties of the discrete bilinear form a(-,-) and the approximate spaces V,,
and W,. When V,, = W, it is well known that [49] A is symmetric if and only if
a(-,-) is symmetric and A is positive definite provided that a(-,-) is strongly coercive
on V, x V,. In general, A is just an n X n nonsymmetric real matrix if a(-,-) is not
symmetric. A also can be indefinite (i.e., A has at least one negative and one positive
eigenvalue) if a(-,-) fails to be coercive.

As (5.8) is a square linear system, by a well-known algebraic fact we know that

(5.8) has a unique solution u provided that the stiffness matrix A is nonsingular.
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This nonsingular condition on A becomes necessary if one wants (5.8) to be uniquely
solvable for arbitrary vector f. For most application problems (such as boundary
value problems for elliptic PDEs), one needs to consider various choices of the “load”
functional F, so the vector f is practically “arbitrary” in (5.8). Hence, besides some
deeper mathematical and algorithmic considerations, asking for the stiffness matrix
A to be nonsingular is a “minimum” requirement for the discretization method (5.7)
to be practically useful.

Sufficient conditions on the discrete bilinear form a(-,-) and the approximate
spaces V,, and W,, which infer the unique solvability of the linear system (5.8) have
been well studied and understood in the past thirty years. In particular, for the
SPD type (algebraic) problems arising from various discretizations of boundary value
problems for elliptic PDEs [8, 9, 24, 16, 14, 66]. In the following, we shall quote some

of these well-known results in a theorem which is a counterpart of Theorem 5.2.1.

Theorem 5.2.3. (cf. [8, 9]) Suppose that f is a bounded linear functional on W,.
Assume that a(-,-) is continuous and weakly coercive in the sense that there exist

constants Cy, Y4, Ba > 0 such that

la(v,w)| < Cullvllv;, ||wllw, Yo € V,,, w € Wy, (5.11)
sup afv, v) > Yallv]lvi Yv € V,, (5.12)
A W) S 5wl Yw € W, (5.13)

Then problem (5.7) has a unique solution u,, € V,,. Moreover,
[y, < HWLH (5.14)

A few remarks are in order about the above well-posedness theorem.

Remark 5.2.4. (a) The constants C,, 7., and 3, do not need to be independent

of n for Theorem 5.2.3 to hold. From a practical perspective, if these constants are
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dependent on n then the numerical discretization method characterized by (5.7) may
not be convergent. Since the convergence of the numerical discretization method is
not the focus of this chapter, this independence is not necessary.

(b) Condition (5.13) is equivalent to requiring that the adjoint a*(-,-) of a(-,-) is
weakly coercive.

(¢) Conditions (5.11)—(5.13) are analogies of their continuous counterparts (5.2)—
(5.4). The discrete weak coercivity condition (5.12) is often called the inf-sup or
Babuska—Brezzi condition in the finite element literature [16, 2] for a different
reason. It is the most important one in a set of sufficient conditions for a mixed
finite element to be stable (cf. [17, 18]).

(d) A numerical method which fulfills conditions (5.11)—(5.13) is guaranteed to be
uniquely solvable and stable. Hence, these conditions can be used as a test stone to
determine whether a numerical method is a “good” method. For this reason, we shall
call the numerical method (5.7) an inf-sup preserving method or a weak coercivity
preserving method if it satisfies (5.11)—(5.13).

(e) Theorem 5.2.3 focuses on the unique solvability and the stability of the
numerical method (5.7) not on the accuracy of the method. We like to note that
method (5.7) indeed is an accurate numerical method provided that approximate spaces

Vo and W, are accurate approximations of V- and W (cf. [9]).

5.2.3 Main Objective

As we briefly explained above, approximating the variational problem (5.1) by a
Galerkin method certainly results in solving the linear system (5.8). It is well known
that the common dimension n of the approximation spaces V,, and W, has to be
sufficiently large in order for the Galerkin method to be accurate. As a result, the
size of the linear system (i.e., the size of the matrix A) is expected to be very large in
applications. Moreover, if (5.1) is a variational formulation of some elliptic boundary

value problem, then the stiffness matrix A is certainly ill-conditioned in the sense
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that the condition number x(A) := [|A]|||A7!]| is very large. Here ||A]| denotes a
matrix norm of A. For example, in the case of second and fourth order elliptic
boundary value problems, x(A) = O(ni) and r(A) = O(na), respectively, where d
is the spatial dimension of the domain (cf. [16, 77]). Consequently, it is not efficient
to solve linear system (5.8) directly using classical iterative methods even if they
converge. Furthermore, unlike in the SPD case, classical iterative methods often do
not converge for general nonsymmetric and indefinite linear system (5.8) (cf. [49, 77]).

As a first step toward developing better iterative solvers for nonsymmetric and
indefinite linear system (5.8), it is natural to design a “good” preconditioner (i.e., an
n x n real matrix B) such that BA is well-conditioned (i.e., k(BA) is relatively small,
say, significantly smaller than x(A)). Then one can try classical iterative methods.
In particular, the Generalized Minimal Residual (GMRES) method can be used on
the preconditioned system

BAx = DBb. (5.15)

One can also develop some new (and hopefully better) iterative methods if classical
iterative methods still do not work as well on (5.15) as one had hoped.

As was already mentioned in Section 5.1, the focus of this chapter is exactly what
is described above. Our goal is to develop a new Schwarz framework and theory,
based on the well-known idea of space decomposition, for solving nonsymmetric and
indefinite linear system (5.8) which arises from the Galerkin method (5.7) as an
approximation of the variational problem (5.1). As expected, our nonsymmetric and
indefinite Schwarz framework and theory are natural extensions of the well-known

SPD Schwarz framework and theory which were nicely described in [31, 81, 74, 65, 77].

148



5.3 An Abstract Schwarz Framework for Nonsym-
metric and Indefinite Problems

For the sake of notational brevity, throughout the remainder of this chapter we shall
suppress the sub-index n in the discrete spaces V,, and W,, and in discrete functions
Uy, U, and w,. In other words, V and W are used to denote V,, and W,,, and u, v
and w are used to denote u,, v, and w,. In addition, we shall make an effort below
to use the same or similar terminologies, as well as space and norm notation as those
in [77] for the symmetric and positive definite (SPD) Schwarz framework and theory.
We shall also make comments about notation and terminologies which have no SPD
counterparts and try to make links between the well known SPD Schwarz framework
and theory and our nonsymmetric and indefinite Schwarz framework and theory.

To motivate, we recall that in the SPD Schwarz framework and theory [31, 81, 74,
65, 77], since V.= W and the discrete bilinear form a(-,-) is symmetric and strongly
coercive, \/a(v,v) defines a convenient norm (which is also equivalent to the || - ||y-
norm) on the space V' (as well as on its subspaces). This bilinear form induced norm
plays a vital role in the SPD Schwarz framework and theory.

Unfortunately, without the symmetry and strong coercivity assumptions on af(-, -,
\/W is not a norm anymore when V' = W. It is not even well defined if V' #
W. To overcome this difficulty, the existing nonsymmetric and indefinite Schwarz
framework and theory (cf. [22, 77, 82]), which only deal with the case V' = W, assume
that a(-,-) has a decomposition a(-,-) = ao(-,-) + a1 (-, ), where ao(-,-) is assumed to
be symmetric and strongly coercive (i.e., it is SPD) and a, (-, -) is a perturbation of
ao(+,-). In this setting, ag(-, ) then induces an equivalent (to || - [|v/) norm /ag(v,v)
and one then works with this norm as in the SPD case. Unfortunately, such a setting
requires that aq(-,-) is a small perturbation of ag(-,-), which is why the existing
nonsymmetric and indefinite Schwarz framework and theory only apply to “nearly”
SPD problems. Hence, it leaves more interesting and more difficult nonsymmetric

and indefinite problems unresolved.
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5.3.1 Main Assumptions and Main Idea

To develop a new Schwarz framework and theory for general nonsymmetric and
indefinite problems, our only assumptions on the discrete problem (5.7) are those
stated in the well-posedness Theorem 5.2.3. We now restate those assumptions on
the discrete bilinear form a(-,-) and its adjoint a*(-,-) using the new function and

space notation (i.e., after suppressing the sub-index n) as follows:

Main Assumptions

(MA;) Continuity There exists a positive constant C, such that

la(v, w)| < Collv|lv|wllw YoeV, weW. (5.16)

(MA,) Weak coercivity There exists positive constants 7,, 5, such that

sup alv, w) > Yallvllv Yo eV, (5.17)
wew [[wl[w
sup X S il v e W (5.18)
vev [vllv

Remark 5.3.1. (a) Since a*(w,v) = a(v,w), then the continuity condition (5.16) is

equivalent to

0" (w, )| < Calwllwllvllv — YweW,veV, (5.19)

and (5.18) is equivalent to

sup T S gl Ve e W (5.20)
vev lvllv

(b) Assumptions (MA;) and (MAs) impose some restrictions on the underlying

Galerkin method (5.7). But as we noted in Remark 5.2.4, these are some “minimum”
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conditions for the Galerkin method to be practically useful. From that point of view,

(MAy) and (MAy) are not restrictions at all.

As it was pointed out in the previous subsection, for a general nonsymmetric and
indefinite problem, since the discrete bilinear form a(-, -) is not strongly coercive, then
a(v,v) is not a norm anymore. In fact, a(v, v) may not even be defined if V' # W. So
a crucial question is what norms (if any) would a(-,-) induce on V' and W which are
equivalent to || - ||y and || - ||w. It turns out that a(-,-) does induce equivalent norms
on both V and W, and these norms are hidden in the weak coercivity conditions
(5.17) and (5.18). This key observation leads to the main idea of this chapter; that

is, we define the following weak coercivity induced norms:

|v|la ;= sup alv, w) Yo eV, (5.21)
wew [|wllw

||w]|q+ := sup @ (w,v) Yw e W. (5.22)
vev vl

Assumptions (MA;) and (MA,) immediately infer the following norm equivalence

result. Since its proof is trivial, we omit it.

Lemma 5.3.2. The following inequalities hold:

Yallvllv < l[olla < Callvllv Vv eV, (5.23)

Pallwllw < flw

o < Collw|lw  Yw e W. (5.24)

We conclude this subsection by noting that the variational setting laid out so far
is a Banach space setting. No Hilbert space structure is required for the spaces V'
and W. This is not only mathematically interesting but also practically valuable
because for some PDE application problems it is imperative to work in a Banach
space setting. We also note that if V=W and a(-,-) is SPD (i.e., it is symmetric and
ar = \/m. Hence, we recover the standard

strongly coercive), then |[v||, = |jv

bilinear form induced norm.
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5.3.2 Space Decomposition and Local Solvers

It is well known [31, 81, 74, 83, 77| that Schwarz domain decomposition methods
can be presented abstractly in the framework of the space decomposition method. In
particular, the physical domain decomposition provides a practical and effective way
to construct the required space decomposition and local solvers in the method. To
some extent, the space decomposition method to the Schwarz domain decomposition
method is what the LU factorization is to the classical Gaussian elimination method.

Like in the SPD Schwarz framework (cf. [77]), there are two essential ingredients
in our nonsymmetric and indefinite Schwarz framework, namely, (i) construction of
a pair of “compatible” space decompositions for V. and W and (ii) construction of a
local solver (or local discrete bilinear form) on each pair of local spaces. However,
there is an obvious and crucial difference between the SPD Schwarz framework
and our nonsymmetric and indefinite Schwarz framework. When V # W, our
framework requires space decompositions for both spaces V' and W, and these two
space decompositions must be chosen compatibly in the sense to be described below.

Let

V; C X, W, cX for j =0,1,2,--- . J,

be two sets of reflexive Banach spaces with norms || - ||y, and || - ||w, respectively. We
note that Vy and W, are used to denote the so-called coarse spaces in the domain

decomposition context. For j =0,1,2,---,J, let
RV, =V, SEW W

denote some prolongation operators.

Remark 5.3.3. In the Schwarz method literature (cf. [77, 74, 81]), R} is often used
to denote both the prolongation operator from V; to 'V and its matriz representation.
Such a choice of notation is due to the fact that the matrixz representation of the

not-explicitly-defined restriction operator R; from V' to V; is always chosen to be the
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transpose of the matriz representation of the prolongation operator. As expected, such
a dual role notation may be confusing to some readers. To avoid such a potential
confusion we use different notations for operators and their matriz representations
throughout this chapter.

We also like to note that in the construction of all Schwarz methods the
restriction operators/matrices are not “primary” operators/matrices but “derivative”
operators/matrices in the sense that they are not chosen independently. Instead, they
are determined by the prolongation operators/matrices. One often first defines the
matriz representation of the (desired) restriction operator as the transpose of the the
matriz representation of the prolongation operator and then defines the restriction
operator to be the unique linear operator which has the chosen matriz representation
(under the same bases in which the prolongation matriz is obtained). This will
also be the approach adopted in this chapter for defining our restriction operators
(see Definition 5.5.6). Clearly, such a definition of the restriction operators is not
only abstract but also depends on the choices of the bases of the underlying function
spaces. However, its simplicity and convenience at the matrixz level make the definition

appealing.

Suppose that the following relations hold:

RV, CV, SIW; CW forj=0,1,2,--,/J, (5.25)
J J

vV => RV, w=> 8w, (5.26)
=0 =0

where RjV] and 5]T W; stand for the ranges of the linear operators R; and S]T
respectively.

Associated with each pair of local spaces (V;,W;) for j = 0,1,2---,J, we
introduce a local discrete bilinear form a;(-,-) defined on V; x W;, which can be
taken either as the restriction of global discrete bilinear form a(-,-) on V; x W; or as

some approximation of the restriction of a(-,-) on V; x W;. We call these two choices
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of local discrete bilinear form a;(-, ) an exact local solver and an inexact local solver,
respectively. After the local discrete bilinear forms are chosen, we can define what

constitutes as a compatible space decomposition.

Definition 5.3.4. (i) A pair of spaces V; and W; are said to be compatible with
respect to a;(-,-) if they satisfy the following conditions:

(LA;) Local continuity. There exists a positive constant C,, such that

a0, 0)] < Cyllolly lwll, Vo€V, we W, (5.27)

(LA3) Local weak coercivity. There exist positive constants v,; and (4, such that

sup a; (v, w) > g1Vl v, Yo eV, (5.28)
wew; ||w||w,
sup a;(v, w) > Ba; |w]|w, Yw € W. (5.29)

vev; vy,

(i1) A pair of space decompositions {V;}/_o and {W;}/_o of V' and W satisfying
(5.25)(5.26) are said to be compatible if each pair of V; and W; is compatible with
respect to a;(-,-) for j =0,1,2,--- ,J.

Obviously conditions (LA;) and (LA3) on a;(-,-) are the analogies of (MA;) and
(MA3) on a(+,-). By Theorem 5.2.3, these conditions guarantee that the local problem

of seeking u; € V; such that
a;(uj, w;) = f;(w;) Vow; € W, (5.30)

is uniquely solvable for any given bounded linear functional f; on W;. Moreover,
(LA;) and (LA2) are “minimum” conditions for achieving such a guaranteed unique
solvability (cf. Remark 5.2.4). Furthermore, like its global counterpart, the local

weak coercivity condition (LA,) induces the following two equivalent norms on V;
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and Wj:

a;(v,w)
[vla, := sup IJIwT Yu €V, (5.31)
weWs W
ai(w,v
[w][a: := sup (W) Yw € W, (5.32)

vev; vlly,

where a}(w,v) := a;(v,w) for any (v,w) € V; x W;.

Trivially, we have

Lemma 5.3.5. Suppose that V; and W; are compatible with respect to a;(-,-). Then
the following inequalities hold:

olloll, < lolly < Cosllell, Vo eV, (5.33)

Bagllwllw, < [lw

w < Cyllwlly,  Vw e W, (5.34)

5.3.3 Additive Schwarz Method

Throughout this section, we assume that we are given a global discrete problem (5.7),
and the global discrete bilinear form a(-, ) fulfills the main assumptions (MA;) and
(MA;) so that problem (5.7) has a unique solution v € V. In addition, we assume
we are given a pair of space decompositions {V;}7_, and {W;}/_, of V and W, the
prolongation operators {R; 37:0 and {Sj 3’:0, and the local discrete bilinear forms
{a;(-,") 3]:0 such that the given space decompositions are compatible with respect to
the given local discrete bilinear forms in the sense of Definition 5.3.4. Our goal in
this subsection is to construct the additive Schwarz method for problem (5.7) using
the given information.

To continue, we now introduce two sets of projection-like operators ﬁj V=V
and éj W — W, for j =0,1,2,---,J. These projection-like-operators will serve
as the building blocks for the constructions of both our additive and multiplicative

Schwarz methods. For any fixed v € V and w € W, define 73]-1) € V; and @jw e W;
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a; (Pjv,w;) = a(v, Sjuw;) Vw; € Wy, (5.35)

a;(Qw,v;) == a”(w, Rjv;)  Vu; € V. (5.36)

J

We recall that a}(w;, v;) = a;(vj, w;) for all v; € Vj and w; € W;. We also note that
since V; and W; are assumed to be compatible, Theorem 5.2.3 then ensures both ﬁj
and @j are well defined for 7 =0,1,---,J.

Since V; and W; may not be subspaces of V' and W, 75]'1) and éjw may not belong
to V and W. To pull them back to the global discrete spaces V and W, we appeal

to the prolongation operators R;r- and S} for help. Define the composite operators

Pii=RloP;,  Q:=800Q; forj=01,2--,J (5.37)

J

Trivially, we have P; : V =V and Q; : W — W for j =0,1,2,--- , J.
We now are ready to define the following additive Schwarz operators. Following

[31, 81, 74, 77] we define

Pad = 730+P1+7)2+"'+PJ, (538)
Q=90+ Q1+ 9Q+--+ 9. (5.39)

The matrix interpretation of the additive operator P,, is similar to but slightly
more complicated than the one in the SPD Schwarz framework. In particular, the
additive operator 9,y does not exist in the the SPD framework. For the reader’s
convenience, we give below a brief matrix interpretation for both P,, and Q,,.

Fixing a basis for each of V,W,V; and Wj, let A and A; denote respectively
the global and local stiffness matrices of the bilinear forms a(-,-) and a;(-,-) with
respect to the given bases. Let R}, S}, Igj, éj, P;,Q;, P,, and @),, denote the matrix

representations of the linear operators R}, S;-r , ﬁj, éj, P;, Q;, P.a and Q,, with respect
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to the given bases. Lastly, let AT, AJT, R;T and SJT-T denote the matrix transposes of
l il
A, Aj, R and 5.
Using the above notation and the well-known fact that composite linear operators

are represented by matrix multiplications, we obtain from (5.35) and (5.36) that

Ajf’jv = S]T-TAV Vv € R", (5.40)
ATQw:=RI"A"™w  vweR" (5.41)
Thus,
Py = A;'SIT A, P; = RIA;'SIT A, (5.42)
Q;=A;TRI"AT, @, =SIA;TRITAT, (5.43)

where Aj_l and AJ-_T denote the inverse matrices of A; and A;‘.F, respectively. We also
note that the compatibility assumptions (LA;) and (LAj) imply that A" and A;T
do exist.

Finally, it follows from (5.38), (5.39), (5.42) and (5.43) that

J
P.=RIAG'STTA+) RIA'SIT A, (5.44)
j=1
J
Qui = SJA;TRITAT + ) " STATTRITAT. (5.45)
j=1

From the above expressions, we obtain the following two additive Schwarz

preconditioners for both A and its transpose A”":

J
B:= RhAS'STT + > RIASISTE (5.46)
j=1
J
B := S{A;"RIT + ) STATTRIT (5.47)
Jj=1
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It is interesting to note that BT = B” which means that the nonsymmetric Schwarz
preconditioner B can be used to precondition both the linear system (5.7) and its
adjoint system without any additional cost.

As it was already alluded to in Remark 5.3.3, we now formally define our restriction

operators {R;} and {S;}.

Definition 5.3.6. For j =0,1,2,--- ,J, let R; : V =V, (resp. S§; : W — W;) be
the unique linear operator whose matrixz representation is given by S}T (resp. R}T)

under the same bases of V,W,V; and W; in which R}T and S}T are obtained.

By the design, the matrix representations R; and S; of R; and S; satisfy R; = S}T
and S; = RI".

5.3.4 Multiplicative Schwarz Method

The multiplicative Schwarz methods for solving problem (5.7) refer to various
generalizations of the original Schwarz alternating iterative method (cf. [15, 81]).
However, they also can be formulated as linear iterations on some preconditioned
systems (cf. [77]). In this chapter we, adopt the latter point of view to present our
nonsymmetric and indefinite multiplicative Schwarz methods. We shall use the same
notation as in Subsection 5.3.3.

We first introduce the following two so-called error propagation operators:

Ei = (Z—=Pj)o(Z—-Py1)o--0(Z—"Py), (5.48)
s =T —-Py)o(Z—-P1)o--0o(Z—-Ps)o(Z—-Py)o---0(Z—"Py). (5.49)

where Z denotes the identity operator on V or on W. We then define the following

two “preconditioned” operators:

P =T — Eun, P, =T &, (5.50)
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It is easy to check that the algebraic matrix representations of the above operators

are, respectively,

E...=(UI—-P)I—-P;4)--(I—-PF), (5.51)
E,=U-FR)I—-P) - (I-=P)I—-P)--(I—-P)I- D), (5.52)
Po.:=1— E.., (5.53)
P, —I1-E.,. (5.54)

Then our multiplicative Schwarz iterative methods are defined as
uft = (1 - C)u® + g = Fu® + g, k>0 (5.55)

where (C, E) are either (P,,, E,.) or (P. ), and g takes either g,, € R" or

sy sy

g., € R" which are easily computable from f in (5.8).

Remark 5.3.7. (a) Clearly, the case with the triple (P, E,.., 8..) corresponds to the
classical multiplicative Schwarz method for (5.8) (cf. [15]).

(b) The case with the triple (P,, E.,,, g.,) can be regarded as a “symmetrized”
multiplicative Schwarz method for nonsymmetric and indefinite problems. However,
we note that the operator &, and matriz E,, are not symmetric in general because

{P;} and {P;} may not be symmetric.
(¢) Unlike in the SPD case, the norm |

g’mu

o could be larger than 1 for convection-
dominant problems as shown by the numerical tests given in Section 5.5, although
the multiplicative Schwarz method appears to be convergent in all those tests.
Consequently, the convergent behavior of the multiplicative Schwarz method presented

above is more complicated than its SPD counterpart.
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5.3.5 A Hybrid Schwarz Method

In this subsection, we consider a hybrid Schwarz method which combines the additive
Schwarz idea (between subdomains) and the multiplicative Schwarz idea (between
levels). The hybrid method is expected to take advantage of both additive and
multiplicative Schwarz methods.

The iteration operator of our hybrid Schwarz method is given by

£y = (T —aPy)(T—-P), where P = Z}le P, (5.56)
Gy =(T—-aQ)(Z-0Q), where Q=37 0; (5.57)

Thus, the “preconditioned” hybrid Schwarz operator has the following form:

~

Py =TI — &, =aPy+ (T —aP,)P, (5.58)

~

Q. =T—G, =aQy+(T—aQy)0, (5.59)

where «, called a relaxation parameter, is an undetermined positive constant.
Since the corresponding matrix representations of &,,, Py, Gy, and Q,, are easy

to write down, we omit them to save space.

5.4 An Abstract Schwarz Preconditioner Theory
for Nonsymmetric and Indefinite Problems

In this section, we shall first establish condition number estimates for additive Schwarz
operator P,, and for its matrix representation P,,. We then present a condition

number estimate for the hybrid operator P, .
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5.4.1 Structure Assumptions

Our preconditioner theory rests on the following structure assumptions. The validity
of these structure assumptions is dependent on the numerical discretization method
that is being implemented along with the choice of space decomposition, local solvers,
and prolongation operators that are made. These choices must be made carefully in

order to ensure a good Schwarz preconditioner is obtained.

(SAq) Compatibility assumption. Assume that {(V}, W)}/, is a compatible decom-

position of (V, W) in the sense of Definition 5.3.4.

(SA1) Energy stable decomposition assumption. There exist positive constants C, and

C\ such that every pair (v,w) € V x W admits a decomposition

with v; € V; and w; € W; such that

J
> villay < Cyllvlla, (5.60)
§=0
J

D lwjllw, < Cwllwllw. (5.61)
§=0

(SAy) Strengthened generalized Cauchy-Schwarz inequality assumption. There exist

constants 6;; € [0,1] for 4,5 =0,1,2,---,J such that

a(RZTvi,S]ij) S HUHRIUZHGHSJTMJHW \V/’UZ‘ c ‘/Z', w; € Wj. (562)
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(SA3) Local stability assumption. There exist positive constants wy and wy such that

for y=0,1,2,---,J

IR v1lla < wyllvslla, Vu; € Vi, (5.63)

[Sfwjlle < wwllwylly, Yy €W, (5.64)

(SA4) Approximability assumption. There exist (small) positive constants 5V,3\V,(5W

andgw such that for i =0,1,2,--- ,Jand j=1,2,--- ,J

v — Povlla < 0v[v]la Yuev, 5.65
v — Plla < Sy |v]la Yo ev, 5.66

|w — Qow|lw, < dwlwllw Vw e W,

—~ —~ —~ —~
o) =)
0] ~
~ ~— ~— ~—

[w = Qullw, < dwllwllw — VweW,

where P := S P and Q= S0
We now explain the rationale and motivation of each assumption listed above.

Remark 5.4.1. (a) We note that || - ||, and || -

o+ are defined in (5.21) and (5.22),
o; are defined in (5.31) and (5.32).

and |- [, and | -

(b) For a given compatible pair of space decompositions {(V;, W;)}/_, decom-
positions of each function v € V and w € W may not be unique. Assumption
(SA1) assumes that there exists at least one decomposition which is energy stable for
every function in'V and W. It imposes a constraint on both the choice of the space

decompositions {(V;, W;)}/_y and on the choice of the local bilinear forms {a;(-,-)}7_,-

(c) We note that different norms are used for two functions on the right-hand side

of (5.62), and 60;; is defined for i,j = 0,1,2,---,J. We set © = [Qz‘j]ij,j:o and note
that © is a (J+1) x (J+1) matriz. We shall also use the submatriz O := (05517521 in

our analysis to be given in Section 5.4. Since the bilinear form a(-,-) is not an inner

product, the standard Cauchy-Schwarz inequality does not hold in general. But it does
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hold in this generalized sense with 0;; = 1, see Lemma 5.4.2. Moreover, we expect
that each pair (V;, W;) for 1 <i,j < J only interacts with very few remaining pairs
in the space decomposition {(V;, W;) 3]:1. Hence, the matriz @, which is symmetric,
15 expected to be sparse and nearly diagonal in most applications. On the other hand,
we expect that Op; = 0o =1 fori,j =1,2,---,J.

(d) Local stability assumption (SAsz) imposes a condition on the choice of the
prolongation operators R; and SJT. It requires that these operators are bounded
operators.

(e) Assumption (SAy), which does not appear in the SPD theory, imposes
a local approzimation condition on the projection-like operators {73]} and {é]}
Consequently it imposes conditions on the prolongation operators {R;}, {S]T} and the
local solvers a;(-,-).

(f) Because of the norm equivalence properties (5.23), (5.24), (5.33) and (5.34),
one can easily replace the weak coercivity induced norms by their equivalent underlying
space norms or vice versa in all assumptions (SA;)-(SAs). However, one must track
all the constants resulting from the changes. The main reason for using the current
forms of the assumptions is that they allow us to give a cleaner presentation of our

nonsymmetric and indefinite Schwarz preconditioner theory to be described below.

5.4.2 Condition Number Estimate for P,

First, we state the following simple lemma.

Lemma 5.4.2. The following generalized Cauchy-Schwarz inequalities hold:

a(v, w) < [[vllallwllw VoeV,weW, (5.69)
a(v,w) < ||v] YoeV,welW, (5.70)
0y wy) < gl w0l Yoy € Viowy €Wy, j= 0,1 J,  (5.7)
a;(v;,w;) < Vo, e Vi, w; € Wy, 57=0,1,---,J. (5.72)
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Proof. (5.69)-(5.72) are immediate consequences of the definitions of the norms

. [l
%

I flas 1~ lla=s [} - lla, and [}

Lemma 5.4.3. Under assumptions (SAg) and (SAs), the following estimates hold:

1P50lla; < willvlla YoeV, j=0,1,-,J (5.73)
1Pjv]le < wyww||v|la YoeV, j=0,1,---,J, (5.74)
1Qwllas < wyCl, By [w]]ar YweW, j=0,1,---,J (5.75)
1Qjwllar < wywiwCaCaiBy Bt lwlles  Yw eW, j=0,1,---,J,  (5.76)
1Pl < wwwCav, ol VeV, j=01,---,J (5.77)
| Qjwl|w < wVwWCajﬁQ_jIHwHW YVweW, j=0,1,---,J. (5.78)

Proof. For any v € V., by assumption (SA3) and Lemma 5.4.2 we get for j =
07 1a T ‘]a

1Byolla, = sup L Pran) (5.79)

w;eW; ||wj||Wj
a(U,S]ij)

= sup (by (5.35))
w; eW; ijHWj
vl Shw,
< sup M (by (5.69))
w; €W ||wj||Wj
< e (by (5.64))
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Hence, (5.73) holds. (5.74) follows immediately from (5.73) and (5.63). By

assumption (SAsz) and Lemma 5.4.2 we obtain

|Ow]|us = sup a;(v;, Qu)
7 ey vl
a RTU',U}
= sup —( JJ ) (by (536))
viev; vl
Riv; ollw
< [Rlelwlhy oy (5,69
vev; vl
BN Y oy (569
vev, vl
< wyCo llw|lw (by (5.33))
< oy 7 0l (by (5.24))

Hence, (5.75) holds. (5.76) follows from (5.75), (5.23), (5.64), and (5.34). From the
proof for (5.75) we can obtain ||éjw

a7 < wyCy [|wlw. This result along with (5.64)
and (5.34) yields (5.78). The proof is complete. O

We now are ready to give an upper bound estimate for the additive Schwarz

operator P.,.

Proposition 5.4.4. Under assumptions (SAg)—(SAs) the following estimate holds:
|Pavlle < wwww[l+wyCWwNO)]|Jvlle Yo eV, (5.80)

where © = [0;;]],_0, N(©) = max{N;(0); 0 < j < J} and N;(©) denotes the number
of monzero entries in the vector ©; := [0;;]1_,, i.e., the number of nonzero entries of

the jth column of the matriz ©.

Proof. For any w € W, let {w;} be an energy stable decomposition of w as defined
in (SA;). By the definition of P,4, (5.69), (5.62), (5.74), (5.64), and (5.61) we get for
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any v € V

J

a(P,av, w) = a(Pov, w) + Z a(Pv,w) (5.81)
=1
g

= a(Pyv, w) + Z Z a(RIPw, S}wj)
i=1 j=0
JoJ

<N Povllallwllw + DY 8l PwllalSwjllw

i=1 j=0

J
< wndolla{ ol + 3 Ni(©)IISw; e
j=0

J
< wllolla{ ol + @ N (©) 3w, }
=0
< v ol Jolh + 00 N (©)Cis ol }
= WyWy [1 + WWCWN(G))} [vl[allw]w-
Hence, (5.80) holds. The proof is complete. ]

As expected, it is harder to get a lower bound estimate for the additive Schwarz
operator P,,. Such a bound then readily provides an upper bound for P_!. To this

end, we first establish the following key lemma.

Lemma 5.4.5. (i) Suppose that for every v € V, {ﬁjv;j =0,1,2,---,J} forms a
stable decomposition of P,v. Then under assumptions (SAg) and (SA;) the following
inequality holds:

J
ST IPlle, < CllPutlla Vo€V (5.82)

J=0
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(i1) If the condition of (i) does not hold, then under assumptions (SAg)-(SA4) we

have

J
> 1Brvll, < 5T+ D[IPuvlla + (30 +8) o1l (5.83)

j=0

Proof. (i) For any v € V, let u = P,v, u; = 75]-1) for j =0,1,2,---,J. Since

J J J
u=Paw=Y Pw=)Y RioPu=> Riu,
§=0 j=0 §=0

{u;} is indeed a decomposition of u which is assumed to be stable. By assumption
(SA;) we conclude that (5.60) holds for u, which gives (5.82).
ii) Let v be same as in part (i). Recall that P = ‘-]: P;. Using the identity
j=1"1J

1r~ - ~ ~
Pijv = 3 [Pju + Pj(v —Pyv) + Pj(v — Pv)} for j =0,1,---,J,

the triangle inequality, (SA4) and (5.73) we get

~ 1 _ _ N )
HPjUHaj < 5 [Hpju”aj + ”7)] (’U - ’POU)H%, + H’P] (U _ 'Pv)”%}
< w%[““”a"’ ((sv+gv)H'UHa] fOl"j =0,1,--- ’J.

Then summing the above inequality we obtain

J
D Pyl < (1) [lella + (B + 82 ol

=0
Hence, (5.83) holds. The proof is complete. O]

We now are ready to establish a lower bound estimate for the additive Schwarz

operator P,,.
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Proposition 5.4.6. (i) Under the assumptions of (i) of Lemma 5.4.5, the following

estimate holds:
[P.vlla = (CVCw)Hvlla  YoeW. (5.84)
(ii) Under the assumptions of (ii) of Lemma 5.4.5, the following estimate holds:
IPuvlla > Kot flolla Yo eV, (5.85)
provided that CW(J + 1) ((5V + ES\V) < 1 where
wWiwCw

Ko = —. (5.86)
2 —2C(J +1) (0, +0v)

Consequently, operator P,, is invertible.

Proof. For any w € W, let {w;} be an energy stable decomposition of w, that is,

J
w = ZSJij,
5=0

and (5.61) holds. Then we have

B

a(v,S]ij) (5.87)

a(v,w) =

.
Il

a;(Pjv, w;) (by (5.35))

W

0

.
I

P50l s, (by (5.71))

B

<.
Il
o

|P; Vl[q Z |w;]lw, (by discrete Schwarz inequality)

IA
gM%

< Cwllwllw Z H75j71|!aj- (by (5.61))
=0
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The desired estimates (5.84) and (5.85) follow from substituting (5.82) and (5.83)
into (5.87), respectively. The proof is complete. ]

Remark 5.4.7. We note that the argument used in the proof of lower bound estimate
(5.85) is in the spirit of the so-called Schatz argument (cf. [16]) which is often used to
derive finite element error estimates for nonsymmetric and indefinite problems. It is
interesting to see that a similar argument also plays an important role in our Schwarz

preconditioner theory.

Combining Propositions 5.4.4 and 5.4.6 we obtain our first main theorem of this

chapter.

Theorem 5.4.8. (i) If for every v € V, {ﬁjv;j =0,1,2,---,J} forms a stable
decomposition of P, then under assumptions (SAg)-(SAs) the following condition

number estimate holds:
Ka(Pur) < wywyCyCi[1 4+ wyCywN(O)]. (5.88)

(i1) If the condition of (i) does not hold, then under assumptions (SAg)—-(SA4) the

following condition number estimate holds:

Ka(Pas) < wywiw |14+ wyCywN(0)] K. (5.89)

Where
Ka(Pas) = HpadHaHP;leav (5.90)
[Poalla == sup [Pl (5.91)

0£VEV [v]la

The above condition number estimates for the operator P,, also translates to its

matrix representation.
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Theorem 5.4.9. (i) Under assumptions of (i) of Theorem 5.4.8 the following

condition number estimate holds:
Kka(P,,) < wvwavCW[l + wWCWN(@)}. (5.92)

(ii) Under assumptions of (ii) of Theorem 5.4.8 the following condition number

estimate holds:

ka(P,,) < wvww[l + wWC’WN(@)} Koy, (5.93)
where
KA(Pur) = | Pullall P ], (5.94)
P v
[ Pulla := sup B ”A, (5.95)
ozverd  |[Vlla
V][4 := VAV - Av = VAT Av - v. (5.96)

Proof. Given bases for the spaces V' and W, we can write v € V and w € W with
vector representations v € R"” and w € R"”, respectively. Also there exists A € R"*"

such that a(v,w) = wl Av. If ||w||w = ||w||2 then we get

wlAv [wll2[| A2
[v]la = sup < e = AVl = vl
werr [|[Wll2 7 wern [[wll2
and
wlAv _ (Av)TAv
[0]la = sup = [Vl

wern |[Wl2 7 [|Av]2

for v # 0. Thus, for |w||w = |[|w||2, (5.92) and (5.93) are immediate consequences of

(5.88) and (5.89), respectively. O
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5.4.3 Condition Number Estimate for P,

As in the case of SPD problems [77, section 2.5.2], we replace the structure assumption

(SA;) by the following one:

(égl) Energy stable decomposition assumption. There exist positive constants 6\, and

C\w such that every pair (p,v) € range(Z — aPy) X range(Z — aQp) admits a

decomposition
J J
p=D Rigs U= S
j=1 j=1

with ¢; € V; and ¢; € W; such that

J

> N#illa, < Cullellas (5.97)
j=1

J o~
S il < Culltllw- (5.98)
j=1

We remark that the new energy stable decomposition assumption (SNAl) implies that
any pair (v,w) € V x W has a stable decomposition (in the sense of (SA;)) of the

following form:

J J
vzozPoerZR}goj, wzaQow—FZS}%;
=1 =1
where {(¢;,1;)}/_; is a stable decomposition (in the sense of (STM)) for ((Z —
aPo)v, (T — aQO)w).
Next lemma shows that P; (resp. P.q) and Q; (resp. Q,,) are mutually conjugate

with respect to the bilinear form a(-, ).
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Lemma 5.4.10. The following identities hold:

a(Pjv,w) = a(v, Q;w) Vv,w) e VxW,j=0,1,2,---,J, (5.99)
a(P,v,w) = a(v, Qw) V(v,w) e V. x W. (5.100)

Since the proof is trivial, we omit it to save space.
The following proposition is the analogue to Proposition 5.4.4 for the hybrid

operator P,,.

Proposition 5.4.11. Under assumptions (SAp), (SA’;h), (SAs) and (SAs) the

following estimate holds:

1Pulle < wwww[a +wuCyN(©) (1 + awywnCa; B,.1) ] [0]la. (5.101)

~

for allve V. Where © = [0,]]

1,j=1"

Proof. Let P = Z;}:l P; and Q = ijl Q;. For any v € V and w € W, let
¢ = (Z —aPy)v and ¥ = (T — aQp)w. Obviously, ¢ € range(Z — a’Py) and ¢ €
range(Z — Qp). By assumption (SA;), (¢, %) admits an energy stable decomposition
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{(9037 ¢J)} . Thus,

a((Z = aPy)Pv, w) = a(Pv, (T — aQq)w) (5.102)
— a(Pu, )
J J
= Z Z a(RIPw, S;w])

< wywwl|vla ZN ISl

j=1
< Wy N(O)]v]la ZII%HW
< wywiy CwN (O )HUH (K4

< ww, Cy N (0) (1 + awywy Ca, B 1) [V laflw]lw

where we have used (5.78) to obtain the last inequality. The above inequality in turn

implies that

I(Z — aPo)Pulla < i, CuN (8) (1 + awvionCa, B, o]l

and
IPuvlla < alPovlla + II(Z = aPo)Pulla
< awyww + wvwsvéwN((:))(l + awvwWC’ajﬁa_jl) |lv]]a-
Hence, (5.101) holds and the proof is complete. ]

Next, we derive a lower bound estimate for ||P,||o. The following proposition is

an analogue of Proposition 5.4.6.
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Proposition 5.4.12. Under assumptions (SAo), (3741), (SA2)-(SA4), along with the
assumption mnge([ — aQo) =W the following estimate holds:

[Puvlle > Kol Vo€V, (5.103)

provided that gv(éwww—k Ozwvww) < 1. Where

1
- ES\V(CV’WWW + Cm)VWW) .

Ky = (5.104)

Consequently, operator P,, is invertible.

Proof. For any v € V and w € W. Let ¢ := (Z — aQy), w € range(Z — aQyp) and
u := P,v. Assumption (STAl) ensures that ¢ has an energy stable decompositions

{%’}Jle with ¢; € W;, that is,

J J
=38l and 3|l < Cullvll. (5.105)
Jj=1 j=1
Using the following identity

v=u+ (v—"Pv)+aPy(Pv—v),
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(SAy), (5.63), (5.73) and (5.105) we get

a(v,v¥) = a(u,¥) + a(v — 731), 1[)) + oza(Po (ﬁv — v),w)

J

< Jullallllw +_a(e = Pv,8u5) + [ Po(Po = v) | Il
J; ) A o

< ullallll + >~ a; (P (v = Po), ) + aw||Po(Po = o) ||, [1¢]lw
j=1

J
< Nullall@llw + D wwovllollalsllw, + awvwwdyl[vllall¢llw

j=1
< [Julallt]|lw + by (waw + CVWVWW) v][al]t)]|w

The desired estimate follows from the assumption range(/ — aQy) = W. O]

Remark 5.4.13. We note that the assumption range (Z —«aQq) = W is equivalent to
asking T — aQy to be invertible, which holds for sufficiently small or large relazation

parameter a.

Combining Propositions 5.4.11 and 5.4.12 we obtain our third main theorem of

this chapter.

Theorem 5.4.14. Under assumptions (SAg), (5'741), (SA3)-(SA4) and range(I —

aQO) =W the following condition number estimate holds:

Ka(Phy) < wyww|a + wwé’wN(@))(l + ozwvwWC’ajﬁa’jl)} K;. (5.106)

5.5 Application to DG Discretizations for Convection-
diffusion Problems

In this section, we shall use our abstract framework and the abstract preconditioner

theory developed in Sections 5.3 and 5.4 to construct three types of Schwarz
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methods for discontinuous Galerkin approximations of the following general diffusion-

convection problem:

Lu = —div(o(u)) +y(z)u = f in €, (5.107)
u=0 on 02, (5.108)

where Q C R?(d = 1,2, 3) is a bounded domain with Lipschitz continuous boundary
0Q and o(u) := —D(x)Vu + b(x)u. D(z) € R¥? satisfies A\|[€]2 < D(x)¢ - € < Af¢]?
V¢ € R for some positive constants A and A. So (5.107) is uniformly elliptic in  [47,
Chapter 8]. Assume that b € H(div, Q) or b € [C°(Q)]¢, v € L=(Q) and f € L*(Q).
Let V = W = H}(Q), then the variational formulation of (5.107)—(5.108) is defined

as [9, 47]
A(w,0) = Flw)  Yw e W, (5.109)
where
A, w) = /Q (D@)Vu- Vw+ ba)u - Voot ()uw) d, (5.110)
Flw) = /wa da. (5.111)

Clearly, when b(z) # 0, the bilinear form A(-,-) is nonsymmetric. The problem

can be further classified as follows:

(i) Positive definite case: If b and ~ satisfies
1. .
v(z) + §d1Vb(l‘) >0 in Q. (5.112)
(ii) Indefinite case: If b and c satisfies
L. :
v(z) + édlvb(a;) <0 in Q. (5.113)
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It is easy to check that all the conditions of the classical Lax-Milgram Theorem
hold in the positive definite case. It also can be shown [9] that in the indefinite case all
the conditions of Theorem 5.2.1 are satisfied provided that problem (5.107)—(5.108)
and its adjoint problem are uniquely solvable for arbitrary source terms. It is also well
known [9, 47] that in indefinite case the bilinear form A(-, -) satisfies a Garding-type

inequality instead of strong coercivity.

5.5.1 Discontinuous Galerkin Approximations

Consider a special case of (5.107) where D(z) = ¢ > 0 and b € [Wh=(Q)]
To discretize this problem, we shall use an interior penalty discontinuous Galerkin
(IPDG) scheme developed in [5]. For this scheme we require a shape-regular
triangulation 7, of the domain 2. The scheme can then be written in the form

(5.7) where

V =W = {v € L*(Q) such that v|x € P,(K) VK € Tp}, (5.114)
a(u,w) := Z / (vuw + (eVu — bu) - Vw) dx + Z cei /[u] -lw]ds  (5.115)
KeTy K egT+ |€| e
+ Z {bu}yp - (W] ds — Z {eVyu} - [w]ds + Z b - nuw ds,
ecgp v ¢ egl+ v € eel+ V€

fw) = Z/fwdx. (5.116)

Where r > 1,I' = 09, n is the unit outward normal vector to I', and I'" indicates

the outflow portion of I' defined as
I'" = {z € T such that b(z) -n(x) > 0}.

& is the set of interior edges associated to the partition 7,. [-] and {-} are the
standard jump and average operators, respectively, and {-},,,, is the upwind flux. To

define this flux, we consider a vector valued function 7 defined on two neighboring
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elements K and K, of T;, with common edge e. Suppose that 7¢ = T|k, fori=1,2.

Then {7}, is defined on the edge e as follows:
1 . 1 1 1 . 2 2
{T}upw = 5(51gn(b n)+ 1)1 + §(s1gn(b ‘n®) 4+ 1)77,

where n’ is the unit outward normal vector of K; on e for i = 1,2. The choice of
this scheme was made because it was shown [5] that in the positive definite case (i.e.
when (5.112) holds) this scheme satisfies (MA1) and (MA2) (cf. Section 5.3.1).

Once a discretization scheme is chosen we can begin to develop our space
decomposition and local solvers. In this example, we will obtain the space
decomposition by using a nonoverlapping domain decomposition. Let Ty be a coarse
mesh of © and 7; a nonoverlapping partition {2; }jzl of € such that 7, C Ty C Ts.
Then we define

Vo = Wy :={v € L*(Q) such that v|x € P, VK € Ty}, (5.117)
V; =W, = {v € L*(Q;) such that v|x € P, VK € T, with K C Q;} (5.118)

for j = 1,2,...,J and r > 1. For the prolongation operator RB = Sg we use the

polynomial interpolation on each element K € 7.
Rguohg = the interpolant of ug in P,.(K) (5.119)

for each ug € Vo and K € 7T,. For the prolongation operators ’R} = SJJ-r , when

j=1,2,---,J, we use the following natural injection into V:
U, in Q;
Riuj=¢ 7 T (5.120)
0 in \ Qj.
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For the local bilinear forms a;(-,-) we use the exact local solvers defined by
a;(u;, w;) = a(R;r-uj,R;wj) YV ouj,w; €V, (5.121)

and 7 = 0,1,...,J. Note that in this example we only have one set of subspaces
{V;}/_y and one set of prolongation operators {R}}}LO so we shall only have one
set of projection-like operators {P;}7_, defined in (5.35) and (5.37). Using these
projection-like operators we can then build the Schwarz operators P,q, Pru, and Py,

defined in (5.38), (5.50), and (5.58), respectively.

5.5.2 Partial Analysis of the 1-D Convection Diffusion Prob-

lem

In this subsection, we only consider a special 1-D case of (5.107)—(5.108) where
Q = (0,1), D(z) = 1, v(x) = 1, and b(z) is a positive constant. Here, the
goal is to demonstrate techniques used to prove some of the necessary structure
assumptions presented in Subsection 5.4.1, namely assumptions (SAg) and (SA;).
Structure assumptions (SAy) and (SAj) should be easy to verify and we leave these
to the reader. (SA,) will be more challenging to prove and requires the correct choices
of prolongation operators and local solvers to be made. It is our intention to explore
(SA4) in more depth in subsequent works.

Let {x¢}}_, be a uniform partition of [0, 1] with step size h. Then define 7, :=
{K}}_, where Ky = (x4, 20-1). Let

V=W:= {v e L2(Q) ‘”'Kf e P, (K)), VK ¢ Th}
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We will take a uniform penalty parameter ¢, = ¢g. In this special case, a(u,v) in
(5.114) is given by

a(u,v) = ((u’,v')K(Z — (bu,v") g, + (u, U)KZ>

/=1

+ 3 (Lueollote)] - {u @)Hot))
+ ) bum () [o(x

for any u,v € V. Here, [u(x,)] and {u(zy)} are the jump and average operators

defined as

[u(ae)] o= () = u* () {ulen)} = 5 (v @) +ut (@),
[u(wo)] = ~{u(w0)} = ~u*(@0)  [u(wn)] = {ulan)} i= u (an),

where £ =1,2,--- ,n—1 and

u (y) = lim u(z) and u(y) ;== lim u(z).
Ty~ z—yt
Let {xﬁo)}go C {a/}}_, be a coarse partition of [0,1] with uniform step size
H > h and Ty := {K@}no where Ki(O) = (z 2(0)7 x; 1) fori=1,2,--- ng. Define an

even coarser partition {xo } U { (J)} C { 4 } _, and subdomain decomposition
Ts == {Q}/_,, where Q; = (xo),wo ) forj=1,---,J—1and Q; = (x(()‘]),x%,))

These choices ensure that

Tn 2 Tu 2 Ts.
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Also, there exists ni,nso, -+ ,ny; and subsequences {xEj)}go C {z}), for j =

1,2,--.,J such that
J J ;
an =n and {zedizo = U {755])}:20
=1 =1
Thus,
i=1

for j=1,2,---,J, and KZ-(j) is defined as Ki(j) = (x§j>,a:§{)1) fori=1,2,--- n;.

Define the subspaces V; and local solvers a;(+,-) by

Vo =W, = {v c L*(Q) ‘ U|Ki(o> € PT(KZ-(O)) fori=1,2,--- ,no},

V; =W = {v e L)

ol € Po(K9) fori=1,2,. - n]}

fory=1,2,---,J and
a;(u,v) == a(R}u,R}v),

for w,v € V; and j =0,1,---,J. Here R;r is taken to be the prolongation operators
described in Subsection 5.5.1.

Define the norm ||| - ||| on V in the following way:

Il =11l + vl

"1
IHleirzzIldih-+-§{:-ﬁ[v<er2,
£=0

[olllFe := (1 +B) ol Zag) + Y blo(ee)]®.
£=0
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Using this norm, Ayuso and Marini proved that there exists hy = ho(b) and v, =
Ya(b, 2) such that

al\u, v
sup 2
e AT

for all w € V when h < hg (c.f. [5]).

From the above definitions, we see that the local solvers take the following form

nj

aj(u, U) = Z <(UI’UI)KQ) — (bu, U’)ng) + (u, U)K_(j)>
i=1
n;—1
Co
+ 3 (FuEMpE)] - W@ )] + b @) pE?)
i=1
+ %(u* (@)™ () + u*(xé”)v*(xéj))) +bu” (2o (2))
1 N0 NN N = (DY ()
+5(Gj0 + 00+ D (") (267) = 5(Gj0 + 0+ Du™ (2))0™ (27)),
for all u,v € V; and j =0,1,2,---,J. Here d,, denotes the Kronecker delta symbol.

We note that the local solvers take the a similar form as the DG bilinear form a(-, -),

noting that the penalty parameter for the coarse local solver ag(-, -) should be thought

coH
h

Ya; = Va; (b,€Y;) for j =1,2,---,J such that

of as

to gain the correct scaling. This immediately implies that there exists

a;(ug,v;)
sup == > [y
vev; sl EAR

for all u; € V; and h < hy. This also holds for j = 0 when the coarse mesh size
satisfies H < hg. Therefore, (SAo) is satisfied.
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Let I(-,-) denote an interface bilinear form on V' x V defined as

J—1
I0) =30 (= 7 @) @) + @) b (@)t (=)
j=1
J—-1 1
t2.5 (u'_ (m@)v*’(x%)) — u’ﬂx@)v‘(w#))).
j=1

Similarly, define the interface functional (-); on V' by

<

-1

() = —2(% +0) S @ (o).

<
Il

For the rest of this subsection we aim to prove (SA;), i.e. prove the existence of
an energy stable decomposition of every v € V. To do this, we need to establish a
series of technical lemmas. Using the definitions of I(-,-) and (-);, we immediately

obtain the following lemma.

Lemma 5.5.1. For all u,v € V there exist unique decompositions u = ijl R}uj

and v = Z}]:1 R}vj, where uj,v; € V; for j =1,2,---,J. Moreover,
J
a(u, U) = Zaj(uj7 Uj) + I<U7U)>
j=1

J
[l = g1 + (u)r.
j=1

From [40] we obtain the following two technical lemmas.

Lemma 5.5.2. For any u € V, there holds the trace inequality

|u|2K(0) < C(H_l"u’|i2(K§0)) + H’u‘ih,K(O)> fO?"’é =1, 2a ©r 1o,

(3
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where
W, o= 3 el + S Hulz)?
1,}M{Z_(())- L2(Ky) h l)] -
Kiek© 2K

Lemma 5.5.3. For any u € V, let up € Vi be defined by

1
o (0):—/ udx fori=1,2,--- ng,
K meas(Ki(O)) K©

i

then

|lu — uOHLQ(KZgO)) < CH|“‘1,h,K}°)'

The following lemma verifies (SA;).

Lemma 5.5.4 (Energy Stable Decomposition). For every u € V, there exists uj; € V;
for 7 =0,1,--- J such that

J
> llulla, < Cyllulla,
j=0

where

Cy = C(Jca%(% +b) (H? + H))é.

Proof. Let u € V and define uy € V) by

1
o (0):—/ udx fori=1,2,---,ng.
K meaS(KZ-(O)) K
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Then let u; € Vj, for j =1,2,--- | J, be defined uniquely by u—uy = uy+ug+- - -+u;.

From Lemma 5.5.1 we get

[llu — uoll|* = Z 11l + (w = o)r.

Thus,

J
D MlugllP = [l = wol [* + [[uol [P = (u — uo)s (5.122)

< 2 fulll? + 3| uolII* + |(u — wo)|

We will estimate |||ug||| and (u — wug) separately. Using Lemmas 5.5.2 and 5.5.3

we find

1 110
ol = (L4 ) ol + (7 ) S luofal®)2

=0

no
<O+ b)(z l|lu — u0||iQ(K_(o)) + ||U||%2(Q)>
i=1 4

FO(E ) (o) — woa + 3 (e F)

=0 =0
ng
< Clljull? + C(h £0) SN, o
no—1
FO(240) Y (0 @) — g () + (@) — g (22))°)
h =0
1 0
<Ol + (5 +8) X (B2l o+ Hlul?, o)

1=

< c(h +b) (H? + H)|[Jul|[>
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Above, we used the facts |u— | = |ul, , oo fori=1,2,--- ngand Hh™' > 1.

1,h, K
Using Lemmas 5.5.2 and 5.5.3, we find

’(u — U())[’ = 2(% + b) ‘ %_1 (U+<I£Lj])) — ug'(xgj))) (u_(xg])) — ua(xnﬂj)))‘
<o} 40) (3 (6 - ) (5 ) -’
<2(245) 3 (0 ) - ) + (0t — i D))

We apply these two estimates to (5.122) and get

J
2 1 2 2
>l < O(5 +b) (H* + H)[[ull*

Now using this result along with the norm equivalence results, we find

J J
S llusl, < Ca D sl
j=0 i=1
1
< CCu(5 + D)(H? + )l

1
< CC (5 +b) (H2 + H) [ul2

We obtain the desired result by applying the equivalence of || - ||; and || - ||2 to the

above inequality. O

Remark 5.5.5. We note that in [40], Cy = C(Hh™') but here for H < 1 we find
Cy=CH(b+h™1).
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5.5.3 Numerical Experiments

In this section, we present several 1-D numerical experiments to gauge the theoretical
results proved in the previous section. For these experiments we concentrated on
equation (5.107) in the domain ©Q = (0,1) with the following choices of constant

coefficient:

Test 1. D(x

1, b(x

1,000, and y(z) = 1.
Test 2. D(x

()
1, b(z) = 2,000, and ~(z) = 1.
()
()

1, b(x

(z)
()
Test 3. D(x) 10,000, and y(z) = 1.
Test 4. D(x)

1, b(x

100, 000, and y(x) = 1.

Note that these choices of coefficients put us in the convection dominated regime
and fit the criteria of the positive definite case characterized by (5.112). For this
reason we are able to use the discretization scheme and domain decomposition
techniques described in Section 5.5.1. In these experiments, we use a uniform fine
mesh size h = 1/256 and a uniform coarse mesh size H = 1/64. The equations are
solved numerically using standard GMRES, GMRES after using P,, preconditioning,
the multiplicative Schwarz iterative method (5.55), and GMRES after using Py,
preconditioning, all with a stopping tolerance of 107%. To verify the dependence
of Kq(Paa) and Kq(Phy), we use a varying number of subdomains J = 4, 8,16, 32, 64.

Our first goal in these experiments is to compare the performance of the Schwarz
methods to that of standard GMRES in order to verify the usefulness of such methods.
We would like to verify numerically that the estimates given in previous sections are
tight. In particular, we would like to find an example that shows that x4(F,q) does in
fact depend linearly on the number of subdomains .J as predicted in Theorem 5.4.9.
For multiplicative Schwarz iteration we would like to estimate || F,,,|| 4, noting that
if this norm is less than 1 it guarantees convergence of the method. If not, we shall
need to rely on the spectral radius p(FE,,,) to guarantee this convergence.

Tables 5.1-5.4 collect the test results on the additive, multiplicative, and hybrid

Schwarz methods proposed in Section 5.3. Where J = NA represents the original
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system with no preconditioning. From these numerical results we can make the

following observations:

()

Any of these methods offers an improvement in terms of the CPU time needed to

solve the system when compared to solving the system using standard GMRES.

GMRES after using P,q or Py, for preconditioning performs better when the

number of subdomains J is not too large.

In all of these tests, ka(FPaq) and k4(P,) depend on the number of subdomains
J. Particularly in Test 2, we see an example that exhibits approximate linear

dependence. See figure 5.1.

For ||Eu||la we do not observe such a strong dependence on the number of

subdomains J.

In these tests ||Epulla is greater than 1; thus, we cannot rely upon this as an

indicator for convergence of the multiplicative Schwarz iterative method.

k4 is not a unique metric in judging the convergence of GMRES after
preconditioning with P,; and P,. For instance, in Test 4 x4(FP,q) decreases
while the number of iterations necessary for GMRES increases as J increases.

This is opposite of the behavior that is observed in the previous tests.

Our numerical experiments verify that x4 is not a unique metric for the

convergence of GMRES. Therefore, we must rely on other metrics to predict the

convergence behavior of GMRES. A result that could be of help in this area is the

following theorem (cf. [78]).

Theorem 5.5.6. Consider the linear system Ax = b where A € R™? and x,b € R?.

Further suppose that A is diagonalizable. Then after k steps of GMRES, the residual
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ri := b — Ax®) satisfies

[z |2 < ko(V) inf sup [p(N)],
Ibll2 {0y A€o )
p(0)=1

where V' is a nonsingular matriz of eigenvectors of A and o(A) denotes the spectrum

of A.

The above theorem says that the spread of the spectrum is a metric to judge the
performance of GMRES with GMRES performing better when the spectrum of A is
clustered. With this theorem in mind, let us examine the spectrum of the matrix A
and P,, for J = 4,8,16, 32,64 obtained in Test 2 and Test 4.

Note that in Figure 5.2(a) and Figure 5.3(a) the spectrum has a large spread
which is consistent with the fact that GMRES performed poorly on the original
system without preconditioning. We also see that after preconditioning, the spectrum
of P,q is clustered which corresponds to improved performance of GMRES after
preconditioning with FP,;. Lastly, we note that as the number of subdomains J
increases, the spread of the spectrum of P,; increases. This corresponds to a decreased
performance in GMRES after preconditioning with P,; as J increases.

This result leads us to believe that to accurately judge the behavior of GMRES
after preconditioning one needs to analyze the spectrum of the preconditioned system.
Similarly, we find that to accurately predict the performance of the multiplicative

Schwarz iterative method one needs to analyze the spectral radius of E,,,.
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Table 5.1: Performance of three Schwarz methods on Test 1

(a) GMRES after preconditioning with P, and P,

J | Tteration # CPU Time KA
of GMRES
NA 552 14.3760 3.3893 x 10%
Pad Phy Pad Phy Pad Phy
4 7 2 1.3638 | 1.1922 | 460.5713 | 397.3567
8 7 3 1.3343 | 1.2367 | 436.7967 | 398.2544
16 | 11 5 1.6873 | 1.4040 | 438.2207 | 412.1700
32 | 17 8 2.6431 | 1.9066 | 521.3530 | 478.9537
64 | 30 15 6.2315 | 3.7889 | 774.7091 | 619.3973

(b) Multiplicative Schwarz Iteration

J | Iterations # of | CPU Time | ||Epnulla P(E)
Mult. Schwartz

4 2 1.1060 19.8830 | 4.4793 x 107°

8 2 1.1016 19.8889 0.0029

16 3 1.1352 19.8469 0.0725

32 5 1.2768 19.7658 0.3179

64 8 1.7129 19.7176 0.5926
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Table 5.2: Performance of three Schwarz methods on Test 2

(a) GMRES after preconditioning with P, and P,

J | Tteration # CPU Time KA
of GMRES
NA 550 14.4971 1.7388 x 10*
Pad Phy Pad Phy Pad Phy
4 8 3 1.3249 | 1.2069 741.9511 699.5729
8 10 5) 1.4463 | 1.2835 749.0976 713.3674
16 | 17 8 1.9924 | 1.5557 847.4815 800.9121
32 | 27 14 5.5602 | 2.4255 | 1.1221 x 10% | 1.0029 x 103
64 | 44 24 8.7063 | 5.3089 | 1.6247 x 10% | 1.2918 x 103
(b) Multiplicative Schwarz Iteration
J | Iterations # of | CPU Time | ||Enulla | p(Emu)
Mult. Schwartz
4 2 1.1010 26.4005 | 0.0011
8 3 1.1131 26.3187 | 0.0451
16 4 1.1679 26.1222 | 0.2529
32 6 1.3214 25.9832 | 0.5277
64 10 1.8713 25.9270 | 0.7167
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Table 5.3: Performance of three Schwarz methods on Test 3

(a) GMRES after preconditioning with P, and P,

J | Tteration # CPU Time KA
of GMRES
NA 054 14.3919 4.0782 x 10°
Pad Phy Pad Phy Pad Phy
4 8 3 1.3422 | 1.1772 | 647.6787 | 615.1005
8 | 12 5 1.4953 | 1.2517 | 658.7462 | 627.0064
16 | 18 9 2.0216 | 1.5588 | 726.3005 | 690.1682
15

32 | 27 3.5402 | 2.4623 | 854.1450 | 788.5277
64 | 35 23 ] 7.1266 | 4.9327 | 939.5190 | 816.1892

(b) Multiplicative Schwarz Iteration

J | Tteration # of | CPU Time | [[Epulla | p(Epmu)
Mult. Schwartz

4 2 1.1067 24.7399 | 0.0021

8 2 1.0982 24.6200 | 0.0526

16 3 1.1394 24.4247 | 0.2350

32 5 1.2778 24.2986 | 0.4369

64 7 1.6321 24.2524 | 0.5302
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Table 5.4: Performance of three Schwarz methods on Test 4

(a) GMRES after preconditioning with P, and P,

J | Tteration # CPU Time KA
of GMRES
NA 468 9.4276 1.0769 x 103
Pad Phy Pad Phy Pad Phy
4 8 2 1.3305 | 1.2039 | 103.5739 | 31.7538
8 | 11 2 1.4551 | 1.2558 | 75.7527 | 31.6954
16 | 14 3 1.8217 | 1.3019 | 56.6486 | 31.6803
32 | 13 5 2.2940 | 1.6227 | 46.4141 | 31.8710
64 | 15 8 3.7025 | 2.5950 | 44.1292 | 32.2846

(b) Multiplicative Schwarz Iteration

J | Tteration # of | CPU Time | |[Epulla p(Erm)
Mult. Schwartz

4 2 1.0996 5.4574 | 85394 x 107°

8 2 1.0984 5.4575 | 1.0873 x 107°

16 2 1.1157 5.4575 | 6.6472 x 10~*

32 2 1.1566 5.4560 0.0158

64 2 1.2399 5.4540 0.0678
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Chapter 6

Future Directions

The goal of this chapter is to list a few future research directions that come directly

from the work in the previous chapters of this dissertation.

o Give examples of domains that satisfy a generalized star-shape condition but not

a classical star-shape condition

Generalized star-shape domain conditions were introduced in Chapter
2 to replace the more restrictive star-shape condition. Novel examples
that satisfy the generalized star-shape condition but not the classical

star-shape condition need to be obtained to justify this generalization.

e Prove the Korn-type inequality on the boundary of a domain for solutions of the

elastic Helmholtz equations, i.e. prove Conjecture 2.3.4

This conjecture is important to obtain the results for the elastic
Helmholtz equations in Chapter 2 as well as to obtain optimal stability

estimates in the wave frequency w in [27].

o Continue to develop new absolutely stable discretization methods for the elastic

Helmholtz problem
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In particular, the IP-DG method given in Chapter 3 should be
extended to an hp method using higher order polynomials. Other
discretization methods can be considered as well, such as the local

discontinuous Galerkin (LDG) method [45].
e Develop multi-modes MCIP-DG methods for the other Helmholtz-type problems

The method and analysis demonstrated in Chapter 4 can be extended
to the other Helmholtz-type problems in random media. This is
worthwhile since these problems have the same numerical challenges

as the acoustic Helmholtz problem.
e Develop multi-modes MCIP-DG methods for other PDFEs

In particular, this approach can be extended to general elliptic PDEs
with random coefficients. For a problem like the Poisson problem
where fast solvers are available, is this approach worthwhile? This is

a question that should be explored.
e Continue to develop the Schwarz framework to include Helmholtz-type problems

The new Schwarz framework should extend easily to the case of
complex non-Hermitian and indefinite problems that satisfy a weak
coercivity property. To generalize it to the Helmholtz-type problems,
we need to extend the framework to include problems that only satisfy

a generalized weak coercivity property.

o Apply the nonsymmetric and indefinite Schwarz framework to various PDE

problems

Many problems do not fit the classical SPD Schwarz framework. The
new Schwarz framework given in Chapter 5 should be applied to these

problems. An example would be the Navier-Stokes equations.
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